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Relationship between weather and changes in annual and seasonal abundance of Culicoides sonorensis (Diptera: Ceratopogonidae) in Alberta.  
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Abstract Factors influencing annual and seasonal abundance of Culicoides sonorensis (Wirth and Jones) (Diptera; Ceratopogonidae) were examined at 10 sites in southern Alberta using negative binomial regression.  Annual abundance varied among locations with greatest abundance in a narrow geographic band between -112.166 and -112.641°W longitude and 49.324 and 50.165°N latitude. Sites were grouped depending on whether abundance was continuous and high; discontinuous and low; or sporadic and low without much loss of information.  Maximum annual abundance declined with spring precipitation, increased with spring temperature, and was unrelated to spring relative humidity, suggesting that abundance is highest during years with early drought conditions. Seasonal abundance was associated with the same factors but was further influenced by temperature and relative humidity during the sample intervals. Lagged effects were apparent, suggesting abundance increased with warmer temperatures over a six-week period, and increased when relative humidity declined closer to the sampling period. Predicted values were slightly biased and tended to overestimate observed data, but this could be adjusted using calibration curves. The model can also be used to predict presence/absence of C. sonorensis and will be useful for developing risk assessments.
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Culicoides sonorensis (Wirth and Jones) (Diptera: Ceratopogonidae) is the primary vector of bluetongue virus (BTV) and epizootic hemorrhagic disease virus (EHDV) in North America. These orbiviruses can cause severe clinical disease in domestic and wild ruminants, especially sheep, Ovis aires L. (BTV) and deer, Odocoileus spp. (EDHV), but can also be associated with subclinical disease in cattle Bos taurus L. (McVey et al. 2015). Outbreaks of epizootic hemorrhagic disease (EHD) and bluetongue (BT) are most common in the southern and western parts of the USA (BT) and the southeast USA (EHD) where the abundance of Culicoides sonorensis is high and a larger number of viremic ruminant hosts are present. Cases of EHD in deer have been reported in southern Alberta (Chalmers et al. 1964, Pybus et al. 2014) but these remain uncommon despite the presence of the Culicoides vector.  Outbreaks of EHDV have also been reported in south central British Columbia (Dulac et al. 1992, Shapiro et al. 1991). Bluetongue has not been reported in Alberta to date, but sporadic outbreaks have occurred in Montana not far from the Canadian border and there have been occasional incursions of the virus into the Okanagan Valley in British Columbia (Pare et al. 2012). Although the northern range of Culicoides sonorensis includes the southern parts of Alberta, the vector may be less capable of transmitting EHDV and BTV at higher latitudes due to lower abundance and reduced vectorial capacity (Lysyk 2007, Lysyk and Danyk 2007). However, there is potential for the vector species to increase abundance in northern areas in response to warming global temperatures (Zuliani et al. 2015). Outbreaks of these orbiviruses have the potential to affect the Alberta economy as cattle production and hunting wild deer contribute significantly to the economy (Kulshreshtha et al. 2012, Conference Board of Canada 2018). 
The realized distribution of arthropod borne diseases is defined by not only vector presence, but by environmental factors that determine vectorial capacity. These include weather and climate, and their subsequent effects on vector abundance and life history in relation to pathogen development within the vector (Lysyk and Danyk 2007). Vector abundance is a key component for estimating risk of haemorrhagic disease transmission either through its contribution to biting rates and vectorial capacity (Gerry et al. 2001) or in combination with infection rates of the vector population (Mayo et al. 2012a). Developing risk assessment and predicting potential for outbreaks requires knowledge of changes in vector populations.   Previous studies, using presence data for Culicoides sonorensis in southern Alberta and Montana modelled the current, and probable future distribution of Culicoides sonorensis under different climate change scenarios and predicted a northern shift in the range of Culicoides sonorensis over a 50-year period (Zuliani et al. 2015). The current study uses these and additional data on the abundance of Culicoides sonorensis in Alberta (Lysyk and Dergousoff 2014) to develop a more refined predictive model focusing on changes in relative abundance of C. sonorensis rather than simply on presence. We identify variation in abundance among sites, explain annual variation in maximum abundance in relation to spring weather, and describe the effects of weather on seasonal variation in abundance. This information will be useful for the development of cost-effective vector and disease risk-assessment and surveillance programs to ensure early detection and effective response to outbreaks of EHD and BTV should they occur in the future.
Materials and Methods.
Sources of Insect Data.  Data are summarized in Table 1 and were obtained using methods described previously (Lysyk 2006, Lysyk 2007, Lysyk and Dergousoff 2014). Eighteen unique sites were sampled during these studies; however, several sites were not included in this analysis due to extremely low captures of C. sonorensis (≤ 5 females in a three-year period). Eight sites were sampled during 2002 – 2004 (Lysyk 2006) using a single downdraft blacklight trap per site. One site was excluded because only two C. sonorensis were captured during three years of sampling. The remaining sites were designated Sites A through G.  Sampling was continued at Site A from 2005 – 2006 using six traps each year (Lysyk 2007) then resumed at Site A and three other sites in 2009 using two traps per location (Lysyk and Dergousoff 2014). Data from sites A and H were retained for this analysis, while two sites were excluded because no C. sonorensis were captured during the year.  Site A and seven new sites were sampled with a single trap per location during 2010 – 2012, while site H was sampled using two traps. Total captures at five of these sites ranged from 0 to 5 females during the entire three-year period and were excluded from this analysis. Captures at Sites I and J were low but exceeded 10 C. sonorensis over the three years and were retained. Only Site A was sampled during 2013. 
	Downdraft UV traps (J. W. Hock Inc. Gainesville, Fla.) were hung 1 m above the ground from wooden brackets (McDermott and Lysyk 2020). Insects were collected in containers of propylene glycol. Traps were usually placed in the field between mid-April to mid-May and run continuously until mid-September through late October.  Traps were serviced twice weekly during 2002 – 2006, and weekly from 2009 – 2013. The propylene glycol containers were replaced, returned to the laboratory for examination, and the number of female C. sonorensis morphologically identified (Holbrook et al. 2002) and counted. Samples were grouped by township in biweekly (14 day) periods to reduce the number of zero counts. The number of females captured per period and the total number of trap nights for each period in each township was calculated and used to calculate the number of females per trap night per period.  The maximum of the number of females captured for each site and year was used as an estimate of annual abundance.   
[bookmark: _Hlk22064015]Weather data. Each site was assigned to the township it was in and daily weather data were obtained for each year and township from Alberta Agriculture and Forestry, Alberta Climate Information Service (ACIS) (https://acis.alberta.ca , accessed November 2020). Interpolation methods are described in https://agriculture.alberta.ca/acis/docs/Methodology-and-data-sources-for-interpolated-data-y2019_m03_d27.pdf. Daily temperature maxima (Tmax) and minima (Tmin) (°C), daily precipitation (mm), and daily average % relative humidity at 2 m were downloaded. Daily mean temperature was calculated as (Tmax + Tmin)/2 and cumulative degree days above 2.5°C was calculated from Tmin and Tmax using Allen’s (1976) sine wave method. 
[bookmark: _Hlk69641079][bookmark: _Hlk69640271][bookmark: _Hlk69640341][bookmark: _Hlk69640291][bookmark: _Hlk69640359][bookmark: _Hlk69640323][bookmark: _Hlk69640374][bookmark: _Hlk69640236][bookmark: _Hlk69640250][bookmark: _Hlk69640130]Daily values for the weather variables were used to calculate weather variables during the spring quarter (April – June) as well as during each 14-day sampling period for each township and year. Average spring temperature, total spring precipitation, and mean % relative humidity during the spring were designated as TQ2, PQ2 and RQ2. The following variables were calculated for each sample period: CDD = the cumulative degree days above 2.5°C at the beginning of each period; Tp = mean daily temperature (℃) during the period, Pp = mm rain during the interval, and RHp = mean % RH during the interval. The variables Tp, Pp, and RHp were lagged by 1 and 2 periods each so that Tp-1, Pp-1, and RHp-1 were the respective variables during the previous period and Tp-2, Pp-2, and RHp-2 during the second previous period.  Abundance during the previous period (Ap-1) and second previous period (Ap-2) was calculated as ln(Females/Trap night + 0.02)p-1 and ln(Females/Trap night + 0.02)p-2.  Sites were initially represented by one of nine covariates where Xi = 1 if the observation was from Sitei and 0 otherwise.  
Annual Variation in Abundance. Factors influencing annual variation in abundance of C. sonorensis among sites were examined using negative binomial regression. The maximum number of females/trap night across sampling periods was used as a measure of annual abundance for each site-year combination. The negative binomial model is Y = exp(β0 + βiXi ) where Y = the maximum of the number of females/trap night for each site and year, βi is a vector of regression coefficients and Xi is a vector of explanatory variables for each observation  (Pedan 2001). Analysis was conducted using the MASS package of R (Venables and Ripley 2002) and robust standard errors for parameter estimates calculated using the sandwich package of R (Zeileis et al. 2020). A null model with a full set of nine site-specific covariates, one each for Sites B through J, was estimated. Spring weather variables (PQ2, TQ2, and RQ2) were each added to the model containing the full set of site covariates and the effect of adding the spring weather variable on reducing model deviance (-2*Log Likelihood) determined using a likelihood ratio test. A second set of models were developed to examine the effect of reducing the number of site covariates on model deviance.  Sites B – D consistently had overall greater abundance than sites E – J (Table 1), therefore we used a common site covariate for sites B – D and common covariate for sites E – J and repeated the analysis.  Spring weather variables were added singly and the contribution to reduction in model deviance determined using a likelihood ratio test. Likelihood ratio tests were also used to compare model deviance between models constructed with the full set of site covariates and the corresponding model with the reduced set of two site covariates. The reduced models were further tested for interactions between the two site covariates and the spring weather variables. Forward stepwise selection was then used to determine if including multiple spring weather variables influenced annual abundance.
Seasonal variation in abundance. Model development. Negative binomial regression was also used to examine intra-annual variation in C. sonorensis abundance. The response variable was the number of females captured during each biweekly period with the ln(Trap Nights) as an offset variable. The explanatory variables included site covariates, the three spring weather variables, CDD, Ap-1, Ap-2, and the lagged weather variables for temperature (Tp, Tp-1, Tp-2), precipitation (Pp, Pp-1, Pp-2), and relative humidity (RHp, RHp-1, RHp-2). Simple negative binomial regressions were conducted for all variables.  
Two models were developed. Model 1 used forward stepwise selection to determine which variables should be included in a model with the original nine site covariates. Variables were selected based on reduction of Akaike’s Information Criterion (AIC). Parameter estimates and robust standard errors were calculated. Likelihood ratio tests were used to determine the influence of dropping individual variables on model deviance to ensure the variables contributed to reducing unexplained variation. 
Model 2 was developed to determine if the nine site covariates could be reduced to two site covariates. A common site covariate was assigned to sites B – D and another to sites E – J. Forward selection was used to determine which variables should be included in the model containing the two site covariates based on reductions in AIC, then the model parameters and robust standard errors were estimated. Variables were deleted singly from the model and a likelihood ratio test used to determine each variable’s contribution to a reduction in model deviance, and a likelihood ratio test was used to determine if Model 2 had a significant reduction in deviance compared with Model 1. 
[bookmark: _Hlk68607019]Variables with potential collinearity issues were identified using variance inflation factors (VIF) calculated with the R package jtools (Long 2020) and coefficients with reversed signs compared to the simple regressions. This was primarily a problem with the retained lagged variables. Interpretation of the effects of the lagged variables on abundance was facilitated by calculating new variables Z1 and Z2 that were linear functions of the parameter estimates for the lagged variables. The new variables were Z1 = β1*Tp + β2*Tp-1 + β3*Tp-2 and Z2 = β4* RHp-1 + β5* RHp-2 where the βi are the coefficients for each variable from Models 1 and 2. 
[bookmark: _Hlk107764525]Receiver Operating Characteristic (ROC) analysis.  Predictions made using negative binomial regression are typically > 0 even though observed values of abundance can equal 0. Therefore, ROC analysis was used to determine thresholds below which predictions could be assigned the value 0.  Predicted values for the number of females/trap night were calculated for each model and matched with the corresponding observed values. Observed values were classified as negative if no C. sonorensis were captured and positive if C. sonorensis was captured. The ROCit (Khan and Brandenburger 2020) was used to calculate ROC curves and the area under the curve (AUC) for each model. Youden’s J statistic (Youden 1950) was then computed to select the optimum threshold for classifying predictions as 0 or otherwise. Predicted values below the threshold were classified as 0 (negative) while those equal to or above were classified as positives. Observations (N total) were classified as true positives (TP) when the observed and predicted values were positive, true negatives (TN) when the observed and predicted values were both negative, false positives (FP) when a negative observation was predicted positive, and false negatives (FN) when a positive observation was predicted negative. The predictive performance of each model was examined by calculating the following indices (Glas et al. 2003). Overall agreement (A = (TP + TN)/N) is the proportion of observations classified correctly, sensitivity (SEN = (TP/[TP + FN])) the proportion of positive observations classified correctly, specificity (SP = (TN/[TN + FP])) the  proportion of negative observations classified correctly, positive predictive value (PPV = (TP/[TP + FP]))  the proportion of positive predictions that were correct, and negative predictive value (NPV = (TN/[TN + FN])) the proportion of negative predictions that were correct.
Predicted and observed values.  Major axis regression was used to compare predictions from each model relative to each other to determine if model predictions were similar. Predictions were also compared to the observed number of females/trap night to examine bias and develop calibration functions. Observed and predicted values were square root transformed to reduce the effect of outliers and the lmodel2 package of R (Legendre 2018) used to estimate coefficients in the model Y = a + bX where Y = square-root transformed values of one measurement and X is square root transformed values of another.  Predicted values were compared among Models 1 and 2 and observed values were compared with predicted values from Models 1 and 2.  The concordance correlation coefficient (CCC) for measuring agreement between two methods (Lin et al. 2002) was calculated using DescTools (Signorell et al. 2021).  
Results
[bookmark: _Hlk93774907]Populations at Site A were seasonal and present continuously once detected. Detections were made on 95% (93/98) of the periods between first and last capture. Mean annual abundance ranged from 0.76 to 29.7 females/trap night at site A and maximum abundance ranged from 3.47 – 163.14 females/trap night at site A (x̅ = 40.64; n = 10; SE = 16.25; 95% CI = 3.89, 77.40). Maximum abundance occurred once in the last week of June but most commonly during the last week of July through early-September. Populations at sites B – D were also seasonal but discontinuous. Detections were made mainly between mid-June and early September on 55% (53/96) of the periods between first and last capture. Mean annual abundance ranged from 0.03 to 0.54 females/trap night and maximum abundance ranged from 0.14 – 2.43 females/trap night (x̅ = 1.03; n = 9; SE = 0.25; 95% CI = 0.45, 1.61).  Maximum abundance occurred primarily between early-July and early-August.  Populations at sites E – J were also detected sporadically, primarily between early-June and late-August, but only during 33% (65/197) of the periods between first and last capture. No females were captured at sites E and G in 2002, at site J in 2012, and site I in 2011 and 2012. Mean annual abundance ranged from 0 to 0.24 females/trap night (Table 1) and maximum abundance from 0 – 0.82 females/trap night (x̅ = 0.20; n = 19; SE = 0.05; 95% CI = 0.10, 0.30).  Maximum abundance occurred between the last week of June and late-August. 
[bookmark: _Hlk63514420]Factors influencing annual abundance. Regression using site covariates alone as predictors indicated significant variation in maximum annual abundance among sites (Table 2, null models). Estimates of site covariates ranged from -3.92 to -3.59 for sites B-D and from -6.34 to -4.87 for sites E-J. Using a common covariate for sites B-D and a common covariate for sites E-J did not significantly increase model deviance (P > 0.5; Table 2), but greatly reduced the AIC by decreasing the number of model parameters. Using estimates of site covariates from the reduced model indicated maximum abundance at sites B – D averaged 2.5% (95% CL = 1.1, 6.1) that of Site A, and maximum abundance at sites E – J averaged 0.5% (95% CL = 0.2, 1.1) that of site A. Site A and sites B – D were in a narrow geographic band between -112.166 and -112.641°W longitude and 49.324 and 50.165°N latitude. The remaining sites with very low and inconsistent abundance or complete absence occurred outside this area. 
Deviance of the null models was reduced by adding spring weather variables PQ2, and TQ2 but not RQ2. None of the reduced models (with two site covariates) had significantly increased model deviance based on the LR test and all had lower AICs (Table 2) compared with the full models with nine site covariates. None of the reduced models had significant interactions between site covariates and any of the predictor variables (LR χ2 ranged from 0.17 – 2.06; df = 2; P ranged from 0.36 – 0.92) indicating that changes in maximum abundance with respect to each predictor variable were consistent among sites.   
[bookmark: _Hlk69242627]All reduced models are shown in Figure 2. Spring precipitation (PQ2) averaged 213.3 mm (SD = 85.2; range = 85.8 – 513.2) and maximum abundance increased 83.3% (95% CL = 70.9, 90.3) for every unit decrease in ln(PQ2). Spring temperature (TQ2) averaged 9.8℃ (SD = 0.8; range = 8.1 – 11.8) and maximum abundance increased 70.2% (95% CL =23.0, 135.5) for every ℃ increase in TQ2. Spring relative humidity (RQ2) averaged 63.5% (SD = 2.9; range = 55.9 – 69.4) and did not significantly reduce model deviance (Table 2).  The AIC for the reduced models indicated that PQ2 had the strongest influence on annual abundance (Table 2). No additional variables improved model fit when added to the model containing PQ2.  
[bookmark: _Hlk69502573][bookmark: _Hlk77770161]Factors influencing seasonal abundance.  Model development. Model 1 indicated that seasonal abundance during the two-week periods was influenced by the nine site covariates, two early season quarterly variables (PQ2 and TQ2), abundance during the previous period (Ap-1), CDD, two relative humidity variables (RHp-1 and RHp-2), and three temperature variables (Tp, Tp-1, and Tp-2) (Table 3). None of the biweekly precipitation variables were included, nor was Ap-2 and CDD2. The two site covariates in Model 2 were within the range of values seen for the individual sites within each group in Model 1. Parameter estimates for Model 2 were similar to Model 1, although they tended to be slightly reduced (Table 3). All parameter estimates for both models were significantly different from 0 (P < 0.03) based on Wald Statistics. All variables significantly reduced model deviance (P < 0.005) except TQ2 that had a marginally significant reduction of model deviance for Model 1 (χ2 = 3.6; df = 1; P = 0.058) and Model 2 (χ2 = 2.53; df = 1; P = 0.11). The variable was retained in both models because of its significant parameter estimates. 
[bookmark: _Hlk65593158]Collinearity appeared to be an issue for the lagged variables in both models. Variance inflation factors > 3.0 were observed for Tp, Tp-1, and Tp-2 and CDD (Table 3), and the coefficient for RHp-2 was reversed compared with simple regression (Table S1) also indicating potential issues with multicollinearity (Table 3). Variance inflation factors >3.0 occurred for one of the reduced site covariates in Model 2.  
Model 2 had lower AIC compared with Model 1 (Table 3) due in part to the reduced number of parameters.  However, Model 2 had slightly greater deviance compared with Model 1 but this did not represent a statistically significant increase (χ2 = 8.3; df = 7; P = 0.17).
[bookmark: _Hlk69659345]Variable effect size. Variable effect sizes were estimated from Model 2. Site effects indicated a 94.1% (95% CL = 88.8, 96.9) and 98.0% (95% CL = 95.7, 99.1) reduction in abundance at sites B-D and sites E – J relative to site A.  Abundance was reduced by an estimated 59.6% (95% CL = 30.8, 75.5) for every unit increase in ln(PQ2) and increased by 22.5% (95% CL = 2.5, 46.2) for every ℃ increase in TQ2.  Ap-1 ranged from -3.9 – 5.1 ln(Females/Trap Night + 0.02) and abundance increased by 41.4% (95% CL = 19.7 – 67.0) for each unit increase in Ap-1 (Fig. 3A).  CDD ranged from 184.8 to 2418.5 and abundance decreased 62.4% (95% CL = 39.5, 76.6) for each increase of 1000 DD > 2.5 (Fig. 3B).
[bookmark: _Hlk67838685]Each lagged temperature variable (Tp, Tp-1, Tp-2) had a positive relationship with abundance when used in a simple negative binomial regression (Suppl. Table S1), however the coefficient for Tp-1 was negative when used in the regressions with Tp and Tp-2. Similarly, RHp-1 and RHp-2 had negative relationships with abundance when used in simple negative binomial regression, but RHp-2 had a positive coefficient in the multiple regression (Suppl. Table S1). Changes in the sign of coefficients following multiple regression indicates collinearity (O’Brien 2007) that complicates interpreting the effects of the variables on the outcome. Replacing lagged temperature and relative humidity variables with Z1 and Z2 had no effect on parameter estimates for other retained variables nor on model deviance but reduced VIF to < 3 for all variables (Table 3). The variable Z1 was correlated with the average of (Tp, Tp-1, Tp-2) (r = 0.85) and Z2 was correlated with the difference between RHp-2 and RHp-1 (r = 0.98). The variable Z1 averaged 4.03 (SD = 1.20; range = 0.74 – 6.43) and biweekly abundance increased by 171.8% (95% CL = 122.1, 232.7) for each unit increase in Z1 (Fig 3C.) The variable Z2 averaged 0.84 (SD = 0.45; range = -0.56 – 2.08) and biweekly abundance increased by 171.8% (95% CL = 93.3, 282.0) for each unit increase in Z2 (Fig. 3D). 
Receiver Operating Characteristic (ROC) analysis.  The area under the ROC curve was 0.879 (95% CI = 0.845, 0.912) for Model 1 and 0.876 (95% CI = 0.842, 0.910) for Model 2. Thresholds that maximized sensitivity and specificity were 0.0528 and 0.0607 for Models 1 and 2, respectively. Agreement indices were similar among the two sets of models (Table 4). Any of the small differences in the indices tended to favour Model 1.
Predicted and observed values. Predictions made using Model 1 and Model 2 were similar, but not identical, with values predicted by Model 1 slightly greater than those predicted by Model 2.  Both models tended to overestimate the observed values of abundance by a small amount.  The intercepts for the regressions of observed on predicted values were all lower than 0 based on non-overlap of 95% confidence intervals (Table 5) and the slopes were < 1, indicating the predicted values tended to overestimate the observed values. The concordance correlation coefficients were ≈ 0.79, indicating good agreement with the observed values. 
Model predictions agreed well with observed trends at site A (Fig. 4A), sites B-D (Fig. 4B-D), and sites E – J (Fig. 4E-J). Activity of C. sonorensis began in early-May to early June at site A (Fig 4A), and slightly later during mid-May – mid-July at the remaining sites (Fig. 4B -J), although it occurred as early as late-April at Sites E and F in 2004. One to three peaks were observed annually. The first peaks usually occurred mid-May to early June soon after the beginning of activity. Second peaks occurred early-July to early-August and third peaks from mid-August to mid-September.  First detection occurred in mid-May and insects were present until mid-September. Population peaks and peaks in predicted values were generally in agreement and with the greatest peaks in August. The models tended to overestimate abundance late in the season at site A (Fig. 4A) and at site D in 2003 and 2004 (Fig.4D).  Sites E and G had zero captures in 2002 (Fig. 4E, G), but all models predicted a positive in mid-July for site E and the reduced models predicted a positive at site G. These predictions ranged from 0.07 to 0.12 females/trap night, the equivalent of 1 or two females captured during the period. Models predicted 0 captures at site J in 2010 (Fig.4 J) but captures of 1 – 2 females occurred in early and late August and early September. Both sites I and J had zero captures throughout 2012 however, all models predicted capture of 1 – 2 females in mid-July and mid-August at both sites. 
Discussion
Variation in both annual and seasonal abundance of C. sonorensis was associated with site indicator variables, agreeing with Scolamacchia et al. (2013) who used 20 indicator variables to assess site-specific variation in abundance of several Culicoides species in the Netherlands.  Whereas our study indicated tremendous variation in C. sonorensis among site-years, we also noted that sites could be pooled into groups according to the value of the indicator variable. Models with grouped sites had improved AIC due to the reduced model parameters, with little impact on fit. 
The seasonal dynamics of C. sonorensis followed three patterns within these grouped sites.  The first pattern was where abundance was continuous and high (Site A), the second had low and discontinuous abundance (Sites B – D), and the third had low and sporadic abundance (Sites E – J). The location of these groups showed a geographic pattern where sites within the first two groups were clustered in a relatively narrow geographic band between -112.166 and -112.641°W longitude and 49.324 and 50.165°N latitude. The site effects could have arisen for a variety of reasons such as variation in soil, hosts (Scolamacchia et al. 2013), or anthropogenic factors (Mayo et al. 2012b), however, we were unable to identify these. Site A had nearby rangeland, a large saline lake, and livestock.  Sites B – D were feedlots or livestock facilities with nearby lagoons; and sites E – J included feedlots or livestock facilities with adjacent lagoons as well as rangeland sites near saline areas and lakes. Sampling biases may also have arisen due to differences in locations across sites, however, traps were deployed in consistent locations within sites and trap captures are considered representative of local midge abundance and activity (Scolamaccia et al. 2013). Adjusting for the site effects allows determining relationships between environmental factors and mean site abundance (Kirkeby et al. 2013). 
Precipitation influenced maximum annual abundance but had no detectable effect on seasonal abundance. Spring precipitation was previously suggested to have a negative effect on the presence of C. sonorensis in Alberta (Lysyk and Dergousoff 2014) as had precipitation during May (Zuliani et al. 2015); the current study also indicates a similar effect on maximum annual abundance. Increased early season rainfall during April through June was associated with reduced maximum abundance of C. sonorensis, even though abundance typically peaks later during July and August. This, and the lack of significant precipitation effects on intra-annual abundance suggest that precipitation effects mainly overwintering larval populations. Greater spring precipitation may lead to flooding of immature developmental sites where increased water depth results in decreased larval survival (Mullens and Rodriguez 1988). This supports the observed relationship between drought severity and reported hemorrhagic disease (Sleeman et al. 2009, Christensen et al. 2020).  
Precipitation has variable effects on abundance of other Culicoides spp. (Grimaud et al. 2019).  Precipitation between May – October had a negative effect on annual abundance of C. imicola in Spain (Acevedo et al. 2010). Rainfall on day of trap retrieval had negative effect on captures of C. imicola (Diarra et al. 2015, Grimaud et al. 2019), while monthly rainfall had a positive effect on captures (Rigot et al. 2012). Precipitation from 16 to 100 days before sample had positive influence on seasonal abundance of C. obsoletus (Brugger and Rubel 2013), while weekly rainfall had a negative effect (Scolamacchia et al. 2013).  Effects of rainfall in future studies should consider both the early season effects as well as lagged effects.
Temperature influenced both maximum annual abundance and seasonal abundance.  Effects of temperature during the spring quarter on maximum annual abundance were likely due to positive effects on overwintering larval survival and development, as well as increased speed of reproduction early in the season. Earlier work indicated a positive relationship between presence of C. sonorensis and average temperature during the warmest quarter (Lysyk and Dergousoff 2014) as well as between temperature and peak abundance of Culicoides imicola, C. obsoletus, and C. pulicaris (Acevedo et al. 2010, Aguilar-Vegas et al. 2020). Temperature also influenced seasonal abundance during the sampling interval and up to two previous periods. Because of the high degree of collinearity between the temperature variables, as well as the change in sign for one of the variables, it is difficult to independently interpret their effects on abundance. The linear function (Z1) aids in this regard by simplifying the model and indicates that populations respond positively to temperatures over the current and two previous periods, possibly due to immediate effects on activity as well as earlier effects on adult survival, reproduction, and larval development. Lagged effects of temperatures have been detected for C. obsoletus (Brugger and Rubel 2013) and other species of Culicoides (Grimaud et al. 2019).  
[bookmark: _Hlk104383547]The remaining variables, RH, Ap-1, and CDD only affected seasonal abundance and not annual abundance. The effects of RH occurred in the two periods prior to the sampling period, however, collinearity between RHp-1 and RHp-2 was indicated by a change in sign for RHp-2 compared with the univariate regression (Table S1). The variable Z2 was used as a contrast between RHp-1 and RHp-2 and represents a measure of drying since Z2 increased when RHp-1 < RHp-2.  This suggests numbers during an interval increased when drying occurred during the previous intervals, which is supported by the observation that adult survival at warmer temperatures is enhanced by lower humidity (Wittmann et al. 2002). Grimaud et al. (2019) also noted a negative relationship between humidity and numbers of C. imicola. The variable CDD is a measure of length of the season and suggested that the rate of population change was reduced as season progressed. Although quadratic trends appeared in Fig. 4B, these did not contribute significantly to the model since other effects such as declining temperatures accounted more for reduced numbers. The variable Ap-1 is an autoregressive process indicating that population growth is related to earlier numbers; similar autoregressive terms have been used in earlier studies (Rigot et al. 2012). Including this improved predictions and could be used in conjunction with sampling for seasonal forecasting. If sampling data not available, equations could be solved recursively. 
Model fit was consistent with models for other Culicoides species. Correlations between predicted and observed values were at the high end of the range reported by Ducheyne et al. (2013) for random forest models and within the range of r2 values reported for other models (Lysyk 2007, Brugger and Rubel 2013). The models can also be used to classify sites according to presence or absence of C. sonorensis and had values of AUC, sensitivity, and specificity on the high of those reported for C. sonorensis (Lysyk and Dergousoff 2014, Zuliani et al. 2015) and other species of Culicoides (Aguilar-Vegas et al. 2020, Ducheyne et al. 2013). The model tended to overestimate observed data, but this could be adjusted using the calibration curves.
The models allowed prediction of annual variation in maximum abundance of C. sonorensis based on early spring weather and allowed prediction of within season changes in numbers based on readily available measurements of temperature and relative humidity.  Since these data were collected in the most northern range of C. sonorensis, they may only be suitable to predict abundance in areas where the vector has a seasonal presence. Further work should be conducted to examine the validity of these relationships over wider geographic areas, as well as to explain variation in abundance among sites. This would require sampling a larger number of sites as well as identifying larval developmental sites (Mullens et al. 2015). At present, however, these models should be useful for incorporating vector abundance into risk assessments under current and future climate scenarios in northwestern North America, and for developing enhanced animal disease surveillance programs. 
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	Table 1. Summary of annual abundance of female (F) Culicoides sonorensis captured per trap night (N) at locations in southern Alberta. 	
		2002			2003			2004			2005			2006			Total	
[bookmark: _Hlk15759068]Site	Township	F	N	F/N	F	N	F/N	F	N	F/N	F	N	F/N	F	N	F/N	F	N	F/N	
	A	T004R17	286	154	1.86	5203	175	29.73	2527	175	14.44	2580	840	3.07	7128	924	7.71	17724	2268	7.81
	B	T006R19	9	126	0.07	94	175	0.54	20	175	0.11	-	-	-	-	-	-	123	476	0.26
	C	T011R20	11	154	0.07	66	154	0.43	33	175	0.19	-	-	-	-	-	-	110	483	0.23
	D	T014R18	29	154	0.19	37	154	0.24	6	175	0.03	-	-	-	-	-	-	72	483	0.15
	E	T008R25	0	154	0.00	14	168	0.08	10	175	0.06	-	-	-	-	-	-	24	497	0.05
	F	T012R21	2	154	0.01	13	154	0.08	5	175	0.03	-	-	-	-	-	-	20	483	0.04
	G	T008R21	0	154	0.00	13	175	0.07	2	175	0.01	-	-	-	-	-	-	15	504	0.03
		2009			2010			2011			2012			2013			Total	
Site	Township	F	N	F/N	F	N	F/N	F	N	F/N	F	N	F/N	F	N	F/N	F	N	F/N	
	A	T004R17	4310	292	14.76	273	140	1.95	248	133	1.86	90	119	0.76	796	111	7.17	5717	795	7.19
	H	T002R04	67	292	0.23	4	280	0.01	9	266	0.03	18	238	0.08	-	-	-	98	1076	0.09
	I	T012R16	-	-	-	13	140	0.09	0	133	0.00	0	119	0.00	-	-	-	13	392	0.03
	J	T018R03	-	-	-	5	140	0.04	8	133	0.06	0	119	0.00	-	-	-	13	392	0.03	

	Table 2. Relationship between annual abundance of Culicoides sonorensis and quarterly weather in southern Alberta.	
		Full Model			Reduced Model			Reduced Model Estimates2 ± Robust SE	
	Xi	df	-2LL1 	AIC	df	-2LL1	AIC	LR test χ2	β0	β1	β2	β3	
Null 		28	307.0	329.0	35	310.1	318.1	3.1ns	 3.70 ± 0.38	-3.67 ± 0.44	-5.31 ± 0.45	-
PQ2	(mm)	27	291.7**	315.7	34	292.9**	302.9	1.2ns	12.90 ± 1.63	-3.39 ± 0.36	-5.34 ± 0.36	-1.79 ± 0.28
TQ2 	(℃)	27	302.4*	326.4	34	305.7*	315.7	3.3ns	-1.52 ± 1.55	-3.80 ± 0.41	-5.38 ± 0.41	0.53 ± 0.17
RQ2	(%)	27	306.6ns	330.6	34	308.9ns	318.9	2.3ns	7.22 ± 4.42	-3.53 ± 0.63	-5.33 ± 0.54	-0.06 ± 0.08ns	
Full models have 9 site covariates and reduced models have 2 site covariates. Null models have site covariates only; the remainder have site effects and one weather variable for the second quarter (Xi) denoted by PQ2 = ln(total precipitation in mm), TQ2 = mean temperature (℃), and RQ2 = mean % relative humidity, each calculated for the second (Q2 = Apr – Jun.) quarter of each year. 
1Reduction in deviance (-2LL) between models with Xi and the Null model are significant at ** = P ≤ 0.01, * = P ≤ 0.05; and ns = P > 0.10.  The LR test χ2 tests for significant reduction in deviance due to the reduced number of site covariates. 
2Model is Y = exp(β0 + β1S1 + β2S2 + β3Xi) where Y = max. females/trap night, S1 = 1 if site was B – D and 0 otherwise, S2 = 1 if site was E – J and 0 otherwise, and Xi is listed in column 1. All non-intercept parameters differ from 0 at P < 0.05 except ns (P = 0.46).


	Table 3. Negative binomial models for predicting intra-annual abundance of Culicoides sonorensis in southern Alberta. 
			Model 1			Model 2	
			Raw Variables			Linear Functions			Raw Variables			Linear Functions	
	Xi	βi ± SE	VIF	βi ± SE	VIF	Xi	βi ± SE	VIF	βi ± SE	VIF	
	Intercept	-0.73 ± 1.82		-0.73 ± 1.70	-	Intercept	0.30 ± 1.78	-	0.30 ± 1.69	-
[bookmark: _Hlk107764912]	Site B	-2.76 ± 0.35	1.45	-2.76 ± 0.36	1.42	-	-	-	-	-
	Site C	-2.65 ± 0.36	1.47	-2.65 ± 0.37	1.42	Sites B - D	-2.83 ± 0.33	2.15	-2.83 ± 0.32	2.01
	Site D	-3.25 ± 0.42	1.59	-3.25 ± 0.39	1.47	-	-	-	-	-
	Site E	-3.34 ± 0.50	1.45	-3.34 ± 0.51	1.41	-	-	-	-	-
	Site F	-3.99 ± 0.42	1.42	-3.99 ± 0.42	1.37	-	-	-	-	-
	Site G	-4.55 ± 0.46	1.33	-4.55 ± 0.46	1.29	Sites E - J	-3.91 ± 0.39	3.04	-3.91 ± 0.39	2.81
	Site H	-3.84 ± 0.40	1.93	-3.84 ± 0.42	1.83	-	-	-	-	-
	Site I	-4.06 ± 0.54	1.48	-4.06 ± 0.53	1.41	-	-	-	-	-
	Site J	-4.07 ± 0.53	1.52	-4.07 ± 0.54	1.45	-	-	-	-	-
	PQ2	-0.87 ± 0.27	1.59	-0.87 ± 0.26	1.48	PQ2	-0.91 ± 0.27	1.51	-0.91 ± 0.26	1.38
[bookmark: _Hlk106093995]	TQ2	0.25 ± 0.19	1.46	0.25 ± 0.09	1.41	TQ2	0.20 ± 0.09	1.37	0.20 ± 0.08	1.34
	CDD	-1.06 ± 0.25	4.88	-1.06 ± 0.21	1.58	CDD	-0.98 ± 0.24	4.80	-0.98 ± 0.20	1.54
[bookmark: _Hlk106094008]	Ap-1	0.35 ± 0.08	2.95	0.35 ± 0.07	2.60	Ap-1	0.35 ± 0.08	2.92	0.35 ± 0.08	2.57
[bookmark: _Hlk107765008]	Tp	0.21 ± 0.04	3.34	-	-	Tp	0.21 ± 0.04	3.32	-	-
	Tp-1	-0.18 ± 0.06	6.17	-	-	Tp-1	-0.19 ± 0.06	6.15	-	-
	Tp-2	0.27 ± 0.07	8.49	-	-	Tp-2	0.27 ± 0.07	8.42	-	-
	RHp-1	-0.04 ± 0.01	1.86	-	-	RHp-1	-0.04 ± 0.01	1.83	-	-
	RHp-2	0.06 ± 0.02	1.76	-	-	RHp-2	0.05 ± 0.02	1.72	-	-
	Z1	-	-	1.00 ± 0.10	1.74	Z1	-	-	1.00 ± 0.10	1.69
	Z2	-	-	1.00 ± 0.17	1.11	Z2	-	-	1.00 ± 0.17	1.11
	AIC	1901.98	1895.98	AIC	1896.29	1890.29
	-LL2	1861.98	1861.98	-LL2	1870.29	1870.29
	df	401	404	df	408	411	
[bookmark: _Hlk66617584]	Model is Yi = exp(β0 +⅀βiXi)where Yi = females/trap night during a period, Xi are the variables and βi = estimated parameters. All parameters significant at P < 0.05.  PQ2 is ln(total precipitation in mm) during April - June, TQ2 is average mean daily temperature (℃) during April – June, CDD = cumulative degree days > 2.5℃ at the beginning of a period, Ap-1  is ln(females/trap night + 0.02) during the previous period, Tp-i is average daily temperature (℃) during the period (i = 0) or previous i = 1 or 2 periods, RHp-i is average percent relative humidity during the  previous i = 1 or 2 periods. For model 1, linear functions are Z1 = .21Tp -.18Tp-1 + .27Tp-2 and  Z2 = -0.04RHp-1 + 0.06RHp-2, and for model 2 linear functions are Z1 = .21Tp -.19Tp-1 + .27Tp-2 and Z2 = -0.04RHp-1 + 0.05RHp-2. AIC is the Akaike’s Information Criterion, -2LL is -2* log-likelihood, and df = degrees of freedom. 
[bookmark: _Hlk64822305]	Table 4. Measures of agreement between observations of 0 females/trap night and values of 0 predicted from two negative binomial regression models of Culicoides sonorensis abundance.	  
	Models	TP	TN	FN	FP	A ± SE	SEN ± SE	SP ± SE	PPV ± SE	NPV ± SE	
Model 1	182	161	29	48	0.82 ± 0.02	0.86 ± 0.02	0.77 ± 0.03	0.79 ± 0.03	0.85 ± 0.03
	Model 2	174	164	37	45	0.80 ± 0.02	0.82 ± 0.03	0.78 ± 0.03	0.79 ± 0.03	0.82 ± 0.03	
Cutoff values = 0.0528 and 0.0605 for models 1 and 2. TP = true positives, TN = true negatives, FN = false negatives, and FP = false positives. Measures of agreement are Agreement, A = (TP + TN)/N; Sensitivity, SEN	 = TP/(TP + FN); Specificity, SP = 	TN/(TN + FP); Positive Predictive Value,  PPV = TP/(TP + FP);  Negative Predictive Value, NPV = TN/(TN+FN) where N = total number of observations.


	Table 5. Results of major axis regression and correspondence correlation coefficients as measures of agreement between predictions from four negative binomial regression models of Culicoides sonorensis abundance and with the observed number of females/trap night and	
	Y	X	a	(95% CI)	b	(95% CI)	CCC	(95% CI)	
Pred1	Pred2	0.0047	(0.0006, 0.0088)	1.0053	(0.9999, 1.0107)	0.9984	(0.9981, 0.9987)
Obs	Pred1	-0.0946	(-0.1502, -0.0427)	0.9391	(0.8719, 1.0111)	0.7876	(0.7487, 0.8212)
Obs	Pred2	-0.0912	(-0.1464, -0.0398)	0.9454	(0.8780, 1.0177)	0.7893	(0.7506, 0.8226)	
Major axis regression is Y = a + bX where values of Y and X are square root transformed values of Pred1 = values predicted using model 1, Pred2 = values predicted using model 2, and Obs = observed females/trap night. CCC = concordance correlation coefficient for measuring agreement between two methods. (Lin 2002).  



List of Figures.
Figure 1.	Culicoides sonorensis sampling locations in southern Alberta. Sites lettered A through J were used in this study. Sites indicated by a + were sampled but not included due to extremely low or absent populations. 
Figure 2.	Relationship between spring (April – June) weather variables and maximum abundance of Culicoides sonorensis at Sites A (black circles, solid lines), Sites B – D (gray circles, long-dashed lines) and Sites E – J (open circles, short-dashed lines). Spring weather variables are A) PQ2 = Spring precipitation, B) TQ2 = spring temperature, C) RQ2 = % relative humidity Lines are regression equations from Table 2.  
Figure 3.	Relationship between number of female Culicoides sonorensis captured per trap night and A) abundance during the pervious sampling period B) Cumulative degree-days above 2.5oC at the beginning of the sample period, D) Z1 a linear function of temperatures during the sampling period and both two previous sampling periods, and D) Z2 a linear function of relative humidity during the two previous sampling periods. Lines are from Model 2 (Table 3) solved for each variable and the mean of the other variables for Sites A (black circles, solid lines), Sites B – D (gray circles, long-dashed lines) and Sites E – J (open circles, short-dashed lines). 
Figure 4	Observed (open circles) and predicted (black line = Model 1; gray line = Model 2) abundance of Culicoides sonorensis during each year at sample sites A through J in southern Alberta. 
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Table S1. Simple negative binomial regression between abundance of Culicoides sonorensis in southern Alberta and environmental variables.	
	Xi	Intercept ± SE	Z	Slope ± SE	Z	AIC	Deviance	
	Pp	0.91 ± 0.19	4.78***	-0.01 ± 0.01	-1.47ns	2380.59	2374.59
	Pp-1	0.98 ± 0.19	5.24***	-0.01 ± 0.00	-1.51ns	2383.90	2377.90
	Pp-2	0.99 ± 0.19	5.25***	-0.01 ± 0.00	-1.36ns	2386.32	2380.32
	CDD	-0.45 ± 0.31	-1.46ns	1.04 ± 0.23	4.46***	2379.52	2373.52
	A p-1	0.77 ± 0.15	5.06***	0.73 ± 0.05	14.73***	2171.93	2165.93
	A p-2	1.21 ± 0.18	6.80***	0.68 ± 0.06	12.04***	2249.39	2243.39
	Tp	-2.93 ± 0.52	-5.67***	0.23 ± 0.03	6.84***	2350.70	2344.70
	Tp-1	-2.55 ± 0.51	-5.06***	0.21 ± 0.03	6.26***	2352.26	2346.26
	Tp-2	-2.44 ± 0.45	-5.43***	0.21 ± 0.03	6.99***	2358.10	2352.10
	RHp	5.71 ± 1.02	5.61***	-0.08 ± 0.02	-5.04***	2366.97	2360.97
	RHp-1	4.43 ± 1.07	4.13***	-0.06 ± 0.02	-3.49***	2376.01	2370.01
	RHp-2	2.76 ± 1.13	2.44*	-0.03 ± 0.02	-1.72†	2385.87	2379.87
	PQ2	8.58 ± 2.09	4.11***	-1.50 ± 0.39	-3.79***	2372.28	-2366.28
	TQ2	-1.80 ± 1.76	-1.02ns	0.27 ± 0.18	1.50ns	2386.49	-2380.49
	RQ2	5.87 ± 3.21	1.83†	-0.08 ± 0.05	-1.58ns	2384.78	-2378.78
Significance levels indicated by † = P < 0.10, * = P < 0.05, ** = P < 0.01, *** = P < 0.0001.
Pp = mm rain during the interval, Pp-1 = mm rain during the previous interval, Pp-2 = mm rain during the second previous interval,	CDD =  the cumulative degree days above 2.5°C at the beginning of each period, A p-1 = ln(Females/Trap night + 0.02)p-1, A p-2 = ln(Females/Trap night + 0.02)p-2, Tp = mean daily temperature (℃) during the period, Tp-1  = mean daily temperature (℃) during the previous period, Tp-2 = mean daily temperature (℃) during the second previous period, RHp = mean % RH during the period, RHp-1 = mean % RH during the previous period, RHp-2 = mean % RH during the second previous period, PQ2 = total precipitation (mm) during April – June, TQ2 = mean temperature (℃) during April – June; and RQ2 = mean relative humidity (%) during April – June.
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