
Ecology of parasites and infectious
diseases

1

Predation
Parasitism

Competition Mutualism



Ecology of human infectious diseases

Hippocrates

Daniel Bernoulli

Filippo Pacini Ronald Ross

Giovanni Battista 
Grassi

2



Parasites and demographic regulation

Red grouse
(Lagopus lagopus scoticus)

Trichostrongylus tenuis
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The rinderpest pandemic in western Africa

J C Mariner et al. Science 2012;337:1309-1312
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Parasitoids

Parasitoid wasp 
Heterospilus prosopidis

Pest beetle
Callosobruchus chinensis

Bean weevil
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Drosophila suzukii

• Invasive fruit fly

• Infests undamaged soft shelled

fruit (cherry, berries etc) (Poyet

et al., 2015)

• Large harvest losses in new

habitat, including Trentino

(De Ros et al., 2013; Wiman

et al., 2014)

D. suzukii male

Serrated ovipositor

Damaged fruit

pictures: G. Arakelian/Dept. of Agriculture, Los Angeles County; Martin Hauser, California Department of Food

and Agriculture; http://www.falw.vu.nl

Parasitoids and biological control

6



Area of origin and invasion

• Drosophila suzukii native to east

asia (Kanzawa, 1935)

• Arrived in 2008/2009 to Europe

and America (Lee et al., 2011)

• Wide ecological range, rapid

expansion (Rota-Stabelli et al.,

2013)

maps: (Asplen et al., 2015)
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Control

• Insecticides problematic (Cini et al., 2012)

• Possibly biological control with resident or introduced parasitoid

(Rossi Stacconi et al., 2015; Daane et al., 2016)

Trichopria drosophilae (pupal parasitoid) Leptopilina heterotoma (larval parasitoid)

pictures: http://www.bioplanet.eu; (Lue et al., 2016)

• When to release parasitoids?
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An example of microparasite, the 
bacterium Vibrio cholerae, the 
pathogenic agent of cholera (Pacini, 
1854). 

An example of macroparasite, 
the cestode worm Taenia 
pisiformis, dog tapeworm.

Micro and macroparasites

Short life time compared to host’s
Dynamics can be neglected

Life time comparable to host’s
Dynamics cannot be neglected
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Transmission pathways of 
microparasitic diseases 

Transmission mode Description Examples

Direct (airborne,
sexual…)

Disease propagules are directly transmitted from 
one host to another via air or via physical contact 
(e.g. sexual intercourse)

Common cold, measles, 
syphilis, HIV/AIDS, rabies, 
influenza, SARS, COVID-19

Vector-borne Propagules are transmitted from one host to 
another via a second host species, the vector (e.g. 
mosquito)

Malaria (anopheles 
mosquito), dengue (tiger 
mosquito), zika (Yellow Fever 
mosquito, Aedes aegypti)

Water-borne Propagules are transmitted via contaminated 
water

Cholera, rotavirus

Environmental Propagules are shed into the environment where
they remain until another host acquires them. 
These pathogens differ from those responsible for 
direct transmission because of their longer 
permanence time in the external environment

Smallpox, anthrax, tetanus, 
Legionella

Vertical Propagules are transmitted from mother to 
progeny via the milk or the body fluids

HIV/AIDS, hepatitis B and C
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Life cycles in macroparasites.

Simple cycle of the large 
roundworm, a nematode

Life cycle of Fasciolopsis buski, a 
trematode, the agent responsible for 
fasciolopsiasis, an example of cycle 
with an intermediate host
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Global deaths by cause: recent
trends

https://coronavirus.jhu.edu/map.html

COVID-19: > 1.59 million deaths (as of Dec. 12, 2020)
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Main death causes in the world and the 
statistics of infectious diseases
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Global deaths by cause: the 2017 
situation
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Cause vs. risk factors

Poor environmental
quality

Poor
environmental
quality
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Global map of emerging (red) e 
reemerging (blue) infectious diseases

D. M. Morens, G.K. Folkers & A. S. Fauci, Nature, 2004; 430: 242-249
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https://archive.nytimes.com/www.nytimes.com/imagepages/2012
/07/15/opinion/15cover-grph.html 17



Global dynamics of emerging infectious diseases

K. E. Jones et al. Nature 2008; 
451:990-994

18



W. Ian Lipkin, Nature Reviews Microbiology 11, 133-141 (February 2013)

Zoonoses
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Clearly, parasites optimize their probability of
transmission by interacting with the network of
signals operating between the host, kin, and com-
peting parasites (Fig. 2). We assume complex
sensing mechanisms have evolved, but we know
little about them; for instance, how is Plasmodi-
um gametocytogenesis initiated or modulated?
What is SIF? How are competitors or immune
factors recognized and responded to in different
parasite groups? Despite functional investigations
on individual signaling components that affect
transmissibility and the complete cataloging of
conventional signaling molecules identified in
genome analyses, there is almost no coherent un-
derstanding of the molecular pathways that regu-
late parasite development. An essential current
goal, therefore, is to assemble these pathways.
Understanding the molecules and mechanisms
that control the interactions between parasites
and hosts, and among parasites themselves, also
offers the prospect of approaches to disease
control that manipulate the parasite’s transmis-
sion potential.

Once Transmitted, How Do Parasites Rapidly
Adapt to Their Vector?
The uptake of parasites by their vector requires
that they perceive environmental change and
adapt immediately to the new host. Unsurpris-
ingly, temperature change is a major determinant
of environmental sensing when moving from a
mammalian host to an invertebrate vector (10 ).
However, temperature alone is not sufficient,
and at least two signals are usually required to
precipitate differentiation, perhaps providing a
failsafe to prevent the risk of premature develop-
ment in the mammalian host. For Plasmodium, a
component of the mosquito eye-pigment syn-
thetic pathway, xanthurenic acid, is a key envi-
ronmental trigger (11) when sensed in the context
of both low temperature and raised pH. Temper-
ature is also an important cue for Leishmania spp.
andTrypanosoma cruzi during their development,
whereas for African trypanosomes, low temper-
ature enables the detection of citrate in the blood
meal, which then triggers differentiation (12 ).
Once the stimulus is perceived, signaling cascades
are activated, mediated through cyclic guanosine
3´,5´-monophosphate in Plasmodium (13 ) or a
phosphatase cascade inT. brucei (14 ), for example.

Once the adaptive mechanisms are triggered,
the parasites can tolerate rapid changes in the
blood meal environment and evade invertebrate
immune mechanisms. For such a rapid-response
capability, a common strategy is to hold pre-made
mRNAs ready for translation, rather than relying
on new gene transcription and then protein syn-
thesis. In Plasmodium, mRNAs are held silent
and stable in gametocytes in P granules, storage
compartments in the cytoplasm of eukaryotic
cells that ensure that mRNAs are kept apart from
the active translational machinery (15 ). Plasmo-
dium P granules contain an RNA helicase, DOZI
(16 ), that ensures mRNAs are stable and not
translated until required, that is, upon ookinete

formation after ingestion by mosquitoes. A sim-
ilar strategy also operates in American (17 ) and
African (18 ) trypanosomes as protection against
stress and probably in preparation for transmis-
sion. In T. brucei, transmissible stumpy forms are
quiescent until they are taken up by tsetse flies,;
whereupon translational repression is released,
and, coupled with new mRNA synthesis, rapid
adaptations to assist survival in the vector are
effected (19 ). The signals governing the silencing
of the translationally quiescent mRNA pool are

not well characterized and are unlikely to be sim-
ple motifs given the widespread repression of
many genes at this life-cycle stage. Nonetheless,
the recruitment to P granules of specific mRNAs
required during transmission appears to be an im-
portant mechanism for holding mRNAs poised
for action. Specificity in gene regulation is also
expected for the small subset of genes that escape
generalized translational repression operating in
transmission stages. The identification of this
subset will be particularly exciting because these

Chagas
disease

Parasite Disease Vector Global distribution

Tropic of Capricorn

Tropic of Cancer

Malaria Sleeping
sickness

River
blindness

Schistosomiasis
Lymphatic

filaria

leishmaniasis

(

Southern USA
Africa, Asia, South America,

Anopheles and Aedes 
mosquitos

)

-

Fig. 1. The global distribution of vector-borne human diseases. The individual parasites and their
vectors are indicated in the table, as are the diseases they cause and their main geographical
distributions.
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Vector-borne
diseases

Keith R. Matthews Science 
331, 1149 (2011)
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West Nile Virus
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West Nile Virus



West Nile
Virus in 2018
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ecological and economic consequences of these
regional declines in bird populations have not yet
been elucidated and need further study.

Globalization and the Introduction of Pathogens
The probability of the introduction and establish-
ment of introduced species has been shown to
increase with the “propagule pressure,” or the
rate at which individual organisms are introduced
to a new region (Fig. 3) (5 ). The yearly propagule
pressure and the pathway bywhichWNVreached
North America in 1999 remain unknown, but
several possibilities have been proposed, including
mosquitoes being transported by shipping, air-
planes, or wind; migratory birds or birds in trade;
and humans traveling (12). The large and increas-
ing volume of air traffic into NewYork City over
the past five decades makes the transport of in-
fected mosquitoes on an airplane a likely path-
way. A close phylogenetic relationship between
viruses isolated in New York in 1999 and those
circulating in Israel in the previous year sug-
gests a possible Middle East origin (6 ). Trade
and travel have also previously introduced key

mosquito vectors of WNV, Culex pipiens and
C. quinquefasciatus, as well as vectors for den-
gue, yellow fever, and chikungunya viruses, such
as Aedes albopictus and A. aegypti (13 ).

What predictions could have been made in
1999 about the outcome of the introduction of
WNV into New York City that summer? An an-
swer comes from comparing the ecology ofWNV
transmission in the Americas with that in Africa
and Europe (14 , 15 ).

WNV Ecology in Its Native Range
Studies of endemic WNV transmission in Egypt,
Sudan, and South Africa and of Kunjin virus, a
subtype ofWNV, in Australia show that the virus
was most frequently isolated fromCulexmosqui-
toes. In Australia, most isolations come from
C. annulirostris, which is a competent laboratory
vector (16 ). In Africa,C. univittatusmakes up the
largest fraction of WNV-infected mosquitoes
(8 , 17 ). Interestingly, there is little evidence of
WNV infection in C. pipiens in South Africa, de-
spite frequent feeding on avian hosts.C. pipiens is
an important WNV vector in Europe and North

America (15 , 18 ). It is possible that the lower
WNVinfection prevalence observed inC. pipiens
than in C. univittatus can be attributed to its being
less susceptible to infection (17 ).

Accurate quantification of the contribution of
different host species to viral amplification re-
quires data onmosquito feeding patterns and host
abundance from the same place and time, com-
bined with information on the duration and in-
tensity of host infectiousness (19 ). Host abundance
and mosquito feeding data have never been col-
lected simultaneously for WNV hosts and vec-
tors in Africa, Asia, Australia, or Europe and have
only rarely been collected in North America. As a
result, only tentative conclusions can be drawn
about the relative importance of host species for
WNV outside North America and these largely
come from studies of seroprevalence and infec-
tiousness based on viremia (concentration of virus
in the blood) observed after experimental infec-
tions. In Egypt, hooded crows (Corvus cornix)
and house sparrows (Passer domesticus) had
high antibody prevalence and infectiousness (8 ).
In South Africa, waterbirds (ducks and rails) and
passerine birds in the family Ploceidae (weavers
and Old World sparrows, including house spar-
rows) were most infectious and most frequently
had antibodies to WNV (17 ).

The Vectors, Hosts, and Transmission
of WNV in the Americas
The most important vectors in North America
share some similarities with those in Africa, Eu-
rope, and Australia. AlthoughC. univittatus is not
present in the Americas, C. pipiens, C. quinque-
fasciatus, and several other species that take the
majority of their blood meals from birds are
found in North America, including C. restuans,
C. tarsalis, and C. nigripalpus. Based on their
feeding ecology and their vector competence, all
these species would be expected to be important
in enzootic (bird-to-bird) transmission (18 , 20 ).
In addition, their abundance in anthropogenically
modified areas points to a significant role in hu-
man WNVepidemics.

An important insight was gained in the course
of determining the vector species responsible for
transmitting WNV from nonhuman animals to
humans (i.e., “bridge vectors”). Bridge vectors
were initially thought to be mosquito species that
fed frequently on mammals (such as Aedes mos-
quitoes), but an integrated analysis of the abun-
dance, infection prevalence, feeding patterns, and
vector competence of a wide range of mosquitoes
indicated that C. pipiens and C. restuans mos-
quitoes, which frequently take <15%of their blood
meals from humans, may nonetheless be respon-
sible for the majority of human infections in sev-
eral regions (18 , 21). Their importance results from
their higher relative abundance and WNV infec-
tion prevalence than the more anthropophilic mos-
quito species. Applying this integrated approach
to other pathogens may simplify targets for vec-
tor control, especiallywhen the same species serves
as both the bridge and the enzootic vector.

0
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Fig. 2. Spread of WNV throughout the Americas. Themap shows the year that WNV was first detected in a
state, province, or country. The box plot shows the temporal pattern of WNV incidence at the state level
after WNV arrival. The y axis shows the relative number of WNV neuroinvasive cases (the fraction of the
maximum observed in that state) that occurred in each state in each year, starting with the year WNV was
first detected in birds, mosquitoes, humans, or horses. The number of states included in each column is
shown above the box.
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28may be fed on infrequently by vectors, making
them less important in transmission. Second, the
importance of hosts may be determined more by
how frequently mosquitoes feed on them than by
variation in their infectiousness. Finally, variation
in the abundance of key avian hosts can have
unpredictable impacts on transmission, especially
to humans.

Hosts and Vectors as Ecological Niches
for Pathogens
Studies of WNV amplification hosts show how
the feeding patterns and competence of insect
vectors and vertebrate hosts create ecological
niches for introduced vector-borne pathogens. Char-
acterization of these niches can inform predictions
of establishment probability for pathogen intro-
ductions (19) and augment projections that are
frequently based on climatic conditions alone.
Such predictions can be used to guide manage-
ment decisions in allocating resources toward
prevention of pathogen introductions (such as
vaccine development and testing and quarantine
of imported animals). One example of the insight
gained from host and vector competence studies
comes from an elegant comparison of WNV and
St. Louis encephalitis virus (SLEV, a flavivirus

native to theAmericas) by Reisen et al. (27), which
showed that WNV is more infectious in hosts to
biting vectors than SLEV and explained why
WNVepidemics aremore severe than those caused
by SLEV.

Land Use and WNV Transmission
Recent evidence has suggested that at the county
scale in eastern and western North America, hu-
manWNV incidence increases with urbanization
and agriculture, respectively (28) (Figs. 3,4). This
may result from the habitats used and human-
commensal nature of three important WNVmos-
quito vectors,C. pipiens,C. quinquefasciatus, and
C. tarsalis, although the exact mechanisms acting
at local scales are not yet known. Nevertheless,
the distribution ofWNVindicates that it is similar
to other pathogens whose transmission is linked
with anthropogenic land use and increased abun-
dance of domesticated animals and human-tolerant
wildlife species (Figs. 3 and 4). For example,
H5N1 avian influenza emerged from poultry in-
tensification; rabies transmission in the Serengeti
is maintained by domestic dogs; Lyme disease
increases with the fragmentation of forests in
eastern North America; and yellow fever, den-
gue, and chikungunya viruses are all transmitted

by the anthropophilic mosquitoes A. aegypti and
A. albopictus (29–33). Perhaps ecologically based
land-use planning, combined with improved de-
velopment and sanitation, could reduce contact
with and the abundance of human-commensal spe-
cies and hence transmission of their pathogens.

Coevolution of Hosts, Vectors, and Pathogens
Rapid coevolution between WNV and its hosts,
vectors, and other pathogens is expected based
on reciprocal fitness impacts and inmany cases, the
lack of shared evolutionary history (11, 27, 34, 35).
Still, it was somewhat surprising that by 2005,
the strain ofWNV that was introduced into North
America in 1999 (NY99) had been displaced
continent-wide by a locally evolved genotype,
WN02 (36). WN02 was first detected in 2001
and spread continent-wide between 2002 and
2004. Viruses in the WN02 clade consistently
differ from NY99 viruses by only three nucle-
otides that result in one amino acid change.
Nonetheless, WN02 viruses are more efficient-
ly transmitted by both C. pipiens and C. tarsalis
mosquitoes, and the difference was found to in-
creasewith temperature in the laboratory, aswould
be expected if the WN02 viruses replicate at a
higher rate (37, 38).

Fig. 4. WNV ecology across an urbanization gradient in the northeastern and
midwestern United States. WNV is transmitted primarily by C. pipiens mosqui-
toes among a wide range of birds, but American robins (outlined) are a key

amplification host. The diversity of avian hosts decreases with urbanization,
whereas C. pipiens abundance appears to increase. [Image credit: U.S. Geo-
logical Survey (mosquito); Marm Kilpatrick and Ryan Peters (others)]
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The host-parasite ecological
continuum

Science  21 Jan 2000:
Vol. 287, Issue 5452, pp. 443-449
DOI: 10.1126/science.287.5452.443 
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Predicting which avian hosts would be im-
portant for WNV transmission in the Americas
based on data from Africa or Europe would have
failed, because inferences based solely on abun-
dance, infectiousness, or serological (antibody)
prevalence can be misleading (19). Analyses of
data from the mid-Atlantic to Colorado that have
combined host abundance and mosquito feeding
data with host infectiousness suggested that al-
though introduced house sparrows (P. domesticus)
and crows (Corvus spp.) are abundant and/or
highly infectious, they appear to be of minor im-
portance in WNV transmission (21–23). Crows
make up a small fraction ofmosquito bloodmeals,
and house sparrows are rarely fed on by mos-
quitoes relative to their abundance, resulting in
few bites per individual and inefficient trans-
mission. Instead, a species of thrush, the Amer-
ican robin (Turdus migratorius), appears to be
more important in WNV transmission (Fig. 4)

(21–23). This is primarily because 30 to 80% of
mosquito feedings by the dominant WNV vec-
tors (C.pipiens,C. restuans, andC. tarsalis) are on
robins, despite robins making up only 1 to 20%
of the avian communities studied. Questions
that arise are why are robins so frequently fed
on by mosquitoes, and do robins share a trait
with other thrushes that makes them generally
important for avian arboviruses? For example,
serological studies of the avian Sindbis virus in
Sweden indicated higher exposure of thrushes
than of any other group (24).

Research has also shown that focused feeding
on robins amplifies WNV transmission intensity
(22). This raises the following question: If Amer-
ican robins, which have increased 50 to 100% in
abundance over the past 25 years with the ur-
banization of the North American landscape (11),
were less abundant, wouldWNV transmission be
lower? It’s uncertain, because if mosquito abun-

dance and feeding patterns remain constant, de-
creasing host abundance increases the vector:host,
ratio which increases transmission intensity. In
addition, seasonal decreases in robin abundance
have been correlated with a shift in mosquito feed-
ing from birds to humans, which increases hu-
manWNVinfections (25). However, in thewestern
and southern United States, where robins are less
abundant, they provide only a small fraction of
mosquito blood meals, and yet mosquito feeding
by another species, C. quinquefasciatus, on hu-
mans is no greater than in the east (26). As a
result, the impact of reducing robin abundance on
WNV transmission is unknown and would proba-
bly depend on the identity, abundance, and infec-
tiousness of alternate sources of mosquito blood
meals.

In summary, three important insights have
been gained in determining the amplification hosts
of WNV in North America. First, abundant hosts

Human land use
Urbanization, Agriculture

Globalization of trade & travel

Greenhouse gases

Increases in human
commensal vectors
and hosts

Travel
Trade in animals
Animal migration

Altered CO2 ,
temperatures,
and precipitation

Fig. 3. Anthropogenic processes that facilitate the introduction and es-
tablishment of novel pathogens and increase their transmission. Trade,
travel, and animal movement introduce new pathogens. Climate, hosts,
and the abundance and feeding ecology of vectors determine establish-
ment and transmission intensity. Land use modifies animal communities
that serve as hosts and vectors for pathogens, and climate change alters

pathogen and vector demographic rates. [Image credits: Google and Tele
Atlas (aerial photos); Edward Canda (rice paddy); Photos8.com (corn-
field); L. Hufnagel (air traffic map); Dori (dori@merr.info) (smokestacks);
Joe Hoyt (left mosquito); Andrew Flemming (right mosquito); Richard Kuhn,
Purdue Department of Biological Sciences (virus); NASA (clouds); Marm
Kilpatrick (others)]
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A. Marm Kilpatrick, Globalization, Land Use, and the Invasion of West Nile Virus, Science 334, 323 (2011)



Microparasitic models
Susceptible

S
Infected/Infectious

I SI (SIS) models

Susceptible

S
Infected/Infectious

I

Recovered

R

SIR (SIRS) models

Susceptible

S
Infectious

I

Recovered

R

SEIR (SEIRS) 
models

Exposed
E
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The SI model

dS
dt

=ν SS +ν II − µS − iS +γ I

dI
dt

= iS − (µ +α +γ )I

Susceptible

S
Infected/Infectious

I

𝛎 = birth-rate 𝛍 = natural death-rate
𝛂 = disease related death rate 𝛄 = recovery rate
i = infection rate

32



Incidence and prevalence

Prevalence = I/N = I/(S+I) 
Infected/Total

Incidence= iS= flow of 
newly infected

33



Density and frequency-dependent transmission

i = infection rate (probability per unit time susceptible gets infected)
÷ c(N)× I/N×constant probability becoming infected and infectious

c(N) = contact rate = No. contacts per unit time
• Density-dependence: c(N) ÷ N (e.g. airborne transmission) à

i is proportional to I (law of mass transmission)
• Frequency-dependence: c(N) is constant (e.g. sexually transmitted

diseases) à i is proportional to I/N, the prevalence

Both assumptions are unrealistic if considered for 0 ≤ N < +∞

c(N) ÷ N/(δ + N )

δ = half-saturation constant

N

c(N) cmax

cmax/2

δ
34



Malthusian growth and DD transmission

Malthusian demography and density-dependent transmission

Since the infection rate i is proportional to the density of the infected, the SI model assumes in this case
the following form

Ṡ = rS � �IS + �I

İ = �IS � (µ+ ↵+ �) I
(2)

where r = ⌫S � µ is the instantaneous rate of Malthusian population growth and � is the coe�cient of
disease transmission from infected to susceptible (measured in time�1 number of infected�1). Suppose
now that the population can grow exponentially in the absence of the disease (r > 0). We show that the
microparasite is able to regulate the population, that is to prevent the host population from exhibiting
Malthusian growth. To this end, we note that model (2) has two equilibria states, obtained by setting
to zero both time derivatives:

i) S̄0 = 0, Ī0 = 0;

ii) S̄ = µ+↵+�

�
, Ī = r(µ+↵+�)

�(µ+↵) .

Like in the Malthusian model without disease, the first equilibrium is unstable, but the real novelty
is represented by the presence of a second equilibrium in which the total number of organisms is finite
and given by

N̄ = S̄ + Ī =
(µ+ ↵+ �) (⌫S + ↵)

� (µ+ ↵)
.

It can be proved (for example by using the method of linearization) that this equilibrium is stable.
Fig. 8 shows the isoclines for model (2) and the evolution of some trajectories. The only trajectory that
diverges exponentially is the one with initial conditions I = 0; all the others converge toward the stable
equilibrium, thus demonstrating the e↵ectiveness of the microparasite disease as demographic regulator.
Note that the regulation e↵ect is much more e↵ective (lower N̄) if the transmission coe�cient � is
greater, and it is much less e↵ective (higher N̄) if the recovery rate � is larger, because this allows the
replenishment of the susceptible class. However, high recovery rates guarantee the absence of oscillations
in the dynamics toward equilibrium. Particularly interesting is the dependence of N̄ from the disease
virulence (mortality rate ↵). Indeed, the population size at the equilibrium appears to be either growing
for all ↵’s or decreasing for small ↵’s and increasing for large ↵’s, with a minimum value for intermediate
virulence. Therefore, very virulent diseases do not regulate at all the population growth, as one might
think. This becomes clearer by calculating the prevalence at equilibrium. It is given by

Ī

N̄
=

r

⌫S + ↵
.

So, the larger is the disease virulence, the smaller is the fraction of infecteds in the total population.
Basically, for very virulent diseases the reservoir of the infected is very small because infected organisms
die very quickly. Fortunately, terrible diseases such as the haemorrhagic fever caused by the Ebola virus,
cannot spread very e↵ectively.

Logistic demography and density-dependent transmission

For the sake of simplicity, let us assume that the mortality rate µ is constant and that logistic demography
is exclusively determined by the birth rate being dependent on density. The model SI then becomes

Ṡ = rS
�
1� S+I

K

�
� �IS + �I

İ = �IS � (µ+ ↵+ �)I
(3)

whereK is the population’s carrying capacity in absence of infection. It is easy to find out that, under cer-

tain conditions, model (3) has three equilibria: the first is the trivial equilibrium X̄0 =
⇥
S̄0 = 0, Ī0 = 0

⇤T

(where the superscript T indicates matrix transposition); the second is the equilibrium corresponding to

the healthy population at its carrying capacity (X̄K =
⇥
S̄K = K, ĪK = 0

⇤T
); the third equilibrium X̄+

9

i is proportional to I
r =𝜈 - 𝜇

If no infection S = N and N÷ exp(rt)

Main message
DISEASE REGULATES THE 
POPULATION

35

𝜈 = birth-rate 𝜇 = natural death-rate
𝛼 = disease related death rate 𝛾 = recovery rate
𝛽 = infection rate coefficient



Isoclines and equilibria

36

ISOCLINES

dS/dt = 0 à I = rS/(𝛽S - 𝛾)

dI/dt = 0 à i) I = 0 ii) S = (𝜇+𝛼+𝛾)/𝛽

Two equilibria: dS/dt = dI/dt = 0

ß Prevalence decreases with 𝛼



Logistic growth and DD transmission
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Hyp: 𝜇 = natural death-
rate = constant
K = carrying capacity

ISOCLINES

dS/dt = 0 à I = rS(1 – S/K)/((𝛽+r/K)S - 𝛾)

dI/dt = 0 à i) I = 0 ii) S = (𝜇+𝛼+𝛾)/𝛽

Equilibria: dS/dt = dI/dt = 0
3 possible equilibria
i) S = 0     I = 0    Trivial
ii) S = K I = 0    DFE = disease-free equil.
iii) S = (𝜇+𝛼+𝛾)/𝛽 I = I+

I+



The basic reproduction number
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is feasible > 0 only if

K > (𝜇+𝛼+𝛾)/𝛽

Equivalently

> 1

(𝜇+𝛼+𝛾)/𝛽

1/(𝜇+𝛼+𝛾) = mean residence time in 
the infectious compartment
𝛽K = No. of susceptibles infected per 
unit time in a disease free population

R0 = average number of secondary infections caused by one
primary infections in a healthy population at carrying capacity

If R0 < 1 à DFE is stable, disease cannot become endemic



Logistic demography and saturating
transmission

39

Change variables



Logistic demography and saturating
transmission (isoclines and R0)
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Contact rate
c(N) ÷ N/(δ + N )

Frequency-dependent contact rate
δ à 0 

At N=K must be < 1

1



Malthusian SIR model
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Susceptible

S
Infected/Infectious

I

Recovered

R

𝜌 = recovery rate  𝛾 = rate of immunity loss

Two possible equilibria: dS/dt = dI/dt =dR/dt= 0
i) Trivial S=I=R=0 (unstable)
ii) Non trivial (feasible if S>0, I>0, R>0)



Malthusian SIR model
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If these terms
are positive 
equilibrium is
feasibleCondition for feasibility

Main message
DISEASE REGULATES AN EXPONENTIALLY 
INCREASING  POPULATION ONLY IF RATE OF 
RECOVERY IS NOT TOO LARGE
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Waterborne diseases

• Diarrheal diseases: 5th among 
leading causes of death (3.7%).

• Toll: more than 2 million lives 
annually.

• 3rd leading cause in low-income 
countries

• Waterborne diseases: pathogens 
transmitted when contaminated 
water (or food contaminated by 
water) is consumed.

• Pathogens include protozoa (e.g.
Entamoeba hystolitica), bacteria 
(e.g. Vibrio cholerae and Shigella 
dysenteriae) and viruses (e.g.
Rotavirus gastroenteritis).  

Leading causes of death among 
children under five years of age 



Cholera
• Infection of the small intestine caused by the bacterium Vibrio 

cholerae (Filippo Pacini, 1854).
• The bacterium produces a toxin, which can cause profuse 

diarrhea and death due to dehydration.
• About 200 serotypes, however only O1 ed O139 (1992, 

Bangladesh) are pathogenic to humans.
• Transmission is oro-fecal, via the ingestion of contaminated 

water or food. Usually the infecting inoculum is rather high (ca. 
1 million bacteria). 

Filippo Pacini
44



Distribution of cholera in space and time

3-5 million cases; 100-120,000 deaths

45



• Main reservoirs:  water, humans
• Incubation period: 2 hours-5 days
• 75-85% of infectives are asymptomatic, but produce 

bacteria in fecal excretions for 7-14 days
• Within symptomatics (15-25% ), only 20% develop acute 

symptoms with watery diarrhea and dehydration
• Recovery time: about 5 days
• Immunity:

– acquired by infectives (symptomatic and asymptomatic)
– not permanent, lasts a few years (1-5 ?)

Cholera characteristics

46



Latest bulletins show a
steady increase in the 
number of hospitalizations

PAHO and UNICEF 
experts predict a peak for 
late December, even 
though the death rate is 
decaying

WHO predicts 2% of total 
Haitian population to be 
infected: 200000 ca.

Cholera in 
Haiti

47



The actual course of the disease
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Nouveaux Cas hospitalisés, Haïti ,  
 47ème Semaine Epidémiologique, 2014 - 2017 
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The basic ecoepidemiological model
Capasso, V. & Paveri Fontana, S. 1979 Mathematical model for the 1973 cholera epidemic in the 

European Mediterranean region. Rev. Epidemiol. Santé Publique 27, 121–132.
Codeço, C. T., 2001 Endemic and epidemic dynamics of cholera: the role of the aquatic 

reservoir. BMC Infectious Diseases 1, 1.

Susceptibles Infected Recovered/
immune

Bacteria in
aquatic habitat

deaths
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The basic water-borne disease model

dS
dt

= µ(H − S)−βBS

dI
dt

= βBS − (µ +α + ρ)I

dB
dt

=θI −δB

Susceptibles

Infected

Bacteria

𝝆 = recovery rate  𝜽 = contamination rate 
𝜹 = bacteria mortality rate

52

Simplifying assumptions: permanent immunity, demography close
to carrying capacity H (reservoir, constant flow 𝜇H of newborns)



The basic water-borne disease model
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Nontrivial equilibrium

Nontrivial equilibrium is feasible
only if

R0 =
βϑH

µ +α + ρ( )δ

1/(𝜇+𝛼+𝜌) = mean residence time in 
the infectious compartment
1/𝛿 = mean residence time of 
bacteria in water
𝜗 = bacteria excreted by one
infectious per unit time
𝛽H = No. of susceptibles infected
per unit time per bacterium in a 
disease free population

Basic reproduction number



54

Clearly, parasites optimize their probability of
transmission by interacting with the network of
signals operating between the host, kin, and com-
peting parasites (Fig. 2). We assume complex
sensing mechanisms have evolved, but we know
little about them; for instance, how is Plasmodi-
um gametocytogenesis initiated or modulated?
What is SIF? How are competitors or immune
factors recognized and responded to in different
parasite groups? Despite functional investigations
on individual signaling components that affect
transmissibility and the complete cataloging of
conventional signaling molecules identified in
genome analyses, there is almost no coherent un-
derstanding of the molecular pathways that regu-
late parasite development. An essential current
goal, therefore, is to assemble these pathways.
Understanding the molecules and mechanisms
that control the interactions between parasites
and hosts, and among parasites themselves, also
offers the prospect of approaches to disease
control that manipulate the parasite’s transmis-
sion potential.

Once Transmitted, How Do Parasites Rapidly
Adapt to Their Vector?
The uptake of parasites by their vector requires
that they perceive environmental change and
adapt immediately to the new host. Unsurpris-
ingly, temperature change is a major determinant
of environmental sensing when moving from a
mammalian host to an invertebrate vector (10 ).
However, temperature alone is not sufficient,
and at least two signals are usually required to
precipitate differentiation, perhaps providing a
failsafe to prevent the risk of premature develop-
ment in the mammalian host. For Plasmodium, a
component of the mosquito eye-pigment syn-
thetic pathway, xanthurenic acid, is a key envi-
ronmental trigger (11) when sensed in the context
of both low temperature and raised pH. Temper-
ature is also an important cue for Leishmania spp.
andTrypanosoma cruzi during their development,
whereas for African trypanosomes, low temper-
ature enables the detection of citrate in the blood
meal, which then triggers differentiation (12 ).
Once the stimulus is perceived, signaling cascades
are activated, mediated through cyclic guanosine
3´,5´-monophosphate in Plasmodium (13 ) or a
phosphatase cascade inT. brucei (14 ), for example.

Once the adaptive mechanisms are triggered,
the parasites can tolerate rapid changes in the
blood meal environment and evade invertebrate
immune mechanisms. For such a rapid-response
capability, a common strategy is to hold pre-made
mRNAs ready for translation, rather than relying
on new gene transcription and then protein syn-
thesis. In Plasmodium, mRNAs are held silent
and stable in gametocytes in P granules, storage
compartments in the cytoplasm of eukaryotic
cells that ensure that mRNAs are kept apart from
the active translational machinery (15 ). Plasmo-
dium P granules contain an RNA helicase, DOZI
(16 ), that ensures mRNAs are stable and not
translated until required, that is, upon ookinete

formation after ingestion by mosquitoes. A sim-
ilar strategy also operates in American (17 ) and
African (18 ) trypanosomes as protection against
stress and probably in preparation for transmis-
sion. In T. brucei, transmissible stumpy forms are
quiescent until they are taken up by tsetse flies,;
whereupon translational repression is released,
and, coupled with new mRNA synthesis, rapid
adaptations to assist survival in the vector are
effected (19 ). The signals governing the silencing
of the translationally quiescent mRNA pool are

not well characterized and are unlikely to be sim-
ple motifs given the widespread repression of
many genes at this life-cycle stage. Nonetheless,
the recruitment to P granules of specific mRNAs
required during transmission appears to be an im-
portant mechanism for holding mRNAs poised
for action. Specificity in gene regulation is also
expected for the small subset of genes that escape
generalized translational repression operating in
transmission stages. The identification of this
subset will be particularly exciting because these

Chagas
disease

Parasite Disease Vector Global distribution

Tropic of Capricorn

Tropic of Cancer

Malaria Sleeping
sickness

River
blindness

Schistosomiasis
Lymphatic

filaria

leishmaniasis

(

Southern USA
Africa, Asia, South America,

Anopheles and Aedes 
mosquitos

)

-

Fig. 1. The global distribution of vector-borne human diseases. The individual parasites and their
vectors are indicated in the table, as are the diseases they cause and their main geographical
distributions.
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Vector-borne
diseases

Keith R. Matthews Science 331, 1149 (2011)

Malaria causes an estimated
219 million cases globally, 
and results in more than
400,000 deaths every year.
Dengue causes an 
estimated 96 million
symptomatic cases and an 
estimated 40,000 deaths
every year.

Propagules are transmitted from one host to 
another via a second host species, the vector 
(e.g. mosquito)

Malaria (anopheles 
mosquito), dengue (tiger 
mosquito), zika (Yellow 
Fever mosquito, Aedes 
aegypti)



Understanding malaria

Ronald Ross

Giovanni Battista Grassi

Anopheles stephensi
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Malaria models
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Basic Ross model 
dU
dt

= βM(1−U)−γU
dM
dt

=ψU(1−M)−ξM

U = prevalence of infected
humans

M = prevalence of infected
mosquitoes (females)

𝜷 = mosquito-human transmission = m a b
𝜸 =  recovery of humans
𝝍 = human-mosquito transmission = a c
𝝃 = mortality of infected mosquitoes
m = No. female mosquitoes per human
a = No. bites per mosquito per unit time
b, c = probabilities of transmission per bite

57

R0 =
βψ
γξ

= ma
2bc

γξ



Basic reproduction number
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U

M

1

1

R0 =
βψ
γξ

= ma
2bc

γξ

dU/dt = 0   M = 𝛾U/𝛽(1-U) 
dM/dt = 0   M = 𝜓U/(𝜓U+𝜉)

dU/dt = 0

dM/dt = 0 

𝛾/𝛽

𝜓/𝜉

𝜷 = mosquito-human transmission = m a b
𝜸 =  recovery of humans
𝝍 = human-mosquito transmission = a c
𝝃 = mortality of infected mosquitoes
m = No. female mosquitoes per human
a = No. bites per mosquito per unit time
b, c = probabilities of transmission per bite

Bed nets



Figure 2. R0 Estimates for 121 African Populations

Smith DL, McKenzie FE, Snow RW, Hay SI (2007) Revisiting the Basic Reproductive Number for Malaria and Its Implications for 
Malaria Control. PLOS Biology 5(3): e42. doi:10.1371/journal.pbio.0050042
http://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0050042

entomological inoculation rate (EIR) = average No. of infectious bites per person per year

R0 = ma2bc/ 𝜸𝝃

121 African
populations

59

a = No. bites per 
mosquito per unit
time

http://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0050042


Life cycles in macroparasites

Simple cycle of the large 
roundworm, a nematode

Life cycle of Fasciolopsis buski, a 
trematode, the agent responsible 
for fasciolopsiasis, an example of 
cycle with an intermediate host
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Distribution of macroparasite burden
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Distribution of macroparasite burden
Binomial distribution
•Sequence of Bernoulli events (0 or 1)
•p = probability of 1’s 
•Probability of drawing r 1’s in n trials

•Mean = E[r] = np Variance = np(1-p) ≤ Mean       Underdispersion

Poisson distribution
•Let p −> 0, n −>∞ with np = λ; then

•Mean = E[r] = λ Variance = λ = Mean

f (r;n, p) = n
r

⎛
⎝⎜

⎞
⎠⎟
pr 1− p( )n−r

f (r;λ) = λ re−λ

r! Poisson distribution
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Negative binomial and clumping

•f(i;k,p): probability of the number i of successes in a sequence of 
independent and identically distributed Bernoulli trials (with parameter p) 
before a specified (non-random) number of failures (denoted k) occurs.
•Mean = pk/(1-p)
•Variance = Mean + Mean2/k Overdispersion
•k = clumping parameter
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The host-macroparasite model

𝜈-𝜇 = host birth (death) rate    m = parasite natural death rate
𝛼 = additional mortality caused by 1 parasite
𝛽 = infection rate of hosts
pi = proportion of hosts harboring i parasites

H = host number (or density)
P = adult parasite number (or density)
L = number or density of parasite free-living stages (larvae) 

dH
dt

= (ν − µ)H − αipiH
i=0

∞

∑
dP
dt

= βLH −mP − (µ +αi)ipi
i=0

∞

∑ H
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Calculating the parasite load

pi = proportion of hosts harboring i parasites
P = total number of parasites
H = total number of hosts
P/H = average parasite load

P
H

= ipi
i=0

∞

∑ =Mean

i2pi
i=0

∞

∑ =Mean2 +Variance=

=Mean2 +Mean+ Mean
2

k
= P
H

+ k +1
k

P2

H 2

αipi
i=0

∞

∑ H =αH ipi
i=0

∞

∑ (µ +αi)ipi
i=0

∞

∑ H = µH ipi
i=0

∞

∑ +αH i2pi
i=0

∞

∑
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Anderson & May’s model

Assume  L = 𝜃P/(H+H0) , logistic growth of the host
and 𝛽𝜃 = 𝜆

dH
dt

= rH 1− H
K

⎛
⎝⎜

⎞
⎠⎟
−αP

dP
dt

= λPH
H +H0

− (m+ µ +α )P −α k+1
k

P2

H
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The basic reproduction number

67

R0 = average number of 
secondary infections caused
by one primary infections in a 
healthy population at carrying
capacity
R0 = 1 marks a transition
R0 < 1 , DFE (H=K, P=0) is
stable
R0 > 1 , endemic disease
equilibrium is stable



Red
grouse(Lagopus

lagopus scoticus)

68

Parasites affecting reproductive success

Trichostrongylus tenuis



Parasites affecting fertility
dH
dt

= (ν − εipi −
i=0

∞

∑ µ)H

dP
dt

= βLH −mP − µipi
i=0

∞

∑ H

dH
dt

= rH 1− H
K

⎛
⎝⎜

⎞
⎠⎟
− εP

dP
dt

= λPH
H +H0

− (m+ µ)P
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Permanent oscillations

70

KH*H* K

H* does not
depend on 
carrying capacity K

R0 = 1 at H* = K

H* < K/2 àR0 > 1 
and oscillations

For increasing parasite fertility 𝜆à R0 increasing, H* decreasing

R0>1
H*>K/2

R0>1
H*<K/2



Nicholson & Bailey’s host-parasitoid model (1935)

A.J. Nicholson

solution) of appropriate period. Note that this situation can establish when the parasite fertility ✓ or the
contact rate � are large (which implies a large �) or when the half-saturation constant H0 is small. Of
course, if R0 < 1 the equilibrium X̄+ is not feasible, and the disease cannot establish in the population
so that the only stable equilibrium is the one corresponding to the disease-free population X̄K .

Figure 17: Results of the study by Hudson et al. [1998] concerning the influence of macroparasites on the
red grouse demography: evolution of the numbers of grouse (shot and counted) in the north of England.

Possible self-sustained oscillations obtained with model (17) are corroborated by evidence from the
red grouse population study. The statistics from this bird hunting bags show that the grouse has a
demographic cycle of 4-7 years since the 19th century (see Fig. 17). Hudson et al. [1998] experimentally
showed that these fluctuations are due to the parasite T. tenuis : in English moors where grouse have
been treated with anthelminthic medication for more than a decade, demographic fluctuations have
indeed disappeared, as shown in Fig. 18.

0.6 Host-parasitoid dynamics

The previous description of parasite dynamics has been performed by assuming that reproduction occurs
continuously over time and then by means of di↵erential equations. In the case of host-parasitoid
interactions, however, we must necessarily resort to discrete-time models. In fact, both organisms are
usually insects and are therefore characterized by concentrated breeding and non-overlapping generations.

The simplest approach to host-parasitoid dynamics is due to Nicholson and Bailey [Nicholson, 1933,
Nicholson and Bailey, 1935]. Let us define

Hk = number of hosts in generation k

Pk = number of adult parasitoids in generation k

Ak = numbers of attacked hosts in generation k

Assuming that, in absence of parasitoids, hosts have a Malthusian dynamics with finite rate of increase
� and that adult parasitoids are a constant fraction � of the young parasitoids emerging from the hosts,
one gets

Hk+1 = �(Hk �Ak)
Pk+1 = �Ak

(18)

Note that the number of emerging parasitoids equals the number of attacked hosts, because – although
a host may encounter more than one parasitoid – only the egg laid during the first encounter will mature
at the expense of the host. This observation allows calculation of Ak. In fact, let T be the time interval
during which parasitoids are active; then the number of attacked hosts is

Ak = Hkp(T )

where p(t) indicates the probability that a host makes one or more encounters over the time period t.
This probability can easily be evaluated by using the classical hypothesis of Poisson-distributed events.
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T = activity
time period

Under the assumption that the probability of making two or more encounters during an infinitesimal
time interval dt is negligible, while the probability of encountering exactly one parasitoid during that
infinitesimal time is proportional to dt and to the number of parasitoids, we obtain

p0(t+ dt) = p0(t)(1� ↵Pkdt)

where ↵ is a constant of proportionality and p0(t) is the probability of making no encounters during time
t. We then get

ṗ0 = �↵Pkp0

and, by integrating and assuming the obvious condition p0(0) = 1,

p0(t) = exp(�↵Pkt).

Therefore, the probability of making one or more encounters during the time interval T is given by

p(T ) = 1� p0(T ) = 1� exp(�↵TPk)

from which, by setting � = ↵T , we get the expression for the number of attacked hosts:

Ak = Hk

�
1� e

��Pk
�
.

Substituting into Eqs. (18) we finally obtain

Hk+1 = �Hke
��Pk

Pk+1 = �Hk(1� e
��Pk).

(19)

These equations by Nicholson and Bailey constitute the basic model for studying the dynamics of
host and parasitoid populations. The equilibria are obtained by imposing the usual conditions

Hk+1 = Hk = H

Pk+1 = Pk = P.
(20)

They are therefore solutions of the equations

H = �H exp(��P )
P = �H(1� exp(��P ))

(21)

and are given by

I. H = 0, P = 0
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�
ln(�).

Equilibrium I is trivial and is obviously unstable, while at equilibrium II we may have coexistence of
hosts and parasitoids. However, it can be proved that this non-trivial equilibrium is also unstable. The
model by Nicholson and Bailey, unlike that of Lotka and Volterra of which it is the discrete time coun-
terpart, predicts fluctuations in the two populations that are gradually becoming larger and larger. This
is obviously due to the Malthusian assumption for the host demography. The result shows anyway that,
unlike predators and microparasites, parasitoids cannot regulate a Malthusian population. If Nicholson
and Bailey’s model seems to describe well enough some real situations for a limited number of generations
(as shown in Fig. 19), it is not acceptable for describing long-term dynamics. Fig. 2 shows, for example,
that Heterospilus prosopidis and Callosobruchus chinensis exhibit permanent periodic oscillations.

More realistic models than Nicholson and Bailey’s can explain di↵erent behaviours of host-parasitoid
systems and include phenomena such as intraspecific competition of hosts and the functional response of
parasitoids. We do not further elaborate on this topic: the interested reader can refer to the monograph
by Hassell [1978].
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