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1  | INTRODUC TION

In the last couple of decades, there is an increase of emerging infec‐
tious diseases worldwide of which 60% are zoonotic and originating 
from wildlife (Daszak, 2000; Jones et al., 2008; Karesh et al., 2012). 
To understand these diseases, a more profound knowledge of the 
transmission mechanisms within wild populations is needed. One of 
the prominent factors that could affect transmission is host density, 
especially for directly transmitted pathogens (Altizer et al., 2006; 
Anderson & May, 1978; Davis et al., 2004; Davis & Calvet, 2005). This 
density‐dependent infection probability, however, differs among 
individuals resulting in infection heterogeneity among individuals 
(VanderWaal & Ezenwa, 2016; Woolhouse et al., 1997) and could 

partially be attributed to consistent behavioral differences between 
individuals across time and/or contexts, currently referred to as an‐
imal personality (Carere & Maestripieri, 2013; Réale, Reader, Sol, 
McDougall, & Dingemanse, 2007). Indeed, there is a growing body 
of evidence that personality affects infection probability, as several 
studies found a positive correlation among exploration, boldness, 
activity, and parasite/pathogen load (Barber & Dingemanse, 2010; 
Bohn et al., 2017; Boyer, Réale, Marmet, Pisanu, & Chapuis, 2010; 
Dizney & Dearing, 2013; Patterson & Schulte‐Hostedde, 2011). For 
example, bolder deer mice (Peromyscus maniculatus) are three times 
more likely to be infected with Sin Nombre virus and responsible for 
most of the transmission events (Clay, Lehmer, Previtali, St Jeor, & 
Dearing, 2009; Dizney & Dearing, 2013).
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Abstract 
Conspecific density and animal personality (consistent among‐individual differences 
in behavior) may both play an important role in disease ecology. Nevertheless, both 
factors have rarely been studied together but may provide insightful information in 
understanding pathogen transmission dynamics. In this study, we investigated how 
both personality and density affect viral infections both direct and indirectly, using 
the multimammate mice (Mastomys natalensis) and Morogoro arenavirus (MORV) as a 
model system. Using a replicated semi‐natural experiment, we found a positive cor‐
relation between MORV antibody presence and density, suggesting that MORV in‐
fection is density‐dependent. Surprisingly, slower explorers were more likely to have 
antibodies against MORV compared to highly explorative individuals. However, explo‐
ration was positively correlated with density which may suggest a negative, indirect 
effect of density on MORV infection. We have shown here that in order to better un‐
derstand disease ecology, both personality and density should be taken into account.
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In order to understand pathogen transmission, both density and 
personality should therefore be incorporated into one framework 
(Figure 1). This may allow us to disentangle direct effects of density 
on infection probability as well as indirect effects due to a relation‐
ship between density and personality. Indeed, population density 
and density‐dependent processes are important in the evolutionary 
framework of animal personality since they may lead to fluctuating 
selection, which is considered to be one of the major evolutionary 
mechanisms responsible for the existence and maintenance of per‐
sonality (Dingemanse & Wolf, 2010; Wolf, Doorn, Leimar, & Weissing, 
2007). For example, the survival probability of slow exploring great 
tits (Parus major) increases with density while that of fast explorers 
decreases (Nicolaus, Tinbergen, Ubels, Both, & Dingemanse, 2016). 
Similar results have been found in the common lizard (Zootoca vi‐
vipara) where at low density, survival is higher in more social and less 
active individuals compared to less social and more active individuals 
(Le Galliard, Paquet, & Mugabo, 2015).

Density‐dependent processes could affect personality at both the 
between‐ and within‐individual level (Dingemanse & Dochtermann, 
2013). A correlation at the between‐individual level implies that the 
composition of the population with respect to personality types 
changes when density changes. For instance, aggressiveness in 
both the prairie vole (Microtus ochrogaster) and the meadow vole 
(M. pennsylvaticus) differs significantly between populations at dif‐
ferent phases in the population cycle (Krebs, 1970). Similar results 
have been found in bank voles (Myodes glareolus; Korpela, Sundell, 
& Ylönen, 2011) and red squirrels (Sciurus vulgaris; Haigh, O'Riordan, 
& Butler, 2017). On the other hand, a correlation between person‐
ality and density at the within‐individual level would be expected in 
environments with strong density fluctuations, leading to changes 
in resource availability and the social environment (Borremans et 
al., 2016). Individuals might adjust their behavior in these conditions 
(i.e., plasticity; Dingemanse & Wolf, 2010) potentially increasing 
their fitness at both low and high densities (Dingemanse & Wolf, 
2013). However, phenotypic plasticity is costly, both energetically 
and in terms of fitness and should therefore only exist if the benefits 
are larger than the costs (Auld, Agrawal, & Relyea, 2010; DeWitt, 
Sih, & Wilson, 1998; Fischer, Doorn, Dieckmann, & Taborsky, 2014). 

Most studies that investigated the relationship between density and 
personality compared populations with different densities, where it 
is impossible to disentangle the between‐ and within‐individual level 
response to changing density. One way to do this is by studying the 
same population in which density changes over time.

In this study, we used a replicated, semi‐natural, experimental 
setup to investigate the links among density, personality and infec‐
tion probability (Figure 1) using the multimammate mouse (Mastomys 
natalensis) and Morogoro virus (MORV) as a model system. This al‐
lowed us to repeatedly measure individuals within the same popu‐
lations over a density gradient. Our experimental setup was ideal 
to investigate how density and personality might affect infection 
probability for several reasons. First, because transmission is mainly 
horizontal and density‐dependent, we expect more individuals 
with MORV‐specific antibodies (MORVab, an indication of infec‐
tion; Mariën, Borremans, Gryseels, Soropogui, et al., 2017; Mariën, 
Borremans, Gryseels, Vanden Broecke, et al., 2017) in the population 
with increasing host density (Borremans et al., 2011; Borremans et 
al., 2016; Borremans, Vossen, et al., 2015; Figure 1(2)).

Second, we have found evidence for the existence of consistent 
differences in exploration, (i.e., animal personality) in this species 
(Vanden Broecke et al., 2018). Nevertheless, while it has been hy‐
pothesized that personality may affect virus infection probability 
(Barber & Dingemanse, 2010; Kortet, Hedrick, & Vainikka, 2010), we 
found no behavioral differences among individuals with or without 
MORVab (Vanden Broecke et al., 2018; Figure 1(3&4)).

Third, our experimental setup allowed us to disentangle the re‐
lationship between density and personality at both the between‐ 
and within‐individual level (Figure 1(1)). On the between‐individual 
level, we expect to catch more explorative individuals with increas‐
ing density, due to the influx of juveniles into the population (Leirs, 
Verhagen, & Verheyen, 1993, 1994) as juveniles are more explorative 
than adults (Vanden Broecke et al., 2018). On the within‐individual 
level, we expect plasticity with changing density, since social inter‐
actions in M. natalensis have been shown to change plastically with 
density (Borremans et al., 2016). However, it is difficult to make pre‐
dictions about the direction of plasticity due to a potential trade‐off 
between reproductive success and predation pressure. On the one 
hand, we would expect that individuals become more explorative 
with increasing density since this behavior may increase the prob‐
ability of finding food leading to an increase in weight, which is cor‐
related with reproductive success in M. natalensis (Kennis, Sluydts, 
Leirs, & Hooft, 2008). On the other hand, predation pressure has 
been shown to reduce activity in M. natalensis (Mohr, Vibe‐Petersen, 
Lau Jeppesen, Bildsoe, & Leirs, 2003) and increases with density 
(Leirs et al., 1997). Nevertheless, increased exploration would be 
expected if the benefits of reproductive success outweigh the costs 
of predation.

This is the first study which examines the combined effect of 
population density and behavioral heterogeneity on virus infection 
probability in one experiment. We were able to study the direct 
effects of both factors on virus transmission. Additionally, due to 
our experimental setup, we were able to investigate the relationship 

F I G U R E  1   Schematic view of the potential interactions among 
density, personality, and the amount of individuals with antibodies 
against the Morogoro virus (MORVab). The numbers refer to 
different predictions discussed in the text
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between density and personality at the between‐ and within‐indi‐
vidual level allowing us to look at an indirect effect of density on viral 
infection probability.

2  | MATERIAL AND METHODS

2.1 | Study species

Mastomys natalensis is the most common indigenous rodent in sub‐
Saharan Africa and an agricultural pest species (Leirs, Verhagen, 
& Verheyen, 1994). Breeding is triggered by sprouting grasses 
(Leirs, 1994) leading to a strong correlation between reproduction 
and seasonal rainfall, which affects food availability and leads to 
strong seasonal and annual fluctuations from 20 to 500 individu‐
als per hectare in East Africa in a couple of months (Leirs, Stuyck, 
Verhagen, & Verheyen, 1990; Sluydts, Crespin, Davis, Lima, & Leirs, 
2007). Animals enter a growth stop at the end of the breeding 
season, when food availability decreases (Leirs et al., 1997, 1990). 
Most individuals participate only in the breeding season after the 
one in which they were born, since only a few animals live longer 
than 300 days and due to the low survival probability of adults after 
a breeding season (Leirs et al., 1990; Sluydts et al., 2007; Sluydts, 
Davis, Mercelis, & Leirs, 2009). Additionally, M. natalensis hosts sev‐
eral infectious agents, such as Lassa virus (Frame, Baldwin, Gocke, & 
Troup, 1970), plague bacteria (Ziwa, Matee, Kilonzo, & Hang'ombe, 
B.M., 2013), and Morogoro virus (MORV; Goüy de Bellocq et al., 
2010; Günther et al., 2009). Transmission of MORV is believed to 
be mainly horizontal (Borremans et al., 2011; Mariën, 2019) via di‐
rect contacts (e.g., grooming, licking, and mating) or through indirect 
exposure to virus particles since viral RNA particles can be found in 
the blood and excretions of infected individuals (Borremans, Vossen, 

et al., 2015; Mariën, Borremans, Gryseels, Vanden Broecke, et al., 
2017). Infection appears to be acute, followed by a lifelong immu‐
nity, although a small proportion seems to become chronically in‐
fected (Mariën, Borremans, Gryseels, Vanden Broecke, et al., 2017). 
Pathogenicity of MORV seems not severe on the short term (Mariën, 
Borremans, Gryseels, Soropogui, et al., 2017); however, a long‐term 
capture–mark–recapture study revealed that MORVab positive indi‐
viduals have a slightly lower survival probability than MORVab nega‐
tive individuals (Mariën et al., 2018).

2.2 | Experimental setup

2.2.1 | Enclosures

The experiment was conducted in three 0.5 ha (70 × 70 m) enclosed 
fields (named A, B, and C) on the campus of the Sokoine University 
of Agriculture (SUA) in Morogoro, Tanzania from May until October 
2017 (Table S4). As these enclosures were almost 10 times larger 
than the mean home range size of M. natalensis (Borremans et al., 
2014), spatial behavior was unlikely to be affected by the experi‐
mental setup. The enclosures were constructed out of galvanized 
steel, 100 cm above and 70 cm below the ground, preventing indi‐
viduals from escaping, hence increasing individual trapping success 
while still allowing the presence of most of the natural predators. 
Additionally, it allowed us to establish three different populations, 
serving as replicates, whose density increased over time (Figure 2). 
The habitat inside the enclosures consisted of a mix of grasses and 
shrubs similar to the rodents' natural habitat providing cover against 
predators and weather.

We removed all rodents from inside the enclosures before the 
experiment after which we randomly released rodents that had 
been captured in three different areas containing both fallow land 
and maize fields elsewhere on the campus (spaced at least 2 km from 
each other for spatial independence; Borremans et al., 2014). This 
was done to increase genetic diversity in each field and to have a 
precisely known starting density. Due to technical difficulties, we 
were not able to start with the exact same densities in each en‐
closures. We started the experiment after we released 39 (Nfemale 

adult = 21, Nfemale juvenile = 5, Nmale adults = 6, Nmale juvenile = 7), 23 (Nfemale 

adult = 17, Nmale adults = 6), and 30 (Nfemale adult = 18, Nmale adults = 11, 
Nmale juvenile = 1) individuals inside enclosure A, B, and C, respectively, 
after which no new individuals were added (Figure 2).

During the experiment, we implemented capture–mark–recap‐
ture trapping for three consecutive nights every 2  weeks for each 
enclosure. We placed 100 Sherman LFA live traps (Sherman Live 
Trap Co.) baited with a mix of peanut butter and maize flour within 
each enclosure (in a 10 × 10 arrangement, with 7 m among traps) in 
the evening (around 16:00) and checked them in the early morning 
(5:00). We recorded the weight, sex, and reproductive age following 
Leirs et al. (1994). Individuals were uniquely marked using toe clipping 
(Borremans, Sluydts, Makundi, & Leirs, 2015), and blood samples were 
taken from the retro‐orbital sinus and preserved on prepunched filter 
paper (Serobuvard, LDA 22, Zoopole). These blood samples were later 

F I G U R E  2   The minimal number of animals alive in each 
enclosure (A, B, and C), calculated for every trap session using 
the individual capture histories. These values were used as an 
estimation of density in the statistical models
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analyzed at the University of Antwerp for MORV‐specific IgG antibod‐
ies using immunofluorescence assay protocols described in Günther 
et al. (2009). The individuals were held for a maximum of 5  hr and 
released at the point of capture. After each trap sessions, maize ker‐
nels were thrown evenly inside each field as an additional food supply. 
We conducted a total of 5, 9, and 7 trapping session, respectively, for 
field A, B, and C and calculated the minimal animals alive during that 
session as an indirect measurement for density (Figure 2; Table S4). 
This was done using the individual capture histories where an individ‐
ual was present inside the enclosure for all trap sessions between the 
first and last time of capture, since movements outside the enclosures 
was restricted.

2.2.2 | Behavioral recordings

Behavioral trials were conducted at the site of capture using a hole‐
board test before blood sampling and toe clipping to minimize any 
potential effects of stress. The hole‐board test is a derivative of the 
open field test with holes in the floor to measure exploration indepen‐
dently of activity (File & Wardill, 1975; Martin & Réale, 2008b). The box 
(75 × 55 × 90 cm; L × W × H, respectively) was constructed out of strong 
white plastic with six blind holes in the bottom (Ø: 3.5 cm; depth: 6 cm) 
each spaced 19 cm apart from each other. The box was closed off with a 
lid with an infrared camera. Behavioral recordings started when the in‐
dividual was inside the box, and the lid was closed and lasted for 10 min. 
The box was cleaned with 70% ethanol to remove scent and dirt.

All experimental procedures 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.

2.2.3 | Video analysis

Activity was measured by dividing the floor of the box into 12 
squares and counting the number of times an individual changed 
squares during 10 min (Vanden Broecke et al., 2018). This was quan‐
tified using MTrackJ (Meijering, Dzyubachyk, & Smal, 2012), a plugin 
for ImageJ (Schneider, Rasband, & Eliceiri, 2012). We scored two be‐
haviors as a measurement for exploration: the number of times the 
animal sniffed a hole and the number of head dips (eyes and ears 
disappear into one of the blind holes; File & Wardill, 1975; Martin & 
Réale, 2008a, 2008b), both of which were measured with JWatcher 
1.0 (Blumstein & Daniel, 2007). Additionally, we measured the time 
spent grooming (in seconds) and number of jumps.

2.3 | Statistical analysis

2.3.1 | Behavioral analysis

We conducted a total of 663 behavioral recordings on 206 unique 
individuals (Nfemales = 129, Nmales = 77; NenclosureA = 36, NenclosureB = 91, 
and NenclosureC = 79). All individuals were recorded on average three 

times (range = 2–8 observations) with on average 19 days between 
subsequent recordings (range = 12–71 days).

We used a principal component analysis (PCA) on all behaviors 
to reduce the number of variables and the Kaiser–Guttman criterion 
(eigenvalue >1; Kaiser, 1991; Peres‐Neto, Jackson, & Somers, 2005) 
was used to select the number of components to retain.

2.3.2 | Relationship between density and 
personality

We used linear mixed models (LMM) with a Gaussian error distribu‐
tion in order to determine whether density (on both the between‐ 
and within‐individual level), MORVab presence as well as sex and 
reproductive age affected the observed variation in exploration and 
stress sensitivity among and within individuals. We therefore ran 
two LMM with the two principal components as response variables. 
In each model, we included reproductive age (adult or juvenile), sex 
(male or female), and sequence of recordings (binomial variable de‐
scribing if it is the first time an individual had been recorded or sub‐
sequent recordings) to control for habituation to the test (Vanden 
Broecke et al., 2018). Serological data were included in the model 
by dividing the individuals into four groups to avoid collinearity: in‐
dividuals that were (a) MORVab negative (N  =  93) or (b) MORVab 
positive (N = 54) during the whole experimental setup. Additionally, 
some individuals (c) seroconverted during the experiment (N = 54) 
while (d) few individuals converted from MORVab positive to nega‐
tive (N = 5; see Mariën, Borremans, Gryseels, Vanden Broecke, et 
al., 2017). There were no significant differences in average weight 
among the four MORV classes (Table S3).

To disentangle the between‐ and within‐individual response of 
personality to density, we calculated the mean density for each in‐
dividual (between‐individual level) and used within‐individual cen‐
tering (deviation of one observation from the individuals' mean) for 
the within‐individual level (Dingemanse et al., 2012; van de Pol & 
Wright, 2009). Both were included as fixed effects together with 
all relevant two‐way interactions (Tables S1 and S2). We included 
the individuals' identity (ID), the enclosure where the individual was 
trapped in and the place where the individual originated from, since 
some individuals were originally trapped around SUA and released 
inside the enclosures before starting the experiment, as random ef‐
fects in the model. By including ID as a random effect, we are able 
to calculate the repeatability of exploration and stress sensitivity 
(Nakagawa & Schielzeth, 2010). Statistically nonsignificant interac‐
tions and fixed effects were removed from the full model (Tables 
S1 and S2) using a backward stepwise procedure (p  =  .05 as the 
level to rejection) with the Kenward–Roger method (Luke, 2017) 
implemented in the R package lmerTest (version 3.0; Kuznetsova, 
Brockhoff, & Christensen, 2017). Significance of the random effects 
was tested using a likelihood ratio test (LRT) comparing the model 
with and without the random effect, a p‐value <.05 indicates that 
it explained a significant amount of the variance. However, we de‐
cided to keep all random factors in the model (even nonsignificant 
ones) since removing them could lead to pseudo‐replication and 
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possibly an increased rate of type I error (Guenther, Brust, Dersen, 
& Trillmich, 2014). Individual variation in plasticity was estimated by 
creating a new LMM from the final model where we included the 
within‐individual centering of density as random slope (Dingemanse 
& Dochtermann, 2013), and significance was tested using the LRT.

2.3.3 | Effect of density and personality 
on MORVab

The effects of personality and density on MORVab presence were 
tested using a generalized linear mixed model (GLMM) with MORVab 
presence as a binary response variable (1 = positive, 0 = negative) and 
a binomial error structure (Crawley, 2012). Sex, reproductive age, and 
the two values of density (between‐ and within‐individual level) were 
included as fixed effects. We also examined the effects of personal‐
ity on MORVab presence on both the between‐ and within‐individual 
level using the previously described method for both exploration and 
stress sensitivity and including them as fixed effects. Due to collin‐
earity, we decided to not include any interactions into the model. 
Significance of the random effect was tested as previously described.

All continuous covariates were centered around their grand 
mean before analysis, and all statistical analyses were executed 
using R software 3.5.0 (R Core Team, 2013) with the R package lme4 
(version 1.1; Bates, Mächler, Bolker, & Walker, 2015). Post hoc tests 
between categorical covariates were performed using the R package 
lsmeans (version 2.27; Lenth, 2016).

3  | RESULTS

3.1 | Behavioral analysis

The PCA reduced the number of behavioral variables to 2, explain‐
ing 70, 8% of the total variance (Table 1). The first component was 
positively correlated with activity and the two measurements of ex‐
ploration and can therefore be seen as an activity‐exploration axis 
and will further be referred to as exploration. The second compo‐
nent was positively correlated with jumping during the behavioral 
test and negatively with self‐grooming (Table 1). Jumping during 
the behavioral test was clearly escaping behavior (Archer, 1973; 
Martin & Réale, 2008b). The interpretation of grooming is equivocal 
(Komorowska & Pisula, 2003), but during our observations, individu‐
als that groomed a lot followed the cephalocaudal rule (grooming 
from the head to the tail), which occurs mostly in low stress environ‐
ments (Smolinsky & Kalueff, 2011). We therefore argue that this be‐
havioral axis represents the way in which the individual experiences 
stress and will call this behavioral axis “stress sensitivity.” Here, indi‐
viduals that groom a lot are less stress sensitive than individuals that 
jumped more frequently.

3.2 | Relationship between density and personality

The final LMM with exploration as a dependent variable re‐
vealed an interaction between test sequence and reproductive 

age (Figure S2) where adults habituated to the behavioral test 
(pairwise comparison: first‐subsequent recording: 0.795 ± 0.166, 
t470 = 4.778, p < .001) and became less active and explorative dur‐
ing subsequent recordings. Juveniles did not habituate (first‐sub‐
sequent recording: 0.167 ± 0.243, t555 = 0.690, p = .901) and were 
significantly more explorative than adults during subsequent re‐
cordings (Adult–Juvenile: −0.783 ± 0.186, t630 = −4.209, p < .001) 
but not during the first recording (adult–juvenile: −0.155 ± 0.240, 
t642 = −0.645, p = .917). Males were significantly more explorative 
(coefficient ± SE = 0.382 ± 0.144, t200 = 2.660, p = .008; Figure S2) 
than females. Additionally, we found significant differences among 
some of the MORVab classes (Figure 3), where MORVab positive 
(P) individuals were significantly less explorative than MORVab 
negative (N) individuals (N‐P: 0.496 ± 0.170, t195 = 2.920, p = .020). 
However, MORVab positive individuals did not differ from those 
that seroconverted (S) (P‐S: 0.303 ± 0.187, t173 = −1.621, p = .370) 
or seroreverted (L) (P‐L: −0.532 ± 0.479, t228  = −1.11, p  =  .683). 
Similarly, exploration behavior of MORVab negative individu‐
als was not significantly different from those that seroconverted 
(N–S: 0.193 ± 0.165, t180 = 1.169, p =  .647) or seroreverted (N‐L: 
−0.035  ±  0.474, t229  =  −0.075, p  =  1) and there were no differ‐
ences between seroconverted and seroreverted individuals (S‐L: 
−0.229 ± 0.483, t227 = −0.473, p = .965).

The final LMM with stress sensitivity as a dependent variable also 
revealed a significant interaction between test sequence and repro‐
ductive age (Figure S1). Here, juveniles were more stress sensitive 
the first time they were measured (first‐subsequent: 0.536 ± 0.128, 
t521 = 4.202, p <  .001) compared to subsequent recordings. Adults 
did not habituate (first‐subsequent: −0.213 ± 0.089, t495 = −2.382, 
p =  .082) and did not differ significantly from juveniles when they 
were recorded again (adult–juvenile: 0.149  ±  0.129, t658  =  1.157, 
p = .654). However, adults were less stress sensitive than juveniles 
(adult–juvenile: −0.560 ± 0.133, t638 = −4.516, p < .001) when they 
were recorded for the first time.

Both exploration and stress sensitivity correlated significantly 
with density at the between‐individual level (Figure 4). When density 
increased we caught individuals that were on average more explor‐
ative (0.237 ± 0.082, t86 = 2.890, p = .039; Figure 4a) as well as indi‐
viduals that were more stress sensitive (0.271 ± 0.057, t221 = 4.740, 
p = .005; Figure 4b). Only exploration correlated with density at the 
within‐individual level but differed between the two reproductive 
states (Figure 5). Adults became less explorative (−0.136 ± 0.064, 
t343  = −2.143, p  =  .033) when experiencing an increase in density 
and juveniles became more explorative (0.590 ± 0.204, t605 = 2.888, 
p = .004).

There were significant differences among individuals in both ex‐
ploration and stress sensitivity (LRT: exploration: χ2 = 32.216, p < .001; 
stress sensitivity: χ2 = 108.340, p <  .001). Exploration had a repeat‐
ability of R = 0.22 (95% CI 0.15–0.23) and stress sensitivity had a re‐
peatability of R = 0.44 (95% CI 0.40–0.45). There were no differences 
among the three enclosures (exploration: χ2 = 1.173, p = .279; stress 
sensitivity: χ2 = 0, p = 1) nor did the area of origin explain a significant 
amount of the variation in either component (χ2 = 0, p = 1). We found 
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no indication for individual variation in plasticity (random slopes for 
individuals) with changing density for either components (exploration: 
χ2 = 1.958, p = .376; stress sensitivity: χ2 = 0.125, p = .939).

3.3 | Effect of density and personality on MORVab

Our model revealed no significant differences in MORVab pres‐
ence between the sexes (Table 2) nor between adults and juveniles 
(Table 2). Density did affect MORVab presence on both the be‐
tween‐individual and the within‐individual level (Table 2), suggesting 
that seroprevalence increases with host density. Exploration nega‐
tively affected MORVab presence, independent of density on the 
between‐individual level, not on the within‐individual level (Table 2). 
Stress sensitivity had no effect on MORVab presence on both the 
between‐individual or the within‐individual level (Table 2). There 
were consistent differences between individuals in MORVab pres‐
ence (χ2 = 237.410, p < .001) but there were no differences among 
the enclosures (χ2  =  1.404, p  =  .236) nor between areas of origin 
(χ2 = 0.355, p = .552).

4  | DISCUSSION

In this study, we found a positive correlation between MORVab 
presence and density at both the between‐ and the within‐individual 
level, resulting in more MORVab positive individuals when density 
increased. This suggests that transmission of MORV is density‐de‐
pendent and is in line with what has previously been suggested 
for this virus (Borremans et al., 2011, 2016; Borremans, Vossen, et 
al., 2015). Surprisingly, we found that personality, independently 
of density, correlated with MORV infection, where slower explor‐
ers were more likely to have antibodies against MORV compared 
to highly explorative individuals (Figure 3). Additionally, exploration 
was positively correlated with density on the between‐individual 
level (Figure 4a) which may suggest a negative, indirect effect of 
density on MORV infection.

4.1 | Density and personality

We have shown here that M. natalensis, a short lived rodent species, 
expresses two separate personality traits inside the hole‐board test: 
exploration and stress sensitivity. Exploration has previously been 
described in M.  natalensis (Vanden Broecke et al., 2018) and may 
provide the individual with information about the environment such 
as the availability of food. This is especially true during the breed‐
ing season when food is abundantly available (Leirs, 1995) and due 
to their lack of territoriality (Borremans et al., 2014) and generalist 
diet (Mulungu et al., 2011). It may also provide information about 
the availability of mates, specifically in males who use a scramble 
mating competition (Kennis et al., 2008), which could explain our re‐
sults that males were significantly more explorative than females. 
Exploration correlated with density on both the between‐ and the 
within‐individual level. On the between‐individual level, we caught, 
on average, more explorative individuals when density increased, 
probably due to the addition of juveniles into the population (Leirs, 

TA B L E  1   Correlation of each behavior observed during the 
hole‐board test with the components of the principal component

Component PC1 (exploration)
PC2 (stress 
sensitivity)

Activity 0.526 −0.009

Head dip 0.496 −0.296

Sniffing 0.565 −0.324

Grooming −0.331 −0.523

Jumping 0.221 0.731

Total variance (%) 47.1 23.7

Eigenvalue 2.355 1.185

Note: The two components were named, respectively: exploration and 
stress sensitivity.
Bold type indicates the behaviour that have a major contribution to a 
component.

F I G U R E  3   Differences in mean exploration behavior (± SE) 
among the four MORV classes. Individuals without antibodies 
against the MORV (N = 93) were significantly more explorative 
(p < .05) than individuals that were MORVab positive during 
the whole experiment (N = 54), which is indicated with * and 
the horizontal bar. Individuals that seroconverted (N = 54) or 
seroreverted (N = 5) did not differ significantly from the other 
MORV classes
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Verhagen, & Verheyen, 1993; Leirs et al., 1994) which are more ex‐
plorative than adults during subsequent recordings. Differences in 
exploration between reproductive stages have been found in sev‐
eral other taxa such as corvids (Miller, Bugnyar, Pölzl, & Schwab, 
2015), brown rats (Rattus norvegicus; Ray & Hansen, 2005) as well in 
M. natalensis (Vanden Broecke et al., 2018), possibly because juve‐
niles may have a greater need to be more explorative (Reader, 2015) 
which provides them with more information about the environment 
such as the availability of food resources. However, this need for 
information about resource availability might not be constant over 
time and change when individuals experience density variations.

Indeed, we found evidence for within‐individual plasticity in ex‐
ploration behavior when density changed, but the direction in which 
they adjusted their exploration behavior differed between the two 
reproductive classes. Juveniles became more explorative with in‐
creasing density, while adults decreased their exploration behavior. 

These results suggest that both reproductive classes used different 
behavioural strategies to cope with changes in density, which could 
be explained by different future prospects. Juveniles mainly breed 
in the next breeding season after the one in which they were born 
(Leirs et al., 1993). Between these two breeding seasons is a pro‐
longed period where food is scarce, since food depletion is one of 
the main sources of the population decrease in M. natalensis (Leirs et 
al., 1997). In order to increase their fitness and survival, juveniles will 
need to maximize their body weight before the growth stop at the 
end of the first breeding season (Kennis et al., 2008; Leirs, 1995; Leirs 
et al., 1990, 1993). Therefore, it is important that juveniles increase 
their exploration behavior with density if it helps them locating food 
resources. Adults, on the contrary, have a very low survival probability 
until the next breeding season (Leirs et al., 1993) where the benefits 
of increasing their exploration behavior do not outweigh the poten‐
tial costs such as predator attraction (Jones & Godin, 2010; Rödel et 
al., 2015) and a higher metabolism (Careau & Garland, 2012; Careau, 
Thomas, Humphries, & Réale, 2008) and may potentially explain why 
adults do not increase their exploration with density. However, it is 
not clear if being more explorative increases survival. Nevertheless, 
the fact that there are differences in plasticity between reproductive 
classes suggest a potential cost of exploration and plasticity (Auld et 
al., 2010; DeWitt et al., 1998) and that exploration is more important 
than previously thought in M. natalensis, especially in juveniles.

The second personality trait, which we interpreted as stress sensi‐
tivity, was highly repeatable compared to other species (Bell, Hankison, 
& Laskowski, 2009; Bohn et al., 2017). This personality trait was 
strongly, positively, correlated with density on the between‐individual 
level where we caught more stress sensitive individuals with increas‐
ing density. One possible explanation is that this relationship is caused 
by changes in the social environment (Borremans et al., 2016). Martin 
and Réale (2008a, 2008b) found that Eastern chipmunks (Tamias stri‐
atus) whose home range overlapped with their neighbor, spend more 
time grooming during a hole‐board test than individuals without a 
neighbor, suggesting that social individuals groom more than others. 
If this would be the case in M. natalensis, we would expect to catch 
more individuals that groomed longer at higher density, since home 
range overlap and visitation rates increases with density (Borremans 
et al., 2014). However, larger home range overlaps do not necessarily 
imply more social contacts. Borremans et al. (2016) found that at low 
densities, M. natalensis increase their effort to maintain contacts with 
others, while at high density they avoid each other. It is therefore still 
possible that stress sensitivity is correlated with sociality, where less 
stress sensitive individuals might actively seek out other individuals at 
low density, while at higher densities, there are more stress sensitive 
individuals who actively avoid conspecifics.

4.2 | Virus infection and personality

Surprisingly, we found that exploration correlated with MORV infec‐
tion, independent of the effects of density, where MORVab positive 
individuals were significantly less explorative than MORVab nega‐
tive individuals. These results contradict the hypothesis that fast 

F I G U R E  4   Linear correlation of both (a) stress sensitivity 
and (b) exploration with density at the between‐individual level. 
Predictions were made from the final LMM and the raw data of 
both stress sensitivity and exploration were superimposed as black 
circles with the diameter proportional to the number of sampling 
points where that mean density occurred, together with the 
standard error of that mean. The gray bar represents the standard 
error around the prediction
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explorers are more likely to get infected due to their risky lifestyle 
(Barber & Dingemanse, 2010), for which we provide four, nonmu‐
tually exclusive explanations. The first explanation is that our re‐
sults are confounded with reproductive age, since adults are less 
explorative than juveniles (Vanden Broecke et al., 2018) but more 
likely to be MORVab positive (Borremans et al., 2011; Demby et al., 
2001; Mariën, Borremans, Gryseels, Soropogui, et al., 2017; Mariën, 
Borremans, Gryseels, Vanden Broecke, et al., 2017). However, this 
explanation seems unlikely since we found no significant differences 
in weight between MORVab positive and negative individuals and 
reproductive age was not significant in the GLMM. A second expla‐
nation is that highly explorative individuals invest more in their im‐
mune system due to their increased encounter rate with parasites 
and pathogens (Barron, Gervasi, Pruitt, & Martin, 2015; Hulthen, 
Chapman, Nilsson, Hollander, & Bronmark, 2013; Kortet et al., 2010), 
or their immunity response is stronger because they are able to find 
more resources than less explorative individuals. This increased im‐
munological investment provides protection against parasites and 

pathogens, including MORV, potentially increasing survival. Indeed, 
a long‐term study has shown that MORVab negative individuals have 
a higher survival probability than those with antibodies (Mariën et 
al., 2018). A third explanation is that sociability is negatively corre‐
lated with exploration in a behavioral syndrome, thereby reducing 
contact rates for highly explorative individuals (Sih, Bell, Johnson, & 
Ziemba, 2004). Indeed, this relationship has been proposed by Reale 
et al. (2010) but has rarely been studied and the results are equivo‐
cal (Haage, Bergvall, Maran, Kiik, & Angerbjörn, 2013; McCowan, 
Mainwaring, Prior, & Griffith, 2015; McEvoy, While, Sinn, Carver, 
& Wapstra, 2015; Thys et al., 2017). The fourth explanation is that 
MORV infection permanently alters the behavior of their host 
(Poulin, 2013), such as Toxoplasma gondii which reduces the overall 
activity of their rodent host (Piekarski, 1981). This could potentially 
explain why seroconverted individuals had intermediate levels of ex‐
ploration. However, the GLMM showed that exploration and activity 
only correlated with MORVab presence at the between individual 
level, not at the within‐ individual level, which we should expect if 
infection alters behavior. To properly test this hypothesis, experi‐
mentally inoculating hosts should provide more insight.

Nonetheless, these results provide us with more insight into 
the virus dynamics of MORV within its natural host, which is cur‐
rently understudied. MORV transmission has been found to be 
density‐dependent (Borremans et al., 2011, 2016; Borremans, 
Vossen, et al., 2015) and transmission between individuals in‐
creases after the breeding season. However, Goyens, Reijniers, 
Borremans, and Leirs (2013) observed a time lag between the 
positive correlation of MORV prevalence with density, for which 
we provide a potential additional explanation. Our results sug‐
gest that, when density increases, there are more fast exploring 

F I G U R E  5   Correlation between exploration and density on 
the within‐individual level. The black lines are the predicted mean 
response of adults (solid line) and juveniles (dashed line) on the 
density changes they experienced during the experiment based 
on the final LMM. The colored bars around the mean response 
represent the standard error around the prediction. Each colored 
line represents an individuals' reaction on changing density, where 
the blue and red lines represent, respectively, juveniles and adults
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TA B L E  2   Results from the generalized linear mixed model with 
MORV antibody status as a binomial dependent variable

  Estimate ± SE z‐value p‐value

Intercept −1.883 ± 1.163 −1.619 .105

Sex (males) 0.556 ± 1.048 0.530 .596

Reproductive age 
(Juvenile)

−0.604 ± 0.662 −0.913 .361

Between‐individual 
level

     

Exploration −2.117 ± 0.699 −3.031 .002*

Stress sensitivity −0.586 ± 0.542 −1.081 .280

Density 2.046 ± 0.944 2.168 .030*

Within‐individual level      

Exploration −0.141 ± 0.171 −0.825 .410

Stress sensitivity 0.000 ± 0.163 0.003 .998

Density 1.528 ± 0.354 4.320 <.001*

Note: The method of van de Pol and Wright (2009) was used to disen‐
tangle the between‐ and within‐individual effects of exploration, stress 
sensitivity, and density on MORV antibody presence.
Significance is marked as follows:
*p < .05. 
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individuals in the population which are less likely to be infected 
with MORV. This may result in a growing proportion of susceptible 
individuals in the population in which the virus can invade after 
the breeding season (Goyens et al., 2013), which could result in the 
delayed density‐dependent transmission.

5  | CONCLUSION

Mastomys natalensis experiences large changes in density over a very 
short temporal scale (Leirs et al., 1997, 1994; Sluydts et al., 2007) 
leading to changes in competitive and social environment (Borremans 
et al., 2016). This has strong effects on personality on both the be‐
tween‐ and the within‐individual level. Our behavioral setup allowed 
us to separate these effects, compared to most studies who compared 
different populations experiencing different densities (Haigh et al., 
2017; Korpela et al., 2011; Krebs, 1970), potentially ignoring spatial 
differences between them. We should note that we did not find be‐
havioral differences in either exploration or stress sensitivity between 
the different enclosures even though they exhibited different densities 
through time. This suggests that our results are similar over the three 
populations, or replicates, and that the results are not biased due to un‐
accounted differences between the populations. Our results imply that 
density should be considered in further studies on wild populations.

While it has been suggested that personality might affect disease 
susceptibility and transmission (Barber & Dingemanse, 2010; Barron 
et al., 2015; Hawley, Etienne, Ezenwa, & Jolles, 2011), relatively lit‐
tle research has been done using viral models (Araujo, Kirschman, & 
Warne, 2016; Dizney & Dearing, 2013; Natoli et al., 2005). Our results 
show that there is indeed a link between personality and viral infection 
in our model system which changes with density and may provide us 
with a deeper understanding of the transmission mechanisms of this 
virus. Together, our results suggest that in order to better understand 
disease ecology and transmission, both personality and population 
density should be taken into account.
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