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Abstract.  Recent controversy over whether biodiversity reduces disease risk (dilution
effect) has focused on the ecology of Lyme disease, a tick-borne zoonosis. A criticism of
the dilution effect is that increasing host species richness might amplify disease risk, assum-
ing that total host abundance, and therefore feeding opportunities for ticks, increase with
species richness. In contrast, a dilution effect is expected when poor quality hosts for ticks
and pathogens (dilution hosts) divert tick blood meals away from competent hosts. Even
if host densities are additive, the relationship between host density and tick encounters
can be nonlinear if the number of ticks that encounter a host is a saturating function of
host density, which occurs if ticks aggregate on the remaining hosts rather than failing to
find a host before death. Both dilution and amplification are theoretical possibilities, and
assessing which is more prevalent required detailed analyses of empirical systems. We used
field data to explore the degree of tick redistribution onto fewer individuals with variation
in intraspecific host density and novel data-driven models for tick dynamics to determine
how changes in vertebrate community composition influence the density of nymphs infected
with the Lyme bacterium. To be conservative, we allowed total host density to increase
additively with species richness. Our long-term field studies found that larval and nymphal
ticks redistribute onto fewer individuals as host densities decline, that a large proportion
of nymphs and adults find hosts, and that mice and chipmunks feed a large proportion
of nymphs. White-footed mice, eastern chipmunks, short-tailed shrews, and masked shrews
were important amplification hosts that greatly increased the density of infected nymphs.
Gray squirrels and Virginia opossums were important dilution hosts. Removing these two
species increased the maximum number of larvae attached to amplification hosts by 57%.
Raccoons and birds were minor dilution hosts under some conditions. Even under the
assumption of additive community assembly, some species are likely to reduce the density
of infected nymphs as diversity increases. If the assumption of additivity is relaxed, then
species that reduce the density of small mammals through predation or competition might
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substantially reduce disease risk.
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INTRODUCTION

In the past few years, vigorous debate among disease
ecologists and conservation scientists has explored how
frequently and under what conditions the loss of biodiver-
sity increases the risk of contracting zoonotic diseases
(Keesing et al. 2010, Ostfeld and Keesing 2012, 2013,
Randolph and Dobson 2012, Wood and Lafferty 2012,
Ostfeld 2013). The argument that biodiversity loss poten-
tially increases disease risk begins with the observation
that many multi-host pathogens are harbored by abun-
dantand widespread species with fast life histories that are
present in both species-rich and species-poor communi-
ties. West Nile virus, for example, can be transmitted by
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many species of birds, but amongits most competent hosts
in North America are American Robins, Blue Jays, and
Common Grackles (Kilpatrick et al. 2006), which are
abundant in both species-rich and species-poor habitats
(Allan et al. 2009). Rodents provide another example,
because many species are abundant, resilient to anthropo-
genic impacts on the environment, and function as par-
ticularly efficient hosts for zoonotic pathogens, including
those that cause Lyme disease, hantavirus diseases,
plague, leishmaniasis, various hemorrhagicfevers, human
anaplasmosis, and babesiosis (Daszak et al. 2000, Ostfeld
and Holt 2004). The underlying causes of the observed
relationship between host persistence across gradients in
anthropogenic disturbance and host quality as producers
of pathogens are not yet clear, but recent research suggests
that one mechanism may be that ecologically resilient spe-
cies with fast life histories may invest relatively less in
adaptive immunity, compared to species that are more
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sensitive to biodiversity loss, for instance because of long
generation times (Previtali et al. 2012, Ostfeld et al. 2014).
An alternative mechanism could be that pathogens have
adapted to specialize on abundant hosts as a form of evo-
lutionary host habitat selection. Regardless of the under-
lying mechanism, the ecological consequences are clear.
When amplification hosts (i.e., hosts that infect many vec-
tors) become abundant in ecological communities, patho-
gen transmission is likely to rise. In contrast, communities
with higher levels of biodiversity might include hosts that
reduce disease risk by transmitting pathogens to vectors at
lower rates, by reducing vector survival, or by reducing the
abundance of amplification hosts. This decrease in disease
risk with addition of less efficient hosts is sometimes called
the dilution effect and these hosts are called dilution hosts.

Assessing the relative magnitudes of dilution and ampli-
fication of hosts within a community requires considera-
ble data on host abundance and quality, as well as the
development and analysis of mathematical models. These
models must capture key aspects of host-vector—patho-
gen dynamics and be grounded in empirical data. Our
principal goal in this paper is to develop such a model,
focusing on the within-season dynamics of the agent of
Lyme disease circulating in vertebrate populations in the
northeastern USA.

Lyme disease is by far the most common vector-borne
disease of humans in the USA, and both its annual inci-
dence and geographic range are still increasing (Bacon
et al. 2008). Lyme disease is caused by the bacterium
Borrelia burgdorferi, which is passed from host to host
through the bite of Ixodes tick vectors. In the U.S. north-
eastand upper midwest, where over 96% of U.S. Lyme dis-
ease cases occur, the primary Lyme disease vector is the
blacklegged tick (Ixodes scapularis), which feeds just once
during each life stage (larva, nymph, and adult). Larval
blacklegged ticks are extreme host generalists and will feed
from any of dozens of vertebrate taxa including birds,
reptiles, and mammals (Fig. 1A). The infected nymphs
thatarise from thoselarval blood meals are responsible for
almost all human cases of Lyme disease (Barbour and
Fish 1993). Although I scapularis ticks can acquire
B. burgdorferifrom many vertebrate hosts, these host spe-
cies vary greatly in the probability that they will transmit
the pathogen to a feeding tick attached to a given host.
This probability, which is the product of the probability
that the host is infected and the probability that it trans-
mits the pathogen to a feeding tick, is called the realized
reservoir competence (Table 1). The most competent host
species for transmitting B. burgdorferi are common and
widespread small mammals: white-footed mice
(Peromyscus leucopus), eastern chipmunks (7amias stria-
tus), short-tailed shrews (Blarina brevicauda), and masked
shrews (Sorex cinereus; Table 1; LoGiudiceet al. 2003).

Vertebrate hosts differ not only in their ability to trans-
mit pathogens, but also in the probability that larval ticks
successfully feed having encountered each host (i.e., their
permissiveness). For example, almost 50% of larval ticks
that attempt to feed from white-footed mice are successful
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Fic. 1. A complete population model for the community
ecology of Lyme disease would (A) include all tick-host
interactions in the larval, nymph, and adult life stages and then
feed back to influence larval abundance, and (B) incorporate
predatory and competitive interactions within the vertebrate
host community. Such a model would likely be intractable, but
empirical data on the interactions between larval ticks and hosts
allow us to parameterize a detailed multi-host model of the
critical larvae-nymph transition, which determines the density
of infected nymphs from a given larval cohort. We conservatively
assume that host densities are additive (no interaction among
hosts), although less competent, larger bodied hosts often prey
upon and compete with pathogen-amplifying small mammals,
which could reduce the probability that a larval tick successfully
transitions into an infected nymph.

in feeding to repletion, a level of success significantly
higher than any other host tested (Keesing et al. 2009,
Table 1). In marked contrast, only 3.5% of larval ticks
attempting to feed on a Virginia opossum (Didelphis
virginianus) feed to repletion, with the remaining 96.5%
being killed by the host during grooming (Keesing et al.
2009, Table 1). Because mice, and to a lesser extent chip-
munks, are both competent and permissive hosts, as well
as being widespread and typically abundant, their popula-
tion dynamics are thought to be important factors influ-
encing tick-borne disease risk. Shrews are also competent
reservoirs that host large numbers of larvae (Table 1), but
their permissiveness has not been tested.

A criticism of the dilution effect in this system is that
although increasing host diversity may reduce tick infec-
tion prevalence, adding host species could increase tick
abundance (vector amplification) simply by providing
more feeding opportunities to ticks (Randolph and
Dobson 2012, Wood and Lafferty 2012). This argument
rests on an implicit assumption of additivity: each species
has its own density that is set by factors other than the
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TaBLE 1. Data used to parameterize the model and estimates of the proportion of fed larvae produced by each species.

B. burgdorferi
Individuals per Post-grooming Feeding reservoir

Species Scientific name hectare (D)) body burden (B)) survival (S)) competence (R,)
White-footed mouse Peromyscus leucopus 40 27.8 0.49 0.921
Eastern chipmunk Tamias striatus 20 36 0.24 0.550
Masked shrew Sorex cinereus 25 55.5 0.49, 0.24 0.512
Short-tailed shrew Blarina brevicauda 25 62.9 0.49, 0.24 0.418
Eastern gray squirrel Sciurus carolinensis 8.1 142 0.17 0.147
Ground foraging birds Various 31.6 1.7,11.4 0.27 0.117
Striped skunk Mephitis mephitis 0.05 66.8 0.24, 0.04 0.097
Raccoon Procyon lotor 0.2 127 0.24, 0.04 0.013
Virginia opossum Didelphis virginiana 0.2,1 254 0.035 0.026
White-tailed deer Odocoileus virginianus 0.25 239 0.49 0.046

Notes: Parameters for body burden taken from LoGiudice et al. (2003), but we additionally ran the model with the higher body
burden found on birds in Keesing et al. (2009). Feeding survival parameters were taken from Keesing et al. (2009) where available.
Where these data were unavailable (cells with numbers in bold), we used a range of parameter values from other species. We
assumed that larval survival on shrews would be bracketed by the higher survival on mice and the lower survival on chipmunks. We
assumed that larval survival on raccoons and skunks would be similar to survival on chipmunks, but we also ran the model with the
exceptionally low survival found on opossums. We assumed that deer would be poor groomers with high survival similar to mice.
Density estimates are taken from LoGiudice et al. (2003) and Keesing et al. (2009) with the exception of opossum where we use their
value of 1/ha and also use a lower population density estimate. Reservoir competence for B. burgdorferi was taken from LoGiudice
et al. (2003). In the manuscript, our base parameters refer to the first value the cells with two values and alternative parameteriza-

tions refer to the second value.

densities of the other co-occuring species. In other words,
more species-rich communities by necessity will contain
more total host individuals. When assuming additivity,
additional species could lead to more tick feeding oppor-
tunities, which would increase tick abundance if those
ticks would otherwise have failed to find a host. However,
there is no a priori reason to assume that total host den-
sity and/or biomass increase additively with increasing
species richness because alternative hosts may actually be
predators or competitors of reservoir hosts. Depending
on the strength of predatory and competitive interac-
tions, increased diversity can lead to roughly constant
community density or even far lower community density
if additional hosts in a community reduce the abundance
of particular focal hosts (Fig. 1B). For example, disap-
pearance of top predators (Estes et al. 2011, Ripple et al.
2013), a loss of diversity, releases their prey from top-
down regulation, leading to greatly elevated total host
abundance in predator-free communities. Similarly, the
loss of competitors can result in ecological release with
consequences for disease. For example, the loss of large
herbivores in an African savanna permitted surges in the
abundance of small-bodied rodents, which in turn sus-
tain pathogen-carrying fleas at higher abundance
(McCauley et al. 2008, Younget al. 2014), and overhunt-
ing of granivorous white-lipped peccaries (Tayassu
pecari) resulted in elevated abundance of the rodent hosts
forhantavirus (Galettietal. 2015). Within the hotspots of
Lyme disease, the restoration of top predators to north-
eastern forests would almost certainly very substantially
reduce the densities of deer, which is clearly a violation of
the assumption of additive community density.
Additivity is also likely violated among small mammals

in many systems due to strong interspecific competition,
with competitive exclusion as a limiting case (reviewed in
Grant 1972, Kelt et al. 1995, Nupp and Swihart 2001).
However, experimental research in our system was una-
ble to successfully manipulate rodent densities because
translocated individuals rarely remained at sites where
they were introduced, and removals resulted in excess
immigration that counterbalanced density reductions
(Brunneretal.2013).

Even in a hypothetical situation when host densities are
additive as species diversity changes, the distribution of
ticks may change in important ways. For instance, ticks
may aggregate on the remaining hosts as host density or
diversity declines. We call this shift in host use by ticks
when some hosts are scarce or missing “redistribution”
(Keesing et al. 2009). If there is no redistribution and host
densities are additive, then all hosts are amplification
hosts because ticks that encounter them would otherwise
simply have failed to feed. Some critiques of the dilution
effect have merely assumed this de facto (Randolph and
Dobson 2012, Wood and Lafferty 2012).

By contrast, if there is complete redistribution, or if only
the infection prevalence rather than density of nymphs is
considered, then removing incompetent hosts causes lar-
vae to instead feed on competent small mammals, and in
this case, the incompetent hosts would be deemed dilution
hosts (LoGiudiceetal. 2003, Keesing et al. 2009). Whether
one assumes that ticks completely redistribute, or do not
redistribute at all, leads to opposite conclusions about
whether there is a dilution or amplification effect (if spe-
cies densities are additive). The degree of redistribution is
thus crucial to gauging whether a given host species is a
dilution or amplification host.
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To analyze this question in the context of a concrete
empirical system, here we first analyze 19 years of field
data on both questing and attached larva and nymph pop-
ulations. To supplement our long-term data on immature
ticks, we also analyze data on adult feeding success from
two classic papers in Lyme disease ecology (Deblinger
et al. 1993, Ginsberg and Zhioua 1999), to address the
relationship between host density and the number of ticks
attached to hosts. Specifically, we determine whether the
number of ticks fed by hosts increases linearly with host
density or saturates at low, moderate, or high host densi-
ties. We then expand on current models by explicitly con-
sidering both vector and pathogen amplification using a
data-driven model of the larva—nymph transition. We
were able to include many of the complexities associated
with host-vector—pathogen interactions in the larva-to-
nymph transition because our system is so data-rich with
respect to these interactions. However, the nymph-to-
adult and adult-to-larva transitions are admittedly data-
poor (as is arguably true for most tick population studies
in the literature). We concentrate our efforts on the
within-year seasonal dynamics of the larva-to-nymph
transition, which we believe is critical to Lyme disease
ecology because (1) this transition produces the nymphs
that are responsible for infecting people, and (2) tick pop-
ulations appear most limited by hosts for larvae (dis-
cussed below, Figs. 2-3). To build upon previous work
(e.g., Keesing et al. 2009), we incorporate the process of
questing, attachment, and feeding by larval ticks as
dynamic outcomes of a model, which allows tick redistri-
bution to occur as hosts are added or removed.

Our model examines in detail the within-season dynam-
ics of the larval tick population exposed to a multi-host
prey community, a key dimension of understanding this
system that has been neglected by most earlier theoretical
studies motivated by this system (e.g., VanBuskirk and
Ostfeld 1995, Porco 1999, Schauber and Ostfeld 2002, Levi
etal.2012). We parameterize the model with empirical data
on the quality of vertebrate hosts, using a plausible range of
parameter values for missing data, to evaluate the disease
amplification and dilution potential of individual host spe-
cies under the assumption that host densities are additive.
Ourapproachin this paper fits with broader currents in epi-
demiological modeling, moving beyond single host-
pathogen systems (reviewed by, e.g., Lloyd-Smith et al.
2009), first to theoretical or conceptual models of dilution
and amplification in multi-host systems (e.g., Dobson
2004, Keesing et al. 2006, Joseph et al. 2013), and then to
the complexities of an empirical, multispecies community.

Field data

Weused 19 years of data from a tick and small-mammal
trapping program at the Cary Institute of Ecosystem
Studies in Dutchess County, southeastern New York,
USA (Ostfeld et al. 2006, and unpublished data) to assess
the level of empirical support for larval redistribution as
host abundance varies (full methods in the Appendix S1).
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Rather than remove an entire host species (which is experi-
mentally difficult), we used natural variation in mouse and
chipmunk abundance to determine whether a decline in
rodent density leads to (1) increased tick loads (i.e., ticks
concentrate on fewer individuals) and (2) increased densi-
ties of questing ticks (i.e., ticks fail to find hosts at low
rodent densities but are removed from the pool of questing
ticks as rodent densities increase). Because mice are much
more abundant than chipmunks, and are highly corre-
lated with chipmunks (Pearson’s test P <0.0001, =0.52),
mouse density is nearly perfectly correlated with total
rodent (mouse + chipmunk) density (r = 0.98, P < 10716;
Appendix S1: Fig. S1). Thus inferences based on mouse
density cannot be distinguished from those based on total
rodentdensity.

We quantified the degree of larval and nymphal redistri-
bution onto fewer hosts using the relationship between
mouse density and the average number of larvae or
nymphs per mouse during the trapping session coinciding
with the larval and nymphal peaks. Redistribution would
be evident by each mouse hosting more larvae or nymphs
at lower mouse densities, or, equivalently, by the total
number of larvae or nymphs feeding on mice increasing
more slowly as mouse densities increase. We used
maximum-likelihood to fit the saturating (Michaelis-
Menten) function, y = ox/(p + x), where x is the density of
mice, and y is the total number of larvae or nymphs
counted on mice per hectare (i.e., the product of mouse
density and larvae or nymphs per mouse). The parame-
ter o determines the saturation point and B is the half-
saturation parameter. We also present results of larvae or
nymphs per mouse vs. mouse density using the per-capita
formulation y = o/(B + x), where o and B are identical to
above. In addition, this equation is used to relate peak
questing (host-seeking ticks/100 m?) larval or nymphal
density (y) to mouse density (x) to determine if abundant
mouse populations can potentially reduce the density of
questing ticks by encountering them and removing them
from the pool of host-seeking ticks. Noting that white-
tailed deer are an important host for adult blacklegged
ticks, we also utilized data from two classic papersin Lyme
disease ecology (Deblinger et al. 1993, Ginsberg and
Zhioua 1999) to address the degree to which adult ticks
redistribute onto remaining hosts (deer) when host density
declines.

Data results

Larvae counted per mouse declined nonlinearly as mouse
density increased (R = 0.56), indicating that larvae can
potentially concentrate on fewer hosts as host density
declines (Fig. 2A). Total number of larvae feeding on mice
perhectaresaturated ata = 3914 larvae/ha, with half satura-
tion parameter b = 94.4 mice/ha (Fig. 2B; Michaelis-
Menten functional form y = ax/(b + x)). The peak density of
questing larvae per hectare was unrelated to mouse density
(Fig. 2C). Note that this density refers to larvae collected on
drag cloths, which is much lower than the estimated actual
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Fic. 2. Quantifying the relationships between hosts and ticks of each life stage. Nonlinear model fits were in all cases supported
by at least four AIC units. (A and B) Larvae counted per mouse declined nonlinearly as mouse density increased (R% = 0.56),
indicating that larvae can concentrate on fewer hosts as host density declines. Gray dashed line follows the initial slope, which is the
expected relationship if total larvae fed increases additively with mouse density. (C) The peak density of questing larvae per hectare
was unrelated to mouse density. (D and E) Nymphs counted per mouse also declined nonlinearly (R? = 0.23), and the total number
of nymphs feeding on mice saturated at moderate mouse densities, indicating that most nymphs find hosts. Gray dashed line follows
the initial slope, which is the expected relationship if total nymphs fed increases additively with mouse density. (F) The peak density
of questing nymphs declined sharply with increasing mouse density (R? = 0.40). The density of questing nymphs reached high
densities when mice become very rare, providing evidence that mice and chipmunks feed a large proportion of the nymph population,
and that nymphs redistribute onto fewer hosts until a low threshold vertebrate density is reached.

density of questing larvae that was used to parameterize the
model (dragcloth efficiency for larval sampling is estimated
to be less than 10%; Daniels et al. 2000). Nymphs counted
per mouse also declined nonlinearly (Fig. 2D; R? = 0.23),
and the total number of nymphs feeding on mice saturated
at a = 104 nymphs/ha, with half saturation parameter
b =28.3 mice/ha (Fig. 2E). The total number of nymphs on
mice saturated at much lower mouse densities than did the
number larvae on mice, allowing it to be closer to complete
saturation at the highest mouse densities. In contrast to

questing larvae, the peak density of questing nymphs did
decline nonlinearly with increasing mouse density (Fig. 2F;
R? = 0.40) and reached high densities when mice became
very rare. The negative relationship between mouse density
and the density of questing nymphs suggests that a high pro-
portion of nymphs find a host and that mice and chipmunks
together feed a large proportion of nymphs. One could view
the patterns of Fig. 2A, D, and F as a kind of intraspecific
dilution effect; the more rodents, the lower the tick burden
perrodent.
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FiG. 3. The relationship between deer density and tick feeding success. (A) Data from experimental deer cull published in
Deblinger et al. (1993) showing the decline in the deer density index (solid line) accompanied by an increase in the number of adult
ticks counted on deer (dashed line). (B) Data from Ginsberg and Zhioua (1999) on the encounter rate (per minute of cloth dragging)
of questing adult ticks in control (light gray) and deer exclosure treatment (dark gray) before the exclosure was erected, 1 yr after
exclosure, and 2 yr after exclosure.

The data from an experimental deer cull published in
Deblinger et al. (1993) showed that the decline in the deer A
density index was accompanied by an increase in the num-
ber of adult ticks counted on deer (Fig. 3A), suggesting
that within this range of deer densities, deer density is not
limiting adult tick feeding opportunities because the num-
ber of adult ticks feeding on the deer population is invari-
ant to deer density. Data from Ginsberg and Zhioua
(1999) on the encounter rate of questing adult ticks before
a deer exclosure was erected, 1 yr after exclosure, and 2 yr
after exclosure indicated that >50% of adult ticks had
already attached to deer by mid-November (Fig. 3B). This
isearly in the phenology of the adult life stage, which over-
winters and is active again through the following spring
(Levi et al. 2015), suggesting that a larger portion of the
adultlife stage eventually finds a host.

Tick—Host MODEL 1 OO 200 300

The field data demonstrating tick redistribution across D ay Of yr
all life stages, strong redistribution of nymphs at moderate
mouse den@tles, and heaVy dependepce of nymphs on Fi1G. 4. (A) Structure of our differential equation model for
rodents (mice and/or chipmunks), motivates us to develop  the flow of questing larvae, Q, to attached larvae on each host
a dynamic model to describe the transition from questing species, A4, to larvae that have successfully fed on each host species,

tickl toinfected infected hs ( ter list F,. The larvae that have successfully fed transition into infected or
lcklarvactoinfected or uniniected nymphs (parameter iis uninfected nymphs depending on the reservoir competence of the

in Appendix S1: Table S1). The purpose of the modelis to  host. (B) Phenology of nymphs counted on the heads of chipmunks
determine the effect of the presence of each host on the den- gﬁd) )fOHOW?d ;}éslaﬁvae counted O%the heﬁds Cand eIafS of mlc?f
: : : : ue) on six 2.25-ha trapping grids at the Cary Institute o
s¥ty ofinfected nymphs proc.iuced fr.o m emgrgmg larivae mna Ecosystem Studies in Dutchess County, New York, USA, in 2012.
single year. The model consists of differential equationsfor  Our farval emergence function (Eq. 2) with a peak timing of 20 d
densities of questing larvae, Q, and for each larval tick host (b =0.05) is plotted with a gray dashed line and closely matches the
i of N'species, the larvae that have attached to host i, 4, and timing of larval body burdens fit with a generalized additive model
| h h’ fully fed leti d d’ L hed (black line). We ignore the small early larval peak associated with
arvae thathave s‘?ccess ullyfe FO repletionan eta‘? ¢ overwintering larvae from the previous cohort.
from host 7, F; (Fig. 4A). Questing larvac emerge with a
time-dependent phenology at rate E(z), and they are
removed from the questing class if they attach to any of the
Nhosts, oriftheydie, leading to the differential equation:

Uninfected
nymphs

. Infected
Questing Attached to Fed on nymphs

larvae host i host i

@

8 12

4
1
Larvae/mouse

Nymphs/chipmunk
0O 20 40 60

0

where Ho is the per-capita death rate of questing larvae,
and q; is the per-capita rate at which questing larvae
encounter host 7, which has density D,. We areinterested in
N differences between communities differing in which host

dd_? =E(t)— Z a;D,;Q— HQQ (1) sPecies are pr.ese.nt; D;is set to 0 for hosts that are al?sent.
i1 Since additivity is assumed, the value of D, for host i does
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not depend on the composition of the rest of the commu-
nity (i.e., no competition or predation). The emergence
function can be approximated by:

E()=Hte™ 2
which describes the increase in larval abundance in late
summer, when the vast majority of larvae emerge, fol-
lowed by a peak and subsequent decline found in field data
(Fig. 4B; ¢ = 0 is assumed to be the emergence start time,
before which Q = 0). The parameter H is the initial slope of
Eq. 2, which also influences the height of the peak emer-
gence rate, H/(be), which occurs at ¢ = 1/b. The total num-
ber oflarvaein the cohortis H/b?.

Attached larvae can either die on the host, with per-
capita death rate p;, or successfully feed and drop off. The
time required for larvae to feed to repletion is assumed to
be constant (t =4 d), so the drop-off rate is the product of
therate at which larvae attached to the host t days ago and
the probability that they successfully survived those
© days, which is e7". This leads to a delay differential
equation for the density of attached larvae on host species
iwith the form:

% =a;D;Q—p,A;,—a;D;e " Q(t—7). 3)
The replete larvae that drop off their host move into a fed
class. The density F; of fed larvae produced in the current
season from host7isdescribed by:

% =a;D;e " Q(t—7). @

No death rate is included in Eq. 4 since we assume the
mortality of fed larvae is dominated by failure to molt or
overwintering deaths, accounted for below, Egs. 6-7. The
cumulative number of fed larvae produced from each host
at time 7 can be found by integrating Eq. 4 with respect to
time, giving:

t t
F(t)= J %dr: a;D,e* J O(t—n)dt. (5)
0 T

The total number of fed larvae produced from host ican
be found by setting ¢ to the time of the end of the season,
which is often approximately F() (see Fig. 5), which we
assume.

To become nymphs the following year, larvae that fed
on species i must successfully molt, which has probability
M, and successfully overwinter, which has probability O,
(we assume that both can depend on the host, but not the
time at which feeding ended). The density of nymphs the
nextyear, DON,isthen:

N
DON= )’ F(c0)M;0,. (6)
i=1
Thedensity of nymphsinfected with B. burgdorferiis:
N
DIN=)" F(c0)M,O,R, ()

i=1
where R, is the realized reservoir competence of verte-
brate host i for B. burgdorferi (the probability that it will
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Fic. 5. Results from numerical solution (using base

parameter set in Table 1, and p, = 0.01/d) of the differential
equations for the densities of questing larvae, attached larvae on
each host species, and fed larvae over a season. Attached larvae
per host individual is also shown, indicating that individual
opossums encounter many more larvae than do other hosts
when assuming base parameters. Individual skunks and
raccoons are also predicted to encounter thousands of larvae per
individual if we assume that larval survival on these species is
similar to survival on opossums. Per unit area, mice (dark red),
short-tailed shrews (orange), chipmunks (red), masked shrews
(yellow), squirrels (dark green), and opossums (light green) hold
significant quantities of larvae. Raccoons (blue), skunks (black),
and deer (brown) can individually hold significant quantities,
but relatively few larvae attach to birds (pink).

infect a tick that feeds on it). Because there is considerably
less variation among species in the probability that larvae
successfully molt, and because there are limited data on
the probability of successful overwintering, we assume
that all species produce fed larvae with similar molting
success and overwinter survival, M,0; = 0.4 (Brunner
etal.2011).

Even when assuming additivity, increasing host diver-
sity results in lower disease risk aslong as the declinein tick
survival and infection probabilities outweighs the increase
in the probability of encountering a host. For example, if
adding opossums, (excellent groomers and incompetent
reservoirs) to a vertebrate community does not reduce the
density of any other species, then larval ticks will be more
likely to encounter a vertebrate host and potentially
become infected. Whether this results in more infected
nymphs depends in large part on the probability that these
larvae would otherwise (in the absence of opossums) have
found a more competent and permissive host such as a
small mammal, which would have a higher probability of
producing an infected nymph. This can be formalized by
comparing the fractional change in the density of infected
nymphs, ADIN,, going from a community with all N host
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species to acommunity of N — 1 species, in which one focal
species (j) has been removed. The change in DIN when
hostjisremoved can be written as:

Zi¢j F, j(00)M;O;R; (8)
2 Fi(0)M;O;R,

ADIN, =

where F; J(°°) is the total number of larvae that fed on host i
when host j is removed from the community. Host j is a
dilution host if ADIN, > 0 (DIN increases in j’s absence)
and an amplification hostlf ADIN <0, with themagnitude
of ADINJ determining the strength of dilution or amplifi-
cation. (The summation with index 7 is over all hosts, and
withindex i#jis overall hostsexcept;.)

We solved the differential Eqs. 1-4 numerically using
the deSolve package in R statistics. The delay differential
equation was implemented with the DDE function. We
were also able solve the equations analytically (see
Appendix S1), but most analytical solutions are unwieldy.
However, we were able to obtain an intuitive and simple
solution for Ffeo):

1}; a;De " ©)
Zl 1 1D +p’Q

where H/b?is the total abundance of larvae (from integrat-
ingEq.2):

Fi(c0)=

a;D;

2511 a;D;+pg
is the probability that a tick encounters host i rather than
encountering another host or dying, and e """ is the proba-
bility of surviving on host i to reach the fed class. This

equation can also be used for F; J(oo) by excluding host j

from the sum.
We can now derive the conditions for a focal species, /,
to beadilution host, whichis ADINj >(), or,equivalently:

> F,(0)M,O,R;> Y F/(c0)M;O;R,.
i#] i

(10)

M and O,can be canceled because we assume that molt-
ing success and overwinter survival do not vary across spe-
cies, and using F(e0) from Eq. 9 gives:

Z a;D;e "R ZaDe“fR
i#f l#j 1D+”Q fo+HQ

(11)

Consider the conditions for species 2 to be a dilution
hostin a two-species host community:

aDe™*R,  a;DeTM"R, +a,D,e7H'R, (12)
a1D1+},1Q alD1+}J,Q+azD2+HQ
which can be simplified to:
}zze‘_}’lzﬂr < —alDl Rle_le. (13)
a1D1 +|.lQ

The result in Eq. 13 is relevant to the debate over the
dilution effect. For example, if we assume that u , =0, such
that questing larvae never die and so always eventually
encounter a host, then host 2 is a dilution host if the
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product of the probability of surviving and becoming
infected is lower on host 2 than on host 1. In this scenario,
hosts that seem to be poor hosts really do reduce DIN. In
contrast, as u,, gets large, the quantity on the right of
Eq. 13 gets small and host 2 can be an amplification host
even if it has low reservoir competence and is not permis-
siveto tick feeding.

Equation 13 can be generalized to N species where spe-
ciesjisadilution hostif:

Zi# a;D;R;e™#*
Yy aiDitng

Notably, the density of the potential dilution host does
notappearin Egs. 13 and 14, although the amount of dilu-
tion does depend on host density. H and b also do not
affect Eq. 8 orinequalities 10-14.

Rev < (14

PARAMETERIZATION

Host specific encounter and mortality rates

We determined host-specific encounter and mortality
rates using field data, experiments, and the literature. B; is
the number of larvae successfully feeding on an individual
of host species i during the larval peak, which we call post-
grooming body burden. S, is the proportion of attached
larvae that survive to successfully feed, and D;is the popu-
lation density (1/ha) of species i (Table 1). B, has been
determined for most hosts by bringing wild-caught ani-
mals into the lab during the larval peak and counting
engorged larvae that fall off the animal (see LoGiudice
et al. 2003). S; has been determined experimentally by
placing 100 larvae on each host and counting the number
that successfully feed to repletion, and D;is taken from the
literature and field data (see Keesing et al. 2009, Table 1).
The probability of larval survival while feeding has not
been determined for all hosts. For hosts lacking data, we
used both higher and lower values of larval survival. We
assumed that short-tailed shrews (Blarina brevicauda) and
masked shrews (Sorex cinereus) might groom similarly to
mice (high survival) or chipmunks (moderate survival),
that raccoons and skunks would groom similarly to chip-
munks (moderate) or opossums (very low survival), and
thatlarvae would have high survival on deer similar to that
on mice. Larval survival on deer may be higher if deer are
especially poor groomers, but increasing the survival
probability to S;= 0.8 did not change our results. We used
two values of questing larvae mortality (1 0=0.01,0. 1).

We convert the survival probability, S, into the mortal-
ityratep,, using:

—-In(S))

T

IS, (15)

In our model, the body burden of each host species (the
number of attached ticks per host individual) is a dynamic
outcome of the model. We solved for the encounter rate a;
by considering the steady state peak body burden 47 /D;
(total density of larvae attached to host species divided by
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the population density of species /) when the peak density
of questing larvae is assumed to be constant, Q(7) = Q*.
Setting Eq. 3 tozero and solving for a, yields:

A7 Hi
a;,= Fz ( Q*(l _e—p,-‘r)> .

The peak body burden A7 /D;is equivalent to the post-
grooming body burden divided by probability of
surviving, B/S; assuming that Q* is near the peak
questing larval density (since B; was measured on animals
captured near this peak). Substituting our observed
parametersinto Eq. 10 yields the formulafora;

_ —B/In(S)
4= oS (1=S)r

(16)

(17)

Previous research using removal sampling found mean
density of questing larvae during the peak, Q% of
115 000/ha (Daniels et al. 2000). Q* is an important
parameter because it influences the calculated value of the
encounter rate a,, which is a key parameter determining
whether ticks that would have fed on host A instead redis-
tribute to feed on host B when host A is removed (Eq. 14).
We therefore ran our model for values of Q* from 10000 to
200 000 (equivalent to a range of densities of 1-20 larvae/
m?)inintervals of 5000.

Other parameters

Complete methods of estimating all other parameters
are presented in Appendix S1. Briefly, we assumed that on
averagelarvaesurvive aseason~100dlong, from mid-July
to late October, leading to a mortality rate of u, = 0.01/d.
We also ran the model at the low value of p,=0.1/d, corre-
sponding to an average life span of 10 d, to illustrate how
the results change if larvae are much less likely to encoun-
ter a host before death. We fit the parameters of the emer-
gence function to field data and using model output. These
parameters do not influence the relative density of infected
nymphs when a host species is removed (Eq. 11), but they
do influence our numerical output and the predicted abso-
lute density of nymphs.

MobEL RESULTS

Numerical solutions

The temporal pattern of questing and attached larvae
generated from the model (Fig. 5) had a form qualitatively
similar to the temporal pattern of larval emergence given
by Eq. 2, and the empirical temporal pattern of attach-
ment observed on mice (Fig. 4B). The total number of fed
larvae saturated by about 150 d, and few questing larvae
remained alive, which is consistent with the small cohort
of overwintering larvae that we observe in late spring
(Fig. 4B). Using our base parameter values (Table 1), far
more larvae attached to squirrels than to other hosts, a
result driven by the very large pre-grooming body burdens
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(BIS) of squirrels, and their moderately high population
density. After squirrels, shrews and chipmunks had the
most larvae attached, followed by mice. Substantially
fewer larvae attached to opossums and low numbers of
larvae attached to any other hosts (Fig. 5). Per animal,
opossums had by far the most larvae attached, followed by
squirrels, raccoons, and deer (Fig. 5). The opossum result
is driven by their high post-grooming body burden and
very low survival of attached larvae, which when put
together (B/S) leads to a high attachment rate. If we
assume that larval survival on raccoons and skunks is sim-
ilarly low to survival on opossums, then these other carni-
vores also host large quantities of larvae. We explore the
variation of results dependent on parameter values as
follows.

Larval redistribution after removing opossums and
squirrels

Removing opossums and squirrels from the host com-
munity using our base parameter values (which used the
lower opossum density) resulted in a 57% increase in the
number of larvae attached to each amplification host
(mice, chipmunks, and shrews; Fig. 6). The timing of peak
attachment also occurred later without squirrels and
opossums because larvae remain in the questing pool
longer beforefindinga host.

Testing hosts for dilution and amplification

With our base parameter values, squirrels were the most
important dilution hosts followed by opossums (Figs. 7A
and 8A). Removing these species substantially increased
the density of infected nymphs over the range of O* that
we assessed (Fig. 7A). Mice, chipmunks, short-tailed
shrews, and masked shrews were the most important
amplification hosts (Figs. 7A and 8A). Varying the param-
eter O* did not qualitatively impact our inferences, but the
fractional change in DIN declined as Q* increased so that
squirrels and opossums became be less effective dilution
hosts and small mammals became slightly more potent
amplification hosts (Fig. 7A). If the death rate of questing
larvae were very high (life span of 10 d), which reduces the
possibility of finding an alternative host before death,
opossums and squirrels become substantially less potent
dilution hosts (Fig. 7B), and the predicted change in DIN
became more sensitive to Q*.

Our results changed substantially with alternative
parameter values. If the actual opossum density were 1/ha
as has previously been assumed (LoGiudice et al. 2003,
Keesing et al. 2009), then opossums became by far the
mostimportant dilution host (Fig. 8C). If the body burden
of birds were substantially higher, as in Keesing et al.
(2009), then birds became minor dilution hosts (Fig. 8D).
Using the smaller parameter values for the survival of lar-
vae on shrews and mesocarnivores (i.e., survival on rac-
coons and skunks is similar to opossums and survival on
shrews is similar to chipmunks; Table 1) caused raccoons
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FiG. 6. The redistribution of larvae onto amplification hosts, including mice (dark red), short-tailed shrews (orange), chipmunks
(red), and masked shrews (yellow), when opossums and squirrels were removed resulted in a 57% increase in maximum body
burdens. Larvae attached to amplification hosts per hectare and per individual with an intact host community (solid lines), and
when squirrels and opossums are removed (thin dotted lines). The right-shift in the curve with squirrels and opossums removed
occurs because larvae remain in the questing pool longer before finding a host.
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FiG.7. The percent change in the density of infected nymphs
(DIN) when removing each host species as a function of the
peak larval density parameter Q% which influences the
encounter rate between questing larvae and hosts. Hosts whose
removal has a visible influence on DIN are labeled with
silhouettes. Raccoons, skunks, deer, and birds all overlap with a
near zero percent change in DIN when these species are not
available to larvae. (A) Removing mice (dark red), chipmunks
(red), masked shrews (yellow), and short-tailed shrews (orange)
leads to a substantial decrease in DIN; they are amplification
hosts. Removing squirrels (dark green) and opossums (light
green) leads to a substantial increase in DIN. (B) Even if the
mortality rate of questing larvae increases from p, = 0.01 to
K, = 0.1/d, which corresponds to an implausible décreasing in
the average lifespan from 100 d to 10 d, removing squirrels and
opossums still increases the density of nymphs infected with
B. burgdorferi.

to become moderately effective dilution hosts and shrews
to become less important amplification hosts, as expected,
but this also reduced the number of larvae that encounter
squirrels and opossums (because more have encountered
raccoons and shrews first), which somewhat reduced their

effectiveness at reducing DIN (Fig. 8E). Using the same
parameters as in Keesing et al. (2009), which includes the
higher values of opossum density and bird body burden in
Table 1, then opossums encountered so many questing
larvae that birds became relatively inconsequential hosts
(i.e., neither strong dilution or amplification hosts;
Fig.8F).

DiscussioN

The initial description of the dilution effect in this sys-
tem focused on the reduction in nymphal infection preva-
lence as hosts other than the white-footed mouse, the most
competent reservoir species, were introduced (LoGiudice
et al. 2003, Ostfeld and LoGiudice 2003). Later work inte-
grated vector amplification/reduction caused by differen-
tial larval survival on each host species and different sce-
narios for the degree of tick redistribution as host
communities change (Keesing et al. 2009). In contrast, we
have attempted to (1) use field data to explore the degree of
tick redistribution due to variation in intraspecific host
density and (2) to use models to explore the degree and
consequence of tick redistribution to interspecific varia-
tionin host densities.

Tick redistribution

Our field data indicated that both larvae and nymphs
concentrate on fewer animals as mouse density declines.
The total number of nymphs feeding on mice saturated at
moderate mouse densities, suggesting that the availability
of hosts for nymphs is not limiting to tick populations in
most years. We also found that the peak density of quest-
ing nymphs is several times higher when mouse densities
are very low. These results have several important impli-
cations: (1) the density of infected nymphs (Lyme disease
risk) is much higher in years when the rodent population
crashes because questing nymphs that would have fed on
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values. The model outputs correspond to (A) our base parameter values including the first value in the split cells of Table 1 (as in
Fig. 5A) and bo = 0.01/d, (B) increasing the questing mortality rate to bo = 0.1 (as in Fig. 7B), (C) increasing opossum density to
1/h as previously assumed in LoGiudice et al. (2003) and Keesing et al. (2009) and, (D) increasing body burden of birds to 11.4 as
found in Keesing et al. (2009), (E) lower survival rates of attached larvae on shrews and mesocarnivores (Table 1), and (F) increasing
both opossum density and the body burden of birds to match the parameterization in Keesing et al. (2009).

rodents now remain questing, (2) a high proportion of
nymphs find hosts, (3) the combination of mice and/or
chipmunks feed a large proportion of nymphs, (4) larvae
feed on many hosts, including more larvae feeding on
shrews, chipmunks, and squirrels than on mice, which (5)
may be responsible for the density of questing larvae
being unrelated to mouse density, but (6) mice were never-
theless the mostimportant amplification host (Figs. 5-8).

The data from Deblinger et al. (1993) and Ginsberg and
Zhioua (1999) demonstrated that adult ticks are also able
to concentrate on fewer deer as deer density declines.
Ginsberg and Zhioua (1999) demonstrated that over half
of adult ticks had already attached to deer by mid-
November, while some unknown additional fraction of
ticks would have attached after this date, including the
following spring after adults overwinter, and onto other
medium-bodied hosts. The large proportion of nymphs
and adults that find hosts depletes the pool of questing
nymphs and adults, suggesting that nymphs and adults
can redistribute onto fewer individuals more readily than
larvae, but even larval feeding begins to saturate as host
density increases. However, this may be due to differences
in host behavior at high densities rather than depletion of
the questinglarval pool (Fig. 2).

Modeling results

Understanding  host-vector-pathogen interactions
requires a detailed understanding of the annual within-
season dynamics of vectors interacting with hosts. In this
paper, we have utilized long-term data to parameterize a
model for larval feeding and transition to nymphs in a

multi-host community. By dynamically modeling the pro-
cess of host questing, attachment, and feeding, we allowed
the degree of tick redistribution as host community com-
position changed to be a dynamic outcome of the model.
We used field-derived parameter estimates, and a range of
plausible parameter values, to assess the robustness of our
results. Our results differ considerably from previous
work on the Lyme disease biodiversity-dilution effect. For
example, LoGiudice et al. (2003) found both species of
shrews to be among the most important dilution hosts
when considering their impact on reducing nymphal infec-
tion prevalence. However, consistent with Brisson et al.
(2007), we found that shrews feed enough larvae that
would otherwise fail to feed that these hosts can increase
the density of infected nymphs. With or without host addi-
tivity, mice, chipmunks, and the two species of shrews are
likely to be amplification hosts.

Our results are consistent with the findings of Keesing
et al. (2009), in that we demonstrate that some hosts can
reduce both the abundance and infection prevalence of
nymphs. In our model, squirrels and opossums were clear
dilution hosts, diverting larvae away from small mam-
mals, killing many of them, and infecting a small propor-
tion of the rest. However, raccoons, birds, and skunks
were either inconsequential hosts or mild dilution hosts,
depending on parameter values, because they did not
encounter enough ticks to divert a large number of blood
mealsaway from amplification hosts. [tisnoteworthy that
birds, which are sometimes considered to be important
hosts (Brinkerhoffetal. 2011), were deemed to be dilution
rather than amplification hosts, especially when using the
higher parameter value for their body burden (Fig. 8D, F).
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This occurred because birds are only somewhat permissive
to feeding and only somewhat competent as reservoirs
(Table1).

Although we tested the sensitivity of the model using a
range of parameter values, substantially different parame-
ter values would change our conclusions. For instance,
opossums, but not raccoons, greatly reduced the density
of infected nymphs. This difference is due to our field data
showing twice as many larvae on opossums than raccoons.
If our opossum body burden data greatly overestimates
the rate at which opossums encounter larvae, then opos-
sums would be less efficient dilution hosts (i.e., more simi-
lar to raccoons). Similarly, we found that, as expected,
much lower survival of questing larvae would reduce the
magnitude of the dilution effect (Figs. 7and 8). Thisis con-
sistent with previous research in the more environment of
California, where questing tick survival is low, which
found that larvae did not find an alternate host after the
removal of their primary lizard host (Sweietal. 2011).

We emphasize that our specific model and conclusion
focus on phenomena that emerge within a single growing
season. Like previous research, we model the larvae—
nymph transition because of limitations in data availabil-
ity for the nymph-adult and adult-larvae transitions
(Fig. 1). However, our field data suggest that hosts for lar-
vae are most limiting (i.e., total number of larvae on mice
does not fully saturate as mouse density increases and
there is no evidence that hosts are depleting the pool of
questing larvae; Fig. 2) and that mice and chipmunks feed
a large proportion of the nymph population, suggesting
that the dilution hosts from the larvae to nymph stage are
unlikely to feed so many nymphs that they increase overall
tick abundance. Additionally, in our long-term data on all
questing life stages at Cary (Ostfeld et al. 2006), we find lit-
tle evidence of any demographic momentum between sub-
sequent generations.

Our results indicate (1) that mice, chipmunks, and both
species of shrews are important amplification hosts, (2)
that the density of infected nymphs is expected to increase
when squirrels and opossums are removed, and (3) that
most other species are relatively inconsequential hosts
with respect to the larval to nymph transition. Result (1) is
likely to be strengthened in a model including nymph-
adult transitions because nymphs would be less likely to
find a host without these common species (e.g., questing
nymph density greatly increases at the lowest mouse densi-
ties in Fig. 2F), which would be expected to feed back to
fewer adults and perhaps fewer larvae in the subsequent
generation. Result (2) would not hold if squirrels and
opossums feed enough nymphs that would otherwise fail
to find a host that their removal reduces the number of
adults and consequently the number of larvae. This is
unlikely given that the number of nymphs on mice satu-
rated at moderate mouse densities (Fig. 2D, E), and the
density of questing nymphs increased substantially when
mice were rare, which indicated that mice (and/or chip-
munks by correlation) feed a large fraction of the nymph
population (Fig. 2F). Result (3) is unlikely to hold in all
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circumstances because reducing deer populations to very
low levels can cause hosts for adult ticks to become limit-
ing resulting in lower densities of larvae (Daniels et al.
1993, Daniels and Fish 1995), although this is not always
the case (Perkins et al. 2006). The deer density where satu-
ration occurs is unknown and may depend on the density
of other medium-bodied hosts that can support adult
ticks. However, adult ticks do readily concentrate on
fewer deer as densities decline, and the density of questing
adults can appear very low when deer densities are high
because most of the population has already attached to
hosts (Fig. 3).

Future research

An important task for future work would be to extend
this model to multiple annual cycles. This would require
accounting for density dependence at some stage in the
tick life cycle, which has been found in the probability of
survival on hosts (e.g., Randolph 1993, Levin and Fish
1998) but see contradictory results in Hazler and Ostfeld
(1995), and also considering consequences of temporal
variation in host numbers and community composition. A
host species that within a typical season might seem unim-
portant for tick population dynamics could be quite
important in less typical years, due to the absence of other
hosts to sustain tick numbers. For example, our results
suggest that a large fraction of nymphs feed on mice and
chipmunks, so that squirrels and shrews are not typically
important hosts, but these hosts may help sustain the tick
population during mouse and chipmunk population
crashes. Finally, some hosts that are seemingly unimpor-
tant in terms of local host and pathogen dynamics may
nevertheless be important as modulators of dispersal
among habitat (i.e., birds).

Future research should consider the impact of host
community composition throughout the complete life
cycle of ticks as well as the impact of species interactions in
a diverse, temporally varying, and spatially structured
host community. This will require substantial new empiri-
cal data to improve our understanding of (1) the number
and survival of nymphs on each host, (2) the functional
form of density dependence for each life stage of the tick
population, and (3) how the presence of predators and
competitors influences the density of important amplifica-
tion hosts.

Relevance to the dilution effect

We have adhered to the assumption that biodiversity
loss leads to fewer blood-meal opportunities because
fewer species reduces overall host density (Randolph and
Dobson 2012). The assumption of an additive relation-
ship between species richness and host density pervades
both epidemiological models and much discussion of the
dilution effect (Dobson 2004, Randolph and Dobson
2012). If one assumes that host densities are additive (i.e.,
no species interactions so that adding species increases
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total host density) and that all hosts are otherwise identi-
cal, then host diversity is expected to increase pathogen
emergence (R,) if transmission is density dependent and
reduce pathogen emergence if transmission is frequency
dependent (Dobson 2004, Rudolf and Antonovics 2005).
However, the community ecology of species interactions
and patterns of biodiversity loss suggest that the assump-
tion of additivity is unlikely to be met when considering
competitive and trophic interactions introduced with
increasing host diversity. Some species are more sensitive
to the anthropogenic or natural forces that reduce biodi-
versity and others are less sensitive or more resilient.
Resilient species tend to be habitat and dietary general-
ists, to be smaller, to have a faster pace of life, and to
occupy lower trophic levels as compared to more sensi-
tive species (Julliard et al. 2004, Cardillo et al. 2005,
Jiguet et al. 2007, Lavergne et al. 2013, Ostfeld et al.
2014). Small-bodied species with a fast life history, such
as many rodents, not only persist as habitats are frag-
mented and biodiversity declines, but also typically
become more abundant, which may be due to reduced
predation and competition (Nupp and Swihart 1998,
2000). While small mammals (mice, chipmunks, and
shrews) are primary reservoir hosts, much of the remain-
ing host community includes a diversity of mesocarni-
vore predators (including raccoon, skunk, and opossum,
aswell as weasel, fox, bobcat, coyote, and fisher) that may
reduce the density of small mammals (Fig. 1 B). Similarly,
eastern gray squirrels, raccoons, and opossums compete
with mice and chipmunks for acorns and other seeds,
which are an important overwinter food resource
(Ostfeldetal. 1996).

Diverse host communities thus appear to provide two
types of dilution hosts: ones that are sufficiently abun-
dant and heavily parasitized that they deflect a large
number of tick blood meals away from the most compe-
tent species (e.g., squirrels, opossums), and ones that can
reduce the abundance of the most competent hosts
through species interactions such as competition and
predation. Because abundance is a prerequisite for being
a dilution host of the first type, these dilution hosts are
likely to be less sensitive to anthropogenic disturbance.
Consequently, disease risk is likely to increase due to
dominance by amplification hosts predominantly at the
lowest levels of species richness observed in these land-
scapes (Ostfeld and LoGiudice 2003, Keesing et al.
2009).

Dilution hosts of the second type occur when higher lev-
els of biodiversity shift vertebrate biomass from small
mammals to competitors and predators that empirical
data suggest are better groomers and incompetent hosts
for B. burgdorferi (Table 1), with the opposite occurring
with lower diversity. This amplification-host reduction
mechanism has been previously proposed as a driver of
increasing Lyme disease cases due to loss of predation ser-
vice (Levi et al. 2012). Many possible dilution hosts of the
second type are more sensitive to anthropogenic distur-
bance. Ecological communities are now highly altered in
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eastern deciduous forests of the northeast and upper mid-
west USA that are hotspots for tick-borne disease. The
now extinct passenger pigeon was the most abundant seed
predator in these forests and would have competed with
mice and chipmunks for acorns, which are a crucial
resource for overwinter survival (Ostfeld et al. 2001).
Historic predator communities featured top predators,
such as puma (Puma concolor) and wolves (Canis lupus),
had larger and more widespread populations of bobcats
(Lynx rufus), fisher (Martes pennanti), and marten
(Martes americana), which are still extirpated from much
of their former range, and contained few or no coyotes
(Canis latrans). An unresolved question is whether his-
toric predation levels in Lyme disease hotspots previously
exceeded the thresholds that would have suppressed dis-
ease. What is known is that predators in other systems are
able to maintain rodent prey at low abundance across a
wide range of resource availability (Korpimakiet al. 2004)
and that deer populations irrupted in the absence of top
predators (perhaps first noted in Leopold et al. 1947). The
degradation of top-down forces as predators are
extirpated has unknown consequences that could have
widespread ripple effects for disease dynamics in many
anthropogeniclandscapes.
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