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Mosquitoes are abundant near temporary, semipermanent, and permanent water in North Dakota and are asso-
ciated with human and veterinary diseases. Little is known about the feeding habits of mosquitoes as related to 
the transmission of arboviruses. We report on the identification of vertebrate hosts of 9 species of mosquitoes 
collected in 2003 to 2006. Blood meals of 1,223 from 9 mosquito species were identified to vertebrate species by 
PCR assays using the mitochondrial cytochrome b gene. Aedes dorsalis (Diptera: Culicidae) and Culiseta inornata 
fed only on mammals, and Aedes vexans fed almost exclusively on mammals. Aedes trivittatus fed significantly 
more on mammals than on birds. Culex tarsalis acquired blood meals from the most diverse group of vertebrates, 
frequently fed on American Robins, and did not exhibit a seasonal shift of feeding on birds to mammals. The ex-
tensive feeding of Cx. tarsalis on passerine birds and the isolation of West Nile virus (WNV) from 2 specimens that 
had fed on passerines supports their role in horizontal transmission of WNV. This species also transmits western 
equine encephalitis virus. Host feeding by Ae. trivittatus, Ae. vexans, Cs. inornata, and Ae. dorsalis in relation to 
their possible importance in transmission of trivittatus virus, Cache Valley virus, Jamestown Canyon virus, Potosi 
virus, or snowshoe hare virus is presented. The identification of host feeding behavior pattern of specific species 
of mosquitoes enhances our understanding of the enzootic and epizootic nature of 7 viruses in North Dakota.

Keywords: blood-meals, arbovirus, vectors, mosquito, North Dakota

Introduction

Aedes vexans (Meigen) (Diptera: Culicidae) and Culex tarsalis 
Coquillett (Diptera: Culicidae) are the 2 most important species of 
mosquitoes in North Dakota (Anderson et al. 2015). Aedes vexans is 
dominant and represented 82.9% of more than 3 million specimens 
collected and identified in eastern and western North Dakota in 
2003 to 2006. This species readily attacks humans (Horsfall et 
al. 1973). The percentage of Cx. tarsalis identified was 2.7% and 
reached peak average numbers per trap-night of 300. Although it 
infrequently feeds on humans (Thiemann et al. 2012), this species is 
considered the primary vector of West Nile virus (WNV; Flaviviridae: 
Flavivirus) because of its consistently high infection rates and com-
petency (Turell et al. 2005, Thiemann et al. 2012).

At least 47 species of mosquitoes have been identified in North 
Dakota (Post and Munro 1949, Darsie and Anderson 1985, Darsie 
and Ward 2005, Anderson et al. 2023), and 8 arboviruses have 
been isolated from 13 different mosquito species (Karabatsos 1985, 
Anderson et al. 2015). Six of these viruses, western equine encephalo-
myelitis virus (WEEV; Togaviridae: Alphavirus) (Leake 1941), WNV 
(Borchardt et al. 2010), St. Louis encephalitis virus (SLEV; Flaviviridae: 
Flavivirus) (Luby 1979), Cache Valley virus (CVV; Peribunyaviridae: 
Orthobunyavirus) (Sexton et al. 1997), Jamestown Canyon virus (JCV; 
Peribunyaviridae: Orthobunyavirus) (Shepard and Armstrong 2023), 
and snowshoe hare virus (SSHV; Peribunyaviridae: Orthobunyavirus) 
(Walker and Yuill 2023) have been reported to cause human disease in 
North Dakota or elsewhere in North America.
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Knowledge of host interactions of mosquito species may as-
sist in understanding the enzootic cycling and epidemic/epizo-
otic transmission of arboviruses (Tempelis 1975). Accordingly, we 
report the molecular identification of blood meals of 9 species of 
mosquitoes collected in eastern and western North Dakota, 2003 to 
2006 (Anderson et al. 2015) and relate their host interactions to the 
arboviruses that have been reported.

Materials and Methods

Collection of Mosquitoes
The trapping of mosquitoes in Cass, Nelson, Richland, and Williams 
Counties in North Dakota in 2003 to 2006 has been described pre-
viously (Anderson et al. 2015). Mosquitoes were collected with 
Centers for Disease Control (CDC) miniature light traps baited  
with dry ice (Model 512; John W. Hock Co., Gainesville, FL), and with 
mosquito magnet experimental (MMX) traps (American Biophysics 
Corp., East Greenwich, RI) from July 4 to September 26 in 2003, 
June 8 to October 6 in 2004, May 24 to September 29 in 2005, and 
June 8 to September 7 in 2006. Traps were placed in rural areas of 
Cass, Nelson, and Richland Counties, within the City of Fargo in 
Cass County, and in rural areas immediately outside of Williston in 
Williams County (Fig. 1). Fargo is on the western side of the Red 
River, separating North Dakota and Minnesota, and Williston is 
near the North Dakota and Montana border. Nelson and Richland 
Counties are in eastern North Dakota (Anderson et al. 2015).

Traps were set in the field and collected the following morning. 
Mosquitoes were anesthetized or killed with dry ice or at low 
temperatures and transferred into glass vials sealed with a rubber 
stopper and gas-proof tape or in Mason jars sealed with a lid and 
wrapped with gas-poof tape. Mosquitoes were kept at dry ice 

temperatures or −80 °C and shipped on dry ice by overnight mail 
to the Connecticut Agricultural Experiment Station (CAES) in New 
Haven, CT. Mosquitoes were identified to species and recorded by 
date and collecting site (Carpenter and LaCasse 1955, Barr 1958, 
Darsie and Ward 1981, 2005, Andreadis et al. 2005). Each mosquito 
with blood was separated, placed into a 1.5-ml vial, appropriately 
labeled, and stored at −80 °C.

Blood Meal Identification
DNA was extracted from the blood of individual engorged fe-
male mosquitoes using the DNeasy Blood and Tissue Kit (Qiagen, 
Valencia, CA). The abdomen of each engorged specimen was added 
to a 1.5-ml microcentrifuge tube, to which 180 µl of ATL buffer 
and 20 µl of proteinase K were added and thoroughly vortexed. 
Tissues were lyzed overnight at 56 °C following the protocol for the 
purification of total DNA from animal tissues (Qiagen). Extracted 
DNA was used as a template in the polymerase chain reaction 
assay. Primers were based on vertebrate mitochondrial cytochrome 
b gene sequences using established protocols (Ngo and Kramer 
2003, Molaei et al. 2006a, 2006b, 2007). PCR amplicons were 
purified using the QIAquick PCR Purification Kit (Qiagen). Double-
stranded DNA sequencing was performed using the sequencer 
3730xl DNA Analyzer (Applied Biosystems) at the DNA Analysis 
Facility on Science Hill, Yale University, New Haven, CT. Sequences 
were annotated using ChromasPro version 1.22 (Technelysium 
Pty Ltd., Tewantin, Queensland, Australia) and identified by 
comparison to available sequences at the National Center for 
Biotechnology Information GenBank DNA sequence database 
using BLAST search (BLASTN) (https://blast.ncbi.nlm.nih.gov/
Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_
LOC=blasthome).

Fig. 1. Mosquito collection sites in North Dakota, 2003 to 2006.
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Virus Isolation
After removal of the abdomen of each engorged specimen for blood 
meal identification, the remainder of the mosquito, including the 
head and thorax, was returned to its labeled vial, immediately placed 
on dry ice, and later transferred to a −80 °C freezer. Viral isolations 
in Vero cells were attempted from individual specimens (Anderson 
et al. 2015). The QIAamp viral RNA mini kit protocol (Qiagen, 
Valencia, CA) was used to extract RNA from a 70-µl sample of infec-
tious Vero cell-growth medium. West Nile virus was identified by a 
TaqMan reverse transcriptase-polymerase chain reaction (RT-PCR) 
assay (Lanciotti et al. 2000).

Data Analysis
Fisher’s exact test was performed using the procedure of Oyvind 
Langsrud (https://www.langsrud.com/stat/fisher.htm). Chi-square 
analyses were performed according to https://www.bmj.com/
about-bmj/resources-readers/publications/statistics-square-one/8-
chi-squared-tests. To determine if a shift in feeding behavior 
occurred in Cx. tarsalis in North Dakota, as had been reported 
elsewhere (Reeves et al. 1963, Tempelis 1975), a negative bino-
mial regression was employed, a standard approach in ecological 
studies for analyzing count data with overdispersion (Stoklosa et 
al. 2022). This method modeled the Cx tarsalis feeding patterns 
on mammals and birds over 14 wk (weeks 23 to 37) while ac-
counting for the variability in the data. Time was modeled as a 
continuous predictor, host species (mammals or birds) as catego-
rical predictors, and the dependent variable was the number of 
mosquitoes feeding on host species at each time period. The model 
was developed using the MASS package in R software (version 
2022.12.0 + 353).

Multinomial logistic regression modeling was used to assess 
the odds of different mosquito species feeding on specific host 
populations relative to the feeding patterns of the most common 
mosquito in North Dakota. This method is appropriate for analyzing 
individual choice among a set of J alternatives, with the character-
istics of the individual as the explanatory variable (Hoffman and 
Duncan 1988). In this model, host species served as the dependent 
variable, with mosquito species as the primary predictor variable. 
The model was adjusted to account for temporal (date of mosquito 
collection in weeks) and spatial (mosquito trapping sites) variability, 
To reduce collinearity among predictors, mosquito species and trap-
ping sites with fewer than 10 observations were excluded, and cor-
relation coefficients among predictor variables were examined. To 
ensure sufficient sample size, all bird hosts were grouped into a single 
“grouped-bird” category due to their relatively lower frequency 
compared to individual mammalian species. The final model in-
cluded the mosquito species Cs. inornata, Cx. tarsalis, Ae. trivittatus, 
Ae. dorsalis, and Ae. vexans, along with the most common mamma-
lian host species (white-tailed deer, cattle, horse, and eastern cotton-
tail) and the grouped-bird category. White-tailed deer were the most 
commonly fed-on host and served as the host reference group. Aedes 
vexans is the dominant species in North Dakota and was used as the 
reference group for mosquitoes (Anderson et al. 2015). Model selec-
tion was conducted using Akaike information criterion (AIC) scores, 
confirmed with Bayesian information criterion (BIC) scores, and 
evaluated using pseudo-R2. Odds ratios (OR) with 95% confidence 
intervals (CI) were calculated to assess the strength of associations 
between mosquito and host species. The final model was developed 
using the nnet package in R software (version 2022.12.0 + 353). It 
is important to note that the odds ratios derived from this regression 
analysis reflect relative feeding, not absolute feeding of mosquito 

species for one host over another; this limitation is inherent to logis-
tical regression models.

Results

A total of 1,223 blood meals were successfully analyzed from 
9 species of mosquitoes, of which 5 species had 114 to 504 
specimens examined (Tables 1 and 2, Fig. 2). These were obtained 
from 3,580,610 mosquitoes collected in Cass, Richland, and 
Nelson Counties in eastern North Dakota in 2003 to 2005 and 
in Williams County in 2004 to 2006 in western North Dakota. 
Vertebrate hosts were identified from 73.9% of 1,655 examined 
blood meals.

Mosquitoes fed on a variety of mammalian and bird species 
(Tables 1 and 2, Fig. 3). Aedes dorsalis (Meigen) (n = 114) and 
Culiseta inornata (Williston) (n = 160) fed only on mammals (Tables 
1 and 2, Figs. 4 and 5). Aedes vexans (n = 504) fed almost exclusively 
on mammals and only rarely imbibed avian blood. Aedes trivittatus 
(Coquillett) (n = 235) fed on 6 bird species but fed significantly 
more on mammals (chi-square = 223.35, def.=17, P < 0.001). Culex 
tarsalis (n = 194) fed readily on both mammals (n = 90) and birds 
(n = 104). Chi-square analysis comparing bird and mammal feedings 
showed no significant difference (chi-square = 15.732, def.=14, 
P = 0.10). Aedes sticticus (Meigen) (n = 10), Aedes triseriatus (Say) 
(n = 2), Aedes flavescens (Muller) (n = 1), and Aedes melanimon 
Dyar (n = 3) fed on mammals.

In eastern North Dakota, 92.3% of Ae. dorsalis (n = 39), 60.0% 
Ae. sticticus (n = 10), 43.0% Ae. trivittatus (n = 145), 83.0% Ae. 
vexans (n = 363), and 94.6% of Cs. inornata (n = 37) fed on large 
wild or domestic mammals in the order Artiodactyla and on horses, 
order Perissodactyla (Table 1, Fig. 4). Lagomorphs, particularly 
eastern cottontail rabbits, were fed upon by Ae. trivittatus and Ae. 
vexans 32.4% and 9.1% of the time. Carnivores and rodents were 
less frequent hosts. Aedes trivittatus (n = 1), Ae. vexans (n = 3), and 
Cx. tarsalis (n = 1) fed on humans.

Culex tarsalis (n = 119) fed on 18 species of birds in 5 orders 
(n = 73) and 13 species of mammals in 6 orders (n = 46) in eastern 
North Dakota (Table 1, Fig. 4). Thirteen species of passerines were 
identified. American Robin (n = 19, 16.0%) and House Sparrow 
(n = 17, 14.3%) were the most common hosts. Mourning Doves 
(n = 8, 6.7%), order Columbiformes, were also frequently identified. 
This species fed on 6 different mammalian orders. White-tailed deer 
(n = 15, 12.6%) and horses (n = 8, 6.7%) were the most frequent 
hosts.

Six of seven species of mosquitoes in western North Dakota fed 
exclusively or extensively on mammals (Table 2, Fig. 5). The orders 
Artiodactyla and Perissodactyla were the primary hosts for Ae. dor-
salis (n = 75, 98.6%), Ae. vexans (n = 141, 97.2%), and Cs. inornata 
(n = 123, 99.9%). Aedes flavescens (n = 1) and Ae. melanimon 
(n = 3) also fed on large mammals. Eighty-three of 90 specimens 
(92.2%) of Ae. trivittatus fed on 10 species of mammals. The orders 
Artiodactyl (61.2%), Carnivora (12.1%), and Lagomorpha (17.8%) 
were the primary hosts. Seven specimens fed on non-passerine spe-
cies of birds.

Culex tarsalis (n = 75) fed on both mammals (58.7%) and birds 
(41.3%) in western North Dakota (Table 2, Fig. 5). Cattle (n = 20, 
26.7%) and deer (n = 14, 18.7%) were the most frequent mamma-
lian hosts. Passerines, representing 12 different species, comprised 
26.7% of the feedings with the largest number (n = 7, 9.3%) re-
corded from Cedar Waxwing. Culex tarsalis fed more on mammals 
in the west than in the east (Fisher’s exact 2-tail test, P = 0.008) and 
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Table 1. Number (percent) of blood meals identified from 7 species of mosquitoes collected in Cass, Richland, and Nelson Counties, North 
Dakota, 2003 to 2005.

Host Mosquito species

Aedes 
dorsalis

Aedes 
sticticus

Aedes 
triseriatus

Aedes 
trivittatus

Aedes 
vexans

Culex 
tarsalis

Culiseta 
inornata Total

Aves
 � Accipitriformes
  �  Cooper’s hawk, Ac-

cipiter cooperii
2 (1.7) 2 (0.3)

 � Anseriformes
  �  American black 

duck, Anas rubripes
1 (0.8) 1 (0.1)

  �  Mallard, Anas 
platyrhynchos

1 (0.7) 1 (0.1)

 � Columbiformes
  �  Mourning dove, 

Zenaida macroura
1 (0.7) 8 (6.7) 9 (1.3)

  �  Rock pigeon, Col-
umba livia

1 (0.8) 1 (0.1)

 � Galliformes
  �  Wild turkey, 

Meleagris gallopavo
8 (5.5) 3 (2.5) 11 (1.5)

 � Passeriformes
  �  American goldfinch, 

Spinus tristis
1 (0.8) 1 (0.1)

  �  American robin, 
Turdus migratorius

3 (2.1) 19 (16.0) 22 (3.1)

  �  Black-capped chickadee, Poecile 
atricapillus

1 (0.8) 1 (0.1)

  �  Blue jay, Cyanocitta 
cristata

1 (0.8) 1 (0.1)

  �  Chipping sparrow, 
Spizella passerina

1 (0.7) 6 (5.0) 7 (1.0)

  �  Gray catbird, 
Dumetella 
carolinensis

1 (0.8) 1 (0.1)

  �  House finch, 
Haemorhous 
mexicanus

3 (2.5) 3 (0.4)

  �  House sparrow, 
Passer domesticus

17 (14.3) 17 (2.4)

  �  House wren, Troglo-
dytes aedon

1 (0.7) 3 (2.5) 4 (0.6)

  �  Marsh wren, 
Cistothorus palustris

1 (0.8) 1 (0.1)

  �  Rose-breasted grosbeak, Pheucticus 
ludovicianus

2 (1.7) 2 (0.3)

  �  Song sparrow, 
Melospiza melodia

2 (1.7) 2 (0.3)

  �  Thrush, Toxostoma 
sp.

1 (0.8) 1 (0.1)

Mammalia
 � Artiodactyla
  �  American bison, 

Bison bison
1 (0.3) 1 (0.1)

  �  Cattle, Bos taurus 6 (15.4) 2 (1.4) 25 (6.9) 5 (4.2) 8 (21.6) 46 (6.4)
  �  Sheep, Ovis aries 13 (3.6) 4 (10.8) 17 (2.4)
  �  White-tailed 

deer, Odocoileus 
virginianus

4 (10.3) 5 (50) 51 (35.2) 161 (44.4) 15 (12.6) 11 (29.7) 247 
(34.5)

  �  Wild boar, Sus 
scrofa

1 (0.3) 1 (0.1)

 � Carnivora
  �  Cat, Felis catus 1 (10) 1 (50) 7 (4.8) 1 (0.3) 1 (0.8) 11 (1.5)
  �  Dog, Canis familiaris 4 (2.6) 11 (3.0) 4 (3.4) 19 (2.7)
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fed on a greater array of vertebrates in eastern and western North 
Dakota than other mosquito species (Figs. 4 and 5).

Blood-fed Cx. tarsalis were collected and identified from June 
to September. The negative binomial regression model results in-
dicated no statistically significant changes in Cx. tarsalis feeding 
patterns on either birds or mammals over the observed weeks, 
indicating that a shift in feeding pattern did not occur during this 
time period. Similarly, there was no significant difference in feeding 
counts between mammals and birds during this time period (coef-
ficient = −0.11934, P = 0.747). We also compared avian feedings 
(n = 60) and mammal feedings (n = 52) in June and July with avian 
feedings (n = 39) and mammal feedings (n = 37) in August and 
September. Culex tarsalis did not exhibit a shift in feeding on birds 
and mammals in early or late summer (Fisher’s exact 2-tail test, 
P = 0.77).

Four multinomial logistic regression models were tested to ex-
amine the relationship between dependent variable (common host 
species) and the predictor variable (mosquito species) (Table 3). 
Results indicated an improvement in model fitness upon adding 
the predictors “date of mosquito collection” and “mosquito trap-
ping site” (MLR: Host ~ Mosquito + Date + Trapping Site; AIC 
1402.571). The model demonstrated a Nagelkerke Pseudo R2 of 
81.04% suggesting that the predictor variables explained a substan-
tial portion of the variation in the dependent variable.

The model assessed the feeding patterns of mosquito species on 
common hosts (birds, cattle, eastern cottontail, and horses) relative 
to the most common mosquito species, Ae. vexans, while control-
ling temporal and spatial variability (Table 4). The results indicated 
that compared to Ae. vexans, Cx. tarsalis displayed a strong prefer-
ence for feeding on birds over white-tailed deer (OR = 519.25; 95% 
CI: 122.09 to 2,208.48), though the limited sample size for derived 
blood meals contributed to wide confidence intervals, underscoring 
a limitation of the model, though the limited sample size for derived 
blood meals contributed to wide confidence intervals, underscoring 
a limitation of the model. Relative to Ae. vexans, Ae. trivittatus 
showed a similar preference for feeding on birds compared to white-
tailed deer, although this preference was weaker (OR = 20.99; 95% 
CI: 5.34 to 82.5). In contrast, Cs. inornata favored feeding on cattle 
(OR = 9.79: 95% CI: 4.56 to 21.03) and horses (OR = 4.41; 95% 
CI: 1.78 to 10.9) relative to the white-tailed deer, compared to Ae. 
vexans. Lastly, Ae. trivittatus, showed a preference for feeding on 
eastern cottontail over white-tailed deer (OR = 5.54; 95% CI: 2.85 
to 10.79) compared to Ae. vexans.

Isolation of virus was attempted from 1,106 individual blood-fed 
mosquitoes (Ae. dorsalis (n = 109), Ae. sticticus (n = 11), Cs. inornata 
(n = 173), Ae. vexans (n = 483), Cx. tarsalis (n = 192), Ae. trivittatus 
(n = 134), and Ae. melanimon (n = 4). West Nile virus was isolated 
from 2 blood-fed Cx. tarsalis that had fed on a Cedar Waxwing and 

Host Mosquito species

Aedes 
dorsalis

Aedes 
sticticus

Aedes 
triseriatus

Aedes 
trivittatus

Aedes 
vexans

Culex 
tarsalis

Culiseta 
inornata Total

  �  Raccoon, Procyon 
lotor

1 (10) 5 (3.4) 4 (1.1) 1 (0.8) 11 (1.5)

  �  Red fox, Vulpes 
vulpes

1 (0.3) 1 (0.1)

 � Lagomorpha
  �  Eastern cottontail, 

Sylvilagus floridanus
1 (2.6) 1 (10) 47 (32.4) 32 (8.8) 4 (3.4) 1 (2.7) 86 

(12.1)
  �  Hare, Lepus sp. 2 (5.1) 1 (0.3) 1 (0.8) 1 (2.7) 5 (0.7)
  �  Rabbit, Sylvilagus 

sp.
1 (0.7) 1 (0.1)

  �  White-tailed 
Jackrabbit, Lepus 
townsendii

3 (0.8) 2 (1.7) 5 (0.7)

 � Perissodactyla
  �  Horse, Equus ferus 26 (66.7) 1 (10) 1 (50) 10 (6.9) 105 (28.9) 8 (6.7) 12 (32.4) 163 

(22.8)
 � Primates
  �  Human, Homo 

sapiens
1 (0.7) 3 (0.8) 1 (0.8) 5 (0.7)

 � Rodentia
  �  American red squirrel, Tamiasciurus 

hudsonicus
1 (0.3) 1 (0.8) 2 (0.3)

  �  Fox squirrel, Sciurus 
niger

2 (1.7) 2 (0.3)

  �  Groundhog, 
Marmota monax

2 (1.4) 2 (0.3)

  �  Norway rat, Rattus 
norvegicus

1 (10) 1 (0.1)

  �  White-footed 
mouse, Peromyscus 
leucopus

1 (0.8) 1 (0.1)

Total identified 39 10 2 145 363 119 37 715
No result 42 3 0 100 53 62 31 291

Table 1. Continued
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Table 2. Number (percent) of blood meals identified from 7 species of mosquitoes collected in Williams County, North Dakota, 2004 to 2006.

Host Mosquito species

Aedes 
dorsalis

Aedes 
flavescens

Aedes 
melanimon

Aedes 
trivittatus

Aedes 
vexans

Culex 
tarsalis

Culiseta 
inornata Total

Aves
 � Anseriformes
  �  Blue-winged teal, 

Spatula discors
1 (1.3) 1 (0.2)

  �  Gadwall, Mareca 
strepera

2 (2.7) 2 (0.4)

  �  Mallard, Anas 
platyrhynchos

1 (1.3) 1 (0.2)

 � Columbiformes
  �  Mourning dove, 

Zenaida macroura
3 (3.3) 3 (4.0) 6 (1.2)

 � Galliformes
  �  Common pheasant, 

Phasianus colchicus
1 (0.7) 2 (2.7) 3 (0.6)

  �  Wild turkey, 
Meleagris gallopavo

3 (3.3) 2 (1.4) 2 (2.7) 7 (1.4)

 � Passeriformes
  �  American goldfinch, 

Spinus tristis
1 (1.3) 1 (0.2)

  �  American robin, 
Turdus migratorius

2 (2.7) 2 (0.4)

  �  Black-capped 
chickadee, Poecile 
atricapillus

1 (1.3) 1 (0.2)

  �  Black-headed grosbeak, Pheucticus 
melanocephalus

1 (1.3) 1 (0.2)

  �  Brown-headed cow-
bird, Molothrus ater

1 (1.3) 1 (0.2)

  �  Cedar waxwing, 
Bombycilla cedrorum

7 (9.3) 7 (1.4)

  �  Gray cat-
bird, Dumetella 
carolinensis

1 (1.3) 1 (0.2)

  �  House wren, Troglo-
dytes aedon

2 (2.7) 2 (0.4)

  �  Marsh wren, 
Cistothorus palustris

1 (1.3) 1 (0.2)

  �  Savannah sparrow, Passerculus 
sandwichensis

1 (1.3) 1 (0.2)

  �  Western meadowlark, 
Sturnella neglecta

1 (1.3) 1 (0.2)

  �  Yellow warbler, 
Setophaga petechia

1 (1.3) 1 (0.2)

 � Piciformes
  �  Downy woodpecker, 

Dryobates pubescens
1 (1.1) 1 (0.2)

Mammalia
 � Artiodactyla
  �  Cattle, Bos taurus 35 (46.7) 1 (100) 2 (66.7) 17 (18.9) 33 (23.4) 20 (26.7) 90 (73.1) 198 

(39.0)
  �  Elk, Cervus 

canadensis
1 (1.3) 1 (0.7) 2 (0.4)

  �  Mule deer, 
Odocoileus hemionus

2 (2.7) 5 (5.6) 13 (9.3) 5 (4.1) 25 (4.9)

  �  Pronghorn, 
Antilocapra ameri-
cana

1 (0.8) 1 (0.2)

  �  Sheep, Ovis aries 1 (1.3) 9 (10.0) 1 (1.3) 11 (2.2)
  �  White-tailed 

deer, Odocoileus 
virginianus

27 (36) 24 (26.7) 75 (53.2) 14 (18.7) 19 (15.4) 159 
(31.3)
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on an American Goldfinch collected in Williams County on 3 August 
2004, and 14 August 2004, respectively.

Discussion

Seven of the 9 mosquito species, Ae. dorsalis, Ae. flavescens, Ae. 
melanimon, Ae. sticticus, Ae. triseriatus, Ae. vexans, and Cs. inornata, 
fed exclusively or almost entirely on mammals. Aedes trivittatus fed 
extensively on mammals but also fed on 6 species of birds. Culex 
tarsalis fed equally on mammals and on birds. In a prior study, 7 
different viruses were isolated from these 9 species of mosquitoes in 
2003 to 2006 (Anderson et al. 2015). We discuss the feeding habits 
of these mosquitoes in relation to the horizontal acquisition and 
transmission of their viruses.

Culex tarsalis fed on birds and mammals without a significant 
shift from avian to mammalian hosts as the season progressed during 
weeks 23 to 37. The negative binomial regression model suggested 
that the feeding selection of mosquitoes for birds or mammals 
remained consistent throughout the study period. Previously, sea-
sonal shifts of Cx. tarsalis feeding on birds in the spring to feeding on 
mammals in mid-summer and later have been recorded in California, 
resulting in an increased risk in transmission of WEEV to humans 
and domestic animals (Reeves et al. 1963, Tempelis et al. 1965, 
Tempelis 1975).

Culex tarsalis fed on 6 orders of birds, but the largest numbers 
of feedings were on passerines. American Robins (n = 19) and House 
Sparrows (n = 17) were most commonly fed upon in eastern North 
Dakota, and Cedar Waxwings (n = 7) were the most common avian 
host in western North Dakota. Culex tarsalis also fed on 6 orders of 
mammals, feeding most frequently on white-tailed deer (12.6%) and 
horses (6.7%) in the east and on cattle (26.7%) and white-tailed deer 
(18.7%) in the west. Two human feedings from this species were re-
corded. In eastern North Dakota, the multinomial logistic model re-
vealed that Cx. tarsalis readily fed on birds compared to white-tailed 

deer. This species was reported to feed primarily on white-tailed deer 
and passerine birds, including American Robin and House Sparrow, 
in Steele County, North Dakota (Mehus and Vaughan 2013).

West Nile virus was first recorded in North Dakota in 2002 
and caused disease in 17 humans followed by 617 human cases 
in 2003 (https://www.cdc.gov/westnile). Since then, North Dakota 
along with other Great Plains states have emerged as hot spots 
for WNV transmission and have the highest long-term incidences 
of neuroinvasive disease in the United States. Culex tarsalis is the 
primary vector of WNV (Goddard et al. 2002) in the high plains 
and western states, and birds are the primary amplifiers of this virus 
(Apperson et al. 2002, Molaei et al. 2006b, Kramer et al. 2008). 
West Nile virus was isolated from Cx. tarsalis (n = 121) in both 
eastern and western North Dakota in 2003 to 2006 from the middle 
of June through early September (Anderson et al. 2015), and in the 
current study, WNV was isolated from 2 blood-fed specimens that 
fed on an American Goldfinch and a Cedar Waxwing. West Nile 
virus is transmitted tangentially to horses and humans in subsequent 
feedings. American Robins and House Sparrows, known to develop 
viremias (Komar et al. 2003), were identified as frequent hosts in 
eastern North Dakota and likely, along with other passerine species, 
are important amplifying hosts.

Culex tarsalis is also a primary vector of WEEV (Hammon and 
Reeves 1943) and SLEV (Luby 1979). Western equine encephalitis 
reached epidemic proportions in North Dakota in 1941 (Leake 
1941), and WEEV was isolated from 2 pools of Cx. tarsalis collected 
in western North Dakota in 2004 (Anderson et al. 2015). Passerine 
birds are the primary vertebrate reservoirs of WEEV (Smith et al. 
1997).

Culiseta inornata and Ae. dorsalis preferentially feed on large 
mammals in midwestern and western North America, particu-
larly ruminants and horses, and even humans (Shemanchuk et al. 
1963, Tempelis 1975a, Anderson and Gallaway 1987), but Ae. 
dorsalis will feed on smaller animals, including birds (Horsfall 

Host Mosquito species

Aedes 
dorsalis

Aedes 
flavescens

Aedes 
melanimon

Aedes 
trivittatus

Aedes 
vexans

Culex 
tarsalis

Culiseta 
inornata Total

 � Carnivora
  �  Cat, Felis catus 4 (4.4) 2 (2.7) 6 (1.2)
  �  Dog, Canis familiaris 4 (4.4) 2 (2.7) 6 (1.2)
  �  Striped skunk, Meph-

itis mephitis
3 (3.3) 3 (0.6)

 � Lagomorpha
  �  Eastern cottontail, 

Sylvilagus floridanus
16 (17.8) 1 (0.7) 17 (3.3)

 � Perissodactyla
  �  Donkey, Equus asinus 1 (1.3) 1 (0.2)
  �  Horse, Equus ferus 8 (10.6) 1 (33.3) 15 (10.6) 2 (2.7) 8 (6.5) 34 (6.7)
 � Primates
  �  Human, Homo sa-

piens
1 (1.3) 1 (1.3) 2 (0.4)

 � Rodentia
  �  American beaver, 

Castor canadensis
1 (1.1) 1 (0.2)

  �  Fox squirrel, Sciurus 
niger

1 (1.3) 1 (0.2)

Total identified 75 1 3 90 141 75 123 508
No result 23 0 2 61 10 32 13 141

Table 2. Continued
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1955, Shemanchuk et al. 1963). In our study, Cs. inornata and 
Ae. dorsalis fed entirely on mammals, particularly horses, white-
tailed deer, and cattle. Selection of specific animal hosts is often 
dependent on their relative abundance (Anderson and Gallaway 
1987), although in our study, the multinomial logistic model re-
vealed that Cs. inornata was more likely to feed on cattle than 
white-tailed deer.

Four arboviruses, CVV, WNV, JCV, and Potosi virus (POTV; 
Peribunyaviridae: Orthobunyavirus), were isolated from Cs. 
inornata and Ae. dorsalis in North Dakota (Anderson et al. 2015). 
Cs. inornata is competent to transmit CVV, WNV, and JCV (Corner 
et al. 1980, Kramer et al. 1993, Turell et al. 2005), and Ae. dorsalis 
is competent to transmit WNV (Turell et al. 2005). White-tailed deer 
are likely propagative hosts for CVV, JCV, and POTV (Neitzel and 

Fig. 2. Counts of blood meals from different mosquito species. Species are grouped by genus in order of frequency. Within the genus Aedes, species are ordered 
by frequency.

Fig. 3. Counts of blood meals from different host species. Species are grouped as mammal or bird in order of frequency-count.
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Fig. 4. Blood meals identified from mosquito species collected in Cass, Richland, and Nelson Counties, North Dakota, 2003 to 2005. Counts of hosts for specific 
mosquito species are identified by the size of the dot. The insert in the upper right shows the range of the count by size of the dot. The percentage of hosts fed 
upon by a specific mosquito species are identified by the color of the dot. The insert in the lower right shows the heat map.

Fig. 5. Blood meals identified from mosquito species collected in Williams County, North Dakota, 2004 to 2006. Counts of hosts for specific mosquito species 
are identified by the size of the dot. The insert in the upper right shows the range of the count by size of the dot. The percentages of hosts fed upon by a specific 
mosquito species are identified by the color of the dot. The insert in the lower right shows the heat map.
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Grimstad 1991, McLean et al. 1996, Blackmore and Grimstad 1998, 
Hughes et al. 2023, Shepard and Armstrong 2023), although many 
other mammals have been seropositive (Hughes et al. 2023, Shepard 
and Armstrong 2023). Culiseta inornata and Ae. dorsalis likely be-
come infected with these 3 viruses while acquiring blood from white-
tailed deer in North Dakota. Their propensity for feeding on large 
mammals suggests that Cs. inornata and Ae. dorsalis are not impor-
tant vectors for WNV.

Aedes vexans has a predisposition for large mammals such as 
cattle, horses, and white-tailed deer and readily attacks humans 
(Horsfall et al. 1973, Tempelis 1975), but it also feeds on small to 
medium-sized mammals and even birds (Edman 1971, Hayes et al. 
1973, Magnarelli 1977, Molaei and Andreadis 2006). In our study, 
it acquired blood from 14 and 6 species of mammals in eastern and 
western North Dakota, respectively. White-tailed deer, mule deer, 
horses, cattle, dogs, sheep, and cottontail rabbits were the primary 
hosts.

Two hundred 89 isolates of CVV (n = 92), JCV (n = 58), POTV 
(n = 4), SSHV (n = 3), trivittatus virus (TVTV; Peribunyaviridae: 
Orthobunyavirus) (n = 77), and WNV (n = 55) were made from Ae. 
vexans in North Dakota in 2003 to 2006. Aedes vexans is moder-
ately susceptible to WNV, individual mosquitoes with a disseminated 
infection can transmit the virus by bite and may be a potentially im-
portant bridge vector (Turell et al. 2005), and likely was involved in 
the transmission of WNV to humans in Cass County, North Dakota, 
in 2003, where the risk of Ae. vexans transmitting WNV to humans 
was 73.6% (Anderson et al. 2015). This species may have become 
infected by feeding on passerine birds, although we did not iden-
tify this species feeding on passerines, or it may have acquired the 
virus by feeding on mammals such as squirrels, which develop high 
viremias (Root et al. 2006, Platt et al. 2008). The aggressive feeding 
of Ae. vexans on humans and their exceptionally high abundance, 
where numbers averaged 4,000 or more per trap during weeks 25 to 
29 in eastern North Dakota and, in western North Dakota, averaged 
30,000 per trap in week 28, contributes to their risk of transmitting 
WNV (Anderson 2023).

The frequent feeding of Ae. vexans on large animals suggests this 
mosquito is likely transmitting CVV, JCV, and POTV, which may 
be amplified among large mammals in North Dakota, as we stated 
earlier in this discussion for Cs. inornata.

Snowshoe hares and squirrels are likely reservoirs for SSHV 
(Artsob 1981, McLean 1981, Walker and Yuill 2023). The snow-
shoe hare virus was isolated from Ae. vexans and Ae. trivittatus 
in North Dakota (Anderson et al. 2015). Lagomorphs, particu-
larly eastern cottontail rabbits, were fed upon by Ae. vexans and 
Ae. trivittatus, but their role as reservoirs has not been established. 
Other lagomorphs and squirrels are also abundant.

Aedes vexans was also associated with TVTV. Seventy-seven 
isolations were made from specimens collected in both eastern and 
western North Dakota from the second week of June through the 
first week of August (Anderson et al. 2015). Cottontail rabbits and 
fox squirrels are reservoir hosts for this virus in Iowa (Pinger et al. 
1975). Both these mammals are abundant in North Dakota. Aedes 
vexans, although primarily feeding on large mammals, feeds also on 
smaller mammals (Magnarelli 1977, Nasci 1984), and in eastern 
North Dakota, we recorded 8.8% of the feedings to be on cottontail 
rabbits. Aedes vexans may be acquiring TVTV from rabbits.

Aedes trivittatus feeds primarily on mammals, but it is more 
opportunistic than Ae. vexans and feeds on a wider range of hosts 
(Pinger and Rowley 1975, Nasci 1984). Cottontail rabbits were the 
primary hosts (68.2%) in central Iowa (Pinger and Rowley 1975). In 
our study, this species fed frequently on white-tailed deer and cotton-
tail rabbits in eastern and western North Dakota, and, in the western 
part, it also fed extensively on cattle. The multinomial logistic regres-
sion model showed Ae. trivittatus fed more often on eastern cotton-
tail compared to Ae. vexans.

Five viruses CVV (n = 2), JCV (n = 12), SSHV (n = 1), TVTV 
(n = 295), and WNV (n = 3) were identified from the 313 isolates 
from Ae. trivittatus in North Dakota in 2003 to 2006, with TVTV 
comprising 94.2% and JCV 3.8% of the isolations (Anderson et al. 
2015). The frequent feedings of Ae. trivittatus on cottontail rabbits 
in Iowa (Pinger and Rowley 1975) and in our study, as well as the 
identification of neutralizing antibodies in rabbits and fox squirrels 
(Pinger et al. 1975), suggest that Ae. trivittatus may obtain TVTV 
from these mammals in North Dakota. The propensity of Ae 
trivittatus to feed on deer and the isolation of JCV and CVV from 
Ae. trivittatus in North Dakota suggest that, Ae. trivittatus could 
be acquiring and transmitting these 2 viruses among white-tailed 
deer, although competency is not known. While Ae. trivittatus is 

Table 3. Multinomial logistic regression model fitting information.

Model AIC BIC
−2 Log 

Likelihood

Host ~ 1 2,402.275 2,421.413 1,197.138
Host ~ Mosquito 2,062.287 2,157.977 1,011.144
Host ~ Mosquito + Date 1,999.624 2,191.002 959.812
Host ~ Mos-

quito + Date + Trapping Site
1,402.571 1,881.017 601.286

Table 4. Bloodmeal counts of mosquito species on host species in 
multinomial logistic regression.

1Host  
Species

2Mosquito 
Species β

St. 
Error

Odds 
Ratio

95% Confidence 
Interval

Lower Upper

3Bird (Intercept) −1.63 0.9 0.2 0.03 1.15
Cx. tarsalis 6.25 0.74 519.25 122.09 2,208.48

Ae. 
trivittatus

3.04 0.7 20.99 5.34 82.5

Cattle (Intercept) −0.85 0.58 0.43 0.14 1.34
Ae. dorsalis 0.9 0.43 2.47 1.07 5.69
Cs. inornata 2.28 0.39 9.79 4.56 21.03
Cx. tarsalis 0.9 0.42 2.46 1.07 5.66

Ae. 
trivittatus

−0.65 0.49 0.52 0.2 1.36

Eastern Cot-
tontail

(Intercept) −1.89 0.87 0.15 0.03 0.84

Ae. dorsalis −0.32 1.1 0.73 0.08 6.28
Cs. inornata −1.05 1.07 0.35 0.04 2.87
Cx. tarsalis 0.32 0.67 1.38 0.37 5.16

Ae. 
trivittatus

1.71 0.34 5.54 2.85 10.79

Horse (Intercept) −1.85 1.1 0.16 0.02 1.36
Ae. dorsalis 1.2 0.45 3.32 1.38 8.02
Cs. inornata 1.48 0.46 4.41 1.78 10.9
Cx. tarsalis −0.66 0.54 0.52 0.18 1.49

Ae. 
trivittatus

−1.73 0.45 0.18 0.07 0.43

1White-tailed deer is the reference group.
2Aedes vexans is the reference group.
3Aedes dorsalis and Cs. inornata did not feed on birds; these species were 

removed.
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competent to transmit WNV (Turell et al. 2005) and fed on passerine 
birds in our study and others (Pinger and Rowley 1975, Molaei et 
al. 2008), the relatively few isolations indicate that Ae. trivittatus 
may be an infrequent vector. As mentioned previously, Ae. trivittatus 
may also be involved in the transmission of SSHV (Walker and Yuill 
2023).
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