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Abstract

Background: Cattle fever ticks (CFT), Rhipicephalus (Boophilus) annulatus and R. (B.) microplus, are vectors of microbes
causing bovine babesiosis and pose a threat to the economic viability of the US livestock industry. Efforts by the Cattle
Fever Tick Eradication Program (CFTEP) along the US-Mexico border in south Texas are complicated by the involve-
ment of alternate hosts, including white-tailed deer (Odocoileus virginianus) and nilgai (Boselaphus tragocamelus).

Methods: In the present study, we use a spatially explicit, individual-based model to explore the potential effects of
host species composition and host habitat use patterns on southern cattle fever ticks (SCFT, R. (B.) microplus) infesta-
tion dynamics and efficacy of eradication schemes.

Results: In simulations without eradication efforts, mean off-host larval densities were much higher when cattle
were present than when only white-tailed deer and nilgai were present. Densities in mesquite and meadows were
slightly higher, and densities in mixed brush were much lower, than landscape-level densities in each of these scenar-
ios. In eradication simulations, reductions in mean off-host larval densities at the landscape level were much smaller
when acaricide was applied to cattle only, or to cattle and white-tailed deer, than when applied to cattle and nilgai.
Relative density reductions in mesquite, mixed brush, and meadows depended on host habitat use preferences. Shift-
ing nilgai habitat use preferences increasingly toward mixed brush and away from mesquite did not change mean
off-host larval tick densities noticeably at the landscape level. However, mean densities were increased markedly in
mesquite and decreased markedly in mixed brush, while no noticeable change in density was observed in meadows.

Conclusions: Our results suggest that continued integration of field data into spatially explicit, individual-based
models will facilitate the development of novel eradication strategies and will allow near-real-time infestation fore-
casts as an aid in anticipating and preventing wildlife-mediated impacts on SCFT eradication efforts.

Keywords: Agent-based model, Cattle Fever Tick Eradication Program, Host community, Individual-based model|,
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Background

Cattle fever ticks (CFT), Rhipicephalus (Boophilus)
annulatus and R. (B.) microplus, were eradicated from
the USA in 1943 through efforts of the Cattle Fever Tick
Eradication Program (CFTEP); however, they have again
become a threat to the economic viability of the US live-
stock industry [1]. In addition to the direct effects they
cause on livestock health as ectoparasites, CFT are also
the vectors of Babesia bigemina and B. bovis, which cause
bovine babesiosis, and Anaplasma marginale, which
causes anaplasmosis in cattle [2, 3]. The CFTEP main-
tains a permanent quarantine zone in south Texas along
the Rio Grande to buffer CFT incursions from Mexico,
where the tick vectors and bovine babesiosis remain
endemic [4, 5].

Historically, operations by the CFTEP focused on
monitoring cattle, the primary host of CFT. However, the
presence of increasing numbers of alternative host spe-
cies in the border region poses significant challenges to
the CFTEP [1, 6]. White-tailed deer (Odocoileus virgin-
ianus) maintain CFT populations in the absence of cat-
tle, which compromises eradication efforts [7, 8]. Nilgai
(Boselaphus tragocamelus) is also an alternate host of
CFT in the south Texas-Mexico transboundary region
[9, 10]. Nilgai is an antelope species in the same Bovidae
family as cattle, which was introduced to south Texas
from India in 1941 [11].

CFT outbreaks have increased recently in Texas outside
the quarantine zone (in Cameron, Hidalgo, Jim Wells, Jim
Hogg, and Willacy counties; 15 May 2020 notice from
the Texas Animal Health Commission) [12]. Contin-
ued success of the CFTEP requires an integrated strat-
egy based on an interdisciplinary systems approach that
specifically includes consideration of management risks
and opportunities associated with the livestock—wildlife
interface; simulation modeling has been identified as a
useful tool in this regard [13, 14]. There is a wide variety
of CFT models focused on questions dealing with both
basic biology and management on four continents [15].
However, relatively few models have included explicit
representation of wildlife hosts [16-19], and only one
has included nilgai [20]. Based on results of a simulation
modeling study focused on CFT-livestock—wildlife inter-
actions, it has been suggested that refugia for CFT could
be created by white-tailed deer during acaricide treat-
ments directed at cattle via deposition and subsequent
collection of CFT in habitats favorable for survival of off-
host life stages [18]. Further simulation studies have sug-
gested that nilgai, which roam widely over parts of south
Texas and northeastern Mexico [21], could augment the
role of white-tailed deer in sustaining CFT infestations
by facilitating widespread redistribution of CFT from
refugia [20]. Nilgai activity ranges are larger than those
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of white-tailed deer by almost an order of magnitude; the
maximum axis of home ranges of radio-tracked nilgai
have exceeded 30 km [11]. Male nilgai are capable of tra-
versing such distances in a single day [22].

One of the major uncertainties in dealing with poten-
tial wildlife-mediated impacts on CFT eradication efforts
remains our lack of knowledge about the combined
effects of host species composition and host habitat use
patterns on tick infestation dynamics. Wang et al. [20]
conducted a preliminary evaluation of the sensitivities
of southern cattle fever tick (SCFT, R. (B.) microplus)
dynamics to simulated changes in each of these three fac-
tors, individually, in the absence of eradication efforts.
These authors found, not surprisingly, that SCFT dynam-
ics in general, and off-host larval dynamics in particular,
were sensitive to changes in each factor. These authors
also simulated various infestation and eradication scenar-
ios, using literature-based estimates of each of these three
factors. In all of their simulated infestation scenarios, the
proportion of infested landscape patches was highest
in poor tick habitat and lowest in fair tick habitat. They
defined “good” (mesquite-dominated woody plant com-
munities), “fair” (mixed thorn shrub communities), and
“poor” (uncanopied forage areas) in terms of the relative
survival rates of off-host larvae. These counterintuitive
results were the product of the species-specific habitat
use patterns of hosts combined with the habitat-specific
survival rates of off-host larvae. When these authors sim-
ulated eradication scenarios, the particular host species
that received acaricide treatments determined the pro-
portions of landscape patches in the different tick habi-
tats that remained infested.

In the present study, we explore in greater depth the
effects of host species composition and host habitat use
patterns on tick infestation dynamics and efficacy of
eradication schemes. More specifically, we simulate sce-
narios in which acaricide is applied to cattle only and sce-
narios in which acaricides are also applied to one or both
of the two principal wildlife hosts (white-tailed deer and
nilgai). We evaluate the efficacy of each acaricide applica-
tion scheme in terms of the resulting densities of off-host
tick larvae. We also attempt to distinguish the influence
of host habitat use preferences from that of host species
composition per se, and further explore the potential
importance of nilgai habitat use patterns. Thus the main
purpose of this modeling exercise is explanation, sensu
[23]. We use a model containing explicit causal pathways
relating host habitat use preferences and host species
composition to off-host larval densities, which gener-
ates output supportive results of field studies document-
ing involvement of white-tailed deer and nilgai as SCFT
hosts [6, 7, 21, 24], to explain how wildlife hosts could
impact tick eradication efforts.
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Fig. 1 Conceptual model of the system of interest (a) modified from Fig. 1in [18] and Fig. 1 in [20]. Landscape configuration (b) consisting of 31%
mesquite (green), 28% mixed brush (red), and 41% meadows (blue). Weekly air temperatures (C, black dashed line), saturation deficits (millibars,
bold black line), and index values based on precipitation (cm, gray line) () recorded in south Texas (Willacy County), USA from January 2008
through December 2018 (Climate Data Online, National Oceanic and Atmospheric Administration, https://www.ncdc.noaa.gov/cdo-web/)

Methods

To investigate potential causal mechanisms responsi-
ble for wildlife-mediated impacts on SCFT eradication
efforts, we used the model described by Wang et al. [18,
20]. The model is spatially explicit and individual-based
[25, 26], and is designed to simulate effects of shifts in the
spatiotemporal patterns of host (cattle, white-tailed deer,

and nilgai) habitat use on the dynamics of SCFT popula-
tions (Fig. 1a). The model is parameterized to represent a
hypothetical 10,000-hectare ranch comprising 31% mes-
quite-dominated, 28% mixed-brush-dominated, and 41%
open meadow (uncanopied grass) habitats (equivalent to
relatively good, fair, and poor habitats, respectively, for
survival of off-host tick larvae) (Fig. 1b) under weather
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Table 1 The parameters used to represent nilgai, cattle, and
white-tailed deer as hosts of cattle fever ticks, their baseline
values, and their information sources

Parameters Values References
Cattle/ha 0.0286 [52]
Deer/ha 0.1667 [52]
Nilgai/ha 0.05 [53]
Activity area (ha) cattle 300 [18]
Activity area (ha) deer 675 [54]
Activity area (ha) nilgai 8355 [11]
Hab pref mesquite? cattle 0.30 [52]
Hab pref mixed brush® cattle 0.10 [52]
Hab pref meadows* cattle 0.60 [52]
Hab pref mesquite® deer 0.20 [52]
Hab pref mixed brush® deer 040 [52]
Hab pref meadows® deer 040 [52]
Hab pref mesquite® nilgai 0.30 [53]
Hab pref mixed brush® nilgai 0.10 [53]
Hab pref meadows* nilgai 0.60 [53]

2“Mesquite” refers to mesquite-dominated woody plant community and is
considered a relatively “good” climatic environment for CFT to complete the off-
host portion of the life cycle and sustain larval survival

b“Mixed brush” refers to a community of mixed thorn shrub species and is
considered a relatively “fair” climatic environment for CFT to complete the off-
host portion of the life cycle and sustain larval survival

““Meadow" refers to uncanopied forage areas and is considered a relatively
“poor” climatic environment for CFT to complete the off-host portion of the life
cycle and sustain larval survival

conditions recorded in south Texas (Willacy County),
USA from January 2008 through December 2018 (Cli-
mate Data Online, National Oceanic and Atmospheric
Administration, https://www.ncdc.noaa.gov/cdo-web/)
(Fig. 1c). A detailed description of the basic model fol-
lowing the standard ODD (overview, design concepts,
and details) protocol for describing individual-/agent-
based models [25, 26] is available in Wang et al. [18,
20]; a description of the major processes represented in
the model can be found in Additional file 1, and a list of
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parameter values for the baseline version of the model
used in the present study appears in Table 1.

Our experimental design consisted of simulating SCFT
dynamics on the hypothetical ranch over a 5-year period
under each of seven scenarios. Three scenarios involved
different combinations of host species in which no eradi-
cation schemes were applied. Four scenarios involved dif-
ferent eradication schemes in which all three host species
were present (Table 2). Host species composition in the
three scenarios without eradication schemes included:
Scenario (1) cattle, white-tailed deer, and nilgai; Scenario
(2) only cattle; and Scenario (3) only white-tailed deer
and nilgai. Eradication schemes in the four scenarios with
all three host species present included acaricide treat-
ments applied to: Scenario (4) cattle only; Scenario (5)
cattle and white-tailed deer only; Scenario (6) cattle and
nilgai only; and Scenario (7) all three host species. We
assumed that acaricide applied to cattle killed 100% of
on-host ticks, and acaricide applied to white-tailed deer
and nilgai killed 100% of on-host ticks on 50% of the indi-
viduals, 50% of the ticks on 25% of the individuals, and
failed to kill any ticks on 25% of the individuals. The vari-
able efficacy by host type reflects the difficulties of treat-
ing wildlife for tick suppression [27]. For each of these
scenarios, we ran 10 replicate stochastic (Monte Carlo)
simulations because the variation among 10 simulations
showed no statistical difference based on Friedman tests.
Each simulation was initiated with no off-host ticks and
one half the maximum tick load on one individual of the
non-acaricide-treated host species. During each simula-
tion, beginning in year 2, we monitored off-host larval
tick densities in each landscape cell and summarized
these results in terms of densities at the landscape level,
and in mesquite, mixed-brush, and meadow habitats.

To separate the influence on our results of host habi-
tat use preferences from that of host species composition
per se, we also repeated the experimental design assum-
ing no host habitat use preference. That is, we replaced
the preferences used by Wang et al. [18] with habitat use

Table 2 Summary of the experimental design for simulations, which consisted of seven scenarios

Scenario number Species present

Species treated

Cattle
White-tailed deer and nilgai

~N O W=

Cattle, white-tailed deer, and nilgai

Cattle, white-tailed deer, and nilgai
Cattle, white-tailed deer, and nilgai
Cattle, white-tailed deer, and nilgai
Cattle, white-tailed deer, and nilgai

None

None

None

Cattle

Cattle and white-tailed deer

Cattle and nilgai

Cattle, white-tailed deer, and nilgai

Three scenarios involved different combinations of host species in which no eradication schemes were applied. Four scenarios involved different eradication schemes

in which all three host species were present
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preferences equal to relative habitat availability, thus dis-
tributing host use approximately uniformly (host move-
ments are probabilistic) across the landscape. A ¢ test was
used to compare off-host larval tick densities from each
scenario simulated with, versus without, host habitat use
preferences. Statistical analyses were performed using R
3.4.4 (R Core Team, 2013) and under the a=0.01 signifi-
cance threshold.

Finally, based on the results of the experiments above,
to further explore the relative importance of nilgai habi-
tat use preferences on off-host larval tick densities, we
repeated the eradication schemes (Scenarios 4 through 6
only) for each of three nilgai habitat use preferences. We
increased nilgai preference for mixed brush (fair SCFT
habitat) from 0.1 to 0.4 in increments of 0.1, while simul-
taneously reducing preference for mesquite (good SCFT
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habitat) from 0.3 to 0 in increments of 0.1. Habitat use
preferences for cattle and white-tailed deer were those
used by Wang et al. [18].

Results

When no eradication schemes were applied, at the land-
scape level there was relatively little difference in tempo-
ral trends in mean off-host larval tick densities between
the two scenarios in which cattle were present (Scenario
1 and Scenario 2), but during simulations of the scenario
in which only white-tailed deer and nilgai were present
(Scenario 3), densities were much lower (Fig. 2a). Relative
densities among scenarios in mesquite (Fig. 2b), mixed
brush (Fig. 2c), and meadows (Fig. 2d) followed the
same temporal pattern exhibited at the landscape level
(Fig. 2a), with densities higher with cattle than without
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Fig. 2 Temporal trends in mean off-host larval tick densities (per ha) (a) at the landscape level, (b) in mesquite, (c) in mixed brush, and (d) in
meadows from scenarios with cattle, white-tailed deer, and nilgai (Scenario 1, black lines), only cattle (Scenario 2, thick black lines), and only
white-tailed deer and nilgai (Scenario 3, gray lines). No eradication schemes were applied in these scenarios
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cattle. Relative densities among habitat types were similar
within each of the three scenarios, with densities in mes-
quite (Fig. 2b) and meadows (Fig. 2d) slightly higher than
densities at the landscape level (Fig. 2a), and densities in
mixed brush (Fig. 2c) much lower. Weather-imposed sea-
sonal and year-to-year fluctuations in densities were the
same in all simulations.

In the no-eradication scenarios (Scenario 1, Scenario
2, and Scenario 3), when we compared off-host lar-
val tick densities from each scenario simulated with,
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versus without, host habitat use preferences, there were
no differences (CWN: t=-1.4630, df=18, p=0.1607; C:
t=-2.0270, df=18, p=0.0577; WN: t=1411, df=18,
p=0.1752) at the landscape level (Fig. 3a) or almost
no difference (CWN: t=-2.0200, df=18, p=0.0585;
C: t=-4.4420, df=17, p=0.0004; WN: t=-19.410,
df=18, p=0.0681) in mesquite (Fig. 3b). However, in
the absence of host habitat use preferences, mean densi-
ties were more than twice as high (CWN: t=-18.7000,
df=12, p<0.0001; C: t=-19.1100, df=12, p<0.0001;
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preferences. Star symbol indicates that the difference is statistically significant at p <0.01. No eradication schemes were applied in these scenarios
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WN: t=-15.6800, df=13, p<0.0001) in mixed brush
(Fig. 3c) and statistically lower (CWN: t=8.2668,
df=16, p<0.0001; C: t="9.3246, df=16, p<0.0001; WN:
t="7.9531, df=16, p<0.0001) in meadows (Fig. 3d).
When eradication schemes were applied, reductions in
mean off-host larval tick densities at the landscape level
were much smaller when acaricide was applied to cattle
only (Scenario 4) or to cattle and white-tailed deer only
(Scenario 5) than when applied to cattle and nilgai only
(Scenario 6) (Fig. 4a) (results for Scenario 7 not shown in

Fig. 4; highest mean off-host larval tick densities were <1/
ha when acaricides were applied to all three host species).
Relative density reductions in mesquite (Fig. 4b), mixed
brush (Fig. 4c), and meadows (Fig. 4d) followed the
same general pattern across eradication schemes exhib-
ited at the landscape level (Fig. 4a). However, reductions
across eradication schemes in mixed brush were signifi-
cantly larger (CWN: t=-15.5100, df=13, p<0.0001; C:
t=-21.6900, df=11, p<0.0001; WN: t=20.8920, df=11,
»<0.0001) in simulations without, than in simulations
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with, host habitat use preferences (Fig. 4c), whereas most
reductions in meadows were significantly larger (CWN:
t=7.6974, df=16, p<0.0001; C: t=9.3726, df=16,
p<0.0001; WN: t=-1.5140, df=18, p=0.1474) in simu-
lations with host preferences (Fig. 4d).

Shifting nilgai habitat use preferences increasingly
toward mixed brush and away from mesquite in the
simulations when acaricide treatments were applied to
cattle only (Scenario 4) did not change mean off-host

larval tick densities noticeably at the landscape level
(Fig. 5a). However, mean densities were increased
in mesquite by ~94% (from =13 to ~213 larvae/
ha, Fig. 5b) and decreased in mixed brush by ~308%
(from ~280 to =91 larvae/ha, Fig. 5c¢), while densi-
ties in meadows were not changed noticeably (Fig. 5d).
When acaricide treatments were applied to cattle and
white-tailed deer only (Scenario 5), results were simi-
lar qualitatively. Densities were relatively unchanged at
the landscape level (Fig. 6a) and in meadows (Fig. 6d),
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but increased in mesquite by>99% (from<1 to ~190
larvae/ha, Fig. 6b) and decreased in mixed brush by
~460% (from ~244 to ~53 larvae/ha, Fig. 6¢). When
acaricide treatments were applied to cattle and nil-
gai only (Scenario 6), results again were similar quali-
tatively, but all mean densities were approximately an
order of magnitude lower than the corresponding den-
sities in the other two scenarios (Fig. 7).

Discussion

Simulations presented here, which were generated by a
model containing explicit causal pathways relating host
habitat use preferences and host species composition to
off-host larval tick densities, provided numerical output
supporting field studies documenting involvement of
white-tailed deer and nilgai as SCFT hosts [6, 7, 21, 24].
That is, our model represents a plausible set of cause—
effect relationships that provide an explanation of the
manner in which white-tailed deer and nilgai could be
involved as SCFT hosts. Thus, by logical extension, our
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model represents a plausible set of cause—effect relation-
ships that provide an explanation of the manner in which
white-tailed deer and nilgai could impact tick eradication
efforts. Such explanation informs the exploration of new
tactics for controlling the spread of CFT by wildlife hosts,
as well as the development of novel strategies for sus-
tainable CFT eradication in general, which are urgently
needed [27-29].

The simulated dynamics of our model indicate that
eradication efforts are challenged not only by the pres-
ence of wildlife hosts per se, but by our uncertainty

regarding their habitat use patterns [30]. Although poten-
tial effects of species composition and relative abundance
of wildlife hosts on system-level densities of host-seeking
larvae are easily explained, wildlife-mediated effects on
distribution and abundance of larvae among different
habitats remain to be fully understood [31-33]. Thus, our
simulations provide insight into the potential impact of
wildlife host habitat preferences on distribution patterns
of host-seeking larvae. For example, host-seeking larval
densities were relatively higher in meadows than in mixed
brush in our simulations using a set of literature-based
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host habitat use preferences (Fig. 3). However, in simu-
lations assuming no host habitat use preferences, larval
densities were markedly higher in mixed brush than in
meadows. These results can be understood considering
higher survival rates of oft-host tick life stages in mixed
brush, which would result in higher densities given the
equal deposition of engorged females when host habitat
preferences are completely absent.

Host-seeking larval distribution patterns may be
sensitive to subtler shifts in wildlife host habitat pref-
erences. When we shifted nilgai preferences for mixed
brush from 0.1 toward 0.4 (and simultaneously prefer-
ences for mesquite from 0.3 toward 0), host-seeking
larval densities in the most infested landscape cells
increased approximately threefold in mixed brush and
decreased by approximately one-third in mesquite
in those scenarios (4 and 5) in which nilgai were not
treated with acaricide (Figs. 5, 6). These results sug-
gest the potential for creation of host-seeking lar-
val “hotspots,” which might effectively become larval
refugia during acaricide-based eradication schemes.
Wang et al. [18] reported that white-tailed deer might
facilitate the development of such refugia. Prelimi-
nary results suggested that nilgai might serve to widely
redistribute ticks from these refugia [20]. However,
the aforementioned studies did not explicitly examine
nilgai habitat use. Agudelo et al. [19] simulated effects
on larval distribution based on shifts of white-tailed
deer habitat preferences in more detail and found that
densities were highest in mesquite if the time spent
in mesquite/mixed brush was roughly double that
assumed by Wang et al. [18]. However, if time spent in
mesquite was lower (<0.1), host-seeking larvae were
essentially confined within mixed-brush refugia.

Information on the ecology of refugia for CFT lar-
vae in south Texas originally posited through modeling
of the livestock—wildlife interface is emerging [18, 34].
Further, the larval hotspots revealed by our expanded
model, which also simulates the effect of nilgai, pre-
sent both challenges and opportunities with regard to
the development of new tactics for controlling SCFT
larvae on, or deposited by, wildlife hosts [15]. This
challenge can be met by integrating knowledge of wild-
life movements, CFT biology, and management strate-
gies from the perspective of rangelands as complex
adaptive systems [30, 35, 36]. Habitat use preferences
of white-tailed deer have been studied extensively
[37-42], but seldom within the context of their effects
on CFT management strategies [21, 22]. Nilgai move-
ments have been studied within the context of CFT
management, with an interest in their ability to spread
CFT widely because of their potentially large home
ranges (571-29,909 ha) [21], and diurnal activity
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patterns of nilgai have been studied with an interest
in increasing efficacy of CFT treatment schemes [43].
However, information on nilgai use of habitat shared
with white-tailed deer and their preferred movement
patterns in and around the CFTEP quarantine zone in
south Texas remains scarce [44—46]. Furthermore, the
landscape mosaic within which nilgai, as well as white-
tailed deer and other potential wildlife hosts, form
their habitat use patterns is swiftly changing due to
rural land fragmentation [47].

Conclusions

New tactics for controlling the spread of CFT by wild-
life hosts, as well as developing novel strategies for
sustainable CFT eradication in general, are urgently
needed [27-29]. The principle of “agri-intelligence” can
be applied to identify the interactions of environmental
and anthropogenic factors that generate the temporal
and spatial patterns of CFT outbreaks in south Texas.
In this context, it is critical to base an integrated CFT
management strategy on an interdisciplinary systems
approach [48], which specifically considers risks and
opportunities associated with the livestock—wildlife
interface, and is informed by models that enable full-
spectrum thinking for resilience of eradication efforts
[13]. Existing technology allows the collection and inte-
gration of detailed data on animal movements, physical
structure, and vegetative composition of the landscape
as well as microclimatic conditions. We suggest that
continual integration of such data into spatially explicit,
individual-based models will facilitate the development
of novel eradication strategies [49, 50] and will allow
near-real-time infestation forecasts [51] as an aid in
anticipating and preventing wildlife-mediated impacts
on CFT eradication efforts.
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