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Abstract

Background: White-tailed deer (Odocoileus virginianus) host numerous ectoparasitic species in the eastern USA,
most notably various species of ticks and two species of deer keds. Several pathogens transmitted by ticks to humans
and other animal hosts have also been found in deer keds. Little is known about the acquisition and potential for
transmission of these pathogens by deer keds; however, tick-deer ked co-feeding transmission is one possible
scenario. On-host localization of ticks and deer keds on white-tailed deer was evaluated across several geographical
regions of the eastern US to define tick-deer ked spatial relationships on host deer, which may impact the vector-
borne disease ecology of these ectoparasites.

Methods: Ticks and deer keds were collected from hunter-harvested white-tailed deer from six states in the eastern
US. Each deer was divided into three body sections, and each section was checked for 4 person-minutes. Differences
in ectoparasite counts across body sections and/or states were evaluated using a Bayesian generalized mixed model.

Results: A total of 168 white-tailed deer were inspected for ticks and deer keds across the study sites. Ticks (n=1636)
were collected from all surveyed states, with Ixodes scapularis (n =1427) being the predominant species. Counts of /.
scapularis from the head and front sections were greater than from the rear section. Neotropical deer keds (Lipoptena
mazamae) from Alabama and Tennessee (n = 247) were more often found on the rear body section. European deer
keds from Pennsylvania (all Lipoptena cervi, n=314) were found on all body sections of deer.

Conclusions: The distributions of ticks and deer keds on white-tailed deer were significantly different from each
other, providing the first evidence of possible on-host niche partitioning of ticks and two geographically distinct deer
ked species (L. cervi in the northeast and L. mazamae in the southeast). These differences in spatial distributions may
have implications for acquisition and/or transmission of vector-borne pathogens and therefore warrant further study
over a wider geographic range and longer time frame.
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species of deer keds [3, 4]. These cervids are the princi-
pal host for adult blacklegged ticks (Ixodes scapularis
Say, 1821) as well as winter ticks (Dermacentor albipictus
(Packard, 1869)) and lone star ticks (Amblyomma ameri-
canum (Linnaeus, 1758)). Deer keds are hematophagous
ectoparasitic flies, and the two species present in east-
ern North America are European deer keds (Lipoptena
cervi (Linnaeus, 1758)) and Neotropical deer keds (L.
mazamae Réndani, 1878). These two species are geo-
graphically distinct, with L. cervi found in the northeast-
ern US and adjacent Canada and L. mazamae found in
the southeastern US into South America, with a small
region of range overlap in the Appalachian Mountains of
western Virginia and eastern Tennessee [5-7].

As vector-borne disease cases continue to rise in the
US, tick-borne pathogens have become of increasing
concern to scientists, medical professionals, and the pub-
lic [8]. Along with Borrelia burgdorferi, blacklegged ticks
can transmit disease agents such as Anaplasma phagocy-
tophilum (9], Babesia microti [10], and Ehrlichia muris
eauclairensis [11-13], the causative agents of anaplas-
mosis, babesiosis, and ehrlichiosis, respectively. Lone
star ticks are associated with E. chaffeensis [14, 15] and
E. ewingii [16], agents of ehrlichiosis, while winter ticks
are associated with A. marginale [17, 18], which causes
anaplasmosis in cattle. While deer keds are known to bite
people and cause dermatitis in humans in Europe [19],
they have generally been considered medically unimpor-
tant in North America because deer ked bites on humans
are not widely reported in this region and evidence of
pathogen transmission to humans is lacking [20]. Recent
studies, including several from North America, have
nevertheless identified zoonotic pathogens in deer keds
collected from cervids; these include Anaplasma spp.
[21-26], Bartonella spp. [23, 27-34], Borrelia spp. [24,
35], Ehrlichia spp. [35], and Rickettsia spp. [21, 23]. How-
ever, the role of deer keds in the transmission dynamics
of these pathogens, if any, remains unclear.

Ectoparasites can acquire pathogens by feeding on
infected hosts, but deer keds are one-host flies that are
not known to interact with the primary reservoir hosts
(i.e. small rodents) of many of these pathogens. As such,
there is uncertainty as to how some of these typically
tick-borne pathogens are acquired by deer keds. Vertical
transmission of Bartonella schoenbuchensis by deer keds
has been suggested, based on detection of the bacteria in
immature stages and winged adults [23, 27, 31]. Another
possible route is co-feeding transmission, whereby an
uninfected deer ked could acquire a pathogen by feeding
in close proximity to another infected ectoparasite, even
if the host itself is not systemically infected with that
pathogen. This route of pathogen acquisition is impor-
tant in several Ixodes spp. tick-host systems [36—38].
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This study was motivated by anecdotal reports that
tick and deer ked infestations of white-tailed deer in
the southeastern USA differ by body section and geo-
graphical location. Such spatial localization of different
ectoparasite species on the host could have implications
for disease dynamics, particularly if ticks and deer keds
are sharing pathogens through co-feeding transmission.
The probability of co-feeding transmission is known to
decline with increasing distance between co-feeding ticks
[39-42], so localization of ticks and deer keds on dif-
ferent parts of a host’s body would be expected to also
reduce the risk of pathogen transmission between the
two species.

Differences in on-host parasite distribution may reflect
host suitability on a host landscape scale [43] as well as
geographical region, ecological history, and competitive
interactions. Previous studies have described feeding
sites for L. cervi on red deer (Cervus elaphus), fallow deer
(Dama dama), and moose in Europe [44, 45] and L scap-
ularis [46-50] and A. americanum [51] on white-tailed
deer in North America, but these studies have been lim-
ited to a single geographical location. Competitive inter-
actions between tick species have been demonstrated on
white-tailed deer [50], but this has not been evaluated
between two unrelated groups of ectoparasites, such as
ticks and deer keds. Our objective was to evaluate the
presence and on-host localization of tick and deer ked
species on naturally infested white-tailed deer in different
geographical regions. These data will help improve our
understanding of parasite utility of the same host, which
may influence pathogen sharing via co-feeding.

Methods

During the 2018-2019 deer-hunting season, ectopara-
sites were collected from hunter-harvested white-tailed
deer at check stations or meat processors in six eastern
states (Table 1). Henceforth, “deer” will refer to white-
tailed deer, unless otherwise stated. The inspection and
collection process was reported in detail by Poh et al.
[52]. In summary, the head, front, and rear of each deer
(Fig. 1) were inspected prior to butchering, and ectopara-
sites were located visually and by running gloved hands
or flea combs through the body hair. Ectoparasites found
in each section were preserved in vials of 70% EtOH by
body section.

For collections made in Virginia, Kentucky, Tennes-
see, and Alabama, only deer freshly shot on the morn-
ing of collection (assessed by lack of rigor of the carcass)
were inspected, and the three sections were inspected
for 2 min each. Maryland conducted similar collections
for deer freshly shot during county-run sharp shooting
events, and each of the three sections were inspected
for 2 min by two technicians for 4 person-minutes total
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Table 1 Locations where white-tailed deer were inspected for ectoparasites, ordered by decreasing latitude

Page 3 of 11

Location Sampling date State County Latitude Longitude Site description

Bair's Deer Processing 11/27-12/2/18 PA Lancaster 40.1291 —76.5853 Meat processor
Bennett Creek Conservation Park 12/20/18 MD Montgomery 39.3062 —77.2026 Multi-use park
Rachel Carson Conservation Park 12/17/18 MD Montgomery 39.2199 —77.0876 Multi-use park

Black Hill Regional Park 12/14/18 MD Montgomery 39.1928 —77.2975 Multi-use park
Woodstock Equestrian Park 1/4/19 MD Montgomery 39.1884 — 774320 Multi-use park

Green Valley Processors 11/17/18 VA Amhurst 37.5229 —79.2916 Meat processor

H&M Processors 11/10/18 KY Clay 37.1845 —83.7640 Meat processor
Bethyl Valley, Oak Ridge 11/03/18 TN Anderson 35,9656 —84.2478 Agency check station
Oakmulgee, Talladega 11/23/18 AL Hale 32,9565 —87.4601 Agency check station

County and coordinates refer to the inspection site; some deer may have been harvested in adjacent counties

Rear

Fig. 1 Diagram of the head (H), front (F), and rear (R) sections of
white-tailed deer that were inspected for ectoparasites; each section
was inspected for 2 min

per body section. In Pennsylvania, all available deer were
inspected, and each section was inspected for 2 min by
two individuals for 4 person-minutes total per body sec-
tion. The maximum time since death for deer in Pennsyl-
vania was 4 days, with most deer (71%) being checked the
day after harvest and harvested deer held outside in low
temperatures (<4 °C) prior to inspection, which arrested
arthropod movement (personal observation by KCP, JRE,
MJS, ETM). While it is possible for deer keds to move or
leave the host after host death, previous literature has
described other dipteran species to slow or cease move-
ment between 5 and 15 °C, depending on the species
[53-56]. Additionally, since the methods of collection
were the same within states, this would not be expected
to affect relative abundances of different species or the

patterns of abundances in different body sections within
states. Methodological differences affecting ectoparasite
abundance may be confounded with state, however, so
we only compared abundances within each state.

Ticks were identified morphologically at the Hick-
ling Laboratory at the University of Tennessee, the Penn
State Veterinary Entomology Laboratory, and the Mul-
linax Spatial Wildlife Ecology Laboratory at the Univer-
sity of Maryland using standard keys [57-61]. Deer keds
were identified at the Penn State Veterinary Entomol-
ogy Laboratory using the key presented by Skvarla and
Machtinger [5]. Deer keds and Pennsylvania tick vouch-
ers were deposited in the Frost Entomological Museum
at Penn State; Virginia, Kentucky, Tennessee, and Ala-
bama tick specimens were retained in the Center for
Wildlife Health at the University of Tennessee; Maryland
tick samples were retained in the Mullinax Spatial Wild-
life Ecology Laboratory at the University of Maryland.
Henceforth, states will be referred to as the standard state
abbreviations established by the US Postal Service [62].

Statistical analyses

To test differences in abundances of ticks and deer keds
within each body section per state, a Bayesian gener-
alized mixed model was constructed using the pack-
age brms V.2.14.4 [63]. In the full model, the number
of ectoparasites detected was modeled using a negative
binomial distribution and contained the three-way inter-
action among ectoparasite species, state, and region
along with a random effect of individual deer to control
for repeated measures. All fixed effects had Student’s
¢ priors, with three degrees of freedom, a mean of zero,
and standard deviation of 10, while all other effects used
the default priors [64]. The model was run for 10,000
iterations with a warmup of 2000. For model selection, all
potential subsets of the full model that retained at least
the random effect were compared with Pareto smoothed
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importance sampling leave-one-out cross-validation
(PSIS-LOO [65]). A post-hoc analysis was conducted on
the top model using Bayesian hypothesis tests for differ-
ences in abundance across body sections for each state
and ectoparasite species.

Results

A total of 1636 I scapularis (adults), D. albipictus
(nymphs and adults), and A. americanum (adults) ticks
were collected from 168 deer across six states in the east-
ern US (Table 2). At least one tick species was collected
from each state, with 1. scapularis being the predominant
species found in each state (Table 2). Amblyomma ameri-
canum and D. albipictus are included in summary statis-
tics (Table 2), but were excluded from statistical analyses
because of low sample sizes. Hereafter, “ticks” will refer
to statistical results for I scapularis only.

The top model containing the three-way interaction
among all effects performed best (Table 3), with clear var-
iation across each variable and their interactions (Fig. 2,
Table 4), and explained a reasonable proportion of the
observed variance (R*=0.59+0.04). The model showed
good convergence between chains (R values<1.01;
Table 4, Additional file 1: Fig. S1), unimodal posterior
distributions, and good chain mixing. Ticks were con-
sistently more common in the head section and less
common in the rear section, with the exception of AL,
where ticks were generally rare and no differences were
detected (Fig. 2). Similarly, the only significant pairwise
comparison in MD was between the head and front body
sections, though data were limited in this state (Table 5).

Deer keds were collected in three states: AL, PA, and
TN (Table 2). Deer keds in AL and TN were identified
as L. mazamae, whereas deer keds in PA were identi-
fied as L. cervi. Lipoptena mazamae from AL and TN
were mostly confined to the rear body section and were
significantly more abundant toward the rear (Table 5).
In contrast, L. cervi in PA were evenly distributed across
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Table 3 Model selection table using PSIS-LOO
Model Aelpd Ase  elpdloo  elpdloo se
~ State*Section*Species 0.00 000 —1352.05 4801
~State*Section + State*Spec  —2248 562 —137453 4835
ies + Section*Species
~Species*Section + State* —5136 1141 —140340 48.66
Species
~ State*Section + Section* —7371 1012 —142575 50.31
Species
~ State*Section 4 State*S —97.70 1303 —1449.74 4892
pecies
~ State 4 Section*Species —10420 1306 —1456.24 50.27
~Section*Species —11956 13.15 —1471.61 5045
~Section + State*Species —12485 1526 —1476.89 49.06
~ State*Species —133.71 1559 —1485.75 49.20
~ State*Section 4 Species — 14187 1388 —149392 4997
~ State*Section — 15935 1482 —151140 5053
~State + Section + Species —177.01 1651 —1529.05 5061
~State 4 Species —182.12 1684 —1534.16 50.63
~ State + Section — 18783 1667 —1539.88 50.80
~Section + Species —20039 17.72 —155243 51.74
~Species —20562 1789 —1557.67 51.80
~State —20620 1764 —155824 5138
~Section —21033 1788 —1562.38 51.87
~1 —230.07 1914 —1582.12 5294

elpd loo is the Bayesian leave-one-out cross-validation estimate of the expected
log pointwise predictive density, Aelpd is the difference in the expected
predictive accuracy for each model from the top model, and Ase is the standard
error of this difference. All models with interactions also included all lower order
effects

all body sections, with no significant difference in abun-
dances among body sections (Table 5).

Discussion

This study was motivated by anecdotal reports that
tick and deer ked infestations of white-tailed deer dif-
fer by body section and geographical location. To quan-
tify these reports, we collected ticks and deer keds from

Table 2 Number of deer sampled and means (+SE) of deer keds and adult ticks collected from white-tailed deer in each state,

November 2018-January 2019

State Number of deer Deer ked? Ixodes scapularis Amblyomma Dermacentor albipictus
sampled americanum
Alabama 14 3.00 (0.64) 243(132) 0.07 (0.07) 0.00 (0.00)
Kentucky 20 0.00 (0.00) 13.80 (2 41) 0.00 (0.00) 0.75 (0.26)
Maryland 20 0.00 (0.00) 5(0.33) 0.00 (0.00) 0.00 (0.00)
Pennsylvania 87 3.60 (0.49) 6.39 (O 79) 0.00 (0.00) 2.05 (0.49)
Tennessee 20 10.25(1.73) 23.80(2.79) 0.05 (0.05) 0.65 (0.38)
Virginia 7 0.00 (0.00) 8.29 (1.60) 0.00 (0.00) 0.14(0.14)

2 Deer ked species recovered were Lipoptena cervi and L. mazamae, which are geographically separate [5]. Lipoptena cervi were collected from PA only, and L. mazamae

were collected from AL and TN
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hunter-harvested deer brought to check stations or meat
processors in six states in the eastern US during the fall
2018 hunting season. The results confirm that geographic
location and co-occurring ectoparasite species impact
the extent to which ticks and deer keds co-infest the same
individual deer and the same body section of the host dif-
fers in ways that may be relevant to vector-borne disease
ecology, such as co-feeding transmission as a method to
share pathogens between two different ectoparasites.
Tick infestation of the deer we sampled was dominated
by L scapularis, primarily found in the head and front
sections of the deer, regardless of state. Interestingly, pre-
vious reports of tick distributions on white-tailed deer
in Pennsylvania recorded more I scapularis on the body

than the head during 3-min searches in two body sec-
tions [50], whereas in the current study I scapularis was
primarily found on the head and the front regions of deer.
The deer tested in the previous study were confined to
one fenced location, whereas the deer sampled in the cur-
rent study were free ranging and from many areas of each
state; we speculate that habitat structure may have played
a role in these differences seen between studies. There
are several reports of adult ticks attaching to the head or
front sections of white-tailed deer, roe deer, and red deer
[47-49, 66—68], perhaps because the head is the first part
of the deer to encounter vegetation as it moves through
the woods or during feeding [51]. If ticks are climb-
ing onto the host from the legs, ticks may then migrate
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Table 4 Model effects summary table, with estimate, upper, and
lower credibility intervals (Cl) and R to assess chain convergence

Effect Estimate SE LowerCl UpperCl R
Deer SD(intercept) 0.78 0.10 0.58 0.99 1.00
Intercept 0.85 0.17 0.51 1.20 1.00
StateAL —1.60 058 —277 =046 1.00
StateKY 1.21 0.39 046 1.99 1.00
StateMD —1.20 046 —209 —030 1.00
StateTN 2.14 0.36 144 2.86 1.00
StateVA 1.19 0.59 0.07 240 1.00
SectionFront 0.08 021 —033 049 1.00
SectionRear —3.10 036 —384 —242 1.00
SpeciesKed —1.05 023 —151 =060 1.00
StateAL:SectionFront 047 073 —094 191 1.00
StateKY:SectionFront —1.60 050 —258 —062 1.00
StateMD:SectionFront —1.61 076 —315 =018 1.00
StateTN:SectionFront —1.51 045 —238 —063 1.00
StateVA:SectionFront —1.83 079 —337 —030 1.00
StateAL:SectionRear 2.54 0.85 087 4.21 1.00
StateKY:SectionRear —1.95 099 —405 —-0.17 1.00
StateMD:SectionRear 1.96 0.74 048 339 1.00
StateTN:SectionRear —0.82 064 —207 043 1.00
StateVA:SectionRear —1256 1306 —4373 —1.05 1.00
StateAL:SpeciesKed —546 365 —1455 —054 1.00
StateKY:SpeciesKed —1660 1070 —4509 —484 1.00
StateMD:SpeciesKed — 1466 1035 —4097 -—261 1.00
StateTN:SpeciesKed —853 325 —1666 —435 1.00
StateVA:SpeciesKed —1566 1233 —4721 —328 1.00
SectionFront:SpeciesKed 0.09 032 —054 0.73 1.00
SectionRear:SpeciesKed 324 044 241 411 1.00
StateAL:SectionFront:Spe 5.05 372 —=016 1423 1.00
ciesKed

StateKY: —451 1232 —3331 1403 1.00
SectionFront:SpeciesKed

StateMD: —418 1209 —3201 1418 1.00
SectionFront:SpeciesKed

StateTN: 8.25 3.29 391 16.44 1.00
SectionFront:SpecieskKed

StateVA: —490 1277 —3500 1428 1.00
SectionFront:SpecieskKed

StateAL: 563 3.71 043 1482 1.00
SectionRear:SpeciesKed

StateKY: —451 1229 —3365 1437 1.00
SectionRear:SpeciesKed

StateMD: —582 1213 —3478 1249 1.00
SectionRear:SpeciesKed

StateTN: 9.44 331 499 1762 1.00
SectionRear:SpeciesKed

StateVA:SectionRear:Spec —258 1301 —3246 18091 1.00
iesKed

Shape (phi) 0.79 0.10 0.62 1.00 1.00
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upwards to the front section because they detect exhaled
carbon dioxide [69], which may further explain why ticks
were mostly collected from the head and/or front sec-
tions. Greater hair density on the chest can protect ticks
from desiccation, unfavorable temperatures, and removal
by vegetation [66, 70], which may also explain this for-
ward and upward movement and attachment. Further-
more, deer may be less able to effectively groom the head
and front sections to dislodge fully-attached ticks.

It is unclear how adult deer keds find their hosts dur-
ing the winged adult stage. There is evidence that deer
keds typically use host movement as their primary cue
to identify a host, although deer keds have occasionally
been collected in traps baited with CO, so they may also
be attracted to exhaled carbon dioxide [71-75]. Relying
on different cues during host-seeking and being able to
navigate more quickly through pelage may be a proxi-
mate explanation for why deer keds differ from ticks in
their localization on host deer.

The difference in spatial infestation patterns of north-
ern and southern deer keds on cervid hosts suggests
behavioral differences between the two deer ked species.
Lipoptena cervi, collected in PA, are a non-native spe-
cies that was first found in North America in 1907 and
thought to have been introduced sometime in the late
1800s via deer imported from Europe [76, 77]. In con-
trast, Lipoptena mazamae, collected in TN and AL, are
native to North, Central, and South America. Although
L. mazamae is known as the “Neotropical” deer ked,
Bequaert [78] reported this species of deer ked in the
US, Mexico, Brazil, and Argentina. In this study, L.
mazamae were more likely to be found in the rear sec-
tion of white-tailed deer compared to the head or front
sections, whereas L. cervi were spread more evenly across
the body. In contrast, studies in Europe have found that
L. cervi is more prevalent on the groin and flank of red
deer and fallow deer and the front of moose [44, 45].
Host grooming response is a consideration, as deer keds
have been found in the rumen of red deer and infested
semi-domestic reindeer [Rangifer tarandus tarandus
(Linnaeus, 1758)] and white-tailed deer show increased
grooming behavior when deer keds are present [44, 79,
80], which suggests that deer can groom themselves (by
licking, chewing, or scratching) to remove deer keds
from their bodies. Additionally, deer ked bites pro-
duce papules that are accompanied by intense itching in
humans [81]. Deer may also experience intense itching,
thereby alerting deer to the presence of the deer ked fol-
lowed by prompt removal through scratching, biting, and
other grooming behaviors [44, 79, 80]. If deer are not able
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Table 5 Post-hoc analysis of differences in abundance across body sections for each species state combination

State Species Contrast Est Error Lower Cl Upper Cl Significance
AL Is Head—front 0.54 0.69 —081 1.91

AL Is Head—rear —0.58 0.77 —2.10 0.92

AL Is Front—rear -1 0.69 —248 0.21

KY Is Head—front —152 045 —241 —064 *
KY Is Head—rear —5.05 091 —7.06 —346 *
KY Is Front—rear —353 091 —554 —1.92 *
MD Is Head—front —153 0.74 —3.04 —0.16 *
MD Is Head—rear —-1.14 0.65 —245 0.10

MD Is Front—rear 0.39 0.82 —1.18 2.05

PA Is Head—front 0.08 0.21 —034 048

PA Is Head—rear —-3n 0.36 —384 —244 *
PA Is Front—rear —-3.19 0.36 —392 —251 *
N Is Head—front —143 040 —221 —0.65 *
TN Is Head—rear —393 0.53 —4.99 —290 *
N Is Front—rear —250 0.54 —3.58 — 146 *
VA Is Head—front —1.74 0.76 —323 —0.26 *
VA Is Head—rear —15.39 11.16 —44.86 —4.15 *
VA Is Front—rear —13.65 11.18 —43.06 —237 *
AL Lm Head—front 577 3.82 0.69 14.70 *
AL Lm Head—rear 840 3.79 347 17.25 *
AL Lm Front—rear 2.62 0.75 1.23 417 *
PA Lc Head—front 0.17 0.24 —0.31 0.65

PA Lc Head—rear 0.14 0.25 —034 0.62

PA Lc Front—rear —0.03 0.24 —0.50 0.44

™ Lm Head—front 6.90 323 2.72 15.08 *
N Lm Head—rear 8.75 3.22 4.60 16.91 *
TN Lm Front—rear 1.85 0.44 1.00 2.71 *

Contrasts for keds in states where they were never reported were removed. “Is” represents Ixodes scapularis,“Lm" represents Lipoptena mazamae, and “Lc” represents

Lipoptena cervi

" Statistically significant at the 0.05 level based on 95% credibility intervals (Cl) that do not cross 0

to reach their rear areas to groom themselves, this may
be an advantageous location for deer keds. The native L.
mazamae may have behaviorally adapted to deer groom-
ing over evolutionary time whereas the non-native L.
cervi do not have this behavioral response to native deer
behavior or perhaps they have evolved to be more gen-
eralist in their feeding behavior and would not have the
same response to deer grooming behavior.

Niche partitioning based on the coevolutionary rela-
tionship of deer keds with ticks may also explain differ-
ences in the number of ectoparasites found in each body
section [82]. Native ticks and L. mazamae may have co-
evolved to avoid resource competition, with Neotropi-
cal deer keds found at the rear and ticks found at the
head. Niche partitioning has previously been shown for
within-host parasite distribution with feather mites on
birds, where different preferences and interactions (i.e.
competition) between the mites on the bird host shaped
the distribution of mites among and on individual hosts

[83, 84]. On white-tailed deer, niche partitioning has
been previously observed between I scapularis and D.
albipictus, with D. albipictus predominantly found in the
head section when competing with 1. scapularis [50]. As
a recently introduced species, L. cervi may exhibit less
niche partitioning and/or more competition with native
ticks, which may explain why it is found more evenly over
the entire body of the deer even when native ticks like 1.
scapularis are also present.

Ixodes scapularis and L. cervi feed on the same host in
PA, where Lyme disease is endemic, which raises ques-
tions about the role deer keds could play in acquiring and
potentially transmitting zoonotic pathogens now or in
the future. Co-feeding ticks have been shown to horizon-
tally transmit pathogens [37]. Deer keds feeding on deer
could ingest pathogens from systemically infected deer or
by co-feeding transmission from nearby ticks. For exam-
ple, Matsumoto et al. [30] reported detection of B. sch-
oenbuchensis in L. cervi and I scapularis co-feeding on
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white-tailed deer. Because deer keds feed multiple times
per day on a single animal and can live for at least a year
and possibly longer on host [44, 76, 85], there could be
multiple opportunities for tick-deer ked pathogen trans-
mission. It remains unknown, however, whether deer
keds that acquire a pathogen are capable of transmitting
pathogens back to co-feeding ticks, humans, or other
hosts [27, 31].

Based on findings in this study, which imply that ticks
and Neotropical deer keds may not consistently feed in
close proximity to each other, transmission of pathogens
via co-feeding between ticks and deer keds may not be
the primary method that deer keds acquire pathogens;
deer keds may instead acquire these pathogens while
feeding on an infected host or via vertical transmission.
On the other hand, European deer keds may still par-
ticipate in co-feeding transmission given that they were
found in the same body sections as ticks. Clearly, the
route of pathogen acquisition and potential transmission
by deer keds warrant further future investigation. A study
that looked in more detail at the spatial locations of tick
and deer ked feeding sites on deer could help address this
question, although one difficulty is that the long lifespan
and high mobility of deer keds mean they could poten-
tially acquire pathogens by co-feeding with ticks on a dif-
ferent host days to months before being collected.

The variability of deer ked and tick distributions on
white-tailed deer highlights the need to further study
deer ked-host and deer ked-tick relationships. Assuming
white-tailed deer are reservoirs for pathogens that have
been previously detected in L. cervi individuals, patho-
gens detected from deer keds would likely differ based
on other ectoparasites and pathogens circulating in dif-
ferent geographical regions. A larger investigation span-
ning hosts from many states is necessary to improve our
understanding of the potential role of deer keds in the
transmission and survival of zoonotic pathogens. A tem-
poral study of pathogens in ectoparasites feeding on the
same deer would also help to understand the probability
of co-occurrences of these pathogens in ticks and deer
keds more generally.

Conclusions

This is the first evidence of on-host spatial partition-
ing of ticks and two geographically distinct deer ked
species (L. cervi in the northeast and L. mazamae in
the southeast) on white-tailed deer hosts; partition-
ing was observed across multiple host body sections
and across geographical regions. These differences in
the distribution of ectoparasites on deer hosts could be
related to the evolutionary relationship among ticks,
deer keds, and their hosts, where native deer keds and
ticks were more likely to confine themselves to specific
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sections of deer and native deer keds may be found in
areas on the host that prevent premature removal via
host grooming. Lipoptena cervi, which is not native to
the US, was recovered in the northeast and was gener-
ally evenly distributed across all body sections of deer
while L. mazamae, a native species, was confined to the
rear sections. Ixodes scapularis was primarily found in
the head or front sections in all cases. Given the spatial
distribution differences of ticks and L. mazamae from
white-tailed deer, co-feeding as a route of pathogen
sharing between this species of deer keds and ticks may
not be the most likely route of pathogen acquisition.
Instead, deer keds may acquire pathogens when feed-
ing on an infected host or through vertical transmis-
sion. However, finding L. cervi ubiquitously throughout
all body sections of deer may support co-feeding trans-
mission of pathogens with 1. scapularis. Behavioral dif-
ferences between related deer ked species emphasize
the need to further investigate the relationship among
deer keds, their hosts, and other ectoparasites and how
these play a role in pathogen risk and transmission.
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