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Abstract
1.	 A	 key	 aim	 in	 wildlife	 disease	 ecology	 is	 to	 understand	 how	 host	 and	 parasite	
characteristics	influence	parasite	transmission	and	persistence.	Variation	in	host	
population	density	can	have	strong	impacts	on	transmission	and	outbreaks,	and	
theory	predicts	particular	transmission–density	patterns	depending	on	how	para-
sites	are	transmitted	between	individuals.	Here,	we	present	the	results	of	a	study	
on	the	dynamics	of	Morogoro	arenavirus	in	a	population	of	multimammate	mice	
(Mastomys natalensis).	This	widespread	African	rodent,	which	is	also	the	reservoir	
host	of	Lassa	arenavirus	in	West	Africa,	is	known	for	its	strong	seasonal	density	
fluctuations	driven	by	food	availability.

2.	 We	investigated	to	what	degree	virus	transmission	changes	with	host	population	
density	 and	 how	 the	 virus	might	 be	 able	 to	 persist	 during	 periods	 of	 low	host	
density.

3.	 A	 seven‐year	 capture–mark–recapture	 study	was	 conducted	 in	Tanzania	where	
rodents	 were	 trapped	 monthly	 and	 screened	 for	 the	 presence	 of	 antibodies	
against	Morogoro	virus.	Observed	seasonal	seroprevalence	patterns	were	com-
pared	with	those	generated	by	mathematical	transmission	models	to	test	different	
hypotheses	regarding	the	degree	of	density	dependence	and	the	role	of	chroni-
cally	infected	individuals.

4.	 We	observed	that	Morogoro	virus	seroprevalence	correlates	positively	with	host	
density	with	a	lag	of	1–4	months.	Model	results	suggest	that	the	observed	sea-
sonal	seroprevalence	dynamics	can	be	best	explained	by	a	combination	of	verti-
cal	 and	horizontal	 transmission	and	 that	 a	 small	 number	of	 animals	need	 to	be	
infected	chronically	to	ensure	viral	persistence.
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1  | INTRODUC TION

Ecological	factors	can	exert	strong	pressures	on	wildlife	populations,	
often	resulting	in	substantial	seasonal	or	multi‐annual	density	fluc-
tuations	 (Krebs,	 2013;	 Stenseth	 et	 al.,	 2002;	Myers,	 2018).	 These	
fluctuations	can	 influence	the	transmission	dynamics	of	many	par-
asites	 and	 have	 been	 linked	 to	 disease	 outbreaks	 in	 both	wildlife	
and	humans	 (Altizer	et	al.,	2006;	Davis	et	al.,	2004;	Hartley	et	al.,	
2012).	A	common	expectation	 for	directly	 transmitted	parasites	 is	
that	prevalence	and	persistence	should	 increase	with	host	density	
(Anderson	 &	 May,	 1979).	 Although	 numerous	 field	 studies	 have	
focused	 on	 this	 relationship,	 linear	 positive	 correlations	 are	 only	
rarely	 observed	 (Davis,	 Fichet‐Calvet,	 &	 Leirs,	 2005;	 Lloyd‐Smith	
et	 al.,	 2005).	This	 could	be	partly	explained	by	 the	 short	duration	
of	most	 field	 studies	 (mostly	 less	 than	 five	 years),	 but	 also	by	 the	
fact	that	density	will	not	always	affect	prevalence	in	a	simple	linear	
way.	After	all,	transmission	dynamics	result	from	the	complex	inter-
play	between	a	range	of	host	and	parasite	characteristics	including	
demography,	transmission	modes,	shedding	pattern,	environmental	
survival	and	immune	response	(Begon	et	al.,	2009;	Hudson,	Rizzoli,	
Grenfell,	Heesterbeek,	&	Dobson,	2002).

Host	 density	 can	 affect	 parasite	 prevalence	 in	 different	 ways	
(Davis	et	al.,	2005).	For	directly	transmitted	parasites,	these	differ-
ences	are	mainly	 the	 result	of	 the	way	 in	which	host	 contact	 rate	
changes	with	density,	which	can	be	linear	(density‐dependent	trans-
mission),	constant	(frequency‐dependent	transmission)	or	nonlinear	
(e.g.	power	or	sigmoidal	 relation;	Begon	et	al.,	2002;	Ryder,	Miller,	
White,	 Knell,	 &	 Boots,	 2007;	 Smith	 et	 al.,	 2009).	 In	 addition,	 it	 is	
known	 that	 a	 lack	 of	 correlation	 between	 prevalence	 and	 current	
density	does	not	preclude	a	correlation	with	past	density.	When	the	
delay	between	past	density	and	prevalence	is	short	relative	to	the	
time‐scale	of	the	host	density	fluctuations,	then	a	positive	correla-
tion	can	still	be	expected.	In	contrast,	when	the	delay	is	long,	none	
or	 even	 an	 inverse	 relationship	might	 occur.	 Such	 an	 inverse	 rela-
tionship	can	be	the	result	of	an	 influx	of	susceptible	 juveniles	that	
enter	 the	 population	 (i.e.	 a	 juvenile	 dilution	 effect;	Mills,	 Ksiazek,	
Peters,	&	Childs,	1999).	This	situation	is	likely	when	host	births	are	
limited	to	short	breeding	periods	(birth	pulses)	and	when	the	likeli-
hood	of	becoming	infected	increases	with	age,	thus	when	transmis-
sion	is	(mainly)	horizontal	(Adler,	Pearce‐Duvet,	&	Dearing,	2008).	In	

contrast,	such	a	juvenile	dilution	effect	is	not	predicted	for	vertically	
transmitted	parasites,	 as	newborns	 immediately	enter	 the	popula-
tion	as	infected	and	simultaneously	increase	host	density	and	prev-
alence	(Davis	et	al.,	2005).

Predictions	 concerning	 parasite	 persistence	 equilibria	 also	
depend	 on	 specific	 characteristics	 (Ryder	 et	 al.,	 2007).	 For	 par-
asites	with	 density‐dependent	 transmission,	 a	 density	 threshold	
(NT)	 is	 predicted	 below	which	 the	 parasite	 cannot	 persist	 in	 the	
host	population	(Begon	et	al.,	2003;	Lloyd‐Smith	et	al.,	2005).	Such	
density	thresholds	are	more	likely	to	be	crossed	for	wildlife	hosts	
that	exhibit	large	density	fluctuations	in	time	or	space,	for	exam-
ple	plague	in	great	gerbils	(Rhombomys opimus;	Davis	et	al.,	2004)	
and	brucellosis	in	herds	of	bison	(Bison bison;	Dobson	&	Meagher,	
1996).	A	high	NT	is	expected	for	host	populations	with	tight	birth	
pulses	and	low	demographic	turnover	rates,	and	for	parasites	with	
short	 infectious	 periods	 (acute	 infections)	 that	 evoke	 a	 lifelong	
immune	 response	 in	 the	 host	 (Peel	 et	 al.,	 2014).	 In	 contrast,	 for	
parasite–host	 systems	 with	 frequency‐dependent	 transmission,	
long	 infectious	periods	 (chronic	 infections)	and/or	waning	 immu-
nity,	no	(or	 low)	density	thresholds	are	predicted	and	such	infec-
tions	are	expected	to	persist	even	in	very	low‐density	populations	
(Anderson	&	May,	 1981;	Antonovics	 et	 al.,	 2017;	 Lloyd‐Smith	 et	
al.,	2005).	Given	the	difference	in	persistence	probability,	under-
standing	the	role	of	these	different	parasite–host	characteristics	
is	 an	 important	prerequisite	 for	 the	development	of	wildlife	dis-
ease	control	programs	(e.g.	to	predict	the	effectiveness	of	culling	
to	eliminate	a	disease;	Morters	et	al.,	2012;	Borremans,	Reijniers,	
Hens,	&	Leirs,	2017).

Here,	we	investigate	the	relationship	between	population	density	
and	transmission	characteristics	for	Morogoro	arenavirus	(MORV)	in	
a	population	of	 its	 reservoir	host,	 the	Natal	multimammate	mouse	
(Mastomys natalensis).	We	analysed	a	seven‐year	capture–mark–re-
capture	 time	series	and	compared	 the	 results	 to	 simulations	of	an	
individual‐based	(mathematical)	model	to	investigate	whether	(a)	the	
seasonal	M. natalensis	 fluctuations	generate	seasonal	MORV	sero-
prevalence	 cycles;	 (b)	 transmission	 is	 affected	 by	 host	 density;	 (c)	
a	juvenile	dilution	effect	occurs	at	the	end	of	the	breeding	season;	
(d)	vertical	transmission	affects	this	dilution	effect;	and	(e)	chronic	
carriers	are	necessary	to	ensure	viral	persistence.	To	further	inves-
tigate	whether	 chronically	 infected	 individuals	 are	 indeed	 present	

5.	 Transmission	dynamics	and	viral	persistence	were	best	explained	by	the	existence	
of	 both	 acutely	 and	 chronically	 infected	 individuals	 and	by	 seasonally	 changing	
transmission	 rates.	Due	 to	 the	presence	of	 chronically	 infected	 rodents,	 rodent	
control	 is	unlikely	to	be	a	feasible	approach	for	eliminating	arenaviruses	such	as	
Lassa	virus	from	Mastomys	populations.

K E Y W O R D S

arenavirus,	capture‐mark‐recapture,	mathematical	modelling,	Morogoro	virus,	multimammate	
mouse,	parasite‐host	interactions,	rodent‐borne	parasite,	transmission	dynamics
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in	natural	conditions,	we	performed	a	small	 laboratory	experiment	
in	which	wild‐caught	rodents	were	caged	and	sampled	for	8	weeks.

2  | MATERIAL S AND METHODS

2.1 | The MORV‐Mastomys natalensis model

The	MORV‐M. natalensis	system	is	a	suitable	model	for	examining	
parasite–host	interactions	in	natural	conditions,	as	the	ecology	of	
the	host	and	the	virus	has	been	studied	 intensively	and	the	virus	
is	not	pathogenic	for	humans	(Borremans	et	al.,	2011;	Borremans,	
Sluydts,	Makundi,	&	Leirs,	2015;	Borremans,	Vossen,	et	al.,	2015;	
Gryseels	et	al.,	2017;	Günther	et	al.,	2009;	Leirs,	1994).	The	system	
provides	a	safe	substitute	 for	studying	closely	 related	but	patho-
genic	arenaviruses	such	as	Lassa	virus	(LASV),	the	aetiologic	agent	
of	 Lassa	 fever	 in	 humans	 (Monath,	 1987).	MORV	 transmission	 is	
assumed	 to	 occur	 both	 horizontally	 and	 vertically	 in	M. natalen‐
sis,	based	on	the	observations	that	seroprevalence	increases	with	
age,	 and	 virus	 RNA	 has	 been	 detected	 in	 very	 young	 individuals	
(Borremans	et	al.,	2011;	Mariën,	Borremans,	Gryseels,	Broecke,	et	
al.,	2017).	The	available	data	suggest	that	most	animals	are	acutely	
infected	 in	 natural	 conditions,	 shedding	 up	 to	 30	 days	 after	 in-
fection	 (Borremans	et	al.,	2011;	Borremans,	Sluydts,	et	al.,	2015;	
Borremans,	 Vossen,	 et	 al.,	 2015;	 Mariën,	 Borremans,	 Gryseels,	
Broecke,	et	al.,	2017).	Infected	animals	develop	a	lifelong	antibody	
response	and	seem	to	experience	no	or	only	small	pathogenic	ef-
fects	 (Borremans,	Sluydts,	et	al.,	2015;	Borremans,	Vossen,	et	al.,	
2015;	Mariën,	Borremans,	Gryseels,	Broecke,	et	al.,	2017;	Mariën,	
Borremans,	Gryseels,	 Soropogui,	 et	 al.,	 2017;	Mariën,	Kourouma,	
Magassouba,	Leirs,	&	Fichet‐Calvet,	2018;	Mariën,	Sluydts,	et	al.,	
2018).

The	 distribution	 of	MORV	 is	 limited	 to	M. natalensis	 in	 East	
Africa,	 where	 infection	 prevalence	 ranges	 from	 0%	 to	 20%	
(Borremans	 et	 al.,	 2011;	 Gryseels	 et	 al.,	 2017;	 Günther	 et	 al.,	
2009).	In	this	region,	M. natalensis	populations	exhibit	strong	den-
sity	 fluctuations	 between	 seasons	 and	 years,	 generally	 ranging	
from	20	to	300	individuals	per	hectare	but	occasionally	reaching	
outbreak	 densities	 of	 600	 individuals/ha	 or	 higher	 (Leirs,	 1994;	
Sluydts,	Davis,	Mercelis,	&	Leirs,	2009).	The	seasonal	fluctuations	
are	 the	 result	 of	 a	 bimodal	 rain	 pattern	 with	 long	 (March–May)	
and	 short	 (November–December)	 rains.	 Breeding	 is	 triggered	 by	
sprouting	young	grass	at	the	end	of	the	long	rains	and	lasts	until	
November,	when	the	population	size	peaks.	Shortly	hereafter,	the	
population	decreases	due	to	competition,	food	scarcity	and	other	
environmental	conditions,	 reaching	 its	 lowest	point	around	May.	
Mastomys natalensis	has	a	promiscuous	mating	system	and	 is	not	
territorial	 or	 aggressive	 towards	 conspecifics	 (Kennis,	 Sluydts,	
Leirs,	&	Hooft,	2008).	Home	range	overlap	 is	generally	high	and	
increases	 significantly	with	 abundance,	 suggesting	 contact	 rates	
to	be	density‐dependent,	probably	nonlinearly	(Borremans	et	al.,	
2013,	2017,	2016).	Given	 that	MORV	transmission	 is	most	 likely	
density‐dependent,	infection	is	predominantly	acute,	and	the	im-
mune	response	 is	 lifelong,	 it	 is	surprising	that	MORV	can	persist	

during	low	host	density	periods,	when	host	density	would	be	ex-
pected	to	be	below	the	NT	(Goyens,	Reijniers,	Borremans,	&	Leirs,	
2013).

2.2 | Study area and trapping

Between	 May	 2010	 and	 April	 2017,	 a	 rodent	 capture–mark–re-
capture	experiment	was	performed	on	the	campus	of	 the	Sokoine	
University	 of	 Agriculture	 (Morogoro,	 Tanzania)	 on	 a	 rectangular	
grid	 of	 300	 ×	 100	m.	 The	 trapping	 area	 is	 a	mosaic	 environment	
of	maize	 field,	wood	and	 fallow	 land,	 in	which	M. natalensis	 is	 the	
dominant	 rodent	 species	 (>95%	of	 all	 captures).	A	 robust	 trapping	
design	was	used	with	trapping	sessions	conducted	every	month	for	
three	consecutive	nights.	Sherman	live	traps	(Sherman	Live	Trap	Co.)	
were	placed	evenly	at	10‐m	intervals	(300	in	total)	and	baited	in	the	
evening	with	a	mixture	of	peanut	butter	and	corn	flour.	Traps	were	
checked	the	next	morning	and	transported	to	the	laboratory	of	the	
university,	where	species,	weight,	sex	and	reproductive	status	were	
recorded	 (Leirs,	 1994).	 Blood	 samples	were	 taken	with	 a	 heparin-
ized	microcapillary	tube	from	the	retro‐orbital	sinus	and	preserved	
on	 prepunched	 filter	 paper	 (±15	 µl/punch;	 Serobuvard,	 LDA	 22,	
Zoopole).	Samples	were	taken	only	once	per	rodent	per	trapping	ses-
sion,	so	blood	was	not	taken	again	for	animals	that	were	recaptured	
the	same	three‐day	session.	Each	rodent	was	individually	marked	by	
toe	clipping	(Borremans,	Sluydts,	et	al.,	2015;	Borremans,	Vossen,	et	
al.,	2015)	and	afterwards	released	at	its	capture	site.

2.3 | Serology

Filter	papers	were	dried	and	stored	in	the	dark	at	ambient	tempera-
ture	in	a	sealed	plastic	bag	with	dehydrating	silica	gel	and	since	2014	
preserved	 at	 −20°C.	 Dried	 blood	 spots	 were	 punched	 out	 of	 the	
filter	paper	 and	eluted	 in	phosphate	buffer	 saline	and	0.25%	NH3 
(Borremans,	2014).	Presence	of	anti‐MORV	antibodies	in	this	solu-
tion	was	examined	by	indirect	immunofluorescence	assay	(Günther	
et	 al.,	 2009).	 For	 this	 assay,	 Vero	 cells	 infected	with	MORV	were	
spread	on	 immunofluorescence	slides,	air‐dried	and	acetone‐fixed.	
Antibodies	 in	 positive	 samples	 would	 then	 bind	 to	 antigens	 pre-
sented	 by	 the	 Vero	 cells	 and	 be	 visualized	 with	 polyclonal	 rabbit	
anti‐mouse	 IgG‐FITC	 secondary	 antibodies	 (Dako).	 Most	 samples	
were	tested	only	once,	but	if	they	were	uncertain,	they	were	tested	
a	second	time	for	the	final	decision.

2.4 | CMR data

The	trapping	effort	resulted	in	13,734	captures	of	6,380	unique	in-
dividuals	during	111	trapping	sessions.	950	individuals	were	positive	
at	least	once,	of	which	206	seroconverted	from	Ab‐negative	to	posi-
tive	 in	between	primary	 trapping	sessions.	A	small	number	of	ani-
mals	(n	=	58)	showed	an	apparent	loss	of	Ab.	These	negative	samples	
were	assumed	 to	be	 false	negatives	due	 to	Ab	 titres	 falling	below	
the	detection	threshold	of	the	assay,	as	M. natalensis normally devel-
ops	a	long‐term	Ab	production	after	infection	(Mariën,	Borremans,	
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Gryseels,	 Broecke,	 et	 al.,	 2017).	 These	 samples	 were	 considered	
positive	for	further	analyses,	except	for	very	young	individuals	(body	
weight	 at	 first	 capture	<15	g)	 that	 still	might	have	had	maternally	
derived	Ab,	which	are	likely	to	disappear	after	3	weeks	(Demby	et	
al.,	2001;	Fichet‐Calvet,	Becker‐Ziaja,	Koivogui,	&	Günther,	2014).

2.5 | Seasonality and seroprevalence

In	 order	 to	 investigate	 how	 host	 density	 and	 seroprevalence	 cor-
relate,	we	first	decomposed	each	time	series	into	a	seasonal,	trend	
and	random	component.	Decomposition	was	necessary	because	the	
time	 series	were	 variable	 (due	 to	 random	noise	 and	 an	 overall	 in-
creasing	 trend	with	 time),	 and	we	were	primarily	 interested	 in	 the	
seasonal	pattern.	Confidence	intervals	(95%)	for	the	seasonal	com-
ponents	were	estimated	by	performing	random	permutations	(5,000	
simulations),	in	which	we	changed	the	order	of	the	years.	June	was	
selected	as	the	onset	of	a	biological	year	in	these	calculations,	be-
cause	that	 is	when	population	density	starts	to	 increase.	The	pos-
sibility	of	time	delays	in	the	effect	of	density	on	seroprevalence	was	
investigated	by	examining	the	cross‐correlations	at	various	time‐lags	
(−6	to	6	months).	Because	antibody	titres	could	fall	below	the	detec-
tion	limit	of	the	used	assay	(Mariën,	Borremans,	Gryseels,	Broecke,	
et	 al.,	 2017),	 we	 highlight	 that	 the	 given	 seroprevalences	may	 be	
slight	underestimates.	But	while	this	will	affect	the	amplitude	of	the	
presented	time	series,	 it	will	not	affect	the	periodicity	that	we	are	
interested	in.

To	 test	 whether	 the	 seasonal	 pattern	 in	 the	 seroprevalence	
time	series	was	significant,	we	developed	four	generalized	additive	
models	 (GAMs)	with	seroprevalence	as	a	binomial	response	vari-
able	(logit‐link	function)	and	a	seasonal	and/or	year	component	as	
explanatory	variables	(Voutilainen,	Kallio,	Niemimaa,	Vapalahti,	&	
Henttonen,	2016).	GAMs	were	used	because	we	expected	a	non-
linear	response	for	the	seasonal	seroprevalence	pattern.	Model	1	
(GAM1)	was	the	intercept	(null)	model	to	which	we	could	compare	
the	other	models.	Model	2	(GAM2)	contained	the	seasonal	effect	
in	which	 seroprevalence	was	 smoothed	 in	 a	 nonlinear	way	 over	
the	different	months	(k	=	12)	using	cyclic‐cubic	regression	splines,	
which	 limited	 discontinuity	 between	 the	 end	 and	 the	 beginning	
of	a	new	year.	The	optimal	amount	of	smoothing	was	determined	
by	cross‐validation	using	the	built‐in	function	of	r‐package	gamm4. 
Model	3	(GAM3)	contained	a	fixed	year	effect	(2010–2017),	which	
allowed	 to	 investigate	 whether	 the	 overall	 seroprevalence	 var-
ied	 significantly	 between	 years.	 This	 was	 investigated	 in	 order	
to	 assess	 potential	 differences	 between	 years	 caused	 by	 varia-
tion	in	sample	storage	conditions.	Model	4	(GAM4)	combined	the	
smoothed	 seasonal	 and	 fixed	 year	 effects.	 Selection	 of	 the	 lat-
ter	model	would	suggest	a	consistent	seasonal	effect	and	annual	
changes	in	mean	seroprevalence.	We	did	not	include	a	model	with	
an	interaction	between	season	and	year	because	this	would	result	
in	 a	 perfect	 fit	 and	 is	 therefore	 not	meaningful	 for	 comparison.	
Model	selection	was	performed	based	on	Akaike	information	cri-
terion	(AIC)	and	R2	values.	All	analyses	were	performed	in	r	using	

F I G U R E  1   Illustration	of	the	individual‐based	model	used	to	simulate	the	spread	of	Morogoro	virus	in	populations	of	Mastomys 
natalensis	in	Tanzania.	Individual	rodents	are	assigned	different	states	according	to	infection	status:	susceptible	(S),	exposed	(E),	acutely	
infectious	(I),	recovered	(R),	maternal	antibody	positive	(M)	and	chronically	infectious	(C).	State	transition	rates	depend	on	the	following	
parameters:	transmission	coefficient	(β),	latent	period	(σ−1),	infectious	period	(γ−1),	maternal	antibody	period	(ω−1).	Fat	solid	arrows	indicate	
possible	transitions	between	different	states.	The	dashed	lines	show	the	demographic	parameters:	Φ	(birth	rate)	and	μ	(mortality	rate).	
The	probability	to	become	acutely	infected	after	vertical	transmission	is	given	by	V_I	and	to	become	chronically	infected	by	V_C	(with	
V_I	+	V_C	=	1	in	the	model	with	vertical	transmission).	Thin	solid	arrows	indicate	that	the	rate	at	which	individuals	move	from	one	state	to	
another	depends	on	the	number	of	individuals	in	another	state
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the	 r‐packages:	 lubridate,	mgcv,	 gamm4,	 ggplot2,	 scales and mvt-
norm	 (Genz	et	al.,	2017;	Wickham,	2009,	2017;	Wood	&	Scheipl,	
2017).

2.6 | Mathematical modelling

Based	on	data	from	this	study	as	well	as	previous	field	and	model-
ling	studies,	we	built	a	stochastic	individual‐based	model	(IBM)	that	
took	into	account	host	demography	and	MORV	infection	dynamics	
(Goyens	et	al.,	2013)	(Supplementary	file:	MORV	model).	The	model	
allowed	us	to	explore	whether	the	presence	or	absence	of	vertical	
transmission	 and	 the	 percentage	 of	 chronically	 infected	 animals	
might	 influence	MORV	epidemics.	The	 IBM	 is	explained	using	 the	
schematic	depicted	in	Figure	1.	Individuals	are	categorized	into	one	
of	six	states:	susceptible	(S),	exposed	but	not	infectious	(E),	acutely	
infectious	 (I),	 recovered	 (R),	 protected	 by	maternal	 antibodies	 (M)	
and	 chronically	 infectious	 (C).	 Birth,	 death	 and	 state	 transition	
events	were	a	function	of	time	(unit	of	time	is	1	day)	and	stochastic.

2.6.1 | Demographic component

The	main	reason	we	used	an	 IBM	was	that	 it	allowed	us	to	assess	
the	age	distribution	of	animals	in	the	population.	Implementing	a	re-
alistic	 age	distribution	was	a	prerequisite	 for	 comparing	predicted	
and	observed	seroprevalence,	as	the	age	distribution	of	M. natalensis 
changes	strongly	throughout	the	year	(due	to	a	seasonal	birth	pulse	
and	high	mortality)	and	the	likelihood	of	being	Ab‐positive	increases	
significantly	with	age.	Both	demographic	parameters	(birth	=	Φ and 
mortality	=	μ)	were	 implemented	 to	obtain	a	 realistic	monthly	age	
distribution	(similar	to	data	in	Leirs,	1994)	and	abundance	(similar	to	
the	abundance	time	series	in	this	study)	(Figure	S1).	In	order	to	en-
sure	that	the	modelled	age	distribution	resembled	the	observed	dis-
tribution,	birth	and	mortality	rates	changed	depending	on	time	of	the	
year	and	individual	age	(for	details,	see	Supplementary	Information).	
Since	we	recently	showed	that	MORV	has	no	or	only	limited	adverse	
effects	 on	M. natalensis	 (Mariën,	 Borremans,	Gryseels,	 Soropogui,	
et	al.,	2017;	Mariën,	Kourouma,	et	al.,	2018;	Mariën,	Sluydts,	et	al.,	
2018),	the	model	assumes	that	the	birth	and	death	rates	are	equal	
for	susceptible	and	infected	animals.	We	highlight	that	modelling	de-
mography	was	not	the	prime	goal	of	this	study	and	that	the	param-
eters	were	optimized	only	to	obtain	a	realistic	age	distribution	and	
rodent	density,	while	still	being	biologically	meaningful.

2.6.2 | Transitions

The	 model	 assumes	 that	 when	 a	 susceptible	 individual	 (S)	 be-
comes	 acutely	 infected,	 it	 first	 passes	 a	 latency	period	 (E	 stage)	
for	a	 fixed	period	of	6	days	 (σ−1)	during	which	 it	 is	not	yet	 infec-
tious.	It	then	becomes	infectious	for	a	fixed	period	of	21	days	(γ−1),	
after	which	it	recovers	from	the	disease	and	develops	lifelong	im-
munity	 (antibody	 presence).	 The	 values	 of	 the	 latency	 (σ−1)	 and	
infectious	 period	 (γ−1)	 were	 derived	 from	 an	 inoculation	 experi-
ment	(Borremans,	Sluydts,	et	al.,	2015;	Borremans,	Vossen,	et	al.,	

2015).	Furthermore,	we	assume	that	individuals	born	to	recovered	
mothers	(R)	will	enter	the	population	carrying	maternally	derived	
antibodies	(ΦR)	 that	protect	 juveniles	 in	this	state	(M)	against	 in-
fection	 for	 a	 fixed	period	of	 28	days	 (ω−1),	 after	which	 the	 anti-
bodies	disappear	and	individuals	move	to	the	susceptible	state	(S).	
The	 presence	 of	 maternal	 antibodies	 in	 juveniles	 has	 been	 sug-
gested	for	LASV	and	MORV	in	field	studies	and	for	LCMV	in	labo-
ratory	experiments	(Fichet‐Calvet	et	al.,	2014;	Mariën,	Borremans,	
Gryseels,	Broecke,	et	al.,	2017;	Oldstone,	2002).

2.6.3 | Horizontal transmission: density dependence

Horizontal	transmission	of	MORV	(i.e.	via	contacts	between	individ-
uals,	as	opposed	to	vertical	transmission	from	mother	to	offspring)	
was	modelled	as	infection	rate	�K

qS(I+C)
Nq

,	following	the	implementation	
of	Smith	et	al.	(2009).	This	formulation	allows	to	shape	the	transmis-
sion–density	 relation	by	adjusting	 the	parameter	q:	 if	q	=	1,	 trans-
mission	is	independent	of	density	(frequency	dependence);	if	q	=	0,	
transmission	 is	 linearly	 related	 to	 density	 (density	 dependence);	
and	 if	 0	 <	q	 <	 1,	 transmission	 follows	 a	 power	 function	 (interme-
diate	between	frequency	and	density	dependence).	K	is	a	rescaling	
constant	 (individuals)	 that	 allows	 comparison	of	 the	 transmission–
density	 functions	 at	 different	 host	 densities	 (N).	 The	 parameter	 β 
represents	the	transmission	coefficient,	which	 is	depended	on	the	
contact	rate	to	a	given	density	and	the	probability	of	transmission	
when	an	I	 individual	contacts	an	S	(Begon	et	al.,	2002).	Given	that	
M. natalensis	is	not	territorial	and	its	home	range	overlap	is	generally	
high,	we	assumed	a	homogeneously	mixed	community	 in	which	all	
individuals	are	also	identical	with	respect	to	susceptibility	and	infec-
tivity	(Borremans	et	al.,	2013).

2.6.4 | Vertical transmission

Vertical	transmission	(mother‐to‐offspring)	of	MORV	is	implemented	
using	infection	rate:	V_I	[Φ	 (I	+	C)]	+	V_C	[Φ	 (I	+	C)].	The	model	as-
sumes	that	vertically	infected	juveniles	can	enter	the	population	as	
either	 acutely	 (I)	 or	 chronically	 (C)	 infectious.	 The	 addition	 of	 the	
chronic	 infectious	 state	was	necessary	 to	 ensure	 viral	 persistence	
(explained	below).	The	parameter	V_C	defines	the	proportion	of	ju-
veniles	that	will	become	chronically	infectious	at	birth	through	verti-
cal	transmission.	This	parameter	was	set	so	that	approximately	5%	
of	the	overall	infectious	individuals	in	the	population	(I	+	C)	became	a	
chronic	carrier,	which	matches	results	of	a	modelling	study	on	LASV	
and	other	field	and	laboratory	data	on	MORV	(Borremans,	Sluydts,	
et	 al.,	 2015;	 Borremans,	 Vossen,	 et	 al.,	 2015;	 Fichet‐Calvet	 et	 al.,	
2014;	Mariën,	Borremans,	Gryseels,	Broecke,	 et	 al.,	 2017;	Walker,	
Wulff,	 Lange,	&	Murphy,	1975).	Chronic	 carriers	were	assumed	 to	
stay	in	this	state	permanently	and	shed	at	the	same	transmission	rate	
as	acutely	infectious	animals.	The	parameter	V_I	defines	the	propor-
tion	of	juveniles	that	will	become	acutely	infectious	at	birth	through	
vertical	transmission.	In	the	model	with	vertical	transmission,	all	off-
spring	born	to	infected	mothers	(either	I	or	C)	will	become	infectious	
(either	I	or	C),	thus	V_I	+	V_C	=	1.
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2.6.5 | Model selection

To	 investigate	 the	 importance	 of	 the	 vertical	 transmission	 com-
ponent	 and	 the	 transmission–density	 relation	 in	 the	 model,	 we	
compared	the	seroprevalence	pattern	(infected,	recovered	or	ma-
ternal	 antibodies)	 of	models	 to	 the	 seroprevalence	 field	 data	 by	
minimizing	the	AIC,	which	is	here	given	by	2K −	2ln[	(model|data)]	
with	K	 the	 number	 of	 parameters	 and		 the	 likelihood	 function	
(Sakamoto,	Ishiguro,	&	Kitagawa,	1986).	Models	with	and	without	
vertical	transmission	were	compared	for	three	values	of	the	trans-
mission–density	relation	(q	=	0,	0.5	and	1).	The	likelihood	function	
was	maximized	 for	 each	model	with	 respect	 to	 the	 transmission	
coefficient	 (β)	based	on	500	simulations	assuming	a	multivariate	
normal	 distribution	 of	 the	 monthly	 seroprevalence.	 Simulations	
were	run	for	12	years,	discarding	the	initial	five	years.	In	order	to	
mimic	stochasticity	 introduced	by	the	capture	process,	the	same	
number	of	individuals	was	drawn	randomly	from	the	model	popu-
lation	as	 the	number	of	 individuals	 that	were	captured	and	sam-
pled	in	the	field.

Although	 AIC	 values	 differed	 between	 models	 (>10	 units,	
see	 results),	 the	 best	 fitting	 model	 did	 not	 produce	 a	 satisfac-
tory	 fit	 to	 the	 observed	 field	 data	 (Figure	 S2).	 The	main	 reason	
for	this	seemed	to	be	that	this	model	predicts	a	 juvenile	dilution	
effect	 after	 the	breeding	 season	 (August–October),	which	 is	not	
observed	 in	 the	 field	 data.	We	 therefore	 included	 an	 additional	
model	 (starting	 from	 the	model	 with	 the	 best	 AIC	 in	 the	 previ-
ous	 step)	 in	which	 the	 parameter	 β	 was	 allowed	 to	 change	 sea-
sonally	 (hence,	 accounting	 for	 two	 extra	 degrees	 of	 freedom/
parameters)	 between	 three	 biologically	 meaningful	 periods	 of	
the	 year:	 β_1	 =	 January–April	 (low‐density,	 no‐breeding	 period);	
β_2	=	April–July	(low‐density,	breeding	period);	and	β_3	=	August–
December	 (high‐density,	 no‐breeding	 period).	 Inference	 of	 the	
different	βs	was	performed	by	 running	20,000	MCMC	chains	 in	
which	the	parameters	were	updated	sequentially	using	a	standard	
random‐walk	Metropolis–Hastings	algorithm	(Gibson	&	Renshaw,	
1998).	We	assumed	uniform	priors	U(0,	100)	 for	 the	different	βs	
and	tested	different	starting	values	in	the	simulations,	to	ascertain	
that	they	all	converged	to	the	same	posterior	distribution	(which	
is	an	indication	that	the	simulation	result	is	not	merely	a	local	min-
imum	of	the	AIC).

2.6.6 | Viral persistence and chronic infections

To	investigate	whether	the	presence	of	chronically	infected	indi-
viduals	is	necessary	for	MORV	persistence,	we	carried	out	simula-
tions	 in	which	we	 varied	 the	 percentage	 of	 chronically	 infected	
individuals	in	the	population	from	0%	to	10%	by	steps	of	0.5	(and	
adjusted	the	transmission	coefficients	to	arrive	at	 the	same	sea-
sonal	seroprevalence	maximum)	using	the	best	fitting	model	with	
season‐specific	 β.	 Simulations	 (n	 =	 500)	 were	 run	 for	 each	 V_C	
at	different	populations	sizes	[from	5	ha	to	30	ha	fields	by	steps	
of	 2.5],	 as	 the	 likelihood	 of	 persistence	 increases	 with	 popula-
tion	size	(Lloyd‐Smith	et	al.,	2005).	Although	the	total	population	

size	could	increase	(equivalent	to	increasing	the	occupied	area	in	
hectares),	 the	 range	 of	 population	 densities	 was	 kept	 constant	
at	a	maximum	of	250	individuals/ha	at	the	end	of	the	dry	season	
(November)	and	30	individuals/ha	at	the	end	of	the	rainy	season	
(May).	Transmission	in	a	model	run	was	considered	to	be	persistent	
if	the	virus	did	not	go	extinct	within	ten	years	(Bartlett,	1957).	The	
proportion	 of	 ‘persistent	 simulations’	 was	 used	 as	 a	measure	 of	
persistence	probability.

2.7 | Cage experiment

In	order	to	investigate	whether	chronic	infections	indeed	occur	in	
natural	conditions	(as	was	suggested	by	the	modelling	results),	we	
performed	a	small	field	experiment	in	which	we	caged	wild	M. na‐
talensis	 for	 8	 weeks,	 sampling	weekly.	 From	 6	 July	 to	 8	 August	
2016,	 270	M. natalensis	 were	 captured	 using	 the	 same	 protocol	
as	described	for	the	long‐term	experiment.	Animals	were	housed	
in	pairs	in	cages	(28	×	11.5	×	12	cm)	where	shelter	and	ad libitum 
food	 and	water	 were	 provided.	 Blood,	 urine	 and	 saliva	 samples	
were	taken	the	day	of	capture	and	each	consecutive	week.	Saliva	
was	collected	by	letting	the	animal	chew	on	a	small	filter	paper	slip	
for	a	few	seconds.	Animals	were	kept	in	a	plastic	bag	until	they	uri-
nated	(max.	5	min).	Urine	was	preserved	on	filter	paper,	which	was	
dried	and	stored	as	described	above.	Maximally	8	weeks	after	cap-
ture,	the	mice	were	euthanized	using	chloroform,	humanely	killed	
by	 cervical	 dislocation	 and	 dissected.	 Kidneys,	 liver	 and	 spleen	
were	stored	in	RNAlater.

Weekly	 blood	 samples	 of	 all	 captured	 mice	 were	 screened	
for	 antibodies	 against	 MORV	 as	 described	 above.	 For	 all	 cap-
tured	mice,	 viral	 RNA	was	 extracted	 from	 kidney	 biopsies	 using	
the	NucleoSpin	RNA	 II	 kit	 (Macherey‐Nagel)	 following	manufac-
turer	 instructions.	 As	 kidney	 samples	 usually	 result	 in	 a	 higher	
RNA	yield	than	filter	paper	samples	(simply	because	there	is	more	
RNA	material),	we	assumed	that	when	kidney	samples	were	neg-
ative	 filter	paper	samples	would	also	be	negative.	Therefore,	we	
only	 screened	blood,	urine	 and	 saliva	 samples	 for	mice	 that	had	
MORV	RNA‐positive	 kidneys.	 For	 the	 filter	 paper	 samples,	 viral	
RNA	was	extracted	using	the	QIAmp	vRNA	Mini	Kit	(Qiagen).	RT–
PCR	was	 done	on	 the	 L‐segment	 using	MoroL3359‐forward	 and	
MoroL3753‐reverse	 primers	 following	 the	 protocol	 described	 in	
Günther	et	al.	 (2009)	and	Vieth	et	al.	 (2007).	All	amplicons	were	
confirmed	by	Sanger	sequencing	in	both	directions	at	the	Vlaams	
Instituut	voor	Biotechnologie.

2.8 | Ethics approval

All	 the	 procedures	 followed	 the	 Animal	 Ethics	 guidelines	 of	 the	
Research	Policy	of	Sokoine	University	of	Agriculture	as	stipulated	in	
the	‘Code	of	Conduct	for	Research	Ethics’	(Revised	version	of	2012)	
and	 the	 guidelines	 in	 (Sikes	 &	 Gannon,	 2007).	 The	 used	 protocol	
was	approved	by	the	University	of	Antwerp	Ethical	Committee	for	
Animal	Experimentation	(2015‐69)	and	adhered	to	the	EEC	Council	
Directive	2010/63/EU.



     |  7Journal of Animal EcologyMARIËN et Al.

3  | RESULTS

3.1 | Seasonality and seroprevalence

There	were	 clear	 seasonal	 cycles	 for	 both	 rodent	 abundance	 and	
seroprevalence	 (Figure	 2).	 Peaks	 in	 rodent	 abundance	 occurred	
in	November	 and	 troughs	 in	May,	while	 seroprevalence	peaks	oc-
curred	 in	 January–April	 (26%;	 95%	 CI	 12%–36%)	 and	 troughs	 in	
June–August	(5%;	95%	CI	1%–12%;	Figure	3).	This	result	matches	the	
outcome	of	the	cross‐correlation	analysis,	which	supported	strong	
positive	 correlations	 between	 seroprevalence	 and	 density	 one	 to	
four	months	earlier	(Figure	4).	It	also	matches	the	results	of	the	GAM	
analyses,	as	the	model	with	the	lowest	AIC	and	highest	adjusted	R2 
(GAM4)	 supported	 a	 seasonal	 pattern	 in	 the	 seroprevalence	 time	

series	(par	=	16,	AIC	=	405,	R2	=	0.55;	Table	1).	This	model	was	clearly	
preferred	to	the	same	model	(GAM3)	without	seasonal	component	
(par	=	6,	AIC	=	456,	R2	=	0.33),	suggesting	that	the	month	in	which	
an	individual	is	trapped	is	an	important	predictor	of	antibody	status	
(df	=	6,	chisq	=	60.87,	p	<	.0001).	The	best	fitting	model	also	suggests	
that	 the	overall	 seroprevalence	differs	significantly	between	years	
(df	=	5,	chisq	=	93.06,	p	<	.0001).

3.2 | Mathematical modelling

3.2.1 | Transmission

The	 mathematical	 model	 with	 the	 lowest	 AIC	 value	 included	 a	
vertical	 and	 density‐dependent	 horizontal	 (q	 =	 0)	 transmission	

F I G U R E  2  Time	series	(using	cyclic‐
cubic	regression	splines)	of	Mastomys 
natalensis	abundance	and	MORV	
seroprevalence	in	function	of	time.	The	
black	line	represents	the	monthly	number	
of	Mastomys natalensis	captured	each	
month	(black).	The	envelope	represents	
the	95%	confidence	interval	(CI)	on	the	
seroprevalence	estimation

F I G U R E  3  Seasonal	component	of	
Mastomys natalensis	abundance	(upper)	
and	MORV	seroprevalence	(lower)	
time	series.	The	bold	lines	represent	
means	and	dotted	lines	95%	confidence	
intervals
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component	 (Model	3:	AIC	=	1,092;	Table	2).	This	model	was	142	
AIC	units	 removed	 from	 the	 second	best	 fitting	model	 that	 also	
included	 a	 vertical	 transmission	 component	 and	 in	which	 trans-
mission	 followed	 a	 saturating	 power	 function	 (q = 0.5; model 5: 
AIC	=	1,234).	These	results	suggest	that	the	seasonal	variation	in	
seroprevalence	can	be	best	explained	by	a	combination	of	verti-
cal	 and	 horizontal	 transmission	 (with	 q	 =	 0).	 Importantly,	 a	 sea-
son‐specific	β	(for	three	different	periods)	drastically	improved	the	
model	 fit	 (model	7:	AIC	=	536),	 as	 it	 did	not	 exhibit	 the	 juvenile	
dilution	effect	that	was	observed	in	all	other	models	but	not	in	the	
field	data	(Figure	S1)	as	a	result	of	an	increased	β	during	and	after	
the	breeding	season.	For	example,	assuming	vertical	and	horizon-
tal	(q	=	0)	transmission	with	1%	chronic	carriers,	the	best	model	fit	

was	obtained	with	a	β	that	is	almost	five	times	higher	during	the	
breeding	 season	 and	 almost	 three	 times	 higher	 during	 the	 peak	
density	period:	βJanuary–April	=	1.0	(95%	Credible	Interval:	0.1–2.6),	
βApril–July	=	4.7	(95%	CI:	2.8–7.2)	and	βAugust–December	=	2.7	(95%	CI:	
1.4–3.9).

3.2.2 | Chronic infections

As	expected,	 the	probability	 that	 infections	persist	over	 ten	years	
increased	with	population	size	and	the	proportion	of	chronically	in-
fected	 animals	 (Figure	 5).	 Interestingly,	we	 found	 that	MORV	 can	
never	persist	when	there	are	no	chronically	infected	animals	(even	
at	an	area	corresponding	to	30	ha).	At	 least	a	few	chronic	carriers	
(2.5%–10%)	are	needed	in	the	population	to	ensure	viral	persistence	
throughout	the	low	host	density	period.

3.3 | Cage experiment

Of	 the	 270	 captured	M. natalensis,	 42	 (15%)	 were	 antibody	 posi-
tive	during	the	8‐week	captivity,	and	seven	(3%)	tested	positive	for	
MORV	RNA	in	the	kidneys.	Six	mice	with	RNA‐positive	kidneys	were	
antibody	positive	at	least	once.	Two	of	the	mice	with	RNA‐positive	
kidneys	 showed	 signs	 of	 chronic	 infections	with	 continuous	 pres-
ence	of	viral	RNA	in	excretions	for	8	weeks	(Figures	S4	and	S5),	one	
of	the	mice	showed	signs	of	chronic	 infection	with	virus	retreated	
into	the	organs	(Figure	S6),	while	the	other	four	mice	only	showed	
signs	 of	 recent	 infection	 (viral	 RNA	 in	 blood	 during	 the	 last	week	
only).	This	suggests	that	at	 least	8%	(3/38)	of	 infected	animals	be-
came	 a	 chronic	 carrier	 or	 had	MORV	RNA	 in	 the	body	 for	 a	 time	
period	of	at	least	8	weeks.

F I G U R E  4  Cross‐correlation	analysis	between	Mastomys 
natalensis	density	(number	of	uniquely	captured	individuals	per	
month/ha)	and	MORV	seroprevalence.	The	blue	dotted	lines	
represent	95%	confidence	intervals	which	indicate	when	a	
correlation	at	a	given	time	lag	might	be	considered	significant

TA B L E  1  Comparison	of	generalized	additive	models	
investigating	seasonal	and	year	effects	in	the	MORV	
seroprevalence	time	series

Model Time component Par AIC Adj R2

GAM1 intercept 1 556 0.00

GAM2 s(month) 10 487 0.22

GAM3 year 6 456 0.33

GAM4 s(month)	+	year 16 405 0.55

Abbreviations:	Adj	R2	=	adjusted	R2	value;	AIC,	Akaike	information	crite-
rion;	Par,	number	of	identifiable	parameters;	s(),	smoothed	parameter.

TA B L E  2  Comparison	of	mathematical	models	investigating	the	
effect	of	the	shape	of	the	transmission–density	relation	and	the	
level	of	vertical	transmission	on	MORV	seroprevalence

Model Horizontal Vertical Par AIC

M1 Frequency	(q	=	1) Yes 15 1,456

M2 Frequency	(q	=	1) No 14 1,908

M3 Density (q = 0) Yes 16 1,092

M4 Density	(q	=	0) No 15 1,510

M5 Freq‐Dens	
(q	=	0.5)

Yes 17 1,234

M6 Freq‐Dens	
(q	=	0.5)

No 16 1,642

M7 Seasonal beta 
(q = 0)

Yes 18 536

Note: The	first	six	models	contain	a	fixed	β.	The	last	model	contains	a	
seasonal	β	for	three	periods:	β_1	=	January–April	(low‐density	period);	
β_2	=	April–July	(low	density	and	breeding	period);	β_3	=	August–
December	(high‐density	period).	Bold	values	indicate	the	best	fitting	
models	based	on	AIC	values.
Abbreviations:	AIC,	Akaike	information	criterion;	Par,	number	of	identi-
fiable	parameters.
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4  | DISCUSSION

The	seasonal	pattern	of	MORV	seroprevalence	reflected	the	popu-
lation	demography	of	M. natalensis,	peaking	after	 the	high‐density	
season	(January–March)	when	the	population	consists	of	predomi-
nantly	 older	 animals.	 The	most	 straightforward	 conclusion	 is	 that	
MORV	transmission	is	positively	correlated	with	M. natalensis den-
sity.	Although	this	is	exactly	what	would	be	expected	based	on	the	
transmission	and	demographic	characteristics,	past	studies	on	simi-
lar	systems	have	struggled	to	find	such	positive	correlations	(Davis	
et	al.,	2005).	Begon	et	al.	(2009)	argued	that	this	scarcity	of	signif-
icant	 correlations	might	be	due	 to	 the	 short	 time	periods	of	most	
studies	(insufficient	data	to	observe	significant	patterns),	as	in	their	
long‐term	time	series	they	did	observe	clear	positive	correlations	be-
tween	cowpox	virus	prevalence	and	density	of	field	voles	(Microtus 
agrestis).	The	results	of	our	long‐term	study	add	to	this	rare	evidence	
for	the	predicted	positive	correlations	between	parasite	prevalence	
and	host	density.

The	mathematical	model	suggests	that	the	seasonal	seropreva-
lence	pattern	is	best	explained	by	a	density‐dependent	transmission	
component	(q	=	0).	Density‐dependent	transmission	was	already	ex-
pected	for	M. natalensis,	as	it	is	a	non‐territorial	generalist	species	of	
which	the	contact	rate	is	likely	to	increase	with	density	(Borremans	
et	al.,	2013).	We	do	emphasize,	however,	that	it	remains	difficult	to	
infer	 the	 exact	 transmission–density	 function	 based	 solely	 on	 se-
rology	data	and	that	controlled	field	experiments	are	necessary	for	
more	definite	answers.	For	example,	an	enclosure	experiment	found	
that	contact	rates	of	M. natalensis	increase	with	density	in	a	sigmoid	
pattern,	 suggesting	 that	MORV	 transmission	might	be	 a	nonlinear	
function	of	density	(Borremans	et	al.,	2016).	Another	enclosure	ex-
periment	found	that	Sin	Nombre	hantavirus	transmission	increases	

with	deer	mouse	(Peromyscus maniculatus)	density	and	that	this	ef-
fect	could	change	between	seasons	(Bagamian	et	al.,	2012).	Similarly,	
a	seasonal	effect	on	the	shape	of	the	transmission–density	relation	
was	observed	for	cowpox	virus	dynamics	in	field	voles	(M. agrestis),	
in	 which	 transmission	 appeared	 to	 be	 density‐dependent	 during	
winter	but	frequency‐dependent	in	summer	(Smith	et	al.,	2009).

We	had	expected	 to	 see	a	 strong	 juvenile	dilution	effect	 after	
the	breeding	 season	 (October),	when	most	newborn	 animals	 have	
entered	the	population,	but	found	no	convincing	support	of	this	in	
the	 field	 data.	 The	mean	 seroprevalence	 reached	 its	 lowest	 point	
during	the	end	of	the	breeding	season	(July),	suggesting	a	small	di-
lution	 effect,	 but	 soon	 afterwards	 (August–November)	 seropreva-
lence	increased	steeply.	This	rapid	increase	was	unexpected,	given	
the	high	rate	at	which	juveniles,	which	are	presumed	to	be	seronega-
tive,	entered	the	population.	The	short	time	lag	between	density	and	
seroprevalence	 (1–4	months)	 suggests	 that	 transmission	 rates	 are	
high	during	this	period.	One	possible	explanation	for	this	is	that	the	
proportion	of	vertically	infected	juveniles	is	high,	which	is	supported	
by	 the	mathematical	models.	 This	 possibility	 is	 also	 supported	 by	
the	 relatively	high	 seroprevalence	 (15%)	of	 very	young	 individuals	
(<20	g;	Figure	S3),	suggesting	high	levels	of	vertical	transmission	or	
maternally	 derived	 antibodies.	 Vertical	 transmission	 and	maternal	
antibodies	are	also	suggested	for	LASV	transmission	in	M. natalensis 
and	Junin	arenavirus	in	Calomys musculinus,	while	they	have	been	di-
rectly	observed	in	the	laboratory	for	LCMV	in	Mus musculus	(Demby	
et	al.,	2001;	Oldstone,	2002;	Vitullo	&	Merani,	1988).	Another	possi-
bility	that	may	explain	the	lack	of	a	clear	dilution	effect	is	a	seasonal	
change	in	the	transmission	coefficient	β,	which	was	also	supported	
by	the	model	simulations.	For	example,	the	steep	increase	in	sero-
prevalence	might	 be	 the	 result	 of	 increased	 indirect	 transmission	
due	 to	drier	 environmental	 conditions	during	 the	period	 following	

F I G U R E  5  Persistence	probabilities	
for	Morogoro	virus	in	populations	of	
Mastomys natalensis	as	a	function	of	the	
total	population	area	(in	hectares)	and	
the	proportion	of	animals	that	becomes	
chronically	infectious	in	the	mathematical	
model	(model	7)
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the	 breeding	 season	 (August–October),	which	 has	 been	 shown	 to	
enhance	 survival	of	 arenaviruses	 (Stephenson,	Larson,	&	Dominik,	
1984).

Evidence	 from	 experimental	 infections	 and	 natural	 observa-
tions	 suggests	 that	 acute	 infections	 with	 virus	 shedding	 during	 a	
few	 weeks	 and	 lifelong	 immunity	 are	 standard	 among	 arenavirus	
infections	 in	 adult	 natural	 hosts	 (Borremans,	 Sluydts,	 et	 al.,	 2015;	
Borremans,	Vossen,	et	al.,	2015;	Demby	et	al.,	2001;	Fichet‐Calvet	
et	al.,	2014;	Fulhorst,	Milazzo,	Bradley,	&	Peppers,	2001;	Gonzalez	et	
al.,	1983;	Milazzo	&	Fulhorst,	2012).	Furthermore,	given	that	MORV	
transmission	is	not	frequency‐dependent,	an	interesting	question	is	
how	the	virus	could	survive	the	low‐density	periods	of	its	host.	The	
mathematical	model	suggests	that	a	small	proportion	of	chronically	
infectious	 animals	 (2.5%–10%	 of	 the	 total	 infected	 population)	 is	
likely	to	be	crucial	 for	virus	persistence,	as	these	 individuals	could	
maintain	the	transmission	chain	during	the	critical	low‐density	peri-
ods	(especially	in	combination	with	increased	rates	of	vertical	trans-
mission).	 Interestingly,	 when	 monitoring	 wild‐caught	M. natalensis 
in	the	laboratory	for	8	weeks,	about	8%	of	MORV	infected	animals	
had	 a	 long‐term	 infection,	which	 is	 consistent	with	 the	 prediction	
of	the	mathematical	models.	Chronic	infections	have	also	been	ob-
served	after	inoculation	of	newborn	hosts	in	laboratory	conditions	
and	have	been	suggested	by	other	field	studies	in	natural	conditions	
(Borremans,	Sluydts,	et	al.,	2015;	Borremans,	Vossen,	et	al.,	2015;	
Fichet‐Calvet	 et	 al.,	 2014;	Mariën,	 Borremans,	 Gryseels,	 Broecke,	
et	al.,	2017;	Oldstone,	2002;	Walker	et	al.,	1975).	 It	 is	conceivable	
that	 some	 animals	 develop	 latent	 chronic	 infections,	 where	 the	
virus	resides	in	organs	and	is	reactivated	under	stressful	conditions	
(Plowright	et	al.,	2016).	Viral	reactivation	might	for	example	be	trig-
gered	by	 increased	 testosterone	 levels	 in	males	and	by	pregnancy	
or	offspring	care	 in	 females	during	the	breeding	season	 (Altizer	et	
al.,	2006).

Besides	vertical	 transmission	and	chronic	 infections,	other	fac-
tors	that	could	increase	the	persistence	probability	of	MORV	during	
the	low	host	density	periods	remain	to	be	investigated.	For	example,	
indirect	 transmission	 (due	 to	 prolonged	 survival	 outside	 the	 host)	
has	 found	 to	 be	 important	 for	 the	 persistence	 of	 several	 rodent‐
borne	 viruses,	 such	 as	 Puumala	 hantavirus	 in	 populations	 of	 bank	
voles	 (M. glareolus)	 (Forbes,	 Sironen,	 &	 Plyusnin,	 2018).	 Although	
survival	outside	the	host	is	arguably	important	to	explain	intraspe-
cies	 transmission	 for	 many	 arenaviruses	 (e.g.	 LASV	 is	 most	 likely	
transmitted	from	rodents	to	humans	by	the	environment;	Bonwitt	et	
al.,	2017),	empirical	data	to	support	a	free‐living	stage	are	rare.	The	
only	available	data	come	from	laboratory	experiments	where	LASV	
was	deposited	on	solid	surfaces	in	the	dark	and	aerosolized,	(>50%	
inactivation	at	60	hr)	(Sagripanti,	Rom,	&	Holland,	2010;	Stephenson	
et	al.,	1984).	While	these	data	suggest	low	survival	outside	the	host,	
the	situation	in	the	natural	environment	can	differ	substantially	(e.g.	
UV	radiation	or	humidity	is	known	to	severely	affect	the	biological	
half‐life	of	RNA	viruses)	(Lytle	&	Sagripanti,	2005).

Another	mechanism	that	could	in	theory	allow	virus	persistence	
during	 low‐density	 periods	 is	 metapopulation	 dynamics,	 if	 con-
nected	 subpopulations	 fluctuate	 asynchronously	 in	 time	 or	 space	

(Foley,	Foley,	&	Pedersen,	1999;	Guivier	et	al.,	2011;	Hanski,	1999).	
To	the	best	of	our	knowledge,	metapopulation	dynamics	have	never	
been	investigated	for	hosts	of	arenaviruses	but	could	be	examined	
by	 looking	 at	 the	 spatiotemporal	 phylodynamics	 of	 these	 viruses	
(Rambaut	et	al.,	2009).	Such	a	genetic	study	was	recently	performed	
for	 Puumala	 hantavirus	 in	 populations	 of	 bank	 voles	 in	 Germany,	
where	genetic	 analyses	 suggested	 strong	geographical	 structuring	
at	a	highly	localized	scale	and	where	strains	were	observed	to	persist	
throughout	multiple	years,	which	 led	 to	 the	conclusion	 that	 trans-
mission	between	neighbouring	host	populations	was	unlikely	to	con-
tribute	to	the	persistence	of	this	virus	(Weber	de	Melo	et	al.,	2015).

Overall,	the	results	in	this	study	provide	mixed	support	for	the	
development	of	 rodent	control	programs	with	the	aim	of	 reducing	
arenavirus	 spillover	 to	 humans.	Given	 the	 positive	 correlation	 be-
tween	 MORV	 transmission	 and	 host	 density	 and	 the	 similarities	
between	MORV	and	LASV,	it	 is	 likely	that	LASV	prevalence	would	
decrease	 if	M. natalensis	 density	 were	 artificially	 reduced	 (e.g.	 by	
rodent	elimination).	This	could	then	lower	the	force	of	infection	to	
humans,	as	there	would	be	fewer	rodents	as	well	as	a	 lower	prev-
alence	within	 the	 rodent	population	 (Davis	et	al.,	2005).	However,	
rodent	control	is	unlikely	to	completely	eliminate	LASV	from	the	ro-
dent	population	because	complete	removal	of	rodents	is	practically	
impossible	(Mariën,	Borremans,	Kourouma,	et	al.,	2019),	and	the	sur-
vival	of	only	a	few	chronically	infected	animals	would	be	sufficient	
for	viral	persistence.	Given	the	presence	of	chronic	carriers	and	the	
high	breeding	and	recolonization	capacity	of	M. natalensis	 (Mariën,	
Kourouma,	et	al.,	2018;	Mariën,	Sluydts,	et	al.,	2018),	occasional	ro-
dent	control	is	unlikely	to	be	effective	in	eliminating	LASV	as	M. na‐
talensis	densities	would	quickly	return	to	their	carrying	capacity	and	
LASV	prevalence	to	its	original	prevalence.

5  | CONCLUSION

In	this	study,	we	investigated	how	host	demography	and	transmission	
mechanisms	may	affect	the	dynamics	of	an	arenavirus.	We	observed	
seasonal	 cycles	 of	 MORV	 seroprevalence	 in	 a	 highly	 fluctuating	
population	of	M. natalensis	and	showed	that	density‐dependent	hori-
zontal	 transmission	 in	combination	with	vertical	 transmission	could	
explain	 the	observed	patterns.	 In	 addition,	we	highlighted	 that	 the	
presence	of	a	small	number	of	chronically	 infected	animals	can	ex-
plain	the	persistence	of	the	virus	during	periods	of	low	host	density.	
An	interesting	next	step	would	be	to	investigate	how	climate	affects	
MORV	transmission,	as	effects	can	be	expected	on	both	the	survival	
probability	of	the	virus	and	the	host.	For	example,	an	extended	rainy	
season	is	known	to	result	in	larger	numbers	of	M. natalensis,	and	drier	
conditions	may	 increase	 indirect	 transmission	 (Sluydts	et	al.,	2009;	
Stephenson	et	al.,	1984).	Future	research	could	therefore	investigate	
whether	climate	variables	are	indeed	useful	predictors	of	arenavirus	
outbreaks	 by	 relating	 these	 variables	 to	 both	 transmission	mecha-
nisms	and	host	demography.	These	new	insights,	together	with	the	
results	from	this	study,	would	provide	a	solid	framework	for	develop-
ing	our	understanding	of	when	arenavirus	outbreaks	can	be	expected.
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