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Abstract

Exploration and activity are often described as trade-offs between the fitness benefits of gathering
information and resources, and the potential costs of increasing exposure to predators and para-
sites. More exploratory individuals are predicted to have higher rates of parasitism, but this
relationship has rarely been examined for virus infections in wild populations. Here, we used the
multimammate mouse Mastomys natalensis to investigate the relationship between exploration,
activity, and infection with Morogoro virus (MORV). We characterized individual exploratory behav-
ior (open field and novel object tests) and activity (trap diversity), and quantified the relationship
between these traits and infection status using linear regression. We found that M. natalensis
expresses consistent individual differences, or personality types, in exploratory behavior (repeat-
ability of 0.30, 95% CI: 0.21-0.36). In addition, we found a significant contrasting effect of age on ex-
ploration and activity where juveniles display higher exploration levels than adults, but lower field-
activity. There was however no statistical evidence for a behavioral syndrome between these 2
traits. Contrary to our expectations, we found no correlation between MORYV infection status and
exploratory behavior or activity, which suggests that these behaviors may not increase exposure
probability to MORYV infection. This would further imply that variation in viral infection between
individuals is not affected by between-individual variation in exploration and activity.
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Animals explore their surroundings to reduce uncertainty in het-
erogeneous environments, gathering information about the avail-
ability of resources such as food (Tebbich et al. 2009) or mates
(Schwagmeyer 1995). Such information-gathering behavior is
referred to as intrinsic exploration (Hughes 1997), and there is a
growing body of evidence that this behavior, together with others,
shows consistent patterns between individuals over time and/or
across situations (Sih et al. 2004; Réale et al. 2007; Bell et al.
2009) in a wide range of taxa (Gosling 2001; Bell 2007; Briffa
and Weiss 2010). Such consistent differences in behavior are
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commonly referred to as personality traits (Réale et al. 2007), and
can have a number of fitness consequences (Dingemanse and Réale
2005; Smith and Blumstein 2007). Shyer Trinidadian guppies
Poecilia reticulata, for instance, exhibit stronger antipredator re-
sponses than bolder individuals (Brown et al. 2014). Personality
can also influence reproductive success (Smith and Blumstein
2007), with high levels of exploration positively associated with
reproductive success earlier in life both within (e.g., Tamias stria-
tus; Montiglio et al. 2014) and across (e.g., muroid rodents;
Careau et al. 2009) species.
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The benefits of behavioral traits such as exploration, boldness,
and activity may come with potential fitness costs if they increase the
probability or rate at which individuals encounter predators (Boon
et al. 2008; Jones and Godin 2010) and/or pathogens (Barber and
Dingemanse 2010; Boyer et al. 2010). The magnitude of these fitness
costs is predicted to co-vary with prey personality and predator forag-
ing strategies or modes of pathogen transmission. For example, more
exploratory chipmunks Tamias sibiricus have higher parasite loads
than less exploratory individuals because they are more active and
cover a larger area, which increases their encounter rate of parasites
(Boyer et al. 2010). Alternatively, aggressive interactions may increase
the transmission of some viruses via infectious saliva in bite wounds,
as with Seoul virus (Glass et al. 1988; Klein et al. 2004). Aggressive
behaviors may also correlate with other personality traits, such as
boldness, thus forming a behavioral syndrome (Sih et al. 2004). Bold
deer mice Peromyscus maniculatus, for instance, are 3 times more
likely to be infected with Sin Nombre virus than shy deer mice, pre-
sumably because they engage more frequently in aggressive inter-
actions that are predicted to increase the probability of virus
transmission (Dizney and Dearing 2013). Similar relationships have
been found in feral domestic cats Felis catus between boldness and the
prevalence of Feline Immunodeficiency Virus, another virus transmit-
ted via saliva (Natoli et al. 2005). Alternatively, if pathogens are shed
into the environment via feces or urine, other personality traits such
as exploration or activity may increase the likelihood of encountering
contaminated environments and hence infection (Hughes et al. 2012).

Here, we use the multimammate mouse Mastomys natalensis as
a model organism to investigate the relationship between 2 personal-
ity traits (exploration and activity), reproductive age, and infection
with Morogoro virus (MORYV). Viral RNA particles can be found in
the blood of infected individuals up to 7 days after infection after
which it declines rapidly, but they continue to shed virus particles in
their excretions around up to 40days after infection (Borremans
et al. 2015b; Marién et al. 2017). Still, it is unknown how long these
excretions stay infectious in the environment. Transmission of
MORY is mainly horizontal (Borremans et al. 2011) and is believed
to occur via exposure to these virus particles excreted in feces, urine,
and saliva (Borremans et al. 2015b), and thus potentially via direct
contacts (e.g., grooming, licking, and mating) or through indirect
exposure to virus particles in the environment. Infection appears to
be acute, followed by a lifelong immunity, although a small propor-
tion of animals seems to become chronically infected (Marién et al.
2017).

We hypothesized that exploration and activity are drivers of
MORYV transmission in M. natalensis since the virus can potentially
be transmitted via direct and indirect contacts. Mating in M. nata-
lensis is believed to occur via a scramble competition mating system,
in which males search competitively for females (Kennis et al.
2008), possibly in combination with a dominance hierarchy
(Borremans et al. 2014). Male reproductive success in this species is
correlated with weight, but is also highly heterogeneous, with a rela-
tively small percentage (17-40%) of males recorded as fathering all
offspring in a population (Kennis et al. 2008). Furthermore, terri-
toriality is low during the breeding season and both males and fe-
males have overlapping home ranges (Borremans et al. 2014). This
means that highly active or exploratory individuals of both sexes are
more likely to enter home ranges of other individuals, which could
lead to a higher probability of encountering MORV-infected indi-
viduals and excretions.

To test whether activity or exploration might play a role in the
transmission of MORV in M. natalensis populations, we used

field-based measures of activity, in combination with a series of be-
havioral trials to characterize exploration, and quantified the rela-
tionship between each individual’s personality traits and their
MORYV infection status. We hypothesized that exploration and ac-
tivity would increase exposure to MORV. Specifically, we predicted
that MORV-specific antibody prevalence should be higher in more
exploratory and active individuals. In addition, we predicted that ju-
veniles would be more exploratory than adults, as they are in a
greater need to gather information about their environment (Hughes
1997; Biondi et al. 2013), but that adults would be more active than
juveniles, because of their larger home ranges (Borremans et al.
2014) and a potential need to cover a larger area when searching for
mates (Kennis et al. 2008).

Materials and Methods

Study site and species

Mastomys natalensis is the most common indigenous rodent in sub-
Saharan Africa and a well-studied agricultural pest species (Leirs
et al. 1994). The species’ reproductive cycle is strongly related to
seasonal rainfall patterns, and populations can reach high densities
in habitats where food is abundant (Leirs et al. 1994; Leirs et al.
1997). The analysis of movement patterns during a long-term field
study has shown that male home ranges decrease and those of fe-
males increase during periods of high resource availability and
population density (Borremans et al. 2014). During these periods,
home ranges overlap greatly, indicating a low level of territoriality
and reduced spatial activity. Home range sizes of both sexes are
similar during the breeding season (Borremans et al. 2014).

We conducted fieldwork on the campus of the Sokoine
University of Agriculture (SUA; Morogoro, Tanzania) between 29
July and 18 October 2013 (dry season—tail end of the breeding
period). We trapped animals on 6 grids of 1ha (100 traps in a
10 x 10 arrangement, 10 m among traps) in agricultural fields.
Grids were spaced at least 700 m apart for spatial independence
(Borremans et al. 2014). Within a trapping session, we implemented
capture-mark-recapture trapping for 3 consecutive nights every
2 weeks for each grid, using Sherman LFA live traps (Sherman Live
Trap Co., Tallahassee, FL) baited with a mix of peanut butter and
maize flour. Traps were set in the evening and checked in the early
morning and captured rodents were transported to the nearby SUA
Pest Management Center for behavioral tests and blood sampling
(details below). Rodents were released in the evening at their site of
capture, after which we rebaited and re-set all traps. We conducted
a total of 6 trapping sessions for all grids except 1, for which only 4
sessions were completed.

We used toe clipping to uniquely mark individuals at their first
capture (Borremans et al. 2015a), and we recorded the weight, sex,
and reproductive age (following Leirs et al. 1994) of individuals at
each capture. We considered mice to be juvenile if signs of sexual ac-
tivity could not be observed (scrotal testes in males; perforated va-
gina or pregnancy in females). In order to minimize any potential
effects of stress, we recorded the behavior of each individual (see
below for details) before blood sampling and toe clipping. Blood
samples were taken from the retro-orbital sinus and preserved on
pre-punched filter paper (~15 ul/punch; Serobuvard, LDA 22,
Zoopole, France). Saliva was collected by placing a small slip of fil-
ter paper into the mouth of the animal for approximately 20s. If the
animal urinated, a urine sample was collected on filter paper.
Samples on filter paper were dried and stored in the dark, at ambient
temperature (<28 °C) for 2 months, after which they were preserved
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Figure 1. The open field (OF) arena during data extraction, showing the arena walls (dark red) and floor (light red). The floor was divided into 16 rectangles

(19 x 13cm) and the yellow line tracks the animal’s movement.

at —20°C as suggested by Borremans (2014). All experimental pro-
cedures were approved by the University of Antwerp Ethical
Committee for Animal Experimentation (LA1100135) and adhered
to the EEC Council Directive 2010/63/EU, and followed the Animal
Ethics guidelines of the Research Policy of Sokoine University of
Agriculture.

Behavioral trials
We  conducted behavioral trials in the morning in
75 (L) x 55 (W) x 44 (H) cm semi-translucent arenas, the walls of
which were covered with red plastic (Figure 1). We conducted trials
under low-level natural daylight, which mice should have perceived as
dark due to the red plastic sheets coating the walls, and recorded all
trials using a digital video camera installed above each arena. Sixteen
rectangles (19 x 13 ¢cm) were marked on the floor of the arena to fa-
cilitate the automatic extraction of behavioral data (Figure 1). At the
start of each trial, we placed a trap containing an individual at one
end of the arena, with the trap opening facing the inside of the arena.
The behavioral trial started when the trap was manually opened.
Each behavioral trial consisted of 2 tests to quantify an individ-
ual’s exploratory behavior. First, an open field (OF) test which
measured each individual’s reaction to a novel environment (Archer
1973). The OF test assumes that movement within the experimental
arena is an index of exploration, as animals move around to investi-
gate their surroundings (Dingemanse et al. 2002). After 5 min, the
second test, a novel object (NO) test, began when we introduced a
NO (a blue plastic box) into the arena, on the opposing side of the
trap opening. In combination, these tests measure an individual’s ex-
ploration of a novel environment, and toward a NO (Reale et al.
2007). NO tests ran for Smin, after which the animals were
removed from the arena. The experimenter was only present at the
start of the OF test, to open the trap, and at the beginning of the NO
test for the introduction of the NO. To remove scent and dirt, we
cleaned experimental arenas and NOs after every trial using 70%
ethanol. Individuals were released at their point of capture following

the completion of all behavioral tests and were held for a maximum
of 5h. Consecutive tests for individuals were separated by a min-
imum of 11days (21 = 9 days, mean = SE).

Video analysis

We developed an imaging processing algorithm in R 3.0.2 (R Core
Team 2013) to automatically extract behavioral data from the video
files (code available on request): (i) locomotion, measured as the total
number of times the animal changed squares, calculated separately for
OF and NO tests (see Figure 1) and (ii) entrance latency, the time (in
seconds) an animal took to leave the trap in the OF test, and after the
introduction of the NO. If an animal did not leave the trap after 5 min
in either test we recorded 300s. Animals were not forced to leave the
trap, as this would induce fear and/or anxiety behavior instead of ex-
ploration (Misslin and Cigrang 1986).

Detection and quantification of MORV RNA and
antibodies against MORV

We analyzed blood, saliva, and urine samples at the University of
Antwerp for MORV-specific IgG antibodies using immunofluores-
cence assay protocols described in Giinther et al. (2009). Viral RNA
extraction was performed on all samples using the QIAmp vRNA
Mini Kit [Qiagen, Hilden, Germany; see Borremans et al. (2015b)
for details]. RT-PCR protocols followed those described in Giinther
et al. (2009), with MoroL.3359-forward and MorolL3753-reverse
primers used to target a 340-nucleotide portion of the RNA-
dependent RNA polymerase gene of MORV. We confirmed all
amplicons by Sanger-sequencing at the Vlaams Instituut voor
Biotechnologie (Antwerp, Belgium), and compared them to known
MORYV sequences using Geneious 7.0.6 (Kearse et al. 2012).

Statistical analysis

Individual exploratory behavior

We conducted 295 behavioral tests on 122 individuals
(Nmale =42, Nfemale =80). All individuals were recorded at least
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twice (Nrecorded twice = 825 Nihree times =305 Neour times =95 Nfive time-
s= 1), which allowed us to estimate the repeatability of the behavioral
responses measured in the behavioral tests (Réale et al. 2007). We
used a principal component analysis (PCA) to reduce the number of
behavioral variables from the OF and NO tests, and applied the
Kaiser—Guttman criterion (eigenvalue >1; Kaiser 1991; Peres-Neto
et al. 2005) when selecting the number of components to retain.

We used a linear mixed model (LMM) with maximum likelihood
(Pinheiro and Bates 2000; Crawley 2012) to determine the effect of
independent variables on the component (PCA) scores. We used sex
(male/female), reproductive age (adult/juvenile), and a binomial
variable describing whether it was the first time an individual had
been caught and recorded (1 or 2, further referred to as first record-
ing) as fixed effects, and a 3-way interaction between all the fixed ef-
fects. Grid and M. natalensis identity (ID) were included as random
effects to correct for repeated measures effects, and to estimate the
between- and within-individual variance required to calculate re-
peatability (Nakagawa and Schielzeth 2010; Wolak et al. 2012). To
find the model that best fit our data, we removed statistically non-
significant interactions and fixed effects from the model using a
backward stepwise procedure (using P =0.035 as the level to reject a
fixed effect) implemented in the R package ImerTest (version 2.0;
Kuznetsova et al. 2014). We used a likelihood ratio test (LRT) to de-
termine the significance of the random effects, by comparing the
final LMM with a linear model (LM) without ID or grid as a ran-
dom effect; a P-value < 0.05 indicates that a significant amount of
variance can be ascribed to between-individual variance (Martin
and Réale 2008). Although we used the OF and NO tests to quantify
exploration behavior, a single exploration value was needed for fur-
ther analysis in the generalized linear model (GLM). We therefore
used the best linear unbiased predictors (BLUPs) from the final
LMM to generate a single exploration value (an individual index of
personality) per individual. BLUPs provide estimates of the random
effects (ID) independent of the other terms within the model, and
are standardized to a mean of zero (Kruuk 2004; Martin and Réale
2008). They are less sensitive to extreme values within the data and
are a more appropriate estimate for personality type than the mean
of all measurements (Pinheiro and Bates 2000).

Trap diversity

We used the live-trapping data, and specifically trap diversity (the
total number of unique trap locations in which an individual was
trapped), to estimate individual activity in the field (Boyer et al.
2010). To test which factors affected activity, we ran a GLM with a
Poisson error distribution, with activity as the dependent variable,
and sex, reproductive age, trappability (total number of times an in-
dividual was trapped), and personality type (BLUP) as independent
variables, together with a 2-way interaction between sex and repro-
ductive age (Crawley 2012).

MORYV infection status: We captured 776 different individuals
(from 1,133 captures), on all grids during 108 trapping nights
throughout the whole study period. We screened all individuals for
MORYV antibodies at least once during each recapture session in
which it was encountered. All individuals that were recaptured dur-
ing different trapping sessions (N =220) were screened for MORV
RNA at least twice. More details about the individuals’ initial infec-
tion state can be found in Marién et al. (2017).

We tested how MORYV antibody status and MORV RNA status
(binary response for each test: positive or negative) in the full dataset
varied as a function of sex, reproductive age, and their interaction
using separate generalized linear mixed models (GLMMs) with

binomial error distributions. We included capture grid as a random
effect to control for variation in prevalence among the grids.
Prevalence of MORYV antibodies and MORV RNA, and their 95%
confidence intervals, were calculated manually.

To test for the relationships between MORYV infection status
(antibodies, binary response) and personality type, we constructed a
new GLM (with a binomial error distribution; Crawley 2012) with
sex, reproductive age, trap diversity, and personality type (BLUP) as
independent variables using the reduced, behavioral dataset.
All statistical analyses were executed using R software 3.0.2
(R Development Core Team 2013).

Results

Individual exploratory behavior
The PCA reduced the number of exploratory variables to 2 compo-
nents with an eigenvalue >1 (Table 1) which, combined, explained
86.80% of the total variance. The first component (PC1) explained
56.98% of the variance and was positively correlated with locomo-
tion in both the OF and NO tests, and negatively with the latency
measurements from both tests. The second component (PC2) ex-
plained 29.82% of the total variance. PC2 was positively correlated
with locomotion during the NO test, but negatively with locomotion
in the OF test (Table 1). We chose to retain only PC1 in our study as
it explained the majority of the variance and because is strongly cor-
related with movement during the OF and NO which is an index of
exploration (Dingemanse et al. 2002). Individual exploration types
(BLUPS) were calculated from this component. From hereafter, we
will refer to PC1 as exploration behavior (PC1) and the individual
indices of exploration (BLUP) will be referred to as personality type.
The LMM on exploration behavior (PC1) revealed a significant ef-
fect of reproductive age (Table 2), where juveniles were significantly
more explorative than adults (coefficient = SE=0.564 = 0.210;
t114=2.687, P=0.008; Figure 2A). There were no differences be-
tween the sexes or an effect of recording order (first vs. later record-
ings), and no interaction terms were significant (Table 2). There were
no differences in exploration behavior (PC1) between the 6 grids
(LRT #*=0.00; P=1) but M. natalensis ID explained a significant
proportion of the variance in exploration behavior (LRT *=15.63;
P <0.001) and there were consistent differences in exploration behav-
ior (PC1) through time between individuals with a repeatability of
R =0.30 (95% confidence interval 0.21-0.36).

Trap diversity

Trap diversity (activity) was significantly positively correlated with the
total number of times an individual was caught (trappability;
coefficient = SE = 0.106 =+ 0.023, z110=4.596, P < 0.001). Independent
of trappability, adult individuals were trapped in significantly more dif-
ferent traps than juveniles were (coefficient = SE=—0.275 + 0.122,
2119=—2.251, P=0.024; Figure 2B), but there were no significant dif-
ferences between sexes (P > 0.8) or a significant interaction between sex
and age (P> 0.8). In addition, there was no effect of personality type
(BLUP) on trap diversity (P> 0.5), and thus no statistical evidence for a
behavioral syndrome between activity and exploration in M. natalensis.

MORYV infection status

Throughout the whole study period, we found a prevalence of 0.18
for MORYV antibody (95% confidence interval 0.11-0.24) and 0.23
for MORV RNA (95% confidence interval 0.17-0.29). We found
no statistical differences between males and females in their MORV
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Table 1. Correlation of each behavior observed during the open
field (OF) and novel object (NO) tests on Mastomys natalensis with
the components of the principal component analysis (PCA)

Behavioral variables Component 1~ Component 2

(PC1) (PC2)
OF: Locomotion (no. squares crossed) 0.553 —-0.411
OF: Latency to leave trap —0.508 0.521
NO: Locomotion (no. squares crossed) 0.455 0.554
NO: Latency to leave trap —0.478 —0.503
Total variance (%) 56.98 29.82
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Figure 2. Differences between adults and juveniles in mean (£SE) in (A) ex-
ploration behavior (PC1), (B) trap diversity (i.e., the total number of different
trap locations in which an individual was trapped), and (C) MORV-specific
antibody prevalence (MORV positive individuals divided by all individuals).
Juveniles are significantly more exploratory than adults, but less active
(lower trap diversity). MORV-specific antibody prevalence is significantly
higher in adults than juveniles.

antibody [prevalence: males=0.18 (95% confidence interval
0.09-0.25), females=0.18 (95% confidence interval 0.12-0.24);
coefficient + SE=—0.06 += 0.19, z77, = —0.32, P=0.75] or MORV
RNA infection status [prevalence: males=0.23 (95% confidence
interval 0.13-0.33), females=0.23 (95% confidence interval
0.13-0.33); coefficient = SE—=0.12 + 0.31, 75, = —0.40, P—0.69].
However, there were strong differences between reproductive ages,
with prevalence significantly higher in adults than juveniles for both
MORY antibody [prevalence: adult=0.26 (95% confidence interval
0.17-0.35), juvenile=0.13 (95% confidence interval 0.07-0.19);

Table 2. Results from the stepwise reduction of the full linear mixed
model (LMM) of the PC1 components (exploration behavior)

PC1 (Exploration behavior)

Dependent variables df F P

First recording x reproductive agexsex 1,172 0.003 0.960
First recording x reproductive age 1,175 0.759 0.385
First recording x sex 1,175 2.238 0.137
Reproductive age xsex 1,111 2.968 0.088
First recording 1,178 0.143 0.706
Sex 1,114 1.041 0.310
Reproductive age® 1,114 7.219 0.008

Notes: Significant P-values (P < 0.05) are marked in bold.
2 Final model.

Table 3. Results from the generalized linear model (GLM) with
infection (MORV antibody status) as a binomial variable

Estimate = SE z-value P-value
Intercept —0.986+0.679 —1.453 0.146
Trap diversity —0.008+0.210 —0.040 0.968
Exploration (BLUP) —0.202+0.450 —0.448 0.654
Reproductive age (juvenile) —1.832%0.605 -3.026 0.002
Sex (male) 0.712+0.532 1.339 0.180

Note: Statistically significant results (P < 0.05) are marked in bold.

coefficient + SE=—0.81+0.19, z77,=-4.17, P<0.001] and
MORYV RNA [prevalence: adult=0.32 (95% confidence interval
0.20-0.43), juvenile=0.17 (95% confidence interval 0.08-0.26);
coefficient = SE = —0.82 = 0.30, 2,51 = —2.70, P = 0.007].

Of the individuals used in our behavioral study (i.e., those we re-
corded at least twice), 23 individuals were positive for MORV-
specific antibodies at least once during the study (Npaies=9,
Ntemales = 14). MORYV antibody prevalence in this group was 0.19
(95% confidence interval 0.14-0.24), similar to the MORV anti-
body prevalence of 0.18 in the entire dataset (95% confidence inter-
val 0.11-0.24). Eleven individuals were seropositive throughout the
whole study, indicating that they were infected with MORYV prior to
this study (Borremans et al. 2011). These individuals did not differ
in weight from those that seroconverted during the study
(Fy=1.391, P=0.252). Similar to the overall dataset, adults had a
higher probability of testing positive for MORV-specific antibodies
than juveniles in the reduced behavioral dataset (z1,115=—-2.956,
P=0.003, Figure 2C), and there were no differences in infection sta-
tus between the sexes (z,113=1.127, P=0.202). There were no re-
lationships between infection status and personality type (BLUP) or
activity (P > 0.05; Table 3). Fifteen individuals within the behavioral
dataset tested positive for MORV RNA (MORV RNA prevalence
0.12; 95% confidence interval 0.08-0.16); 11 of these were also
MORYV antibody positive. No statistical analyses were performed
on the MORYV RNA data due to the small sample size and its simi-
larity to the antibody dataset.

Discussion

It has been hypothesized that consistent individual differences in ex-
ploratory behavior may influence parasite or pathogen infection sta-
tus, but this relationship has been investigated for only a limited
range of disease agents (Barber and Dingemanse 2010). In this
study, we have provided evidence that M. natalensis expresses

Downl oaded from https://academ c. oup. conf cz/ advance-articl e-abstract/doi/10. 1093/ cz/ zox053/ 4139746

by guest

on 12 July 2018


Deleted Text: (
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: ) 
Deleted Text: (
Deleted Text: -
Deleted Text: -
Deleted Text: ). 
Deleted Text: (
Deleted Text: -
Deleted Text: -
Deleted Text: ) 
Deleted Text: (
Deleted Text: -
Deleted Text: -
Deleted Text: ).
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text: -

Current Zoology, 2017, Vol. 0, No. 0

consistent individual differences, or personality types, in exploration
behavior with an overall repeatability of 30%. Contrary to our ex-
pectations we found no relationship between individual’s MORV in-
fection status and their exploration or activity level.

Exploration is an information-gathering behavior used for pur-
poses such as assessing predation risk and investigating new food re-
sources (Hughes 1997; Tebbich et al. 2009; Reader 2015).
As predicted, juveniles were, on average, more exploratory than
adults. Such a decline in exploration with age has been found in sev-
eral other taxa, for example brown rats (Rattus norvegicus; Ray and
Hansen 2005), corvids (Miller et al. 2015), and chimango caracaras
(Milvago chimango; Biondi et al. 2013), and has been attributed to
individuals’ need to gather information about their environment
early in life (Reader 2015). Alternatively, because exploratory be-
havior can attract predators (Rodel et al. 2015), highly explorative
individuals could be predated before reaching adulthood, hence
adults may behave more carefully than juveniles due to experience
(Rodel et al. 2015). It is also possible that juveniles are less efficient
at gathering information and must therefore spend more time
exploring their environment than adults to acquire the same amount
of information (Biondi et al. 2013).

Although adult M. natalensis were less exploratory than juven-
iles, they were more active in their natural environments (i.e., visited
a greater variety of traps), independent of the number of times they
were trapped. These activity patterns in adults possibly stem from
the timing of our study during the breeding season. On the one
hand, female home ranges increase during this period, presumably
to gather more food (Borremans et al. 2014). Males, on the other
hand, are highly active in order to increase their reproductive success
in the species’ scramble mating competition (Kennis et al. 2008).
Nonetheless, we found no statistical evidence for a behavioral syn-
drome between activity and exploration. The absence of a behav-
ioral syndrome between these 2 traits has been found in other
species (Patterson and Schulte-Hostedde 2011; Carter et al. 2013,
but see Boyer et al. 20105 Kekaldinen et al. 2014), and supports the
results of a meta-analysis that showed that the average strength of
the correlation between activity and exploration is weak
(Garamszegi et al. 2012), and can depend on a range of environmen-
tal factors (e.g., predation pressure, Dingemanse et al. 2007).

Exploration and activity may have potential fitness costs if they in-
crease individuals’ encounter rates with pathogens. Most individuals
infected with MORYV shed infectious particles acutely in their urine,
feces, and saliva up to approximately 40days after infection
(Borremans et al. 2015b), although some individuals might become
chronically infected (Marién et al. 2017). More exploratory or active
individuals may therefore have a higher probability of contacting in-
fectious excretions and becoming infected. As antibodies indicate past
infection and remain present in the host even after the virus is cleared
(Mills et al. 2007; Giinther et al. 2009; Borremans et al. 2015a), the
higher antibody prevalence that we observed in adult M. natalensis is
the result of cumulative opportunities to encounter the virus, as previ-
ously observed and discussed by Borremans et al. (2011), and also for
other arenaviruses and host species (Demby et al. 2001; Mills et al.
2007). Nevertheless, we found no direct link between MORYV infec-
tion status and exploration or activity. This may suggest that virus
particles shed in the excretions of recent infected individuals are not
as infectious as previously thought (e.g., compared with Lassa virus;
Fichet-Calvet and Rogers 2009) and that MORV transmission may
occur more commonly through direct contact (e.g., social interactions
and mating) with infected conspecifics (Borremans et al. 2011). Our
lack of significant results may also stem from our low sample size of

MORV antibody positive individuals resulting in low statistical
power.

If MORV transmission is strongly linked to direct contact with
infected conspecifics rather than through infected environments,
MORYV RNA prevalence should then increase when social contacts
between conspecifics increases (Drewe and Perkins 2014). We found
that MORYV RNA prevalence, a clear indication of recent infection,
is significantly higher in adults than juveniles; similar patterns have
been reported for Lassa virus, another arenavirus (Fichet-Calvet
et al. 2008). Furthermore, we showed that adults are significantly
more active than juveniles, which is likely to increase their probabil-
ity of encountering infectious individuals (Kennis et al. 2008).
Combined, these results suggest that direct contacts between indi-
viduals may be important for the transmission of MORV. If this is
the case, there are multiple, non-mutually exclusive behaviors that
would be expected to increase transmission of MORV. Aggressive
behaviors, for example, increase transmission in other disease sys-
tems [e.g., hantavirus in: R. norvegicus (Klein et al. 2004) and P.
maniculatus (Dizney and Dearing 2013)], but seem unlikely in M.
natalensis due to their low levels of aggression (Veenstra 1958;
Perrin et al. 2001). Alternatively, MORYV could be transmitted dur-
ing mating, as has been found in the Machupo arenavirus (Webb
et al. 1975). While transmission during mating may indeed happen
for MORYV, on-going transmission in sexually inactive juvenile M.
natalensis (Borremans et al. 2011), as indicated by high RNA preva-
lence, suggests that this is not the major mode of transmission dur-
ing the study period. This however does not preclude the possibility
that transmission during mating is the main mode of transmission
during the low-density breeding season, when animals are almost
exclusively sexually mature. Social contacts and position within the
social network may be more important for virus transmission
through direct contacts (Godfrey 2013; Drewe and Perkins 2014).
Individuals with a large number of contacts, for instance, are ex-
pected to play a key role in acquiring and transmitting the virus
(Lloyd-Smith et al. 2005; White et al. 2017). Strong heterogeneity in
social contacts has indeed been found for M. natalensis (Borremans
et al. 2016) but has not yet been linked to infection status. A more
detailed study examining the relationships between sociability, so-
cial networks, personality, and MORYV infection status could pro-
vide us with a greater understanding of MORV ecology and
transmission dynamics.

It has been suggested that different personality types could vary
in variations in disease susceptibility and/or transmission (Barber
and Dingemanse 2010; Hawley et al. 2011; Barron et al. 2015;
Ezenwa et al. 2016). While there has been a focus on the role of per-
sonality in disease transmission in tick (Boyer et al. 2010; Patterson
and Schulte-Hostedde 2011; Bajer et al. 2015), trematode
(Nakagawa et al. 2010; Koprivnikar et al. 2012; Seaman and Briffa
2015), and malarial (Dunn et al. 2011; Garamszegi et al. 2015;
Garcia-Longoria et al. 2015) disease systems, more studies are
acknowledging the importance of personality in viral models (Natoli
et al. 2005; Dizney and Dearing 2013; Araujo et al. 2016). Our
study provides the first evidence for the existence of personality
types in M. natalensis, a significant pest species in sub-Saharan
Africa (Leirs 1995), and reservoir host and vector for several import-
ant zoonotic infections (Frame et al.1970; Isaicson 1975; Giinther
et al. 2009; Katakweba et al. 2012). We found that juveniles were
typically more exploratory than adults under laboratory conditions,
but also less active in the field. Nevertheless, we found no link be-
tween individuals’ exploratory behavior or activity and their
MORYV infection status, which may suggest that environmental
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transmission of MORYV is not as prominent as we hypothesized.
Together our results may indicate that exploration and activity
might not increase the individual’s likelihood to come into contact
with the virus suggesting that variation in viral infection between in-
dividuals is not affected by between-individual variation in explor-
ation and activity.
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