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The complexity of a community can play a fundamental role in the prevalence of pathogens by altering interactions 
among hosts and pathogen transmission. Information on the frequency of contacts between individuals and the 
distribution of contact rates in a population is critical to predicting pathogen prevalence. However, contact rates 
are notoriously difficult to document especially in small, nocturnal species. We have been documenting the 
contact rates of deer mice (Peromyscus maniculatus) in nature with respect to infection with Sin Nombre virus 
(SNV), a zoonotic pathogen, and the biodiversity of the mammalian community. Our long-term field studies, 
as well as those of others, revealed that prevalence of SNV in deer mice is related to the complexity of the 
mammalian community such that pathogen prevalence is lower in more diverse communities. Using a combination 
of techniques, we found evidence that contact rates between deer mice differ with respect to biodiversity. Deer 
mice in more complex communities had fewer intraspecific interactions than those in less diverse communities. 
Contact rates of individual deer mice were highly variable with a minority of the deer mice accounting for a 
majority of the interactions. Infection with SNV was related to risk-taking behavior; animals categorized as 
“bold” were 3 times more likely to be infected than “shy” deer mice. Results of these studies have implications 
for pathogen management in wildlife and humans.
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The biodiversity of an ecosystem influences many community-
level functions such as productivity, resistance to invasion, and 
stability (Naeem and Shibin 1997; Tilman et al. 1997; Knops 
et al. 1999; Smith and Knapp 1999). More recently, species 
diversity has been identified as an important factor in regulat-
ing the dynamics of pathogens (Keesing et al. 2010). The way 
in which biodiversity alters pathogen prevalence is contingent 
in part upon whether diversity increases or decreases contact 
between potential hosts. These divergent outcomes of the impact 
of species diversity on pathogen prevalence are described within 
a framework of 2 hypotheses known as the “dilution effect” and 
“amplification effect” or “rescue effect” (Ostfeld and Keesing 
2000; Gilbert et al. 2001; Keesing et al. 2006). The dilution 
effect predicts that species diversity decreases pathogen prev-
alence through mechanisms such as decreased host density, 
reduced encounters between hosts, or reduced host survival 
(Ostfeld and Keesing 2000; Gilbert et al. 2001; Keesing et al. 
2006). In contrast, the amplification effect predicts increased 
pathogen prevalence with greater species diversity, through 
increased encounters between hosts (Keesing et al. 2006), 

through interactions between primary and secondary hosts, 
or by maintenance of the pathogen by secondary hosts even 
when primary hosts are at low densities (LoGiudice et al. 2003; 
Keesing et al. 2006). Over the past several years, the impor-
tance of species diversity on pathogens has been documented in 
a wide variety of host–pathogen systems (Keesing et al. 2010).

Knowledge of contact rates between members of the com-
munity is a key component in predicting whether species diver-
sity will increase or decrease pathogen prevalence. Contact 
rates are a central variable in conventional epidemiological 
models, as they are typically a component of β, the transmis-
sion coefficient (Anderson et al. 1986). Despite their signifi-
cance in predicting pathogen transmission, contact rates are 
rarely measured because of the inherent difficulties associated 
with observing sufficient numbers of interactions between 
individuals in nature (Ramsey et al. 2002; Prange et al. 2006). 
Contact rates between large mammals can be obtained by out-
fitting individuals with collars that provide data on an animal’s 
position (Jolles and Ezenwa 2015; Schauber et al. 2015). This 
approach is not suitable for small, solitary mammals such as 
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rodents and bats, yet these species host a large number of zoo-
notic agents (Luis et al. 2013).

Since 2002, our research group has focused on understand-
ing the role of species diversity and the mechanisms by which 
it acts on pathogen dynamics in natural host populations. Our 
study system consists of deer mice (Peromyscus maniculatus), 
a generalist species common in many nocturnal rodent com-
munities, and Sin Nombre virus (SNV), a zoonotic pathogen of 
significant public health concern in the western United States 
of America. We have been investigating how biodiversity of 
the community influences encounter rates of deer mice and 
the consequences for pathogen prevalence. For directly trans-
mitted pathogens such as SNV, contacts between infected and 
susceptible individuals represent the underlying mechanism 
through which diversity is expected to act. Both the dilution 
and amplification hypotheses predict that species diversity will 
change the rate of contact between individuals, and other stud-
ies have shown that diversity may also change the frequency 
and the nature of contacts among conspecifics (Ovadia et al. 
2005). However, contact rates are not easily obtained for small, 
solitary, nocturnal mammals such as deer mice. While radio-
telemetry may seem an obvious technology, the weight of the 
transmitters and the presence of observers can alter the behav-
ior of rodents. Additionally, telemetry location estimates are 
usually too large (within meters) to define probable contacts 
between animals with small home ranges, like rodents, and the 
costs prohibit marking an entire rodent community. These limi-
tations may suggest that deer mice are not a good model system 
in which to study pathogen transmission (Jolles and Ezenwa 
2015). To overcome these constraints in our system, we used 
one conventional method (with modifications) and developed a 
new method that makes estimating contact rates possible on a 
large scale in this study system.

Here, we review some of the highlights from more than a 
decade of work on deer mouse dynamics at population and 
community levels. We first present a short background sec-
tion on the host–pathogen system followed by methods we 
have used. We then present our results and discuss our find-
ings regarding the influence of biodiversity and contact rates 
on pathogen prevalence in populations of deer mice. We 
conclude by presenting some of the upcoming technologies 
that will further enhance our ability to study contact rates of 
animals.

Natural history of the host and pathogen.—Sin Nombre 
virus is one of more than 40 species in the genus Hantavirus, 
family Bunyaviridae. On a global scale, hantavirus infections 
in humans result in > 200,000 hospitalizations annually (Bi 
et al. 2008). Unlike the other genera in Bunyaviridae, hantavi-
ruses are not thought to be transmitted by arthropod vectors but 
rather are directly transmitted from mammal to mammal. All 
hantaviruses have a primary mammalian host (mostly rodents) 
with which they have had a long coevolutionary history (Abbott 
et al. 1999; Yates et al. 2002). The primary host for SNV is 
the deer mouse, P. maniculatus (Childs et al. 1994), although 
other closely related mammalian species (i.e., Peromyscus 
truei and Neotoma lepida) are putative reservoirs (Dearing 

et al. 1998). Transmission between rodents is thought to occur 
through exchange of infected saliva during aggressive encoun-
ters (Calisher et al. 2007; Douglass et al. 2007). However, other 
routes (exposure to excreta from an infected animal, groom-
ing, and arthropod bites) have been proposed but have not been 
thoroughly investigated (Mills et al. 1997; Calisher et al. 1999; 
Pearce Duvet et al. 2006).

In the natural host, SNV establishes a lifelong, seemingly 
asymptomatic infection (Botten et al. 2003). During the acute 
phase of infection (≤ 45 days postinfection), virus is found in 
the vascular endothelium of most host tissues (Botten et al. 
2000, 2003). However, during the persistent phase of infection 
(≥ 60 days postinfection), 2 distinct phenotypes of infection 
(restricted or disseminated) are observed (Botten et al. 2000, 
2003). Mice with the restricted pattern exhibit viral antigen 
expression in the heart, brown adipose tissue, and/or lung with 
no evidence of active viral replication in these tissues and an 
absence of virus in the blood. In this phase, the virus appears to 
be in a period of replicative quiescence whereby only viral anti-
gen and genomic viral RNA are maintained (Botten et al. 2000, 
2003). In contrast, animals with the disseminated pattern have 
viral antigen expression in more than 5 tissues; replicative RNA 
in the heart, lung, and brown adipose tissue; and detectable lev-
els of virus in the blood (Botten et al. 2000, 2003). While heart, 
lung, and brown adipose tissues are critical depots for the virus, 
it remains unknown what factors (viral and/or host) regulate 
viral replication to an active or quiescent state during persistent 
infection (Botten et al. 2000, 2003). It seems likely that trans-
mission is more likely to occur during the disseminated phase 
although this hypothesis requires further examination (Botten 
et al. 2000, 2003).

The relationship of hantaviruses and their rodent hosts is an 
ancient one with a coevolutionary history spanning millions 
of years (Yates et al. 2002). As is the case for other hosts of 
hantaviruses (Gavrilovskaya et al. 1990; Bernshtein et al. 1999; 
Kallio et al. 2006, 2007), deer mice infected with SNV appear 
asymptomatic (O’Connor et al. 1997; Botten et al. 2000, 2003) 
although histopathological changes have been observed (Netski 
et al. 1999; Lehmer et al. 2010; McLean et al. 2012). Some 
have suggested that the depressed immune response observed 
in infected deer mice represents a mutually coadaptive evolu-
tionary event that permits the persistence of the virus (Schountz 
et al. 2007). In contrast, several other studies have demonstrated 
that SNV may negatively impact the fitness of deer mice living 
under natural conditions, as seropositive deer mice gain less 
mass compared to uninfected deer mice (Douglass et al. 2007) 
and have lower survival rates (Douglass et al. 2001; Adler et al. 
2008).

Materials and Methods
To understand the role of species diversity on SNV prevalence, 
we studied rodent communities located within the juniper-
sagebrush habitat of the Great Basin desert in Utah. These 
communities represent good wild systems for such studies for 
2 reasons (Jolles and Ezenwa 2015). First, SNV prevalence 
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(0–50%) spans the range seen across all habitat types (Otteson 
et al. 1996; Boone et al. 1998; Mills et al. 1998; Kuenzi et al. 
1999; Douglass et al. 2001; Mackelprang et al. 2001). In addi-
tion, rodent species diversity also varies considerably between 
sites within the same habitat type (Brown 1973; Clay et al. 
2009c). Low-diversity communities consist of deer mice only 
or 1 additional species, whereas the most diverse communi-
ties have 7 nocturnal rodent species of varying abundance. 
Secondary reservoirs such as pinyon mice (P. truei) and desert 
woodrats (N. lepida) co-occur with deer mice and may serve to 
amplify or maintain SNV in the local community, even when 
deer mouse density is low (Clay et al. 2009c). However, the 
competence of these secondary reservoirs is currently unknown 
and is difficult to test because it is now required that researchers 
use a Biosafety Level 4 facility to work with animals infected 
with SNV and because of the difficulty of infecting rodents 
with SNV under laboratory conditions (Centers for Disease 
Control and Prevention 1994; Botten et al. 2002). Conversely, 
heteromyid rodents such as Ord’s kangaroo rat (Dipodomys 
ordii) and western pocket mouse (Perognathus parvus) also 
co-occur with deer mice in the Great Basin; these rodents are 
not SNV reservoirs and can achieve relatively high population 
densities. Heteromyids are frequently present in high diversity 
communities and may “dilute” or reduce SNV prevalence.

In our studies, rodent communities were sampled from a 
maximum of 16 sites each 3.1 ha in size and at least 700 m 
apart in the West Tintic Mountains of central Utah (Juab and 
Utah Counties). Big sagebrush (Artemisia tridentata) and Utah 
juniper (Juniperus osteosperma) were the dominant plant spe-
cies; however, we selected sites that varied in shrub cover and 
bare ground, as both have been linked to diversity in rodent 
community composition (Cui et al. 2005; Valone and Sauter 
2005; Alain et al. 2006). For more detail on the study sites, see 
Lehmer et al. (2008). Rodent sampling occurred once per site in 
spring and autumn from 2002 through 2011. We could not sam-
ple all 16 sites simultaneously; the spring sampling occurred 
in May and June, whereas the autumn samples were collected 
in late August, September, and October. Sites were trapped for 
3 consecutive nights per season (spring and autumn). At each 
site, we livetrapped rodents using 148 traps (H.B. Sherman 
Traps, Inc., Tallahassee, Florida) distributed in a “web” con-
figuration following the methods of Mills et al. (1999). Upon 
capture, we identified animals to species, and sex and weight 
were recorded. We marked all individuals with uniquely num-
bered ear tags.

To determine SNV status of P. maniculatus, we collected 
approximately 0.2 ml of blood at the time of initial capture for 
each trapping season and tested for SNV antibodies (Clay et al. 
2009c). All techniques for capturing and handling animals were 
approved by the Institutional Animal Care and Use Committee 
of the University of Utah and conformed to the guidelines for 
use of wild mammals in research outlined in Sikes et al. (2011).

To estimate contact rates in our study, we powder marked 5 
randomly selected male deer mice at 12 sites for 2 nights in the 
spring and autumn sampling periods over a 2-year period (Clay 
et al. 2009b). Deer mice were selected on the first morning after 

processing and maintained in traps with food and bedding until 
1–2 h before sunset. Immediately prior to their release, the mice 
were marked with a fluorescent powder by applying a unique 
powder color to each mouse (Radiant Color Co., Richmond, 
California) using a stiff toothbrush. The following morning, all 
captured deer mice were examined for powder; if present, color 
and location on the body were recorded for each deer mouse.

In addition, we developed a unique approach to estimating 
contacts in deer mice using radiofrequency identification tech-
nology and foraging arenas (Clay et al. 2009a). We approximated 
contacts between deer mice and other rodents at 5 of the study 
sites by using foraging arenas equipped with passive integrated 
transponder (PIT) antennae and data loggers (FS2001FT-ISO; 
Biomark, Inc., Boise, Idaho). Time constraints and equipment 
limitations meant that sites were sampled consecutively, not 
simultaneously, over the course of 1 month. Prior to estimat-
ing contact rates, the 5 sites were trapped as described above. 
We injected subcutaneously a PIT tag between the scapulae of 
all rodents trapped. PIT tags uniquely mark each animal and 
send a signal that is read by a PIT antenna. Within 1 week after 
mark-recapture sampling, 12 foraging arenas were placed at 
a site for 3 nights. Arenas were placed throughout the site in 
locations where deer mice had been captured during the mark-
recapture study. At sunset each night, foraging arenas (30-cm 
diameter) were filled with 2 liters of sand plus 6 g of millet to 
attract rodents. Antennae were placed below the arenas with 
data loggers to continuously record the identity and time spent 
in the foraging area for any tagged individual on or within 0.5 m 
of a tray. After recording rodent visits for 3 consecutive nights, 
data from loggers were downloaded onto a laptop computer. 
From these data, we determined which individuals visited are-
nas. Apparent contacts between individuals were defined as the 
presence of 2 individuals at a foraging arena within 15 s of one 
another. This length of time was appropriate given the 5-s lag 
in the readers coupled with our video analysis of deer mice at 
the foraging arenas (described below). We also determined the 
duration of each apparent contact at each arena.

Our research using PIT tag readers and foraging arenas was 
largely inferential in that we assumed contact at foraging are-
nas when 2 rodents were on the trays within 15 s of one another. 
However, it was possible that rodents were within range of the 
tag reader at the same time but not in direct contact with one 
another. Additionally, the nature of the contact (aggressive or 
nonaggressive) was unknown. Given that SNV is thought to be 
transmitted through aggressive encounters (Calisher et al. 2007; 
Douglass et al. 2007), determining whether there is physical 
contact between animals and the nature of the contact is crucial. 
Therefore, we added infrared cameras to our system; cameras 
allowed us to directly study the behavior of these small, quick, 
nocturnal rodents without the interference of human observers. 
We conducted a study where we trapped rodents at 2 sites for 3 
nights prior to camera observation (Dizney and Dearing 2013). 
Each rodent was injected with a PIT tag before release. Camera 
observation occurred for 4 consecutive nights immediately 
after the 3 nights of trapping in May, July, and September over 
a 3-year period (2009–2011). We placed 9 foraging arenas with 
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PIT antenna and data loggers (as described above) 20 m apart 
in a 3 × 3 grid within the same area where trapping occurred. 
Additionally, a video camera was mounted on a metal pole 
approximately 1 m above the foraging tray and directed at it. 
All 9 cameras were attached to a centrally located computer by 
above ground wires. The computer captured and stored video 
imagery at a rate of 4 frames/s. Observation ceased at sunrise. 
Software from TimeScience integrated the video and PIT anten-
nae data, such that the identity, demographic data, and infection 
status of all marked rodents on the trays were known (Brown 
2009). We documented the frequency of interactions and the 
nature of the interactions. We categorized deer mice as “bold” 
or “shy” based on their behaviors and compared behaviors of 
infected and uninfected deer mice (Dizney and Dearing 2013).

Results
Our studies of the rodent community in the Great Basin desert 
revealed that species diversity was negatively correlated with 
SNV prevalence in deer mice, following the predictions of the 
dilution effect (Clay et al. 2009c). Surprisingly, host density 
did not appear to play an important role in this directly trans-
mitted virus (Clay et al. 2009c). Although deer mouse den-
sity was lower at sites with higher species diversity, there was 
not a significant relationship between density and prevalence 
(Clay et al. 2009c; Fig. 1). Deer mouse persistence, which we 
defined as the length of time an individual was present on the 
site (determined by recapture), was significantly lower on the 
higher diversity sites, which suggests that the longevity of a 
host in an area or its persistence on a site may be an important 
factor regulating SNV prevalence (Clay et al. 2009c). Increased 
turnover of animals on higher diversity sites could reduce ter-
ritoriality and also decrease interactions that result in the trans-
mission of SNV between deer mice.

Using both techniques (powder marking and PIT technol-
ogy), we found that deer mice varied significantly in the num-
ber of encounters that they had with other deer mice (Clay 
et al. 2009b). The vast majority of marked deer mice (~75% 
regardless of method) had no interactions with other marked 
deer mice during multiple days of observation. In addition, the 
frequency distribution of unique contacts per individual deer 
mouse was nonnormal but was skewed to the right—highly 
aggregated, indicating that a small number of deer mice in the 
population were responsible for a large proportion of the con-
tacts (Clay et al. 2009b). Both marking methods revealed that a 
minority of the marked individuals (18–25%) accounted for the 
majority of the encounters (> 76%). Larger-bodied individuals 
appear to be the functional group with the greatest SNV trans-
mission potential, as they were the ones with the most contacts 
(Clay 2009b).

Out of 3,000 h of video recording, deer mice were observed 
for approximately 166 h (5% of total time observed—Dizney 
and Dearing 2013). Deer mice spent most of their time, at 
least while foraging, alone. Deer mice were rarely observed 
in pairs at the trays (1.25 h or 0.04% of the total observation 
time). During these observations, 25% of the interaction time 
was spent with 1 deer mouse actively “avoiding” another deer 
mouse (Fig. 2). We described avoiding as a deer mouse leav-
ing the camera’s view when in the presence of another deer 
mouse, or a deer mouse entering a foraging tray within 10 s of 
another deer mouse leaving the tray, presumably waiting out-
side the camera’s view until the occupant of the tray left. We 
observed 4 behaviors where deer mice engaged in interactions 
with one another, 2 of which were aggressive and 2 nonaggres-
sive. The 2 aggressive behaviors were chasing (1 deer mouse in 
pursuit of another without any contact) and fighting (aggressive 
contact). The 2 nonaggressive behaviors were sharing (2 deer 
mice feeding on the tray at the same time) and grooming (any 
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nonaggressive behavior between 2 deer mice such as cleaning 
or nuzzling). The aggressive behaviors of fighting and chasing 
made up the majority of the total interaction time (Fig. 2). The 
nonaggressive behaviors comprised only a small fraction of the 
interaction time. We found that SNV-positive deer mice more 
often engaged in behaviors that increased the likelihood of 
intraspecific encounters and were more aggressive. Five behav-
iors that we considered to increase the risk of SNV transmis-
sion were used in a principal component analysis to categorize 
individual deer mice as either “bold” or “shy.” The 5 behaviors 
included time spent on the trays, number of trays visited, num-
ber of nights seen on the trays, approximate distance traveled 
during an observation period, and number of aggressive inter-
actions. “Bold” deer mice were 3 times more likely to be SNV 
positive than were “shy” deer mice (Dizney and Dearing 2013).

Discussion
Community diversity is an important driver of SNV dynamics 
in deer mice. High species diversity “diluted” the prevalence 
of SNV in deer mouse populations. The dilution effect appears 
to be a common phenomenon in other hantavirus–host sys-
tems. At least 7 other studies have documented greater hanta-
virus prevalence in rodent communities with reduced diversity 
(Suzán et al. 2008; Tersago et al. 2008; Dizney and Ruedas 
2009; Suzán et al. 2009; Carver et al. 2011; Voutilainen et al. 
2012). Three of these studies examined SNV dynamics in the 
United States, 2 examined Chaclo and Calabazo hantaviruses 
in Panama, and 2 investigated Puumala virus in Europe. Five of 
these studies were comparisons of habitats with different lev-
els of biodiversity, whereas 2 were manipulative experiments 
within natural habitats. The effect of diversity on prevalence 
appears to be the result of more than simply a reduction in host 
density, as density alone was not predictive of prevalence in 3 of 
5 studies that addressed this issue. Taken together, these studies 
suggest that the dilution effect has broad applicability within 

the realm of hantavirus prevalence, reaching across types of 
ecosystems, host, and pathogens, and modes of transmission.

We found that community diversity influenced intraspecific 
interactions between deer mice (Clay et al. 2009a). Encounters 
(contact rates) between conspecifics were inversely related to 
changes in biodiversity as the number of unique encounters 
and the total number of intraspecific deer mouse encounters 
were lower at sites with greater diversity (Clay et al. 2009a). 
However, our results also reveal that diversity did not alter the 
duration of intraspecific deer mouse contacts, which lasted up 
to 48 s regardless of community complexity (Clay et al. 2009a).

Prevalence of SNV was related to contact rates between 
deer mice, as SNV was lower at sites with a lower propor-
tion of intraspecific encounters between deer mice (Clay et al. 
2009a). This pattern is consistent with the predictions of the 
dilution effect hypothesis, as species diversity has the poten-
tial to reduce pathogen prevalence in natural populations by 
reducing encounters between hosts (Keesing et al. 2006). In 
less complex communities, deer mice encounter one another 
often, thereby increasing the opportunity for transmission of 
SNV between individuals (Clay et al. 2009a). This work docu-
mented that deer mice have about half as many encounters with 
conspecifics in high diversity communities and that these con-
ditions also resulted in deer mice having a larger number of 
interspecific encounters, primarily with individuals that do not 
host SNV (Clay et al. 2009a).

Physical contacts likely play an integral role in transmission 
of directly transmitted pathogens, and the addition of cameras 
to our study system allowed us to document specific behav-
iors of individual rodents. We found that deer mice appear to 
avoid each other when possible, perhaps because the most com-
mon interactions between individuals are aggressive in nature 
and could result in physical injury or pathogen transmission 
(Dizney and Dearing 2013). More aggressive individuals were 
far more likely to have SNV than less aggressive deer mice 
(Dizney and Dearing 2013). These results suggest that behavior 
plays a role in contact and transmission rates. We are currently 
evaluating the video data to compare behavior with respect to 
biodiversity.

The importance of contact rates in modeling the prevalence 
of directly transmitted pathogens cannot be overstated. Our 
work and that of others demonstrate that density of animals 
is not always a valid predictor of prevalence, whereas contact 
rates are constructive in understanding and modeling trans-
mission (Schauber et al. 2015). However, few studies docu-
ment contact rates, likely because of the perceived difficulty 
in estimating contacts particularly for small, nocturnal mam-
mals. We have successfully implemented 3 methods (powder 
marking, PIT tags with antennae, and PIT tags with antennae 
and video cameras) that vary greatly in initial costs for equip-
ment and labor to estimate contact rates. Powder marking 
is the least expensive in terms of equipment costs and posi-
tive results are indicative of direct contacts. However, it does 
require extensive trapping efforts, which necessitate a field 
crew of 3–4 individuals, and the number of animals that can 
be followed are limited to a handful per site. The PIT tag and 
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of deer mice (Peromyscus maniculatus) observed on foraging arenas 
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antenna system requires a much larger initial investment than 
powder marking (~$4,000 per foraging arena) and requires 
time to deploy and maintain the system. Depending on the 
amount of activity at the foraging arenas, compiling the data 
logger results can be time consuming, though this can be done 
at a later date in the comfort of a field station or laboratory. 
The results reveal which animals visit a tray, for how long, 
and if 2 or more animals are in the vicinity of the tray at the 
same time. Hundreds of visits to trays can be recorded in a 
single night. The camera system requires additional expenses 
because it requires infrared cameras (~$150 each) and a com-
puter ($500) that can store the video imagery as well as the 
software from TimeScience. Since we were using this sys-
tem off the electrical grid, a generator was required to power 
the computer. The camera system also is quite labor inten-
sive in terms of deployment and viewing the 8–10 h of video 
per camera per night. However, the results are unequaled in 
that one can observe the specific behavior of each visitor to 
the tray and the nature of any interactions that occur. Each of 
our 3 systems for estimating contact rates has been extremely 
valuable in allowing us to begin to elucidate the mechanisms 
through which diversity impacts pathogen dynamics.

Several new technological advances could greatly enhance 
research in disease ecology. The monumental increases in DNA 
sequencing capacity coupled with the significant decrease in 
costs have the potential to allow investigators to follow patho-
gen transmission from host to host under natural settings. That 
is, if the appropriate pathogen is used, investigators could con-
duct whole-genome sequencing of pathogens to trace transmis-
sion patterns. This approach is already being used for humans 
in hospital settings to understand the transmission and origins 
of hospital-acquired pathogens. For example, in a recent out-
break of Staphylococcus aureus, whole-genome sequencing 
coupled with a network analysis approach allowed researchers 
to identify an asymptomatic staff member as the source for 
repeated outbreaks in the hospital (Harris et al. 2013). In this 
case, more traditional epidemiological methods had failed to 
explain the repeated occurrences of this pathogen. It is not too 
far-fetched to think that in less than a decade, disease ecolo-
gists will be able to sequence not only the pathogen but also 
the host of origin. Such advances will demand new analytical 
approaches and skills for studying host–pathogen interactions.

In addition, the intense pressure on engineers to produce 
miniaturized sensors of all types for use in small electronic 
devices could be a boon to disease ecology research, especially 
in small mammals. These sensors may afford researchers the 
capability to monitor free-ranging animals in far greater capac-
ity than ever before. Indeed, some researchers are capitalizing 
on the existing sensors in cell phones by attaching these devices 
to free-ranging mammals such as wolves to provide location 
information (Sekercioglu 2013). It seems probable that in the 
next decade, sensors small enough to fit on a fingerling-sized 
ear tag will be available and affordable. The electronics that are 
currently being produced suggest that these sensors could con-
tain cameras and accelerometers as well as light and tempera-
ture sensors. The miniaturization of GPS technology, however, 

will likely take longer given the current limitations in battery 
size. Nonetheless, the ability to intensely monitor the environ-
mental parameters of free-ranging mammals, including small 
ones, holds promise for new opportunities and discoveries in 
disease ecology and ecology in general.

Acknowledgments
We thank R. Ostfeld for the invitation to speak at this sympo-
sium. We thank 2 anonymous reviewers for their suggestions. 
We thank R. Curtz for her monumental assistance in format-
ting the references and to J. Varner for graphics. Thanks to the 
several postdoctoral fellows and graduate students and the hun-
dreds of field assistants who participated in this work. Funding 
for this research was provided by an Ecology of Infectious 
Disease award from the National Science Foundation (EF 
0326999) and a University of Utah seed grant to MDD.

Literature Cited
Abbott, K. D., T. G. Ksiazek, and J. N. Mills. 1999. Long-term 

hantavirus persistence in rodent populations in central Arizona. 
Emerging Infectious Diseases 5:102–112.

Adler, F. R., C. A. Clay, and E. M. Lehmer. 2008. The role of het-
erogeneity in the persistence and prevalence of Sin Nombre virus in 
deer mice. American Naturalist 172:855–867.

Alain, B., P. Gilles, and D. Yannick. 2006. Factors driving small 
rodents assemblages from field boundaries in agricultural land-
scapes of western France. Landscape Ecology 21:449–461.

Anderson, R. M., et al. 1986. The invasion, persistence and spread of 
infectious diseases within animal and plant communities. Philosophical 
Transactions of the Royal Society B: Biological Sciences 314:533–570.

Bernshtein, A. D., et al. 1999. Dynamics of Puumala hantavirus 
infection in naturally infected bank voles (Clethrinomys glareolus). 
Archives of Virology 144:2415–2428.

Bi, Z., P. B. H. Formenty, and C. E. Roth. 2008. Hantavirus infec-
tion: a review and global update. Journal of Infectious Diseases in 
Developing Countries 2:3–23.

Boone, J. D., E. W. Otteson, K. C. McGwire, P. Villard, J. 
E. Rowe, and S. C. St. Jeor. 1998. Ecology and demographics of 
hantavirus infection in rodent populations in the Walker River Basin 
of Nevada and California. American Journal of Tropical Medicine 
and Hygiene 59:445–451.

Botten, J., et al. 2000. Experimental infection model for Sin 
Nombre hantavirus in the deer mouse (Peromyscus manicu-
latus). Proceedings of the National Academy of Sciences 97: 
10578–10583.

Botten, J., et al. 2002. Shedding and intracage transmission of Sin 
Nombre hantavirus in the deer mouse (Peromyscus maniculatus) 
model. Journal of Virology 76:7587–7594.

Botten, J., et al. 2003. Persistent Sin Nombre virus infection in the 
deer mouse (Peromyscus maniculatus) model: sites of replication 
and strand-specific expression. Journal of Virology 77:1540–1550.

Brown, J. H. 1973. Species diversity of seed-eating desert rodents in 
sand dune habitats. Ecology 54:775–787.

Brown, T. 2009. Software to integrate PIT tags and video. TimeScience. 
Salt Lake City, Utah.

Calisher, C. H., W. Sweeney, J. N. Mills, and B. J. Beaty. 1999. 
Natural history of Sin Nombre virus in western Colorado. Emerging 
Infectious Diseases 5:126–134.

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

am
m

al/article/96/1/29/866163 by guest on 02 Septem
ber 2020



 CONTACTS, BIODIVERSITY, AND PREVALENCE 35

Calisher, C. H., et al. 2007. Demographic factors associated with 
prevalence of antibody to Sin Nombre virus in deer mice in the 
western United States. Journal of Wildlife Diseases 43:1–11.

Carver, S., et al. 2011. A temporal dilution effect: hantavirus infec-
tion in deer mice and the intermittent presence of voles in Montana. 
Oecologia 166:713–721.

Centers for Disease Control and Prevention. 1994. Laboratory 
management of agents associated with hantavirus pulmonary syn-
drome: interim biosafety guidelines. Morbidity and Mortality 
Weekly Report 43:1–7.

Childs, J. E., et al. 1994. Serologic and genetic identification of 
Peromyscus maniculatus as the primary rodent reservoir for a new 
hantavirus in the southwestern United States. Journal of Infectious 
Diseases 169:1271–1280.

Clay, C. A., E. M. Lehmer, and M. D. Dearing. 2009a. Testing 
mechanisms of the dilution effect: deer mice encounter rates, 
Sin Nombre virus prevalence and species diversity. Eco Health 
6:250–259.

Clay, C. A., E. M. Lehmer, M. A. Previtali, S. St. Jeor, and M. 
D. Dearing. 2009b. Contact heterogeneity in deer mice: implica-
tions for Sin Nombre virus transmission. Proceedings of the Royal 
Society of London, B. Biological Sciences 276:1305–1312.

Clay, C. A., E. M. Lehmer, S. St. Jeor, and M. D. Dearing. 2009c. 
Sin Nombre virus and rodent species diversity: a test of the dilution 
and amplification effect hypotheses. PLoS One 4:e6467.

Cui, Q., Z. Jiang, X. Lian, T. Zhang, and J. Su. 2005. Factors influ-
encing habitat selection of root voles (Microtus oeconomus). Acta 
Theriologica Sinica 25:45–51.

Dearing, M. D., A. M. Mangione, W. H. Karasov, S. Morzunov, 
E. Otteson, and S. St. Jeor. 1998. Prevalence of hantavirus in four 
species of Neotoma from Arizona and Utah. Journal of Mammalogy 
79:1254–1259.

Dizney, L. J., and M. D. Dearing. 2013. The role of behavioural het-
erogeneity on infection patterns: implications for pathogen trans-
mission. Animal Behaviour 86:911–916.

Dizney, L. J., and L. A. Ruedas. 2009. Increased host species diver-
sity and decreased prevalence of Sin Nombre virus. Emerging 
Infectious Diseases 15:1012–1018.

Douglass, R. J., C. H. Calisher, K. D. Wagoner, and J. N. Mills. 
2007. Sin Nombre virus infection of deer mice in Montana: charac-
teristics of newly infected mice, incidence, and temporal pattern of 
infection. Journal of Wildlife Diseases 43:12–22.

Douglass, R. J., et al. 2001. Longitudinal studies of Sin Nombre 
virus in deer mouse-dominated ecosystems of Montana. American 
Journal of Tropical Medicine and Hygiene 65:33–41.

Gavrilovskaya, I. N., et al. 1990. Pathogenesis of hemorrhagic 
fever with renal syndrome virus infection and mode of horizon-
tal transmission of hantavirus in bank voles. Archives of Virology 
(supplement 1):57–62.

Gilbert, L., R. Norman, K. M. Laurenson, H. W. Reid, and P. 
J. Hudson. 2001. Disease persistence and apparent competition in 
a three-host community: an empirical and analytical study of large-
scale, wild populations. Journal of Animal Ecology 70:1053–1061.

Harris, S. R., et al. 2013. Whole-genome sequencing for analysis 
of an outbreak of meticillin-resistant Staphylococcus aureus: a 
descriptive study. Lancet Infectious Diseases 13:130–136.

Jolles, A., and V. O. Ezenwa. 2015. Ungulates as model systems 
for the study of disease processes in natural populations. Journal of 
Mammalogy 96:4–15.

Kallio, E. R., et al. 2006. Prolonged survival of Puumala hantavirus 
outside the host: evidence for indirect transmission via the environ-
ment. Journal of General Virology 87:2127–2134.

Kallio, E. R., et al. 2007. Endemic hantavirus infection impairs the 
winter survival of its rodent host. Ecology 88:1911–1916.

Keesing, F., et al. 2010. Impacts of biodiversity on the emergence 
and transmission of infectious diseases. Nature 468:647–652.

Keesing, F., R. D. Holt, and R. S. Ostfeld. 2006. Effects of species 
diversity on disease risk. Ecology Letters 9:485–498.

Knops, J. M. H., et al. 1999. Effects of plant species richness on 
invasion dynamics, disease outbreaks, insect abundances and diver-
sity. Ecology Letters 2:286–293.

Kuenzi, A., M. Morrison, D. Swann, P. Hardy, and G. Downard. 
1999. A longitudinal study of Sin Nombre virus prevalence in 
rodents, Southeastern Arizona. Emerging Infectious Diseases 
5:113–117.

Lehmer, E. M., et al. 2010. Long-term patterns of immune investment 
in wild deer mice infected with Sin Nombre virus. Physiological 
and Biochemical Zoology 83:847–857.

Lehmer, E. M., C. A. Clay, J. Pearce Duvet, and S. St. Jeor. 2008. 
Differential regulation of pathogens: the role of habitat distur-
bance in predicting prevalence of Sin Nombre virus. Oecologia 
155:429–439.

LoGiudice, K., R. S. Ostfeld, K. A. Schmidt, and F. Keesing. 
2003. The ecology of infectious disease: effects of host diversity 
and community composition on Lyme disease risk. Proceedings of 
the National Academy of Sciences 100:567–571.

Luis, A. D., et al. 2013. A comparison of bats and rodents as reser-
voirs of zoonotic viruses: are bats special? Proceedings of the Royal 
Society of London, B. Biological Sciences 280:20122753.

Mackelprang, R., M. D. Dearing, and S. J. St. Jeor. 2001. High 
prevalence of Sin Nombre virus in rodent populations, central 
Utah: a consequence of human disturbance? Emerging Infectious 
Diseases 7:480–481.

McLean, N., et al. 2012. How can hantaviruses kill humans but 
leave deer mice unaffected? Bios 83:81–89.

Mills, J. N., et al. 1997. Patterns of association with host and habi-
tat: antibody reactive with Sin Nombre virus in small mammals in 
the major biotic communities of the southwestern United States. 
American Journal of Tropical Medicine and Hygiene 56:273–284.

Mills, J. N., et al. 1998. A survey of hantavirus antibody in small-
mammal populations in selected United States National Parks. 
American Journal of Tropical Medicine and Hygiene 58:525–532.

Mills, J. N., T. G. Ksiazek, C. J. Peters, and J. E. Childs. 1999. 
Long-term studies of hantavirus reservoir populations in the south-
western United States: a synthesis. Emerging Infectious Diseases 
5:135–142.

Naeem, S., and L. Shibin. 1997. Biodiversity enhances ecosystem 
reliability. Nature 390:507–509.

Netski, D., B. H. Thran, and S. C. St. Jeor. 1999. Sin Nombre 
virus pathogenesis in Peromyscus maniculatus. Journal of Virology 
73:585–591.

O’Connor, C. S., J. P. Hayes, and S. C. St. Jeor. 1997. Sin Nombre 
virus does not impair respiratory function of wild deer mice. Journal 
of Mammalogy 78:661–668.

Ostfeld, R. S., and F. Keesing. 2000. The function of biodiversity in 
the ecology of vector-borne zoonotic diseases. Canadian Journal of 
Zoology 78:2061–2078.

Otteson, E., et al. 1996. Occurrence of hantavirus within the 
rodent population of northeastern California and Nevada. American 
Journal of Tropical Medicine and Hygiene 54:127–133.

Ovadia, O., Z. Abramsky, B. P. Kotler, and B. Pinshow. 2005. 
Inter-specific competitors reduce inter-gender competition in Negev 
Desert gerbils. Oecologia 142:480–488.

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

am
m

al/article/96/1/29/866163 by guest on 02 Septem
ber 2020



36 JOURNAL OF MAMMALOGY 

Pearce Duvet, J. M., S. J. St. Jeor, J. D. Boone, and M. 
D. Dearing. 2006. Changes in Sin Nombre virus antibody preva-
lence in deer mice across seasons: the interaction between habitat, 
sex, and infection in deer mice. Journal of Wildlife Diseases 42: 
819–824.

Prange, S., T. Jordan, C. Hunter, and S. Gehrt. 2006. New radio-
collars for the detection of proximity among individuals. Wildlife 
Society Bulletin 34:1333–1344.

Ramsey, D., et al. 2002. The effects of reducing population density 
on contact rates between brushtail possums: implications for trans-
mission of bovine tuberculosis. Journal of Applied Ecology 39: 
806–818.

Schauber, E. M., C. K. Nielsen, L. J. Kjaer, C. E. Anderson, and 
D. J. Storm. 2015. Social affiliation and contact patterns among 
white-tailed deer in disparate landscapes: implications for disease 
transmission. Journal of Mammalogy 96:16–28.

Schountz, T., et al. 2007. Regulatory T cell-like responses in deer 
mice persistently infected with Sin Nombre virus. Proceedings of the 
National Academy of Sciences 104:15496–15501.

Sekercioglu, C. H. 2013. First wolves tracked in Turkey are texting 
their locations to scientists. National Geographic, Washington, D.C. 
http://newswatch.nationalgeographic.com/2013/12/15/wolves-in-
turkey-tracked-for-the-first-time/. Accessed 21 January 2014.

Sikes, R. S., W. L. Gannon, and the Animal Care and Use 
Committee of the American Society of Mammalogists. 
2011. Guidelines of the American Society of Mammalogists for 
the use of wild mammals in research. Journal of Mammalogy 92: 
235–253.

Smith, M. D., and A. K. Knapp. 1999. Exotic plant species in a 
C4-dominated grassland: invasibility, disturbance, and community 
structure. Oecologia 120:605–612.

Suzán, G., et al. 2008. The effect of habitat fragmentation and spe-
cies diversity loss on hantavirus prevalence in Panama. Annals of 
the New York Academy of Sciences 1149:80–83.

Suzán, G., et al. 2009. Experimental evidence for reduced rodent 
diversity causing increased hantavirus prevalence. PLoS One 
4:e5461.

Tersago, K., A. Schreurs, C. Linard, R. Verhagen, S. Van 
Dongen, and H. Leirs. 2008. Population, environmental, and 
community effects on local bank vole (Myodes glareolus) Puumala 
virus infection in an area with low human incidence. Vector Borne 
Zoonotic Diseases 8:235–244.

Tilman, D., K. Johannes, D. Wedin, P. B. Reich, M. Ritchie, and 
E. Siemann. 1997. The influence of functional diversity and com-
position on ecosystem processes. Science 227:1300–1302.

Valone, T. J., and P. Sauter. 2005. Effects of long-term cattle exclo-
sure on vegetation and rodents at a desertified arid grassland site. 
Journal of Arid Environments 61:161–170.

Voutilainen, L., et al. 2012. Environmental change and disease 
dynamics: effects of intensive forest management on Puumala hanta-
virus infection in boreal bank vole populations. PLoS One 7:e39452.

Yates, T., et al. 2002. The ecology and evolutionary history of an 
emergent disease: hantavirus pulmonary syndrome. Bioscience 
52:989–998.

Special Feature Editor was Barbara H. Blake.

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

am
m

al/article/96/1/29/866163 by guest on 02 Septem
ber 2020

http://newswatch.nationalgeographic.com/2013/12/15/wolves-in-turkey-tracked-for-the-first-time/
http://newswatch.nationalgeographic.com/2013/12/15/wolves-in-turkey-tracked-for-the-first-time/

