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Abstract

:

Community dynamics are embedded in hierarchical spatial–temporal scales that connect environmental drivers with species assembly processes. Culicoides species are hematophagous arthropod vectors of orbiviruses that impact wild and domestic ruminants. A better sense of Culicoides dynamics over time is important because sympatric species can lengthen the seasonality of virus transmission. We tested a putative departure from the four seasons calendar in the phenology of Culicoides and the vector subassemblage in the Florida panhandle. Two years of weekly abundance data, temporal scales, persistence and environmental thresholds were analyzed using a tripartite Culicoides β-diversity based modeling approach. Culicoides phenology followed a two-season regime and was explained by stream flow and temperature, but not rainfall. Species richness fit a nested pattern where the species recruitment was maximized during spring months. Midges were active year-round, and two suspected vectors species, Culicoides venustus and Culicoides stellifer, were able to sustain and connect the seasonal modules. Persistence suggests that Orbivirus maintenance does not rely on overwintering and that viruses are maintained year-round, with the seasonal dynamics resembling subtropical Culicoides communities with temporal-overlapping between multivoltine species. Viewing Culicoides-borne orbiviruses as a time-sensitive community-based issue, our results help to recommend when management operations should be delivered.
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1. Introduction


Multihost disease systems are influenced by the community dynamics of hosts, vectors and the environment in which they live to facilitate parasite transmission that can vary over space and time [1,2,3,4,5,6,7]. In particular, spatio-temporal dynamics drive the phenological patterns of multihost parasite transmission, as defined by the space–time duality theory [8,9,10]. Influential temporal scales may include short-term processes such as flowering time, while species distribution patterns may be driven by long-term biogeographic processes such as the timing of the last glacial maxima. When modeling host–vector interactions that can be influenced by these varying spatio-temporal scales, we create a risk of mismatching these phenomena when scales are arbitrarily set [11]. Episystem analyses connect environmental parameters to the communities of hosts, vectors and parasites [12,13] and model transmission based on biotic interactions that sustain the system [14,15].



Vector phenology can drive the temporal patterns of disease emergence [4,16,17]. In general, the temporal distribution of the species-specific environmental thresholds influences demographic outcomes and the blood-feeding behavior of arthropod vectors, ultimately impacting transmission [18,19,20]. The transmission risk of Borrelia burgdorferi is affected depending on the time that the larval and nymphal Ixodes scapularis display host seeking activity, which is constrained by the timing in the larval and nymphal emergence. Sequential feeding, where nymphs first feed and transmit pathogens to hosts followed by larval feedings, results in greater Lyme transmission than when nymphs and larvae feed synchronously [21]. Further exploration of how vector phenology impacts other disease systems is warranted.



Epizootic hemorrhagic disease virus (EHDV) and Bluetongue virus (BTV) are Orbivirus in the family Reoviridae, globally distributed pathogens of ruminants that are transmitted by biting midges (Diptera: Ceratopogonidae: Culicoides) [22,23,24]. Collectively, these viruses cause hemorrhagic disease (HD) which is a key cause of mortality in North American cervid species [25,26] and critically impacts the white-tailed deer (Odocoileus virginianus) farming industry [27,28]. Multiple serotypes and strains of BTV and EHDV cocirculate in wild deer across much of the eastern and midwestern United States as well as sporadically in the western states [26,27,29]. Culicoides species are a diverse and ancient group of flies represented by ~1360 extant species [22]. The immature stages develop in wet soils and natural cavities filled by precipitation, while flying adults of both sexes exploit plant nectar sources for energy [30]. In addition, the adult females seek blood meals from vertebrates to complete their gonadotrophic cycle [24,30]. This trophic behavior coupled with seasonal population eruptions produces high attack rates on vertebrate hosts and facilitates the transmission of EHDV–BTV.



A complex suite of biotic and abiotic niche layers has been identified as driving Culicoides abundance where weather-related variables, landscape and host availability interact [31,32,33,34,35,36,37,38,39]. Other processes can also govern how communities are assembled. In the unified neutral theory of biodiversity, species are ecologically equivalent; meanwhile, differences in the dispersal ability and stochasticity in the demographic rate between species lead to processes such as speciation, extinction and immigration that shape diversity change [40]. However, it has not been studied if niche drivers in combination with neutral processes (hereafter, neutral drivers) can contribute to building up Culicoides seasonality [41,42,43,44]. Midge populations experience both seasonal variation and long-term temporal patterns. Therefore, transmission risk assessments should account for these fluctuations rather than assuming simple seasonal patterns [45,46,47,48,49,50].



The southeastern Coastal Plain of the US includes temperate climates in the panhandle, and subtropical–tropical climates along the Florida peninsula and the Gulf Coast creating a diversity of conditions for vector species [51]. Overall, 48 species of Culicoides occur in Florida [30]. The sole proven EHDV vector in US, Culicoides sonorensis Wirth and Jones, is uncommon within the state [52,53]. Culicoides insignis Lutz, is a demonstrated BTV vector [54] and suspected EHDV vector found throughout Florida and extending slightly into neighboring states [55,56]. In the panhandle, this species is too uncommon to account for much of the detected orbiviral disease. Field observations in the region suggest that multiple cooccurring species could be playing a vectorial role, and EHDV–BTV transmission could extend year-round. Across southeast US, large catches of Culicoides debilipalpis Lutz, Culicoides stellifer Coquillett, Culicoides paraensis Goeldi, Culicoides haematopotus Malloch, Culicoides crepuscularis Malloch and Culicoides biguttatus Coquillett have been found in accordance with HD outbreaks or near affected host species [29,57,58,59,60,61]. Culicoides stellifer, C. venustus and C. debilipalpis feed preferentially on competent hosts, but C. haematopotus feed heavily on birds and less often on ruminants [62,63]. In addition, several species have been found naturally infected at a low rate with BTV and EHDV (C. crepuscularis, C. haematopotus, C. debilipalpis, C. stellifer, Culicoides furens Poey, Culicoides variipennis Coquillet, C. venustus) [29,61,64,65]. Biological transmission of EHDV–BTV is feasible for C. debilipalpis, C. venustus and C. stellifer, although laboratory vector competence studies have been challenging to conduct, and results are inconclusive [57,59,66,67]. The great abundance of these species could overcome low overall infection rates that may be leading to the lack of successful virus isolations, especially if multiple competent vectors are present. Increasing our understanding of Culicoides community ecology in this region could guide our understanding of which species are likely to be contributing to pathogen transmission in a multivector environment.



In most temperate parts of the US, HD outbreaks are confined to August and September, but in Florida, virus detection can occur year-round [68,69,70]. In the region, HD cases are distributed between June and November, and virus circulation appears to be the highest from August to October when 90% of acute cases are detected [68,69]. The EHDV infection rate in C. venustus and C. stellifer has shown to be stable between August to October [61]. In addition, the detection of EDHV-positive animals and seroconversion between January and March in a sentinel herd of white-tailed deer shows that transmission could continue during winter months [70]. Because Culicoides pallidicornis Kieffer is a cold-tolerant species that feeds on competent hosts, [62] proposed that this species could lead to transmission outside the HD season. In addition, abundant species such as C. insignis, C. stellifer and C. venustus are multivoltine [71,72] and occur year-round, except for some winter weeks [45,46]. Accordingly, there is a knowledge gap for surveillance of Culicoides infection rates outside the HD season. The mechanisms that govern Orbivirus maintenance in this region have not been thoroughly investigated.



Here, we inspected how weekly to yearly β-diversity profiles of Culicoides communities in the panhandle of Florida intersect. The panhandle is unique in that it is where temperate and subtropical regimes have strong influences on local weather, and likely drive the year-round HD transmission [51]. The local Culicoides fauna encompasses Nearctic and Neotropical species [30] with different niche breath [38]. We hypothesize that Culicoides composition changes between dry and wet seasons but does not necessarily occur between the calendar seasons (spring, summer, fall and winter). Therefore, the Culicoides seasonality shows a mix of temperate and subtropical dynamisms and is reflective of regional weather patterns. Second, we hypothesize that spring months are a transition period for the coexistence of cold and warm tolerant species which facilitates virus transmission. Furthermore, mild winter temperatures contribute to the continuous persistence of EHDV-BTV in the episystem. These hypotheses were addressed with a free-scale tripartite community-based modeling approach. This analytical strategy not only allowed the discovery that the Culicoides community was conceived as the dynamic combination of co-occurring species in assemblages and environmental variables, it also provided information on the species level responses to the environment [11,57,58]. Our models elucidated the vector community assemblage and transmission drivers in this disease episystem. Results will assist in the timing of disease management operations aimed at the temporal dynamics in the Culicoides community [73,74].




2. Materials and Methods


2.1. Insect Collections


Biting midges were collected on a 180 ha game preserve located in Gadsden County, Florida. The preserve was located in the Gulf Coast Flatwoods ecoregion, the hardwood forest and the upland short pine (Pinus taeda) habitats dominated the landscape [27,75,76]. This preserve housed various ungulate species of the families Bovidae and Cervidae [62]. We trapped midges using ten CDC miniature UV light traps with 50 mL conical tubes containing 20 mL of 90% ethanol [61,62]. These methods have previously been shown to be suitable to quantify Culicoides diversity in Florida [77]. Ten traps were randomly stratified among habitats (Figure S1.1) using the ArcGIS v 10.3 (ESRI, Redlands, CA, USA), and operated twice weekly from July 2015 to June 2017 (101 weeks). In each habitat, four traps were used (hardwood forest: Traps # 2, 10, 11 and 16; upland short pine forest: Traps # 1, 12, 17 and 18) and two additional traps were used in the transition between both forest habitats (Traps # 5 and 15) (Figure S1.1). This design allowed us to explore the interaction between the temporal dynamics in the Culicoides community and the spatial distribution of the species in the preserve. The minimum distance between the traps was 328.7 m, and the minimum distance that connected all the traps was 605.6 m (Supplementary File 2; Figure S2.5). Between July and November, 10 more traps were placed in the property but not included in this study to ensure a balanced sampling effort between months. Timers in traps were set to begin collections one hour prior to sunset and turn off one hour after sunrise. The Culicoides collected were identified using morphological keys [30] and sorted by physiological status (nulliparous, parous, gravid or blood fed) following published methods [78,79].




2.2. Environmental Data


Daily temperature (average, maximum and minimum) and precipitation were obtained from the National Oceanic and Atmospheric Administration climate online datasets [80] (station USW00093805), and total stream discharge and average gage height were obtained from the United States Geographical Survey National Water Information System [81] (station USGS2330000). Lags were determined for 15, 30, 45 and 60 days prior to each trap date and included temperature, precipitation and stream data (environmental submodels).




2.3. Culicoides Data


Because day-to-day variability in Culicoides count is not relevant to the recruitment process, we used the day with the maximum trap catch each week in our analyses [47]. Data were consolidated into trap-week by a species abundance matrix (1010 observations: 101 weeks × 10 traps) where only the count of total identifiable females (i.e., irrespective of physiological stage) was used.




2.4. Culicoides β-Diversity Temporal Profile


We used a multivariate time series analysis of community composition to assess the assemblage of putative HD vectors across an annual cycle. A β-diversity analysis was implemented to test the departure of the Culicoides community from the four season temperate regimes (winter, spring, summer and fall), how environmental fluctuation constrained the assembling process and what other wider temporal scales (≥12 months) were observed. In addition, the distribution of the species among the space and habitat can be a confounder of the temporal change in community composition [9]. We did not observe independent temporal patterns in species composition among traps (Supplementary File 2). Summaries of species distribution among habitats were not reported here since the scope of this study was not to analyze the pattern of diversity partitioning among habitats.



We employed four steps in the time series modeling framework (Figure 1). First, we averaged the trap-week abundance matrix (n>10) to a weekly abundance species matrix since spatial structures were not significant. This was the response matrix for the model (Figure 1, Step 1). Second, we derived self-informed temporal submodels from the species composition data and, as a regressor, the sampling temporal frame by asymmetric eigenvectors maps (AEM) (Figure 1, Step 2). Third, we assessed the fit of the temporal submodels operating on the observed species abundance matrix by redundancy analysis (RDA) to better understand how temporal scales influenced the models (Figure 1, Step 3). Fourth, we used hierarchical variation partitioning analysis (HVP) [82,83] to assess how the temporal scales and environmental variables explained species composition (Figure 1, Step 4).



A detailed explanation of the statistical toolbox and its expedience has been published elsewhere [9,10,11,85,86,87] and expanded on Supplementary File 2. Asymmetric eigenvectors maps were chosen because the temporal dependency is a forward directionally process that can be modeled by monotonic oscillation, and inferences about scales are independent [10,11,85]. The shortest independent time interval for community composition change was computed by multivariate Mantel correlogram (mMC) [87]. Positive (abiotic interactions) and negative (biotic interactions) eigenfunctions (AEMs) were selected separately by forward selection (FW) [88] and grouped representing wide (≥12 months), medium (≥6 months) and narrow temporal scales (1 week to 6 months). The fit of a scale’s submodel as a predictor of the Hellinger transformed [89] weekly abundance species matrix was tested by RDA. Variation within scales was judged by the retained profiles (RDAaxis) after FW. With HVP, the relative importance of the environmental dimensions of the niche and neutral theory (birth, death and dispersal rates) drivers in Culicoides β-diversity was assessed as the unique fraction of variation from each environmental submodel (precipitation, temperature and stream level) and each temporal submodel, respectively. The additive fractions were used to judge how environmental constraints or demographic processes in the temporal scales could lead to the observed dynamics in Culicoides composition. The joint fractions explain the intercorrelation between scales and environment. The environmental submodels were selected by the FW using the HVP procedure [84] which allowed collinearity. The significance of the additive and unique fractions was tested by 1000 permutations, but there is no statistical procedure to test the joint fraction [87]. Negative values of R2adj lack ecological meaning and were reported as R2adj ≈ 0 [87]. Analyses were carried out in R 3.5.1 with vegan [90], adespatial [91] and adapted published codes [10,84,87].




2.5. Seasonality in Species Recruitment, Weekly Occurrence and Co-Occurrence Structure


We tested if spring months were a transition period for the coexistence of cold and warm tolerant Culicoides species by analyzing the relationship between diversity structure and species composition. Species recruitment across calendar seasons was analyzed using time to species saturation in Culicoides richness during spring with species–accumulation curves [92] in iNEXT [93]. As such, accumulation curves were fitted with rarefaction and extrapolation sampling curves for asymptotic Hill numbers (q0, Chao2) with the species by week incidence matrix. Additionally, we explored if the vector assemblage (C. stellifer, C. venustus, C. debilipalpis, C. biguttatus and C. pallidicornis) had sufficient sample coverage by season. With sample completeness curves [92], the number of weeks necessary to complete 97.5% of the vector species diversity was compared with the total sampled weeks during each season in iNEXT [93]. The linkage between richness and species composition was assessed to explore if the pattern of diversity change was related to loss or replacement of species using nestedness analysis [94] in vegan [90]. A nested pattern meant that species composition was structured within the season, where smaller communities form species subsets within larger communities [95]. Then, observations were sorted by maximizing the richness gradient through time and nestedness calculated using NODF (nestedness metric based on overlap and decreasing fill) [96]. Departure from randomness was tested as the deviance from a quasiswap generated null model (n = 1000).



The hypothesis that vectors are able to support year-round virus transmission was tested with a temporally explicit co-occurrence network. This analysis was selected in virtue of modeling simultaneously the probability of sharing time between Culicoides species at community level but also the case of EHDV–BTV vectors. Two species were considered to co-occur when they were detected the same week. First, those relevant occurrence interactions (OR > 3) in species pairwise association analysis constrained by temporal autocorrelation [97] were retained in an interaction matrix from the weekly species presence data (weeks: n > 0; species: n > 5, incidence > 5%) with sppairs [98]. Modularity (M) summarized the degree of compartmentalization in the species co-occurrence network [99] (i.e., seasons) and was defined by Culicoides species that co-occurred significantly more often with each other than with other species in the community and was estimated according to [100] in igraph [101]. In order to identify the role of each Culicoides species in bridging across seasonal modules, we identified four species role parameters that considered the persistence of a species in a seasonal module (within-module degree, z) and its ability to connect among them (among-module connectivity, c) [102] in bipartite [103]. The cut-off to define species role was fixed as [104]. Culicoides were defined as connectors (z < 1.3; c > 0.6) if they sustained network coherence by interacting among modules. Culicoides species that sustained the coherence of a module were considered a module hub (z > 1.3; c < 0.6). If a midge supported a module and increased network coherence, it was defined as a network hub (z > 1.3; c > 0.6). Peripheral Culicoides (z < 1.39; c < 0.6) co-occurred irregularly with species within a defined module and uncommonly interacted with other modules.




2.6. Environmental Thresholds in the Temporal Dynamics of the Vector Assemblage


Environmental thresholds in the temporal partitioning of putative HD vectors C. stellifer, C. venustus, C. debilipalpis, C. biguttatus and C. pallidicornis [61,62] were predicted by the monothetic clustering method multivariate regression tree (MVRT) [105] in mvpart [106]. This analysis allowed us to double-check if seasonality in the vector subassemblage and at community level (Section 2.4) overlapped. Culicoides insignis was not considered due to its scarcity on this property. Abundance data were Chord transformed [87,89] and regressed with the standardized temperature, precipitation and stream variables previously described. Clusters informed epidemiological times, and tree branch configuration was shaped by environmental thresholds. The output of the MVRT showed the sampled weeks organized in clusters that informed about epidemiological times as vectors abundance were regressed. Furthermore, the configuration of the tree relied on how the detected environmental thresholds explained the partitioning of the sampled weeks in clusters. To compute the environmental thresholds, the weeks frame was iteratively split into n clusters, and the value of the environmental variables that minimized the Euclidean distance within a cluster was selected. For the comparison of data between both years, weeks were standardized as epidemiological weeks. The first epidemiological week ended on the first Saturday of January, as long as it fell at least four days into the month. Cross validation (CV) of the tree was performed after 1000 iterations, and tree size was judged following [87]. Indicator species analysis (id) selected species which were statistically representative of each branch node [107].





3. Results


3.1. Insect Collections


Overall, 29 of 48 species of Culicoides known to occur in Florida were trapped among 52,136 individuals in 1010 traps/nights (Table S1.5) [30]. We did not observe any traps that had failed both nights in a week, and the weekly trap success (101 weeks) was sufficient to address the seasonal dynamics in Culicoides diversity (see also Section 3.3). The three more abundant species were C. stellifer (61.5%), C. haematopotus (13.5%) and C. pallidicornis (11.37%) (Table S1.5). Eight species represented less than 0.08% of the captured individuals and were removed from the analysis in Section 3.2 (Culicoides bauri Hoffman, Culicoides beckae Wirth and Blanton, C. furens, Culicoides guttipennis Coquillet, Culicoides nanus Root and Hoffman, Culicoides ousairani Khalaf, Culicoides pusillus Lutz, Culicoides alachua/sanguisuga). Culicoides sonorensis was not recorded in the ranch, and C. insignis was uncommon (0.13%). The density of vectors (midges/trap night) were skewed between weeks and species (  x ¯   ± sd; C. stellifer: 31.8 ± 55.7; C. pallidicornis: 5.87 ± 20; C. biguttatus: 3.33 ± 9.85; C. venustus: 2.19 ± 2.47 and C. debilipalpis: 0.34 ± 0.84), and then, between and within seasonal variations were expected. Other potential vectors such as C. crepuscularis (0.04%), C. paraensis (0.07%) and C. variipennis (0.02%) were uncommon.




3.2. Culicoides β-Diversity Temporal Profile


The Culicoides community showed changes in species composition that followed temporal patterns not necessarily defined by seasonality in temperate regions. The Culicoides community followed wide (4 AEMs; F = 20.33; df = 4; p = 0.001) and medium (7 AEMs; F = 3.32; df = 7; p = 0.001) temporal scales but did not fit a seasonal scale of less than 6 months (small-scale = 2 AEMs; F = 0.88; df = 2; p = 0.496). Medium-scale accounted for 18% of Culicoides β-diversity and produced two semiannual profiles (RDAaxis; 24–29 weeks; 6–9 weeks lag; Figure 2A–E, Table S1.1) in accordance with the dry and wet seasons in subtropical Florida. Two assemblages of species drove dynamics at this scale (Figure 2B, Table S1.2). In the first assemblage, four species accounted for community change (|Rho| = 0.20–0.26). The second assemblage had the richest subassemblage (11 Culicoides; |Rho| = 0.24–0.58) and C. biguttatus and Culicoides spinosus Root and Hoffman showed the highest correlation. The wide-scale accounted for 44% of Culicoides β-diversity in two yearly profiles (10–19 weeks lag; Figure 2C–E, Table S1.1). Culicoides stellifer, C. debilipalpis and C. haematopotus Malloch played a dominant role (|Rho| = 0.56–0.72) in a 59-week profile, while C. venustus, C. insignis and C.s crepuscularis (|Rho| = 0.21–0.35) defined a 53 week profile (Figure 2D, Table S1.2). Another wide-scale profile (RDA1; 83 weeks; Figure 2C–E, Table S1.1) encompassed the 66% of the community composition (|Rho| < 0.25), but environmental data did not fit the model (Figure S1.3), and almost all the species were involved in this profile (Figure 2D). The compositional changes that occurred in the temporal windows of nine or fewer weeks were autocorrelated (Figure S1.2), and biotic interactions were not observed (negative AEMs; Table S1.1). In general, Culicoides β-diversity was composed of a series of phenological modules which described sequences of nonoverlapping temporal scales and species composition.



Tracking variation in the community composition across time revealed that both environmental and temporal constraints emerged to mold the pattern of the Culicoides community, explaining 64% of the observed variation (Figure 3A). Half of the overall variation accounted for the intercorrelation between neutral and niche drivers (environmental and temporal submodels joint effect; [j]R2adj = 0.26; [k]R2adj = 0.07). Precipitation did not contribute in the environmental submodel (Figure 3B) as neither of the lags fit the species dissimilarity matrix after FW. The unique (stream: [a]R2adj = 0.01, F = 2.21; df = 20; p < 0.01; temperature: [b]R2adj = 0.02, F = 2.22; df = 20; p < 0.01) and additive (R2adj = 0.54, F = 2.91; df = 20; p < 0.01) contribution of the stream and temperature submodels were significant. Notably, the contribution of neutral and niche drivers into Culicoides β-diversity was scale dependent and illustrated how temporal scales and the environment interacted. First, the environmental submodel dominated the wide-scale profile ([c]R2adj = 0.01, F = 2.47; df = 20; p < 0.01) as 97% of the total variation arose from the joint effect of temperature and stream conditions ([g]R2adj = 0.02; [f]R2adj = 0.14; [j]R2adj = 0.26). Second, neutral and environmental drivers were constrained equally at the medium-scale (50%; stream: [h]R2adj ≈ 0; temperature: [i]R2adj = 0.02; [k] R2adj = 0.07). Moreover, neutral drivers were nine times higher in the medium-scale ([d]R2adj = 0.09, F = 2.91; df = 20; p < 0.01) than wide-scale ([c]). Dynamics of the Culicoides composition across time were shaped by measurable niche conditions (stream flow fluctuations and atmospheric temperature, but not precipitation) and neutral drivers assembling over unique timeframes.




3.3. Seasonality in Species Recruitment, Weekly Occurrence and Co-Occurrence Structure


Species recruitment (defined as the first appearance of a species) occurred during each seasonal compartment, and the highest recruitment occurred during the transition from the dry into the wet season (Figure 4 and Figure 5). Over the two-year study period, the species inventory was fully represented (Chao2 = 29.49 (29.03; 37.37); sampling coverage (sc = 0.99)). Spring months were key to shaping Culicoides community structure, as interpolation–extrapolation curves show (Figure 4). Richness in spring nearly equaled richness of other seasons combined (Chao2 = 27.48 (27.04–33.07), sc = 0.99) and richness achieved in any week in spring was greater (Figure 4) than any of the other seasons (Summer: Chao2 = 22.85 (19.53–46.75); sc = 0.97; Fall: Chao2 = 17.32 (13.47–52.37); sc = 0.97; Winter: Chao2 = 13.12 (11.25–29.05); sc = 0.94). The rate of increase in the accumulated species across sampling weeks was the steepest during spring months (interpolation curve). During spring, richness was saturated before rarefaction ended. However, in summer months, the sampling effort had to increase 17%, 31% in fall and 32% in winter to reach 98.5% sampling coverage.



The sample completeness curve showed that in each season, 97.5% of the sampling coverage was reached as soon the field sampling effort reached 27 weeks (Figure S1.7). Consequently, the deployed sampling effort was enough to analyze the seasonal dynamics in the vector assemblage.



Culicoides richness and composition were linked through a pattern of nestedness, with the assemblage organized in a series of nested time-derived subassemblages (Figure 5A). Assemblages in weeks with low richness were formed with a limited set of species also occurring in high-richness weeks. Nestedness (NODF = 65.45; p < 0.01; matrix fill = 21%; Figure 5A) was more likely to be driven by richness and composition arrangement (NODFrow = 69.25; p < 0.01; Figure 5C) than the pattern of species occurrence (NODFcolumn = 53.80; p = 0.65; Figure 5B). Moreover, week order in the nested matrix depicted seasonality because species richness and composition followed a winter–fall–summer–spring gradient (subassemblage to full assemblage).



The Culicoides community was active year-round and connected by the pattern of vector co-occurrence (Figure 6A). The weekly occurrence network supported the two season modules (M = 0.24; p < 0.01): winter–spring and summer–fall (Figure 6A). Species displayed most of their interactions with species within the same module (Figure 6A; lighter shade links), e.g., winter prevalent species and spring prevalent species overlapped their activity during several weeks. In addition, species did not co-occur equally. For example, species occurrence and degree (Cd) were heterogeneously distributed as C. venustus (Cd = 15), C. stellifer (Cd = 13) and C. haematopotus (Cd = 7) and occupied 80% of surveyed weeks in both years, while the remainder were recorded in less than 40% of the weeks (Figure S1.4, Table S1.4). A total of 90% of species also co-occurred with at least one species out of its module (Figure 7A; dark shade links). This result emphasizes how connectivity among modules expanded co-occurrence beyond traditional seasons (Figure 6B). Culicoides venustus played a connector role among the two modules by overlapping time, environment and HD transmission role between species. In addition, C. stellifer, as a module hub, connected the summer–fall module. All other Culicoides were peripheral, as they co-occurred more commonly with species displaying similar seasonality. Midge activity was not detected in five weeks in 2016 and just one week in 2017 (January and February, Table S1.5), when average minimum temperatures (2.16 ± 0.38 °C) were below the winter months’ first quartile (Table S1.3, Figure S1.5). Finally, occurrence length and co-occurrence pattern among Culicoides linked vector persistence across the entire year, producing a suitable scenario to locally support the maintenance of arbovirus transmission.




3.4. Environmental Thresholds in the Temporal Dynamic of the Vector Assemblage


Clustering analysis defined weather thresholds as an important driver of vector assemblage (Figure 7A). The resulting tree predicted 61% of the variation in the abundance with four informative nodes (Root node error = 0.46 (47.03/101); CVerror = 0.67; SE = 0.09) and three environmental dimensions that were defined by stream condition and temperature lags (Figure 7). Precipitation was not selected by MVRT as a relevant source to predict variation in the vector assemblage. Nodes or clusters represented groups of independent epidemiological weeks which were allocated between nodes in the two sampling years. First, a minimum temperature of 13.6 °C (Tmin30) was able to explain 44% of the variation in the vector assemblage (Figure 7A) and was explained by a warm node that spanned between the last half of the spring to the first half of fall. This node absorbed 97% of the abundance for C. debilipalpis (id = 0.6; p < 0.01) and 58% for C. stellifer (id = 0.57; p < 0.01; Figure 7A). Second, a 10% improvement in the clustering was explained by stream flow level (gauge60 = 69.1 ft), at the end of fall, and represented 57% of C. venustus abundance (id = 0.57; p < 0.01). Finally, maximum temperature (Tmax45 = 23.8 °C) explained 7% of the vector temporal dynamic by a node related with some early spring weeks (97% in C. biguttatus abundance; id = 0.97; p < 0.01) and a consistent winter node (43% in C. pallidicornis abundance; id = 0.54; p < 0.01). Additionally, epidemiological weeks mismatched with calendar season after node allocation (Figure 7B). Phenological dynamics of the vector community were dominated by arrays of species associated with defined ecological thresholds that were not congruent with calendar seasons.





4. Discussion


The community assembly in Culicoides species followed several independent temporal profiles that were linked by environmental variables, neutral drivers and historical process. Importantly, the seasonal dynamics of Culicoides relied on a biannual phenology, highlighting that overimposed calendar schemes do not necessary fit the community responses [44]. For instance, northern Florida falls within the temperate domain of southeastern USA making it tempting to analyze communities using a four-season regime. The ordination pattern of Culicoides that we observed, however, is more consistent with a biannual seasonality structure commonly seen in subtropical and tropical biomes [39,109,110,111]. This pattern of subtropical seasonality was consistently detected with our different modeling approaches (diversity composition, diversity structure, co-occurrence network and vector subassemblage partitioning among environmental thresholds).



4.1. Seasonality of Culicoides β-Diversity


The winter–spring and summer–fall modules of species co-occurrence and niche partitioning of the vector assemblage coincide with the dry–wet scheme of the Oceanic and Tropical-Subtropical climate regimes of Florida [39,111]. Our data indicate that Culicoides species have a sequential and overlapping emergence that ensures temporal connectivity within the vector community. The early season, cold-tolerant species, transitional species and warm weather species may provide seasonal persistence of pathogen vectors, as supported by the harmonic overlap of species demographies in our models which identified recruitment waves of vector assemblages rather than any single dominant vector species. Multivoltinism in subtropical–tropical Culicoides [48] should increase overlap. Even though large pulses during the summer–fall months were observed (Figure S1.6, Table S1.5), we did not find biotic interactions, supporting the assertion that species coexistence relies on competitive processes [112].



Both temperature and stream flow shaped the likelihood of Culicoides species co-occurrence (Figure 7). Gerry and Mullens [113] identified temperature rather than rainfall as a driver of seasonal dynamics of Culicoides in temperate regions. However, temperature usually interacts with rainfall in Culicoides dynamics [39,110,114,115]. Therefore, the distribution of the thermal niche between species subassemblages appears to contribute to the stability of BTV–EHDV transmission. The distribution of the thermal niche among species in the subassemblages is relevant (Figure 3 and Figure 7, Figure S1.3) as both longevity and larval developmental times in Culicoides species are modulated by the species thermal sensitivity [116,117,118]. We propose that the fluctuations in temperature associated with the temporal change in Culicoides composition could also be affecting the overall load of EHDV–BTV transmission. For instance, the outcome of the virus–Culicoides interaction in the episystem (i.e., vector capacity, [23]) is sensitive to temperature because abundance, survival (demography) and extrinsic incubation period (virogenesis) covary with the temperature a Culicoides species experiences [116,119,120,121,122]. Consequently, temperature has a strong net effect on Culicoides-borne Orbivirus.



The finding that stream dynamics and temperature drive seasonality in Culicoides β-diversity, but precipitation does not, indicates that nonprecipitation sources of water shape the moisture conditions driving larval development and population pulses of adults [37,123,124,125]. In the panhandle of Florida, water from a superficial aquifer emerges in the slopes as seepages and runs off into streams, and clay soils cause surface pooling [51]. Consequently, the aquifer and stream interact with the Culicoides’ niche. For instance, C. haematopotus, C. stellifer and C. venustus develop at stream borders, puddles and seepage habitats, respectively [126], and moisture and nutrient availability in these habitats are subject to the dynamics of stream flooding and aquifer surfacing [51].



The lack of significance of rainfall is surprising, given the intrinsic link between water and semiaquatic breeding sites of Culicoides [127] and the previously documented association between precipitation and Culicoides seasonality [39,110,114,115,128]. Nevertheless, precipitation was not related to Culicoides abundance in some studies [36,114,129,130,131]. For instance, rainfall might be patchily distributed, but this spatial variability is expected to underestimate daily precipitation rather than the lag explored here. Importantly, our finding does not exclude the effect of rainfall on Culicoides but helps to explain how weather may constrain each population, community and functional group differently. As such, phenology proved less sensitive to rainfall, specifically, than to other measures of hydrology (stream flow).



The co-effect of temperature and stream flow configure the timing for community seasonal dynamics given the entire Culicoides species deploys a range of responses to moisture and temperature. For example, the least diverse assemblage (RDA1) arose early in the epidemiological calendar (Figure 2B), was mainly composed of winter–early spring species and was highly correlated with all of the selected stream and temperature variables (Figure S1.3); meanwhile, the most diverse assemblage (RDA2) arose later in the calendar, and was composed of a mixture of spring and summer–fall species exclusively correlated with temperature. We hypothesize that flooding early in the wet season resupplies the soil moisture lost during dry fall–winter months and nutrients drained by precipitation and recurrent flooding events during the wet season. In addition, it is interesting how the dynamics of the soil moisture and HD are linked. In the panhandle, the pattern of HD occurrence is supported by the enzootic stability hypothesis [69] as the relationship between high BTV/EHDV transmission rate and herd immunity [27] is associated with low mortality [69]. Christensen et al. [132] shows that the increase in drought severity has a protective effect on HD mortality occurrence within the counties in the top 20% of wetland cover and bellow 30° latitude, which define our study location. Therefore, drought-flooding dynamics may lead to the enzootic stability of HD in association with Culicoides community change.



Our analysis showed that niche and neutral drivers partitioned equally Culicoides β-diversity seasonality, not from variability in flying activity and null noise in field data, as previously suggested [36,47,50,131,133]. Neutral drivers could be overestimated, as other variables (i.e., wind patterns, humidity, atmospheric pressure and daylight duration) were not measured but are expected to correlate with the environmental conditions explored here. It seems less likely that confounding neutral drivers, unexplored environmental layers and noisy data are major drivers of Culicoides β-diversity seasonality. Importantly, this so-called black box of “unexplained” variation in populations and community of Culicoides are susceptible to being biologically explained after stochastic processes are considered.




4.2. Seasonal Culicoides Diversity Structure


Organization in Culicoides diversity aligns with both nested and modular temporal topologies, relying upon the persistence of a few species (Figure 5 and Figure 6, Figure S1.4). For example, we observed that 90% of Culicoides species occurred in weeks when species of another seasonal module were present (Figure 5 and Figure 6A). As such, Culicoides richness and composition are temporally nested (Figure 5) and may follow similar ecological rules. It also means that changes in diversity depend on how Culicoides species are lost over time but not by the replacement of some species by others. Community climax occurred in the spring weeks (Figure 4) even though only 14% of the species displayed unique springtime phenology. In temperate regions, univoltine and rare species drive the high Culicoides richness in spring months [48]. Some Culicoides species might be ecologically redundant, as species exhibit temporal co-occurrence that significantly overlaps niche conditions, and they seem to share abundant resources [40,134]. Overall, this indicates that community structure is not organized by temperate calendar seasons, and the unified neutral theory of biodiversity is suitable to explain Culicoides diversity.




4.3. Persistence of Vector-Borne Pathogen in the Ecosystems Depends on Environmental Stability


Northern Florida provides a permissive environment to sustain the year-round transmission of Culicoides-borne Orbivirus as shown by vector persistence in the region. The longest observed period without host-seeking activity (5 weeks) does not signify arrested larval development, since C. pallidicornis adult emergence was continuous during winter weeks (Figure S1.6). The absence of Culicoides in traps during this period could be due to biological shifts in circadian rhythms, with normally nocturnal species shifting their host-seeking activity to warmer daylight hours [135,136,137]. Culicoides venustus and C. pallidicornis can be exposed to EHDV infectious blood meals as seroconversion and viremic resident white-tailed deer have been recorded in northern Florida during the winter. Alternatively, vertical and horizontal transmission, in addition to the persistence host infection, may facilitate the maintenance of EHDV–BTV during winter [26,138,139,140]. Vector recruitment is nearly continuous for HD transmission, and our data suggest that C. venustus provides a link between fall and spring months. Nonetheless, no Culicoides species behaved as a network hub connecting all species and modules. Additional data on the infection prevalence of BTV and EHDV in Culicoides will help to understand the link between the continuous vector recruitment and the year-round persistence of HD. Operations such as animal movement and trade during winter months should proceed with caution as the vector-free period does not occur in northern Florida.




4.4. Is Culicoides β-Diversity Operating under Wider Temporal Scales?


Three wider temporal scales (≥12 months, Figure 2C) revealed that Culicoides communities experience annual and cyclic-periodic oscillation that could extend beyond two years. We propose that different processes operate between the wider scales. Here, we describe the annual variation at the Culicoides community level for the first time in Florida (Figure 2; RDA2,3) and that it is strongly related to the fluctuation in the environmental conditions. Importantly, the annual incidence of HD also correlates with environmental variables, especially drought severity, weather conditions and land cover change in the USA [25,132,133]. We speculate that the annual temporal scale is related to how species recruitment and the local environment are shaped by global-scale weather patterns. Both phases of El Niño Southern Oscillation (ENSO) took place during the study [141] and coincide with the observed effect of the temperature and stream level on annual Culicoides dynamics (Figure 3A, Figure S1.3; RDA2). Interestingly, ENSO has been previously implicated in Culicoides-borne episystems [142] where in southeastern USA, HD morbidity has occurred every 2–3 years [26,68,143].



When periodicity in community composition shows innate signals (RDA1; Figure 2C,D, Figure S1.3) long-term biogeographical processes under wider spatial scales are expected to impact β-diversity. This emphasizes the trade-off between detrending data for satisfying mathematical assumptions and the risk of obscuring ecological patterns [11,87]. Altogether, Culicoides β-diversity agrees well with the space–time duality predictions [9]. In general, the wider scales are more dynamic and better suited to environmental filtering than seasonality. Moreover, temporal patterns in HD occurrence are strongly dependent on the spatial hierarchy since between years and periods, HD is nested at county and biogeographical scales [132,133]. Thus, we suggest that regional patterns in HD can also be predicted by surveying local scenarios of Orbivirus transmission in Culicoides community data.





5. Conclusions


The dynamics in the Culicoides community followed a subtropical seasonal regime driven by the atmospheric temperature and ground water early in the season and by temperature later in the season. The merit of this study relies on how we allowed the system to inform the phenological pattern instead of imposing a classical temperate seasonal scheme. Neutral drivers were relevant as niche drivers. Conversely, the relevance of the ecological drift on assembling was lacking, even though unexplained variation was related to noisy data niche-based studies.



The management of Culicoides-borne Orbivirus risk depends on disrupting the pathogen niche through seasonally-appropriate and targeted activities. In northern Florida, the disrupting of larval breeding during spring could be a valuable tool to interrupt HD transmission; but the use of stations for insecticide and repellent application may not be economically viable given the persistence and dispersal ability of Culicoides. Field evaluations are needed to assess these statements.








Supplementary Materials


The following are available online at https://www.mdpi.com/1999-4915/12/9/931/s1. Supplementary File 1. Table S1.1: Temporal scales and their AEM eigenfunction associated in Culicoides composition change; Table S1.2: Species of Culicoides related with community change composition at each temporal scale; Table S1.3: Weeks without Culicoides activity recorded and associated daily meteorology; Table S1.4: Temporal network of co-occurring Culicoides; Table S1.5: Monthly, year and total weekly Culicoides abundance, density and presence; Figure S1.1: Map of the study area and light traps distribution in Gadsden County, Florida; Figure S1.2: Culicoides composition time autocorrelation by multivariate Mantel’s correlogram; Figure S1.3: Environmental constraints on Culicoides β-diversity temporal profiles; Figure S1.4: Culicoides season occurrence in the two modules derived from the weekly co-occurrence network; Figure S1.5: Daily temperature between December 20th and April 20th (2015–2016 and 2016–2017) in Tallahassee airport, Florida; Figure S1.6: Aging of the vector subassemblage: (A) spread of parity among seasons, (B) parity seasonal trend; Figure S1.7. Vector assemblage and seasonality sampling coverage: sample completeness curve. Supplementary File 2: Culicoides β-diversity spatiotemporal dynamics; Supplementary File 3: Culicoides abundance and environmental data, R code script.





Author Contributions


Conceptualization, A.I.Q., E.M.B. and N.D.B.-C.; data curation, A.I.Q., E.M.B. and B.L.M.; formal analysis, A.I.Q.; funding acquisition, S.M.W.; investigation, E.M.B., B.L.M., A.E.R.IV, K.E.S. and D.E.; methodology, A.I.Q.; project administration, E.M.B. and B.L.M.; resources, A.I.Q., E.M.B., B.L.M., A.E.R.IV, K.E.S., D.E., S.M.W. and N.D.B.-C.; software, A.I.Q.; supervision, N.D.B.-C.; visualization, A.I.Q.; writing—original draft, A.I.Q.; writing—review and editing, E.M.B., B.L.M., A.E.R.IV, K.E.S., D.E., S.M.W. and N.D.B.-C. All authors have read and agreed to the published version of the manuscript.




Funding


Funding for this study was provided by the University of Florida, Cervidae Health Research Initiative (CHeRI) sponsored by the State of Florida legislature.




Acknowledgments


The authors wish to thank the landowners who permitted access to their properties for sampling Culicoides. Jeremy Orange in Jason Blackburn lab was involved in the spatially random distribution of the traps. We thank the Cervidae Health Research Initiative through the University of Florida Institute of Food and Agricultural Sciences for funding for this project. We also thank K. Ellis and E. Spikes for assistance in the field and guidance while on the preserve property.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fenton, A.; Pedersen, A.B. Community epidemiology framework for classifying disease threats. Emerg. Infect. Dis. 2005, 11, 1815. [Google Scholar] [CrossRef] [PubMed]

	



Begon, M. Effects of host diversity on disease dynamics. In Infectious Disease Ecology: Effects of Ecosystems on Disease and of Disease on Ecosystems, 1st ed; Ostfeld, R., Keesing, F., Eviner, V., Eds.; Princeton University Press: Oxford, UK, 2008; pp. 12–29. [Google Scholar]

	



Smith, K.F.; Behrens, M.D.; Sax, D.F. Local scale effects of disease on biodiversity. Ecohealth 2009, 6, 287–295. [Google Scholar] [CrossRef] [PubMed]

	



Paull, S.H.; Johnson, P.T.J. Experimental warming drives a seasonal shift in the timing of host-parasite dynamics with consequences for disease risk. Ecol. Lett. 2014, 17, 445–453. [Google Scholar] [CrossRef] [PubMed]

	



Viana, M.; Mancy, R.; Biek, R.; Cleaveland, S.; Cross, P.C.; Lloyd-Smith, J.O.; Haydon, D.T. Assembling evidence for identifying reservoirs of infection. Trends Ecol. Evol. 2014, 29, 270–279. [Google Scholar] [CrossRef]

	



Johnson, P.T.J.; Ostfeld, R.S.; Keesing, F. Frontiers in research on biodiversity and disease. Ecol. Lett. 2015, 18, 1119–1133. [Google Scholar] [CrossRef]

	



Johnson, P.T.J.; De Roode, J.C.; Fenton, A. Why infectious disease research needs community ecology. Science 2015, 349. [Google Scholar] [CrossRef]

	



Altizer, S.; Dobson, A.; Hosseini, P.; Hudson, P.; Pascual, M.; Rohani, P. Seasonality and the dynamics of infectious diseases. Ecol. Lett. 2006, 9, 467–484. [Google Scholar] [CrossRef]

	



Angeler, D.G.; Göthe, E.; Johnson, R.K. Hierarchical Dynamics of Ecological Communities: Do Scales of Space and Time Match? PLoS ONE 2013, 8, e69174. [Google Scholar] [CrossRef]

	



Legendre, P.; Gauthier, O. Statistical methods for temporal and space-time analysis of community composition data. Proc. R. Soc. B Biol. Sci. 2014, 281, 20132728. [Google Scholar] [CrossRef]

	



Baho, D.L.; Futter, M.N.; Johnson, R.K.; Angeler, D.G. Assessing temporal scales and patterns in time series: Comparing methods based on redundancy analysis. Ecol. Complex. 2015, 22, 162–168. [Google Scholar] [CrossRef]

	



Tabachnick, W.J. Challenges in predicting climate and environmental effects on vector-borne disease episystems in a changing world. J. Exp. Biol. 2010, 213, 946–954. [Google Scholar] [CrossRef] [PubMed]

	



Simón, F.; González-Miguel, J.; Diosdado, A.; Gómez, P.J.; Morchón, R.; Kartashev, V. The Complexity of Zoonotic Filariasis Episystem and Its Consequences: A Multidisciplinary View. Biomed Res. Int. 2017, 2017, 6436130. [Google Scholar] [CrossRef]

	



Holyoak, M.; Leibold, M.A.; Holt, R.D. Metacommunities: Spatial Dynamics and Ecological Communities; University of Chicago Press: Chicago, IL, USA, 2005; ISBN 0226350649. [Google Scholar]

	



Massol, F.; Gravel, D.; Mouquet, N.; Cadotte, M.W.; Fukami, T.; Leibold, M.A. Linking community and ecosystem dynamics through spatial ecology. Ecol. Lett. 2011, 14, 313–323. [Google Scholar] [CrossRef] [PubMed]

	



Dodd, R.S.; Hüberli, D.; Mayer, W.; Harnik, T.Y.; Afzal-Rafii, Z.; Garbelotto, M. Evidence for the role of synchronicity between host phenology and pathogen activity in the distribution of sudden oak death canker disease. New Phytol. 2008, 179, 505–514. [Google Scholar] [CrossRef] [PubMed]

	



Grulke, N.E.; The, S.; Phytologist, N.; January, N.; Government, S.; Bos, C. The nexus of host and pathogen phenology: Understanding the disease triangle with climate change. New Phytol. 2011, 189, 8–11. [Google Scholar] [CrossRef] [PubMed]

	



Kuno, G.; Chang, G.J. Biological Transmission of Arboviruses: Reexamination of and New Insights into Components, Mechanisms, and Unique Traits as Well as Their Evolutionary Trends. Clin. Microbiol. Rev. 2005, 18, 608–637. [Google Scholar] [CrossRef]

	



Unnasch, R.S.; Cupp, E.W.; Unnasch, T.R. Host selection and its role in transmission of arboviral encephalitides. Dis. Ecol. Community Struct. Pathog. Dyn. 2006, 73–89. [Google Scholar]

	



Takken, W.; Verhulst, N.O. Host Preferences of Blood-Feeding Mosquitoes. Annu. Rev. Entomol. 2013, 58, 433–453. [Google Scholar] [CrossRef]

	



Hamer, S.A.; Hickling, G.J.; Sidge, J.L.; Walker, E.D.; Tsao, J.I. Synchronous phenology of juvenile Ixodes scapularis, vertebrate host relationships, and associated patterns of Borrelia burgdorferi ribotypes in the midwestern United States. Ticks Tick. Borne. Dis. 2012, 3, 65–74. [Google Scholar] [CrossRef]

	



The Subgeneric Classification of Species of Culicoides—Thoughts and a warning; Last revised: May 16, 2016. Available online: https://www.inhs.illinois.edu/files/5014/6532/8290/CulicoidesSubgenera.pdf (accessed on 24 August 2020).

	



Carpenter, S.; Veronesi, E.; Mullens, B.; Venter, G. Vector competence of Culicoides for arboviruses: Three major periods of research, their influence on current studies and future directions. OIE Rev. Sci. Tech. 2015, 34, 97–112. [Google Scholar] [CrossRef]

	



Purse, B.V.; Carpenter, S.; Venter, G.J.; Bellis, G.; Mullens, B.A. Bionomics of Temperate and Tropical Culicoides Midges: Knowledge Gaps and Consequences for Transmission of Culicoides-Borne Viruses. Annu. Rev. Entomol. 2015, 60, 373–392. [Google Scholar] [CrossRef] [PubMed]

	



Berry, B.S.; Magori, K.; Perofsky, A.C.; Stallknecht, D.E.; Park, A.W. Wetland cover dynamics drive hemorrhagic disease patterns in white-tailed deer in the United States. J. Wildl. Dis. 2013, 49, 501–509. [Google Scholar] [CrossRef] [PubMed]

	



Ruder, M.G.; Lysyk, T.J.; Stallknecht, D.E.; Foil, L.D.; Johnson, D.J.; Chase, C.C.; Dargatz, D.A.; Gibbs, E.P.J. Transmission and Epidemiology of Bluetongue and Epizootic Hemorrhagic Disease in North America: Current Perspectives, Research Gaps, and Future Directions. Vector-Borne Zoonotic Dis. 2015, 15, 348–363. [Google Scholar] [CrossRef] [PubMed]

	



Cauvin, A.; Dinh, E.T.N.; Orange, J.P.; Shuman, R.M.; Blackburn, J.K.; Wisely, S.M. Antibodies to Epizootic Hemorrhagic Disease Virus (EHDV) in Farmed and Wild Florida White-Tailed Deer (Odocoileus virginianus). J. Wildl. Dis. 2020, 56, 208–213. [Google Scholar] [CrossRef]

	



Boughton, R.K.; Wight, B.R.; Wisely, S.; Hood, K.; Main, M.B. White-tailed Deer of Florida. Edis 2020, 2020, 12. [Google Scholar] [CrossRef]

	



Becker, M.E.; Roberts, J.; Schroeder, M.E.; Gentry, G.; Foil, L.D. Prospective Study of Epizootic Hemorrhagic Disease Virus and Bluetongue Virus Transmission in Captive Ruminants. J. Med. Entomol. 2020, 57, 1277–1285. [Google Scholar] [CrossRef]

	



Blanton, F.S.; Wirth, W.W. The sand flies (Culicoides) of Florida (Diptera: Ceratopogonidae). Arthropods Florida Neighboring Land Areas 1979, 10, 1–204. [Google Scholar]

	



Conte, A.; Giovannini, A.; Savini, L.; Goffredo, M.; Calistri, P.; Meiswinkel, R. The effect of climate on the presence of Culicoides imicola in Italy. J. Vet. Med. Ser. B 2003, 50, 139–147. [Google Scholar] [CrossRef]

	



Conte, A.; Ippoliti, C.; Savini, L.; Goffredo, M.; Meiswinkel, R. Novel environmental factors influencing the distribution and abundance of Culicoides imicola and the Obsoletus Complex in Italy. Vet. Ital. 2007, 43, 571–580. [Google Scholar]

	



Purse, B.V.; Tatem, A.J.; Caracappa, S.; Rogers, D.J.; Mellor, P.S.; Baylis, M.; Torina, A. Modelling the ditributions of Culicoides bluetongue virus vectors in Sicily in relation to satellite-derived climate variables. Med. Vet. Entomol. 2004, 18, 90–101. [Google Scholar] [CrossRef]

	



Purse, B.V.; Falconer, D.; Sullivan, M.J.; Carpenter, S.; Mellor, P.S.; Piertney, S.B.; Mordue Luntz, A.J.; Albon, S.; Gunn, G.J.; Blackwell, A. Impacts of climate, host and landscape factors on Culicoides species in Scotland. Med. Vet. Entomol. 2012, 26, 168–177. [Google Scholar] [CrossRef] [PubMed]

	



Acevedo, P.; Ruiz-Fons, F.; Estrada, R.; Márquez, A.L.; Miranda, M.A.; Gortázar, C.; Lucientes, J. A broad assessment of factors determining Culicoides imicola abundance: Modelling the present and forecasting its future in climate change scenarios. PLoS ONE 2010, 5, e14236. [Google Scholar] [CrossRef] [PubMed]

	



Sanders, C.J.; Shortall, C.R.; Gubbins, S.; Burgin, L.; Gloster, J.; Harrington, R.; Reynolds, D.R.; Mellor, P.S.; Carpenter, S. Influence of season and meteorological parameters on flight activity of Culicoides biting midges. J. Appl. Ecol. 2011, 48, 1355–1364. [Google Scholar] [CrossRef]

	



Peters, J.; Conte, A.; Van doninck, J.; Verhoest, N.E.C.; De Clercq, E.; Goffredo, M.; De Baets, B.; Hendrickx, G.; Ducheyne, E. On the relation between soil moisture dynamics and the geographical distribution of Culicoides imicola. Ecohydrology 2014, 7, 622–632. [Google Scholar] [CrossRef]

	



Sloyer, K.E.; Burkett-Cadena, N.D.; Yang, A.; Corn, J.L.; Vigil, S.L.; McGregor, B.L.; Wisely, S.M.; Blackburn, J.K. Ecological niche modeling the potential geographic distribution of four Culicoides species of veterinary significance in florida, USA. PLoS ONE 2019, 14, e0206648. [Google Scholar] [CrossRef]

	



Grimaud, Y.; Guis, H.; Chiroleu, F.; Boucher, F.; Tran, A.; Rakotoarivony, I.; Duhayon, M.; Cêtre-Sossah, C.; Esnault, O.; Cardinale, E.; et al. Modelling temporal dynamics of Culicoides Latreille (Diptera: Ceratopogonidae) populations on Reunion Island (Indian Ocean), vectors of viruses of veterinary importance. Parasit. Vectors 2019, 12, 562. [Google Scholar] [CrossRef]

	



Hubbell, S.P. The Unified Neutral Theory of Biodiversity and Biogeography (MPB-32); Princeton University Press: Princeton, NJ, USA, 2001; ISBN 0691021287. [Google Scholar]

	



Gravel, D.; Canham, C.D.; Beaudet, M.; Messier, C. Reconciling niche and neutrality: The continuum hypothesis. Ecol. Lett. 2006, 9, 399–409. [Google Scholar] [CrossRef]

	



Ruokolainen, L.; Ranta, E.; Kaitala, V.; Fowler, M.S. When can we distinguish between neutral and non-neutral processes in community dynamics under ecological drift? Ecol. Lett. 2009, 12, 909–919. [Google Scholar] [CrossRef]

	



Vellend, M. Conceptual synthesis in community ecology. Q. Rev. Biol. 2010, 85, 183–206. [Google Scholar] [CrossRef]

	



Rosindell, J.; Hubbell, S.P.; He, F.; Harmon, L.J.; Etienne, R.S. The case for ecological neutral theory. Trends Ecol. Evol. 2012, 27, 203–208. [Google Scholar] [CrossRef]

	



Kramer, W.L.; Greiner, E.C.; Gibbs, E.P.J. A survey of Culicoides midges (Diptera: Ceratopogonidae) associated with cattle operations in Florida, USA. J. Med. Entomol. 1985, 22, 153–162. [Google Scholar] [CrossRef]

	



Kramer, W.L.; Greiner, E.C.; Gibbs, E.P. Seasonal variations in population size, fecundity, and parity rates of Culicoides insignis (Diptera: Ceratopogonidae) in Florida, USA. J. Med. Entomol. 1985, 22, 163–169. [Google Scholar] [CrossRef] [PubMed]

	



Baylis, M.; El Hasnaoui, H.; Bouayoune, H.; Touti, J.; Mellor, P.S. The spatial and seasonal distribution of African horse sickness and its potential Culicoides vectors in Morocco. Med. Vet. Entomol. 1997, 11, 203–212. [Google Scholar] [CrossRef] [PubMed]

	



Meiswinkel, R.; Scolamacchia, F.; Dik, M.; Mudde, J.; Dijkstra, E.; Van Der Ven, I.J.K.; Elbers, A.R.W. The Mondrian matrix: Culicoides biting midge abundance and seasonal incidence during the 2006-2008 epidemic of bluetongue in the Netherlands. Med. Vet. Entomol. 2014, 28, 10–20. [Google Scholar] [CrossRef] [PubMed]

	



Sohier, C.; Deblauwe, I.; De Deken, R.; Madder, M.; Fassotte, C.; Losson, B.; De Regge, N. Longitudinal monitoring of Culicoides in Belgium between 2007 and 2011: Local variation in population dynamics parameters warrant cautious use of monitoring data. Parasit. Vectors 2018, 11, 512. [Google Scholar] [CrossRef] [PubMed]

	



Sanders, C.J.; Shortall, C.R.; England, M.; Harrington, R.; Purse, B.; Burgin, L.; Carpenter, S.; Gubbins, S. Long-term shifts in the seasonal abundance of adult Culicoides biting midges and their impact on potential arbovirus outbreaks. J. Appl. Ecol. 2019, 56, 1649–1660. [Google Scholar] [CrossRef]

	



Wolfe, S.H.; Reidenauer, J.A.; Means, D.B. An Ecological Characterization of the Florida Panhandle; US Fish and Wildlife Service: Ft. Collins, CO, USA, 1988.

	



Foster, N.M.; Breckon, R.D.; Luedke, A.J.; Jones, R.H.; Metcalf, H.E. Transmission of two strains of epizootic hemorrhagic disease virus in deer by Culicoides variipennis. J. Wildl. Dis. 1977, 13, 9–16. [Google Scholar] [CrossRef]

	



Jones, R.H.; Roughton, R.D.; Foster, N.M.; Bando, B.M. Culicoides, the vector of epizootic hemorrhagic disease in white-tailed deer in Kentucky in 1971. J. Wildl. Dis. 1977, 13, 2–8. [Google Scholar] [CrossRef]

	



Tanya, V.N.; Greiner, E.C.; Gibbs, E.P.J. Evaluation of Culicoides insignis (Diptera: Ceratopogonidae) as a vector of bluetongue virus. Vet. Microbiol. 1992, 32, 1–14. [Google Scholar] [CrossRef]

	



Vigil, S.L.; Wlodkowski, J.C.; Parris, J.; Edwards de Vargas, S.; Shaw, D.; Cleveland, C.; Grogan Jr, W.L.; Corn, J.L. New Records of Biting Midges of the Genus Culicoides Latreille from the Southeastern United States (Diptera: Ceratopogonidae). Insecta Mundi 2014, 0394, 1–14. [Google Scholar]

	



Vigil, S.L.; Ruder, M.G.; Shaw, D.; Wlodkowski, J.; Garrett, K.; Walter, M.; Corn, J.L. Apparent range expansion of Culicoides (Hoffmania) insignis (Diptera: Ceratopogonidae) in the Southeastern United States. J. Med. Entomol. 2018, 55, 1043–1046. [Google Scholar] [CrossRef] [PubMed]

	



Mullen, G.R.; Hayes, M.E.; Nusbaum, K.E. Potential vectors of bluetongue and epizootic hemorrhagic disease viruses of cattle and white-tailed deer in Alabama. Prog. Clin. Biol. Res. 1985, 178, 201–206. [Google Scholar] [PubMed]

	



Gerhardt, R.R. Culicoides spp. Attracted to Ruminants in the Great Smoky Mountains National Park, Tennessee. J. Agric. Entomol. 1986, 3, 192–197. [Google Scholar]

	



Smith, K.E.; Stallknecht, D.E.; Nettles, V.F. Experimental Infection of Culicoides lahillei (Diptera: Ceratopogonidae) with Epizootic Hemorrhagic Disease Virus Serotype 2 (Orbivirus: Reoviridae). J. Med. Entomol. 1996, 33, 117–122. [Google Scholar] [CrossRef]

	



Smith, K.E.; Stalknecht, D.E.; Sewell, C.T.; Rollor, E.A.; Mullen, G.R.; Anderson, R.R. Monitoring of Culicoides spp. at a site enzootic for hemorrhagic disease in white-tailed deer in Georgia, USA. J. Wildl. Dis. 1996, 32, 627–642. [Google Scholar] [CrossRef]

	



McGregor, B.L.; Sloyer, K.E.; Sayler, K.A.; Goodfriend, O.; Krauer, J.M.C.; Acevedo, C.; Zhang, X.; Mathias, D.; Wisely, S.M.; Burkett-Cadena, N.D. Field data implicating Culicoides stellifer and Culicoides venustus (Diptera: Ceratopogonidae) as vectors of epizootic hemorrhagic disease virus. Parasit. Vectors 2019, 12, 258. [Google Scholar] [CrossRef]

	



McGregor, B.L.; Stenn, T.; Sayler, K.A.; Blosser, E.M.; Blackburn, J.K.; Wisely, S.M.; Burkett-Cadena, N.D. Host use patterns of Culicoides spp. biting midges at a big game preserve in Florida, U.S.A., and implications for the transmission of orbiviruses. Med. Vet. Entomol. 2019, 33, 110–120. [Google Scholar] [CrossRef]

	



Sloyer, K.E.; Acevedo, C.; Runkel, A.E.; Burkett-Cadena, N.D. Host Associations of Biting Midges (Diptera: Ceratopogonidae: Culicoides) Near Sentinel Chicken Surveillance Locations in Florida, USA. J. Am. Mosq. Control Assoc. 2019, 35, 200–206. [Google Scholar] [CrossRef]

	



Greiner, E.C.; Barber, T.L.; Pearson, J.E.; Kramer, W.L.; Gibbs, E.P. Orbiviruses from Culicoides in Florida. Prog. Clin. Biol. Res. 1985, 178, 195. [Google Scholar]

	



Becker, M.E.; Reeves, W.K.; Dejean, S.K.; Emery, M.P.; Ostlund, E.N.; Foil, L.D. Detection of Bluetongue Virus RNA in Field-Collected Culicoides spp. (Diptera: Ceratopogonidae) Following the Discovery of Bluetongue Virus Serotype 1 in White-Tailed Deer and Cattle in Louisiana. J. Med. Entomol. 2010, 47, 269–273. [Google Scholar] [CrossRef]

	



Jones, R.H.; Schmidtmann, E.T.; Foster, N.M. Vector-competence studies for bluetongue and epizootic hemorrhagic disease viruses with Culicoides venustus (Ceratopogonidae). Mosq. News 1983, 43, 184–186. [Google Scholar]

	



Venter, G.J.; Paweska, J.T.; Lunt, H.; Mellor, P.S.; Carpenter, S. An alternative method of blood-feeding Culicoides imicola and other haematophagous Culicoides species for vector competence studies. Vet. Parasitol. 2005, 131, 331–335. [Google Scholar] [CrossRef] [PubMed]

	



Couvillion, C.E.; Nettles, V.F.; Davidson, W.R.; Pearson, J.E.; Gustafson, G.A. Hemorrhagic disease among white-tailed deer in the Southeast from 1971 through 1980. In Proceedings of the 85th annual meeting of the United States Animal Health Association, St. Louis, MO, USA, 11–16 October 1981; pp. 522–537. [Google Scholar]

	



Stallknecht, D.E.; Howerth, E.W.; Gaydos, J.K. Hemorrhagic disease in white-tailed deer: Our current understanding of risk. In Proceedings of the Transactions of the North American Wildlife and Natural Resources Conference, Dallas, TX, USA, 3–7 April 2002; Volume 67, pp. 75–86. [Google Scholar]

	



Sayler, K.; Blosser, E.; McGregor, B.; Burkett-Cadena, N.; Wisely, S.M. Overwintering of epizootic hemorrhagic disease virus in white-tailed deer in Florida, USA: Unanticipated seroconversion and the case for alternative vectors. Int. J. Infect. Dis. 2016, 53, 65–66. [Google Scholar] [CrossRef]

	



Khalaf, K.T. Distribution and phenology of Culicoides (Diptera: Ceratopogonidae) along the Gulf of Mexico. J. Econ. Entomol. 1969, 62, 1153–1161. [Google Scholar] [CrossRef]

	



Zimmerman, R.H.; Turner, E.C., Jr. Seasonal abundance and parity of common Culicoides collected in blacklight traps in Virginia pastures. Mosq. News 1983, 43, 63–69. [Google Scholar]

	



Pfannenstiel, R.S.; Mullens, B.A.; Ruder, M.G.; Zurek, L.; Cohnstaedt, L.W.; Nayduch, D. Management of North American Culicoides Biting Midges: Current Knowledge and Research Needs. Vector-Borne Zoonotic Dis. 2015, 15, 374–384. [Google Scholar] [CrossRef]

	



Drolet, B.S.; Van Rijn, P.; Howerth, E.W.; Beer, M.; Mertens, P.P. A Review of Knowledge Gaps and Tools for Orbivirus Research. Vector-Borne Zoonotic Dis. 2015, 15, 339–347. [Google Scholar] [CrossRef]

	



McGregor, B.L.; Runkel, A.E.; Wisely, S.M.; Burkett-Cadena, N.D. Vertical stratification of Culicoides biting midges at a Florida big game preserve. Parasit. Vectors 2018, 11, 505. [Google Scholar] [CrossRef]

	



Dinh, E.T.N.; Cauvin, A.; Orange, J.P.; Shuman, R.M.; Wisely, S.M.; Blackburn, J.K. Living la Vida T-LoCoH: Site fidelity of Florida ranched and wild white-tailed deer (Odocoileus virginianus) during the epizootic hemorrhagic disease virus (EHDV) transmission period. Mov. Ecol. 2020, 8, 1–9. [Google Scholar] [CrossRef]

	



Sloyer, K.E.; Wisely, S.M.; Burkett-Cadena, N.D. Effects of ultraviolet LED versus incandescent bulb and carbon dioxide for sampling abundance and diversity of Culicoides in Florida. J. Med. Entomol. 2019, 56, 353–361. [Google Scholar] [CrossRef]

	



Dyce, A.L. the Recognition of Nulliparous and Parous Culicoides (Diptera: Ceratopogonidae) Without Dissection. Aust. J. Entomol. 1969, 8, 11–15. [Google Scholar] [CrossRef]

	



Akey, D.H.; Potter, H.W. Pigmentation associated with oogenesis in the biting fly Culicoides variipennis (Diptera: Ceratopogonidae): Determination of parity. J. Med. Entomol. 1979, 16, 67–70. [Google Scholar] [CrossRef] [PubMed]

	



Data Access National Centers for Environmental Information (NCEI) Formerly Known as National Climatic Data Center (NCDC). Available online: https://www.ncdc.noaa.gov/data-access (accessed on 19 June 2020).

	



USGS Surface-Water Data for the Nation. Available online: https://waterdata.usgs.gov/nwis/sw (accessed on 19 June 2020).

	



Peres-Neto, P.R.; Legendre, P.; Dray, S.; Borcard, D. Variation partitioning of species data matrices: Estimation and comparison of fractions. Ecology 2006, 87, 2614–2625. [Google Scholar] [CrossRef]

	



Legendre, P.; Borcard, D.; Roberts, D.W. Variation partitioning involving orthogonal spatial eigenfunction submodels. Ecology 2012, 93, 1234–1240. [Google Scholar] [CrossRef]

	



Legendre, P. Variation partitioning of a community matrix by 2, 3, or 4 explanatory matrices containing environmental variables and spatial eigenfunction submodels (R Doc in supplement 1). Ecology 2012, 93, 1234–1240. [Google Scholar] [CrossRef] [PubMed]

	



Blanchet, F.G.; Legendre, P.; Borcard, D. Modelling directional spatial processes in ecological data. Ecol. Modell. 2008, 215, 325–336. [Google Scholar] [CrossRef]

	



Dray, S.; Pélissier, R.; Couteron, P.; Fortin, M.J.; Legendre, P.; Peres-Neto, P.R.; Bellier, E.; Bivand, R.; Blanchet, F.G.; De Cáceres, M.; et al. Community ecology in the age of multivariate multiscale spatial analysis. Ecol. Monogr. 2012, 82, 257–275. [Google Scholar] [CrossRef]

	



Borcard, D.; Gillet, F.; Legendre, P. Spatial analysis of ecological data. In Numerical Ecology with R; Springer: Berlin/Heidelberg, Germany, 2018; pp. 299–367. [Google Scholar]

	



Blanchet, F.G.; Legendre, P.; Borcard, D. Forward selection of explanatory variables. Ecology 2008, 89, 2623–2632. [Google Scholar] [CrossRef]

	



Legendre, P.; De Cáceres, M. Beta diversity as the variance of community data: Dissimilarity coefficients and partitioning. Ecol. Lett. 2013, 16, 951–963. [Google Scholar] [CrossRef]

	



Oksanen, J.; Blanchet, F.G.; Kindt, R.; Legendre, P.; O’hara, R.B.; Simpson, G.L.; Solymos, P.; Stevens, M.H.H.; Wagner, H. Vegan: Community Ecology Package. R Package Version 1.17-4. 2010. Available online: http//CRAN.R-project.org/package=vegan (accessed on 10 March 2020).

	



Dray, S.; Blanchet, G.; Borcard, D.; Clappe, S.; Guenard, G.; Jombart, T. Adespatial: Multivariate multiscale spatial analysis. R package ver. 0.1-1 2018. Available online: https://cran.r-project.org/web/packages/adespatial/index.html (accessed on 10 March 2020).

	



Chao, A.; Gotelli, N.J.; Hsieh, T.C.; Sander, E.L.; Ma, K.H.; Colwell, R.K.; Ellison, A.M. Rarefaction and extrapolation with Hill numbers: A framework for sampling and estimation in species diversity studies. Ecol. Monogr. 2014, 84, 45–67. [Google Scholar] [CrossRef]

	



Hsieh, T.C.; Ma, K.H.; Chao, A. iNEXT: An R package for rarefaction and extrapolation of species diversity (Hill numbers). Methods Ecol. Evol. 2016, 7, 1451–1456. [Google Scholar] [CrossRef]

	



Ulrich, W.; Almeida-Neto, M.; Gotelli, N.J. A consumer’s guide to nestedness analysis. Oikos 2009, 118, 3–17. [Google Scholar] [CrossRef]

	



Patterson, B.D.; Atmar, W. Nested subsets and the structure of insular mammalian faunas and archipelagos. Biol. J. Linn. Soc. 1986, 28, 65–82. [Google Scholar] [CrossRef]

	



Almeida-Neto, M.; Guimarães, P.; Guimarães, P.R.; Loyola, R.D.; Ulrich, W. A consistent metric for nestedness analysis in ecological systems: Reconciling concept and measurement. Oikos 2008, 117, 1227–1239. [Google Scholar] [CrossRef]

	



Lane, P.W.; Lindenmayer, D.B.; Barton, P.S.; Blanchard, W.; Westgate, M.J. Visualization of species pairwise associations: A case study of surrogacy in bird assemblages. Ecol. Evol. 2014, 4, 3279–3289. [Google Scholar] [CrossRef]

	



Westgate, M.J.; Lane, P.W. Sppairs: Species pairwise association analysis in R.–Version 0.2 2015. Available online: https://github.com/mjwestgate/sppairs (accessed on 10 March 2020).

	



Newman, M.E.J. Modularity and community structure in networks. Proc. Natl. Acad. Sci. USA 2006, 103, 8577–8582. [Google Scholar] [CrossRef]

	



Newman, M.E.J.; Girvan, M. Finding and evaluating community structure in networks. Phys. Rev. E Stat. Nonlinear Soft Matter Phys. 2004, 69, 026113. [Google Scholar] [CrossRef]

	



Csardi, G.; Nepusz, T. The igraph software package for complex network research. InterJ. Complex Syst. 2006, 1695. [Google Scholar]

	



Guimerà, R.; Amaral, L.A.N. Functional cartography of complex metabolic networks. Nature 2005, 433, 895–900. [Google Scholar] [CrossRef]

	



Dormann, C.; Gruber, B.; Fründ, J. Introducing the bipartite package: Analysing ecological networks. Interaction 2008, 8, 8–11. [Google Scholar]

	



Dáttilo, W.; Lara-Rodríguez, N.; Jordano, P.; Guimarães, P.R.; Thompson, J.N.; Marquis, R.J.; Medeiros, L.P.; Ortiz-Pulido, R.; Marcos-García, M.A.; Rico-Gray, V. Unravelling darwin’s entangled bank: Architecture and robustness of mutualistic networks with multiple interaction types. Proc. R. Soc. B Biol. Sci. 2016, 283, 20161564. [Google Scholar] [CrossRef] [PubMed]

	



De’ath, G. Multivariate Regression Trees: A New Technique for Modelling. Ecology 2002, 83, 1105–1117. [Google Scholar] [CrossRef]

	



De’ath, G.; Therneau, T.M.; Atkinson, B.; Ripley, B.; Oksanen, J. Mvpart: Multivariate partitioning. R Package. version 1.6-1. 2013. Available online: http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.398.6589&rep=rep1&type=pdf (accessed on 10 March 2020).

	



Dufrêne, M.; Legendre, P. Species assemblages and indicator species: The need for a flexible asymmetrical approach. Ecol. Monogr. 1997, 67, 345–366. [Google Scholar] [CrossRef]

	



Westgate, M.J. Circleplot: Circular plots of distance and association matrices. R Package. version 0.4. 2016. Available online: https://github.com/mjwestgate/circleplot (accessed on 10 March 2020).

	



Aybar, C.A.V.; Juri, M.J.D.; de Grosso, M.S.L.; Spinelli, G.R. Spatial and Temporal Distribution of Culicoides insignis and Culicoides paraensis in the Subtropical Mountain Forest of Tucumán, Northwestern Argentina. Fla. Entomol. 2011, 94, 1018–1025. [Google Scholar] [CrossRef]

	



Silva, F.S.; Carvalho, L.P.C. A Population Study of the Culicoides Biting Midges (Diptera: Ceratopogonidae) in Urban, Rural, and Forested Sites in a Cerrado Area of Northeastern Brazil. Ann. Entomol. Soc. Am. 2013, 106, 463–470. [Google Scholar] [CrossRef]

	



Diarra, M.; Fall, M.; Fall, A.G.; Diop, A.; Seck, M.T.; Garros, C.; Balenghien, T.; Allène, X.; Rakotoarivony, I.; Lancelot, R.; et al. Seasonal dynamics of Culicoides (Diptera: Ceratopogonidae) biting midges, potential vectors of African horse sickness and bluetongue viruses in the Niayes area of Senegal. Parasit. Vectors 2014, 7, 147. [Google Scholar] [CrossRef]

	



Kraft, N.J.B.; Adler, P.B.; Godoy, O.; James, E.C.; Fuller, S.; Levine, J.M. Community assembly, coexistence and the environmental filtering metaphor. Funct. Ecol. 2015, 29, 592–599. [Google Scholar] [CrossRef]

	



Gerry, A.C.; Mullens, B.A. Seasonal Abundance and Survivorship of Culicoides sonorensis (Diptera: Ceratopogonidae) at a Southern California Dairy, with Reference to Potential Bluetongue Virus Transmission and Persistence. J. Med. Entomol. 2009, 37, 675–688. [Google Scholar] [CrossRef]

	



Scolamacchia, F.; Van Den Broek, J.; Meiswinkel, R.; Heesterbeek, J.A.P.; Elbers, A.R.W. Principal climatic and edaphic determinants of Culicoides biting midge abundance during the 2007-2008 bluetongue epidemic in the Netherlands, based on OVI light trap data. Med. Vet. Entomol. 2014, 28, 143–156. [Google Scholar] [CrossRef]

	



Diarra, M.; Fall, M.; Lancelot, R.; Diop, A.; Fall, A.G.; Dicko, A.; Seck, M.T.; Garros, C.; Allène, X.; Rakotoarivony, I.; et al. Modelling the abundances of two major Culicoides (Diptera: Ceratopogonidae) species in the Niayes area of senegal. PLoS ONE 2015, 10, e0131021. [Google Scholar] [CrossRef]

	



Lysyk, T.J.; Danyk, T. Effect of Temperature on Life History Parameters of Adult Culicoides sonorensis (Diptera: Ceratopogonidae) in Relation to Geographic Origin and Vectorial Capacity for Bluetongue Virus. J. Med. Entomol. 2007, 44, 741–751. [Google Scholar] [CrossRef] [PubMed]

	



Veronesi, E.; Venter, G.J.; Labuschagne, K.; Mellor, P.S.; Carpenter, S. Life-history parameters of Culicoides (Avaritia) imicola Kieffer in the laboratory at different rearing temperatures. Vet. Parasitol. 2009, 163, 370–373. [Google Scholar] [CrossRef] [PubMed]

	



Verhoef, F.A.; Venter, G.J.; Weldon, C.W. Thermal limits of two biting midges, Culicoides imicola Kieffer and C. bolitinos Meiswinkel (Diptera: Ceratopogonidae). Parasit. Vectors 2014, 7, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Wittmann, E.J.; Mellor, P.S.; Baylis, M. Effect of temperature on the transmission of orbiviruses by the biting midge, Culicoides sonorensis. Med. Vet. Entomol. 2002, 16, 147–156. [Google Scholar] [CrossRef] [PubMed]

	



Mullens, B.A.; Gerry, A.C.; Lysyk, T.J.; Schmidtmann, E. Environmental effects on vector competence and virogenesis of bluetongue virus in Culicoides: Interpreting laboratory data in a field context. Vet. Ital. 2004, 40, 160. [Google Scholar] [PubMed]

	



Gubbins, S.; Carpenter, S.; Baylis, M.; Wood, J.L.N.; Mellor, P.S. Assessing the risk of bluetongue to UK livestock: Uncertainty and sensitivity analyses of a temperature-dependent model for the basic reproduction number. J. R. Soc. Interface 2008, 5, 363–371. [Google Scholar] [CrossRef]

	



Ruder, M.G.; Stallknecht, D.E.; Howerth, E.W.; Carter, D.L.; Pfannenstiel, R.S.; Allison, A.B.; Mead, D.G. Effect of Temperature on Replication of Epizootic Hemorrhagic Disease Viruses in Culicoides sonorensis (Diptera: Ceratopogonidae). J. Med. Entomol. 2015, 52, 1050–1059. [Google Scholar] [CrossRef]

	



Blackwell, A.; Lock, K.A.; Marshall, B.; Boag, B.; Gordon, S.C. The spatial distribution of larvae of Culicoides impunctatus biting midges. Med. Vet. Entomol. 1999, 13, 362–371. [Google Scholar] [CrossRef]

	



Harrup, L.E.; Purse, B.V.; Golding, N.; Mellor, P.S.; Carpenter, S. Larval development and emergence sites of farm-associated Culicoides in the United Kingdom. Med. Vet. Entomol. 2013, 27, 441–449. [Google Scholar] [CrossRef]

	



Erram, D.; Burkett-Cadena, N. Laboratory Rearing of Culicoides stellifer (Diptera: Ceratopogonidae), a Suspected Vector of Orbiviruses in the United States. J. Med. Entomol. 2020, 57, 25–32. [Google Scholar] [CrossRef]

	



Erram, D.; Blosser, E.M.; Burkett-Cadena, N. Habitat associations of Culicoides species (Diptera: Ceratopogonidae) abundant on a commercial cervid farm in Florida, USA. Parasit. Vectors 2019, 12, 367. [Google Scholar] [CrossRef] [PubMed]

	



Mellor, P.S.; Boorman, J.; Baylis, M. Culicoides Biting Midges: Their Role as Arbovirus Vectors. Annu. Rev. Entomol. 2000, 45, 307–340. [Google Scholar] [CrossRef] [PubMed]

	



Veggiani Aybar, C.A.; Dantur Juri, M.J.; Lizarralde De Grosso, M.S.; Spinelli, G.R. Species diversity and seasonal abundance of Culicoides biting midges in northwestern Argentina. Med. Vet. Entomol. 2010, 24, 95–98. [Google Scholar] [CrossRef] [PubMed]

	



Searle, K.R.; Barber, J.; Stubbins, F.; Labuschagne, K.; Carpenter, S.; Butler, A.; Denison, E.; Sers, C.; Mellor, P.S.; Wilson, A.; et al. Environmental drivers of Culicoides phenology: How important is species-specific variation when determining disease policy? PLoS ONE 2014, 9, e111876. [Google Scholar] [CrossRef] [PubMed]

	



Bourquia, M.; Garros, C.; Rakotoarivony, I.; Boukhari, I.; Chakrani, M.; Huber, K.; Gardès, L.; Wint, W.; Baldet, T.; Khallaayoune, K.; et al. Composition and seasonality of Culicoides in three host environments in Rabat region (Morocco). Rev. D’élevage Médecine Vétérinaire des Pays Trop. 2020, 73, 37–46. [Google Scholar] [CrossRef]

	



Cuéllar, A.C.; Kjær, L.J.; Baum, A.; Stockmarr, A.; Skovgard, H.; Nielsen, S.A.; Andersson, M.G.; Lindström, A.; Chirico, J.; Lühken, R.; et al. Modelling the monthly abundance of Culicoides biting midges in nine European countries using Random Forests machine learning. Parasit. Vectors 2020, 13, 1–18. [Google Scholar] [CrossRef]

	



Christensen, S.A.; Ruder, M.G.; Williams, D.M.; Porter, W.F.; Stallknecht, D.E. The role of drought as a determinant of hemorrhagic disease in the eastern United States. Glob. Chang. Biol. 2020, 26, 3799–3808. [Google Scholar] [CrossRef]

	



Xu, B.; Madden, M.; Stallknecht, D.E.; Hodler, T.W.; Parker, K.C. Spatial-temporal model of haemorrhagic disease in white-tailed deer in south-east USA, 1983 to 2000. Vet. Rec. 2012, 170, 288. [Google Scholar] [CrossRef]

	



Kurushima, H.; Yoshimura, J.; Kim, J.K.; Kim, J.K.; Nishimoto, Y.; Sayama, K.; Kato, M.; Watanabe, K.; Hasegawa, E.; Roff, D.A.; et al. Co-occurrence of ecologically equivalent cryptic species of spider wasps. R. Soc. Open Sci. 2016, 3, 160119. [Google Scholar] [CrossRef]

	



Gerry, A.C.; Monteys, V.S.I.; Vidal, J.-O.M.; Francino, O.; Mullens, B.A. Biting Rates of Culicoides Midges (Diptera: Ceratopogonidae) on Sheep in Northeastern Spain in Relation to Midge Capture Using UV Light and Carbon Dioxide-Baited Traps. J. Med. Entomol. 2009, 46, 615–624. [Google Scholar] [CrossRef]

	



Mayo, C.E.; Mullens, B.A.; Reisen, W.K.; Osborne, C.J.; Gibbs, E.P.J.; Gardner, I.A.; MacLachlan, N.J. Seasonal and interseasonal dynamics of bluetongue virus infection of dairy cattle and Culicoides sonorensis midges in northern California—Implications for virus overwintering in temperate zones. PLoS ONE 2014, 9, e106975. [Google Scholar] [CrossRef] [PubMed]

	



Mullens, B.A.; McDermott, E.G.; Gerry, A.C. Progressi e lacune nella conoscenza dell’ecologia di Culicoides e del relativo controllo. Vet. Ital. 2015, 51, 313–323. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, A.; Darpel, K.; Mellor, P.S. Where does bluetongue virus sleep in the winter? PLoS Biol. 2008, 6, e210. [Google Scholar] [CrossRef] [PubMed]

	



Ruder, M.G.; Allison, A.B.; Stallknecht, D.E.; Mead, D.G.; Mcgraw, S.M.; Carter, D.L.; Kubiski, S.V.; Batten, C.A.; Klement, E.; Howerth, E.W. Susceptibility of white-tailed deer (Odocoileus virginianus) to experimental infection with epizootic hemorrhagic disease virus serotype 7. J. Wildl. Dis. 2012, 48, 676–685. [Google Scholar] [CrossRef] [PubMed]

	



Clarke, L.L.; Ruder, M.G.; Kienzle-Dean, C.; Carter, D.; Stallknecht, D.; Howerth, E.W. Experimental infection of white-tailed deer (Odocoileus Virginianus) with bluetongue virus serotype 3. J. Wildl. Dis. 2019, 55, 627–636. [Google Scholar] [CrossRef]

	



CPC—Climate Weather Linkage: El Niño Southern Oscillation. Available online: https://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/enso.shtml#history (accessed on 19 June 2020).

	



Baylis, M.; Mellor, P.S.; Meiswinkel, R. Horse sickness and ENSO in South Africa. Nature 1999, 397, 574. [Google Scholar] [CrossRef] [PubMed]

	



Baygents, G.; Bani-Yaghoub, M. Cluster analysis of hemorrhagic disease in Missouri’s white-tailed deer population: 1980–2013. BMC Ecol. 2018, 18, 35. [Google Scholar] [CrossRef]








[image: Viruses 12 00931 g001 550] 





Figure 1. Workflow to analyze Culicoides temporal dynamic and its drivers: the sequence of steps from collecting Culicoides field abundance data, drawing temporal scales and identifying β-diversity scales and their relatedness with environmental variability. White filled boxes outline the aim for each analysis, and dark gray boxes mention the statistical tools used. Step 1 shows the temporal dynamic of the observed abundance in a nine-species virtual community; therefore, it was the response matrix informing weekly community composition. Step 2: the sampling temporal profile was thrown to spectral decomposition by asymmetric eigenvectors maps (AEMs) after accounting for the dependency between weeks (autocorrelation threshold). The resulting AEMs were half splitting in positive and negative correlation structures, and a subset was selected by their suitability to model temporal patterns in the observed abundance matrix. Selected subsets were arranged in groups representing broad to narrow temporal waves, hereafter referred to as temporal submodels. Step 3: the community composition change was modeled with each temporal submodel to assess the fitting of the temporal scale on the observed species abundance matrix. The assemblage of species contributing on each significant temporal scale was untangled by the correlation between each species abundance and Lc for each RDAaxis. Step 4: the contribution of the temporal submodels and environmental variables to explain the amount of variation was visualized by Venn diagrams after hierarchical variation partitioning analysis. Since temporal scales were nested, even when there were orthogonal structures, both diagrams show intersection areas between temporal submodels as a hierarchical overlapping pattern. Letters inside diagrams are R2adj for each unique and intersection fraction in the variation partitioning table (as were introduced in Section 2.4: Culicoides β-diversity temporal profile; equations for the fractions are detailed in [84]). AEM: asymmetric eigenvectors maps; AEMs: AEM eigenfunctions; FWD: forward selection; Hd: Hellinger’s distance; Lc: linear combinator scores from an RDAaxis; MMC: multivariate Mantel correlogram; RDA: redundancy analysis; Rho: Rank Spearman correlation; R2adj: adjusted determination coefficient. This scheme was adapted considering [9,83] (Figure 1). 
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Figure 2. Temporal scales behind Culicoides assembling pattern: the changes in species composition followed annual and biannual temporal profiles. (A,C) Panels describe the weekly oscillation in the community composition by each significant AEM temporal submodel and the nonoverlapping structures within them. Table S1.1 summarizes temporal scales and their week range, AEMs and statistical significance. The x-axis is shared between panels (A,C). Panel A also shows the rainy (light blue) and dry (light yellow) seasons in Florida. (B,D) Panels indicate compromised species for the changing composition at each temporal profile (RDA) after Spearman rank correlation. Only significant |Rho| showed where size and color followed the magnitude of the species-temporal structure association (Table S1.2). Larval habitat traits are indicated as wet soils and tree holes with shapes. The question mark indicates those species where the larval habitat was not described. Panel (E): Venn diagram represents the amount of variation in the community change composition at each temporal scale by hierarchical variance partitioning. Fractions were described in Culicoides β-diversity temporal profile section and their R2adj printed. 
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Figure 3. Culicoides dynamics are shaped by environmental and time-related constraints. (A) describes the proportion of weekly Culicoides composition variation concurrently explained by environmental (stream submodel and temperature submodel) and temporal (wide- and medium-scale submodels) determinants. The continuous line represents the wide-scale temporal submodel, and the discontinuous line is the medium-scale temporal submodel. The yellow color diagram represents the temperature submodel, and the stream derived submodel is light blue. Each fraction shows the corresponding R2adj and [e] and [h] R2adj ≈ 0. Unique and additive fractions were significant after permutations analysis (n = 1000, p < 0.01). (B) Observed fluctuations in stream (upper blue panel) and temperature (yellow bottom panel) selected variables (metrics and days-lag) are plotted against sampling weeks. Then, the stream submodel was comprised of the mean gauge height (ft; upper side of stream metrics panel) and discharge flow (ft3/second; bottom side of stream metrics panel) at 30 and 60 days lag by the forward selection scheme proposed. Both are showed in log2 scale for improving visualization. The temperature submodel comprises minimum (cyan line; 60 days lag), maximum (golden line, 15 and 30 days lag) and mean (red line, 45 and 60 days lag) metrics after forward selection. 
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Figure 4. Seasonality pattern in Culicoides community structure: richness profile is trigged during spring. Sampled size-based rarefaction and extrapolation plot of Culicoides are shown to depict the seasonality richness pattern. Species accumulation curves (Chao2, q0) across the sampling weeks in each season (colors) are drawn. The solid line describes rarefaction or interpolated curve. The dashed line represents the accumulation profile up to double the reference sample size (extrapolation curve). The 95% confidence interval is the shaded area, and significance between profiles was the inference of their nonoverlapping. Observed q0 and the reference or complete sample size (t) are indicated with round dots and values detailed with bold legends. Diamonds, dots and grey legends show q0 and t necessary to attain 98.5% of the expected richness after coverage-based rarefaction and extrapolation analysis. 
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Figure 5. Composition and structure sharing schedule: species composition and Culicoides richness follow a nestedness pattern. (A) Pattern of nestedness is plotted in the central panel, where the assemblage at each epidemiological week is row-wise filled and the occurrence of species in column-wise on an incidence matrix. Rows and columns are arranged to maximize the decreasing fill and overlap (NODF) of the matrix. Cells color illustrates calendar season affiliation. Accordance between species occurrence ranking ((B), upper panel) and species arrangement in A is presented by a bar chart of observed species weekly occurrence. Red labeled species indicate Culicoides incriminated in Orbivirus transmission. Moreover, richness ((C), left panel) and weekly composition matching are illustrated by the weekly species richness bar chart parallelizing the week order in the nestedness matrix (A). Proportion of the total assemblage cover by each richness level is indicated at the left side of the bar. Inner density plot shows significance of NODF (red line) towards the null distribution of NODF scores (n = 1000). 
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Figure 6. Co-occurrence Culicoides network highlights seasonal compartments connected by vector species: weekly co-occurrence circular network maps and species roles. (A) Circular network: species are arranged in the two modules nesting seasons occurrence (Figure S1.4; summer–fall: orange; winter–spring: blue). Co-occurrence interactions between modules are drawn by a stronger opaque links pattern (violet) than within module interactions (transparent violet). Label size is relative to species degree (Table S1.4); vectors are red printed and plotted with circleplot [108]. (B) Species roles in the co-occurrence network sustaining and connecting modular configuration are shown in dimensions defined by z (within-module degree) and c (among-module connectivity) scores (Table S1.4). Dot colors follow modules in A, but only vector species are labeled. Dashed lines: threshold value for z (horizontal line: 1.39) and for c (vertical line: 0.6). 
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Figure 7. Culicoides vector subassemblage is time-partitioned through a hierarchy of environmental thresholds. (A) The regression tree displays the clustering process for the dissimilarity of vector subassemblage among sampling weeks achieved through a sequence of environmental thresholds. Branch splitting gives place to nodes (colored dots; cluster of epidemiological weeks) and a new branch in a way to predict the amount of variation explained at each step (R2adj). Distribution of environmental variables at the clusters level are plotted in a box-chart, and threshold value is printed. Moreover, vector relative abundance distribution is presented in bar-charts, and significant indicator species value is labeled. (B) Matching between clusters and calendar is represented by a time-line matrix (Year #1: July 2015–June 2016; Year #2: July 2016–June 2017). Cells are filled as a cluster and week labels colored as calendar season. Empty cells represent weeks without sampling. 
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