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 To Teemu, 

and 139 other mouse lemurs who 
made this possible.

Yö tuntee kaiken sen mikä on, 
mut mitä ei nää:
pelot ja painajaiset,
ja myös sun naurujes syyn.
Ja jos sä horjahtelet, 
se ottaa sut syleilyyn.
Ja kuule, se kuiskii hei tuu, 
se kutsuu sua seikkailuun.

Maija Vilkkumaa 
Yöllä
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Component community All the individuals of  several parasite species at the same 
developmental stage, e.g., all adult helminths in mouse lemurs’ intestines
Compound community The union of  all the different parasite communities, e.g., 
all adult helminths in mouse lemurs’ intestines and their larval forms in their inter-
mediate hosts
Cryptic species Species which cannot be distinguished by morphological differ-
ences
Definitive host The host where the sexual reproduction of  parasite takes place
Endemic species Species which are native to a given geographical area
Exotic species Species which have been introduced to a new area in which they 
are not endemic. Exotic species can be invasive.
Host range All of  the hosts where a certain parasite species is able to exist and 
reproduce
Infracommunity The parasite community in a single host individual, i.e, all adult 
helminths in individual mouse lemur’s intestine. Infracommunities are the building 
blocks of  the component communities
Intermediate host A host where parasite reproduces asexually
Invasive species Non-endemic species which can outcompete endemic species 
and thus cause changes in community structure.
Macro- and microparasite The difference between micro- and macroparasites 
is not clear-cut and thus more one of  convenience. In general, parasitic viruses, 
bacteria and protists are considered microparasites while animal parasites are mac-
roparasites. Macroparasites tend to have different epidemiological properties as 
microparasites: in comparison to the microparasites, they are long-lived, large-bod-
ied and slowly reproducing. Thus it makes sense to track individual parasites, rather 
than infected hosts like with microparasites 
Next-generation sequencing Sequencing methods which result to several se-
quences from one run, not only one consensus sequence
Parasite load The total number of  parasite individuals in a host individual
Pathogenicity The ability of  a pathogen to cause damage to the host. Related, and 
sometimes interchangeable concept, with virulence
Prevalence The proportion of  host population which has a given parasite
Resistance The host’s ability to limit parasite load during infection.
Tolerance The host’s ability to limit parasite infection’s effects on health and fit-
ness.
Virulence The measure of  the fitness effects of  pathogens on their host. While 
there is a wide spectrum of  definitions, normally the virulence is defined as a prop-
erty of  the parasite measured in relation to the host.

Glossary
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Parasite community dynamics is one of  the 
central themes in contemporary parasitology. 
While between-host dynamics has been stud-
ied for a long time, within-host dynamics is less 
well studied. My aim was to identify which fac-
tors affect the parasite community during the 
lifetime of  individual hosts by following lon-
gitudinally several individuals from a long-liv-
ing species. Specifically, I was interested in how 
the dynamics of  infra- and component com-
munities differ from one another and which 
traits explain the variation in infracommunities.

I studied rufous mouse lemur (Microcebus rufus), 
which is a primate living in the eastern montane 
rainforests of  Madagascar. Mouse lemur is a 
well-suited study species as it can live for up to 
ten years in the wild. Due to its small size, the 
population density is high and trapping straight-
forward. Nematodes are the most common hel-
minths found in mouse lemurs, but their identi-
fication is difficult. Typically, the nematodes are 
identified from adult specimens, but for longitu-
dinal studies, this is not possible, as we cannot 
dissect the host individuals. In addition, morpho-
logical differences between species are small and 
we expected to encounter previously undescribed 
species. These difficulties led to the develop-
ment of  a new method, based on metabarcod-
ing, to identify parasitic nematodes from fecal 
samples. The method I developed encompasses 
all steps from fieldwork to sequence analysis.

Despite numerous confounding factors, the 
method managed to amplify and analyze half  of  
the samples collected. Whilst there is room for 
further improvements, the main advantage is that 
the method works well for different host spe-

Abstract

cies, for example mouse lemurs and gastropods. 
In principle, this method works for all species 
of  nematode, including free-living soil nema-
todes. Nevertheless, the resolution of  identifica-
tion do not allow for species-level identification.

The variation in the parasite community inside 
individual hosts was extensive, but at the popula-
tion level remained stable. Most of  the parasites 
belonged to the putative species thought to be 
Strongyloides sp. The reason for this species suc-
cess might be its lifecycle, the parasite can live in 
the intestine or as a free-living form in the soil. 

Due to the limited number of  samples, the fac-
tors affecting the dynamics in individual mouse 
lemurs are difficult to analyze. It appears that sex 
and age do not have an effect on either parasite 
load or variation in parasite dynamics. Never-
theless, body condition appears to bear a conse-
quence with the individuals in better condition 
having more parasite species in addition to higher 
fecal egg loads. The reason may be that those in-
dividuals are able to sustain larger populations of  
parasites, or that they are more tolerant to para-
sites. Hibernation could lead to the extinction of  
the nematode community, whereas higher pre-
cipitation appeared to lead to higher prevalences.

This work gives insights into the dynamics of  
parasite communities both at the host inforthe 
need for longitudinal studies as parasite com-
munity dynamics in host individual-level cannot 
be inferred from the host population-level The 
method I have developed can be used to perform 
more efficient and faster surveys of  previously 
unknown parasite communities, though further 
development is necessary for better reliability.
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Loisyhteisöjen muuttuminen ajan mittaan on 
yksi keskeisiä loistutkimuksen huomion kohte-
ita. Loisten esiintymistä isäntäpopulaatiossa on 
seurattu pitkään.  Sen sijaan tunnetaan huon-
osti, miten yksittäisen isäntäyksilön loislajisto 
muuttuu yksilön elinkaaren aikana. Tarkoitukseni 
olikin selvittää, kuinka paljon loislajisto muuttuu 
yhden isäntäyksilön elämän aikana seuraamal-
la loislajistoa useissa pitkäikäisissä yksilöissä.

Tutkin ruskohiirimakia (Microcebus rufus), joka on 
Madagaskarin itäosan vuoristosademetsissä asu-
va kädellinen. Kokoon nähden pitkä ikä tekee 
hiirimakista oivallisen tutkimuskohteen: hiirimak-
it voivat elää vapaana jopa kymmenen vuoden 
ikäisiksi. Pienen koon ansiosta hiirimakeja elää 
tiheässä ja näytteiden kerääminen on helppoa. 

Sukkulamadot olivat yleisin hiirimakien suolis-
toloinen. Tyypillisesti suolistoloiset tunnistetaan 
aikuisista yksilöistä, mutta tämä ei ollut mah-
dollista pitkittäisseurannassa, sillä emme pääse 
käsiksi suolistossa asuviin matoihin. Lisäksi 
sukkulamatojen tunnistaminen on vaikeaa, sillä 
sukkulamatolajien väliset erot ovat pieniä ja tut-
kimiamme lajeja ei ole todennäköisesti aiemmin 
kuvattu. Kehitin uuden, geneettisen tunnistuk-
seen perustuvan menetelmän loislajiston tunn-
istamiseksi ulostenäytteistä löytyvistä munista ja 
toukista. Kehittämäni menetelmä kattaa kaikki 
vaiheet kenttätyöstä loissekvenssien käsittelyyn.

Menetelmä toimi suhteellisen hyvin: noin pu-
olet näytteistä onnistuttiin analysoimaan. Me-
netelmä on lupaava, mutta vaatii jatkokehitte-
lyä. Erityinen tunnistusmenetelmän etu on, että 
sama menetelmä toimi hyvin erilaisille isäntä-

Tiivistelmä

lajeille, kuten hiirimakeille, rotille, sammakoille 
ja kotiloille. Periaatteessa menetelmä voi toimia 
myös esimerkiksi maaperän sukkulamadoille.

Tutkimukseni tulokset paljastivat lisäksi, että vai-
htelu loislajistossa yhden yksilön sisällä oli suurta. 
Tästä huolimatta isäntäpopulaation tasolla lois-
lajisto pysyi hyvin vakaana. Suurin osa loisista 
kuului yhteen lajiin, joka kuuluu todennäköisesti 
Strongyloides –sukuun. Syynä tämän lajin me-
nestykseen saattaa olla loisen elinkierto: loinen voi 
elää paitsi hiirimakien suolistossa, myös vapaana 
toukkamuotona maaperässä. Aineiston pienu-
uden takia yksittäisen hiirimakin loislajistoon vai-
kuttavista tekijöistä on vaikea tehdä johtopäätök-
siä: vaikuttaa siltä että sukupuolella tai iällä ei ole 
merkitystä loisten määrään tai vaihteluun. Sen 
sijaan yksilöiden kunnolla on merkitystä: parem-
massa kunnossa olevilla yksilöillä on enemmän 
loislajeja ja loiset munivat enemmän. Syynä tähän 
voi olla joko se että paremmassa kunnossa olevat 
yksilöt voivat elättää suurempia loismääriä tai sit-
ten se, että paremmassa kunnossa olevat yksilöt 
sietävät paremmin loisia. Horrostaminen saattaa 
johtaa sukkulamatoyhteisöjen tuhoon, kun taas 
suuremmat sademäärät lisäävät loisten määriä.

Kokonaisuutena tutkimukseni avaa uusia näkökul-
mia loislajiston muutokseen sekä yksittäisissä 
isäntäyksilöissä että isäntäpopulaatiossa. Erityis-
esti tutkimukseni alleviivaa pitkittäistutkimusten 
tärkeyttä: isäntäpopulaatiotason dynamiikasta ei 
pystytä päättelemään miten loisdynamiikka toimii 
yhden isäntäyksilön kohdalla. Kehittämäni me-
netelmällä voi suhteellisen helposti tunnistaa aiem-
paa nopeammin ja tehokkaammin aiemmin tun-
temattoman suoliston sukkulamatojen yhteisön.
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Ny fahavitrihan’ny vondrona Katsentsitra dia 
anisan’ireo lohahevitra lehibe eo amin seha-
trin’ny fikaroahana amin’izao fotoana izao. Na 
dia efa voafaritra nandritra ny fotoana ela aza 
ny dinamika eo amin’ireo samy itobian’ny Kat-
sentsitra, ny fivoarana ao anatin’ny toby iray 
kosa dia mbola tsy ampy. Ny tanjoko eto dia ny 
hamakafaka ireo antony mahatonga ny vondrona 
Katsentsitra ho ao amin’ny biby iray mandritra 
ny androm-piainany, amin’ny alalan’ny fanara-
hamaso mitandavana ireo karazam-biby velona .

Nianatra ny gidro Tsidy ala aho, izay karaza-
na “primate” misy any amin’ny tandavan’ala 
mando antsinanan’i Madagascar. Ny Tsidy ala 
dia karazam-biby azo hianarana tsara noho izy 
afaka velona mihoatra ny folo taona anaty ala. 
Noho ny haben’izy ireo kely, dia ambony ny hak-
itroky ny mponina ary mora samborina izy ireo. 

Ny “nematodes” dia karazana kankana misy ao 
amin’ny Tsidy ala, kanefa sarotra ny manavaka azy 
ireo. Azo atao ihany anefa ny manavaka azy ireo 
amin’ny alalan’ireo izay efa lehibe, kanefa noho ny 
fanadihadiana mitandavana dia mety tsy ho azo 
tanterahana io. Ny fahasamihafan’ny bikan’ireo 
karazany dia kely ary mety mbola hahazo karazany 
hafa efa azo ihany izahay. Noho izany, namolavo-
la fomba vaovao izaho, izay miankina amin’ny fa-
navahana ara-pototarazo ireo “nematode” anaty 
taim-biby. Ny fomba izay nentiko namolavolaina 
dia niainga avy amin’ireo asa avy any anaty ala ha-
tramin’ny fikirakirana ny filaharan’ny fototarazo.

Nandaitra ny fomba nentina niasa: Ny antsasaky 
ny santionan-javatra dia voavolavola sy voakira-

kira daholo, ny fomba nampiasaina dia mahave-
lom-panantenana saingy kosa mila fanatsarana 
amin’ny ho avy. Ny tombony manokana dia mety 
daholo ny fomba nentina tamin’ireo karazana biby 
fitobiana, ohatra eo amin’ny Tsidy ala sy ny Sifotra. .

Ny fahasamihafan’ireo vondrona katsentsi-
tra ao anatin’ny biby tsirairay avy dia miovao-
va be, raha eo amin’ny haavon’ny mponina 
dia marin-toerana izy ireo. Ny ankamaroan’ir-
eo katsentsitra dia novinavinaina ho ao ana-
tin’ny karazana Strongyloides sp. Ny hevitra 
nahatonga io dia noho ny fiainan’izy ireo: afa-
ka mivelona anaty tsinay ary koa anaty tany.

Noho ny santionan-javatra voafetra, dia sarotra 
nofakafakaina ny fahavitrihan’ny Katsentsitra 
tao amin’ireo Tsidy ala tsirairay. Ny taona na ny 
fananahana dia ohatry ny tsy misy nifandraisany 
tamin’ny fananana Katsentsitra na koa ny fio-
vaovan’ny fahavitrihan’ny Katsentsitra. Kane-
fa kosa, ny toe-batana dia ohatry ny nampisy 
fiantraikany: izay rehetra nanana toe-batana 
tsara dia nahitana Katsentsitra sy atodiny betsa-
ka tao anaty tainy. Ny anton’izany dia mety ho 
izy ireo afaka nitazona vondrona Katsentsitra 
maro, na koa nanana toetra afaka nandefitra.

Amin’ny ankapobeny, ity asa ity dia manome 
endrika isehoan’ny fahavitrihan’ny Katsentsi-
tra eo amin’ny haavon’ny biby tsirairay na koa 
eo amin’ny vondrom-biby iray.  Ny fomba nen-
tiko namolavolana ity asa ity dia azo ampiasaina 
tsara amin’ireo karazam-pikarohana haingana 
sy mandaitra ho amin’ireo vondrona Katsent-
sitra izay mbola tsy fantatra tany aloha tany.

Translated by Andry Herman Rafalinirina

Famintinana
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Summary
1. Introduction
1.1. Parasites are a 
world-changing force
Probably most species in the world have para-
sites. It has been estimated that half  of  the spe-
cies in the world are parasites (Windsor, 1998; 
Dobson et al., 2008; Poulin, 2014). These are the 
two most important reasons to study parasites 
and their dynamics in a wild host population. 
Parasites are important from an ecological point 
of  view as their persistence and exploitation of  
host resources can be the demise of  their hosts. 
This in turn translates into great evolutionary 
pressure making parasites one of  the most im-
portant factors shaping evolution. Parasites are, 
for example, considered to be one of  the rea-
sons for the existence of  sex (Hamilton, 1980).

Due to their immense number, it is no surprise 
that parasites are economically important. They 
plague humans, domestic animals and food crops 
(Torgerson and Macpherson, 2011; Ferris et al., 
2012). Natural resources, such as game or forest-
ry, are affected by parasites. The central position 
of  parasites in any ecosystem makes them also 
necessary to take into account in conservation 
biology with the effects of  habitat fragmentation 
and degradation compounded by changes in par-
asite interactions (Thompson et al., 2010; Nichols 
and Gómez, 2011). Parasites are not necessarily 
a negative force as their central role means they 
are also an important part of  biodiversity. Para-
sites can be used in biological control of  herbi-
vores and predators (Gaugler et al., 1997), have 
their own intrinsic value as a part of  biodiversity 
(Gómez and Nichols, 2013) and their absence 
in humans has been linked to increased preva-
lence of  autoimmune disorders (Strachan, 1989). 

Considering the topics mentioned above, it is 
imperative that we understand how parasites 
live, reproduce and affect their hosts. We have 
to know how they are spread and transmitted in 

their host populations to understand how they 
parasites shape ecosystems. Until recently, how-
ever, parasite studies primarily looked at systems 
with one host and one parasite. Parasitology as a 
field has started to expand to more complex sys-
tems with multiple hosts and multiple parasites 
(Rigaud et al., 2010). The community approach 
to parasitology is still in its early stages (Fenton 
et al., 2010; Viney and Graham, 2013). My mo-
tivation for this thesis was the distinct lack of  
studies following parasite community succession 
in individual hosts. Rather, a majority of  stud-
ies have focused on the host population level by 
following changes in parasite communities by 
surveying large populations of  hosts at a single 
time-point. Examples of  successful long-term 
studies include Soay sheep (Wilson et al., 2004) 
and voles of  Kielder (Turner et al., 2014). The 
lack of  individual host-based studies might be 
due to practical concerns as it is easier to trap, 
kill and dissect small mammals to survey intes-
tinal parasites. It is much more difficult to sur-
vey the parasite communities in living animals. 
Longitudinal studies require not only methods to 
recapture and identify hosts but also non-inva-
sive survey methods for the parasites themselves.

My thesis has two distinct components. I have 
developed a method which allows us to follow 
longitudinally intestinal nematodes which are 
sampled from the feces. I then used this meth-
od to follow several individuals for subsequent 
years to uncover parasite dynamics. In this first 
part of  the introduction I cover the important 
theoretical questions: how we define a parasite, 
how parasite communities are formed and why 
they are difficult to study. As I worked primarily 
with macroparasites of  mouse lemurs, the em-
phasis will be on intestinal parasites of  mam-
mals. I will discuss different molecular methods 
used for parasite identification, detail my exper-
imental setup and explain the central results.
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1.2. Parasite distribution and 
occurrence 
To consider how parasite communities with-
in mouse lemurs are shaped, we must ask two 
crucial questions: i) why are certain parasite 
species able to infect mouse lemurs? and ii) 
what factors could have affected the formation 
of  the parasite assemblage in same vicinity?

Some parasite species can infect only one (defini-
tive) host species, whereas others are much more 
general in their preference. There is a wide range 
of  possibilities to explain this variation. Parasites 
might have only one intermediate host species 
but many potential definitive hosts or vice ver-
sa.  The host range is also continuous with the 
parasite able to infect a wide group of  species 
(tetrapods, for example) or only close relatives 
(primates). It is possible that if  parasites have 
many hosts, then these tend to be phylogeneti-
cally close relatives (Pedersen et al., 2005; Davies 
and Pedersen, 2008; Pedersen and Davies, 2009; 
Huang et al., 2013), but compatibility could also 
be due to geographical closeness, host environ-
ment or immunological similarity (Poulin and 
Keeney, 2008; Poulin, 2010; Dallas and Presley, 
2014; Hoberg and Brooks, 2015). Indeed, mouse 
lemur parasites are still poorly known, but evi-
dence suggests that many species of  parasite are 
shared with other lemurs (Irwin, 2008) and for 
example, invasive black rats (Rasambainarivo et 
al., 2013). The extent of  species-specific para-
sites in mouse lemur species is unknown, due to 
the lack of  taxonomical studies on their parasites.

It should be stated that if  a particular parasite is 
not present in a given host species, it does not 
mean that it cannot infect those hosts. It could 
simply be the case that parasite and host do not 
encounter one another in nature. Thus host 
range is also a question of  compatibility for the 
host species life cycle (Table 1; Schmid-Hempel, 
2011). We know that most parasites are high-
ly plastic in their responses to the environment 
(Agosta and Klemens, 2008) as there are wide 
variations in body size (Szalai and Dick, 1989), 
infection route (Vizoso and Ebert, 2005), fecun-

dity (Loot et al., 2008) and in life span (Gardner 
et al., 2006). Indeed, the colonization of  new 
host species do not necessarily require evolu-
tionary adaptation (Hoberg and Brooks, 2015). 
Here parasitology meets general ecology: while 
it is debated how important local adaptation is 
(Hendry and Gonzales, 2008), it is also an open 
question how well parasites and hosts are local-
ly adapted (Lajeunesse and Forbes, 2002; Gre-
ischar and Koskella, 2007; Schulte et al., 2011)

To understand the local parasite assemblage, it is 
crucial to consider parasite biogeography: how 
the parasite community available in any given 
area has formed through historical processes 
guiding both evolution and the spread of  para-
site species. Different geographical areas have 
different histories that need to be taken into 
account when considering the composition of  
the parasite community (Hoberg et al., 2012).

There is considerable variation in parasite spe-
cies number depending on the species. In a giv-
en host species, the host density and host geo-
graphical range are the two best predictors of  
parasite richness (Arneberg et al., 1998; Kamiya 
et al., 2014; Morand, 2015). Larger sized hosts 
can harbor more parasite species (Morand and 
Poulin, 1998) for several reasons: large-bodied 
animals have longer life spans and provide more 
niches and resources for parasites (Cardon et al., 
2011). The existence of  niches appears to be 
crucial as there is, at best, a weak relationship 
between longevity of  species and parasite rich-
ness (Gregory et al., 1996; Morand and Harvey, 
2000; Cooper et al., 2012). Wider geographical 
range results in encounter with more parasite 
species and larger overlap with other potential 
host species (Guégan and Kennedy, 1993; Nunn 
and Dokey, 2006). While population density is 
an important factor for parasite richness (Nunn 
et al., 2003; Nunn and Dokey, 2006; Kamiya et 
al., 2014), the link between host group size and 
parasite richness is not straightforward: species 
with larger group sizes also have higher commu-
nity modularity, which in turn decreases parasites 
success (Griffin and Nunn, 2011; Cardon et al., 
2011; Patterson and Ruckstuhl, 2013). There is 
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As seems to be true for any biological concept, 
defining a parasite is notoriously difficult. Sys-
tematics is of  limited assistance as, for exam-
ple, metazoan parasites are divided in at least 12 
different phyla (Poulin and Morand, 2004). The 
three most species-rich parasite taxons are round-
worms (Nematoda), flatworms (Platyhelminthes) 
and arthropods, all of  which also contain thou-
sands of  non-parasitic species (Bush et al., 2001).

In general, parasitism is a symbiotic relationship 
between species, where the parasite benefits at 
the expense of  the host. This is far from a clear-
cut definition. I have presented a suggestion for 
the definition in the two-dimensional graph (Fig. 
1) that has the fitness effect on the y-axis and the 
closeness of  interaction on the x-axis. Symbiosis 
will be used in this thesis as a term for any close 
interspecific relation, be it parasitic, commensal-
istic or mutualistic. The fitness component of  
parasitism is a continuum from mutualistic rela-
tionships where both individuals benefit, through 
commensalism, where one species benefits, but 
not at the expense of  the other, to parasitic rela-
tionships that disadvantage the host (Leung and 
Poulin, 2008). The closeness component is a con-

Box 1: What is a parasite?

tinuum from predation to the full-fledged para-
sitism. Parasitoids are parasite-like species that lay 
their eggs in host individuals; the resultant larva 
then eats the host from the inside out. When the 
adult parasitoid emerges from the host, the host 
is killed (Reuter, 1913). The main distinction be-
tween parasites and parasitoids is that parasitoids 
act, from an ecological modelling point of  view 
more like predators than parasites (Godfray, 1994).

As Leung and Poulin (2008) have pointed out 
the classical definitions of  parasitism do not 
reflect the dynamics of  parasitism. In fact, it 
might be reasonable to add a third axis to the 
figure: the life cycle of  the parasite. There can 
be temporal variation both in the level of  sym-
bionticism and in the fitness costs of  interspe-
cific interactions. For example, some parasitic 
species are only parasites during certain parts 
of  their life cycle: many nematodes have a 
free-living form in water or soil, while they are 
in search of  their next host. Many parasites in-
fected through a fecal-oral route have forms 
that can survive for extended periods outside of  
host animals (Pietrock and Marcogliese, 2003).

Figure 1: The definition of  parasitism presented as a two-dimensional graph. Parasitism has a 
negative effect on the other participant (host) and includes close relationships between participants 
(symbiontism). The closeness can be understood both in evolutionary terms or physical terms. The 
graph is based on Bruno Betschart’s lectures in University of  Neuchâtel (2007).
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debate on what is are more important for primate 
parasite diversity, host individual-level drivers or 
population-level drivers (Benavides et al., 2012).

Invasions of  non-endemic fauna are a cen-
tral force in the biogeography of  parasites. 
It seems most of  the invasion processes are 
case-dependent and complex, and it is difficult 
to outline the general properties of  invasions 
(Hoberg, 2010). In general, anthropogenic in-
vasions occur across long distances in short 
timescales, while natural and climatic invasions 
are much slower. All invasions lead to mosa-
ic faunal assemblage, with human-mediated 
invasions leading to more fragmented para-
site assemblages (Hoberg and Brooks, 2008). 

There are some generalities in outcomes of  par-
asite invasions, however, it appears that many 
invasive host species get rid of  many parasite 
species after moving on to another geographical 
location (Torchin et al., 2003). Invasive parasites 
appear to have better chances of  establishing 
themselves in small or distant islands (Wikelski 
et al., 2004). Abundant and vertically transmitted 
parasites also seem to survive better (Prenter et 
al., 2004). In Madagascar, there is evidence of  
an influx of  parasites introduced by invasive 
Rattus rattus (Joyeux and Baer, 1936; Sandosh-
am 1950; Quentin and Durette-Desset, 1974; 
Durette-Desset et al., 2002). Nevertheless, the 
outcomes of  invasions are highly variable. Some 
invasive parasites might thrive in endemic species 
much better than their original invasive species 
hosts (Hatcher et al., 2012), leading to potential 
changes in host assemblage. Invasive host spe-
cies also acquire new parasite species from en-
demic hosts, but this proportion seems to be 
much smaller than the invasive species acquired 
by endemic hosts (Marr et al., 2007). The invasive 
host species can also provide a dilution effect – 
they take most of  the parasite load whereas the 
endemic species have a reduced parasite load 
(Telfer et al., 2005; Johnson and Thieltges, 2010).

There is recent interest in parasite introductions 
to Madagascar, due to the growing threat from 
anthroponoses and zoonoses (Rasambainarivo et 

al., 2013, Yanagida et al., 2014) and to assess the 
effect of  black rat invasion on human and animal 
pathogens (Laakkonen et al., 2003; Vogler et al., 
2011). Nevertheless, the prehistorical parasite in-
vasion history to Madagascar is rarely studied. We 
know that Plasmodium and Makialgales mites were 
present in lemurs pre-colonization (Pacheco et al., 
2011, Bochkov et al., 2011) and Hymenolepis radi-
ation concurs with colonization history (Hauk-
isalmi, pers.comm.).  It seems likely that mouse 
lemur parasites are divided into three groups: 
those present in ancestral species before coloni-
zation (e.g., Plasmodium), those from host switch-
es from endemic species within Madagascar (e.g. 
Hymenolepis) and those introduced by humans or 
their companions (Giardia and Cryptosporidium?). 

1.3. Sampling parasite com-
munity within single host 

During my research I surveyed several parasite 
species simultaneously, meaning I investigated a 
parasite community - that is a coexisting group 
of  parasite populations (Bush et al., 1997). The 
parasite population is composed of  all the indi-
viduals of  a given species that live in the same 
area. The intestine of  a small mammal con-
tains a parasite community, which is composed 
of  several interacting parasite populations.

Parasites can have direct or indirect life cy-
cles. Parasites with direct life cycles have only 
one host, whereas an indirect lifecycle means 
that the parasite has one or more intermediate 
hosts and one definitive host (Poulin and Mo-
rand, 2004). Thus, parasites with direct lifecy-
cles can therefore be easily surveyed by studying 
all of  the infected host individuals. In contrast, 
parasites with indirect life cycles have differ-
ent discrete developmental stages in different 
host species, i.e., different host populations. In 
my study, I expect some of  the mouse lemur 
parasites to have insects as their intermediate 
hosts as mouse lemurs are omnivores which 
also consume significant amounts of  insects.

It would be exceptionally difficult, if  not im-
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possible, to sample each parasite species in all 
of  the communities in which it takes part. For 
example, the parasites which have poorly un-
derstood indirect life cycles, which might have 
free-living forms or which have several host 
species are practically impossible to be surveyed 
in every community. Therefore, my sampling 
is limited to the mammalian, anuran and gas-
tropod hosts of  nematodes.  Thus, depending 
on the species, I might sample all component 
communities or just a small subset of  them.

1.3.1. Parasite population of single 
species within host
Macroparasites are normally aggregated in the 
host population, i.e., some host individuals have 
much more parasite individuals than a majority 
of  other hosts (Woolhouse et al., 1997; Perkins et 
al., 2003). This is often depicted in the “long-tail” 
of  parasite loads (Fig. 2).The aggregation being 
so great that the average number of  parasites per 
host is a poor descriptor of  infection level (Rózsa 
et al., 2000), implying that variance needs to be 
taken into account as well. There are parasite and 
host traits that decrease aggregation of  parasite 
individuals (of  a single species). Intensity-de-
pendent parasite mortality (i.e., parasites in highly 
infected hosts are more likely to die), parasite-in-
duced host mortality (i.e., hosts with high parasite 
loads are more likely to die) and high prevalence 
of  parasites have all been shown to decrease ag-
gregation (Woolhouse et al., 1997). Spatial aggre-
gation of  resources which are relevant to parasite 
transmission (intermediate hosts used as food, 
nesting sites, watering holes) can lead to higher 
aggregation (Shaw and Dobson, 1995). There 
is low heritability of  nematode burden (Beraldi 
et al., 2007) and the candidate gene approach by 
Brown et al. (2013) did not discover any signifi-
cant genetic associations to this trait. Thus there 
does not seem to be a genetic basis in host in-
dividuals for parasite individual aggregation. In-
deed, aggregation can be caused by random var-
iation in host individuals (Gourbière et al., 2015). 

Concerning the host, there is at least two clear 
traits that explain individual differences in par-

asite load: host condition and host sex. A host’s 
physical condition can affect the parasite com-
munity in many ways: parasites get their nutrients 
directly from the host, so the better condition the 
host is in, the more  nutrients there are available 
for parasites (Råberg, 2014). Host condition is 
also fundamental for the efficacy of  the immune 
system; therefore, a better physical condition can 
lead to a more potent immune defense against 
parasites (Sheldon and Verhulst, 1996; Ujvari and 
Madsen, 2005). However, the immune defense is 
costly and there is a trade-off  between immune 
defense and other energetically costly life history 
characteristics such as mating (Schmid-Hempel, 
2003; Fedorka et al., 2004), gestation (Lee, 2006; 
Hawley and Altizer, 2011), growth (Soler et al., 
2003) etc. While resistance has been seen as the 
most important host trait in the regulation of  
parasites, it does not explain all phenomena, for 
example, there is a wide variation in how strong 
the negative effects of  higher parasite load is for 
hosts (Råberg et al., 2007, Hayward et al., 2014) Re-
cent years have seen more emphasis on research 
on tolerance as an explanation for high parasite 
loads in hosts with good body condition (Råberg, 
2014). Thus if  the pathogenicity of  parasites is 
expected to be small and manageable, tolerance 
might be a worthwhile evolutionary strategy.

Host sex can have many different effects on 
parasite communities: males are usually more 
prone to parasite infections, have higher par-
asite loads and die younger due to infection 
(Zuk, 2009). Generally, the different hormone 
levels in males and females can lead to different 
immune responses (Roberts et al., 2004). Nev-
ertheless, testosterone or stress hormone levels 
are not the only sex differences. The sexes may 
differ in food consumption or movements, for 
example, more widely ranging males have high-
er parasite loads than more territorial females 
(Poulin, 1997; Schalk and Forbes, 1997). Life his-
tory trade-offs can additionally lead to different 
emphases in immune response during different 
times of  the year (Schalk and Forbes, 1997). 

Aggregation can also work at the interspecif-
ic level, i.e., some host individuals have more 
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parasite species than others (Poulin, 2007). The 
same host traits, which make the hosts more 
susceptible for parasites, can also make them 
more susceptible for acquiring more parasite 
species. Thus, intraspecific aggregation and in-
terspecific aggregation can be positively corre-
lated (Beldomenico et al., 2008). There is nev-
ertheless an additional dimension, interspecific 
competition, within host, and this could lead to 
less aggregated populations (Shaw et al., 1998).

The message for the parasitologist is clear: if  
there is high aggregation, the sample needs to 
be large enough to get an accurate understand-
ing of  parasite load and abundance in the host 
population and the sample needs to be repre-
sentative of  the traits which we expect will af-
fect aggregation (i.e., sex, body condition, age).

Figure 2: Patterns of  aggregation in mouse lemur 
parasite communities as seen in my data. (a) Ces-
tode, (b) nematode and (c) Eimeria egg shedding are 
aggregated (as they do not fit a Poisson distribution: 
variance-to-mean ratios 79, 44 and 471, respectively). 
Fecal egg counts though are not a reliable measure of  
infection intensity and actual number of  adult para-
sites could be less aggregated (Stear et al. 1995; 2006) 
It should be noted, though, thatas shown in (d) the 
number of  nematode species in mouse lemurs, there 
is no aggregation (sstudy III; VMR 0.60, difference 
from Poisson distribution: χ2=211, P267 = 0.99).
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1.3.2. Parasite communities and 
coinfections within host
Co-infection is an increasingly important study 
subject as multiple infections is the norm in na-
ture. The end results of  co-infection to a host 
can be either elevated or reduced pathogenicity. 
Pathogenicity can be elevated, if  parasites have 
a mutualistic relationship or if  the first parasite 
facilitates the pathogenicity or the invasion of  
subsequent parasites. Easier concurrent colo-
nization has been referred to as a “vicious cir-
cle”, where parasite load leads to the poorer host 
condition decreasing resistance and allowing 
more parasites to colonize the host (Stephenson 
et al., 2000; Beldomenico and Begon, 2010). If  
the co-infecting parasites are competing, the sit-
uation can also reduce pathogenicity (Bazzone 
et al., 2008; Johnson and Hoverman, 2012). 

For parasites, competition can lead to lower 
survival, slower growth, lower fecundity and 
shortened life span. The interspecific compe-
tition is normally asymmetric: some species 
might be minimally affected while it can have 
detrimental effects for others (Dobson, 1985; 
Knowles et al., 2013). Host susceptibility can be 
modulated by existing parasites. Due to compe-
tition it might be more difficult to establish in 
an already-parasitized host, or vice versa and 
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some species might be found more commonly 
together than otherwise (Cattadori et al., 2007; 
Telfer et al., 2010; Ezenwa and Jolles, 2011).

Are parasite communities random collections of  
species or are they more specific sets of  region-
al parasites? The evidence is scarce, but studies 
uncovering community structures that diverge 
from random expectation are rare (Poulin, 2007; 
Pedersen and Fenton, 2007). The component 
community is often a subset of  the regional-
ly “available” parasites (Kennedy and Guégan, 
1996; Mouquet et al., 2003). The total number 
of  species is limited either by the number of  
available niches - as new species can invade the 
community only by outcompeting existing spe-
cies - or that the component community is not 
able to sample all the regionally available para-
site species. At least in some cases the invasive 
species’ parasites increase the diversity of  the 
component community (Font, 1998) meaning 
that there are “free niches” for those parasites. 

The infracommunities rarely contain the theo-
retical maximum numbers of  parasite species, 
that is, the whole diversity of  the component 
community. For example Kennedy and Guégan 
(1996) found eel infracommunities rarely con-
tained more than three parasite species whereas 
the component communities were much more 
diverse. There are also contrasting results; Nor-
ton et al (2004) discovered a strong linear rela-
tionship between maximum infracommunity 
richness and component community richness. 
There is a limit on the total parasite biomass that 
each host individual can sustain (George-Nasci-
mento et al., 2004). Biomass should be taken into 
account when measuring parasite loads because 
rare species are often large. Thus when abun-
dance is considered as biomass rather than the 
number of  individuals, rare species are not nec-
essarily as rare (Muñoz et al., 2005). Neverthe-
less, parasitological work mostly uses the num-
ber of  individuals as the proxy for parasite load.

1.4. Monitoring temporal vari-
ation in parasite communities

Monitoring temporal variation in parasite com-
munities is inherently difficult. If  there is cyclical 
variation, the host population needs to be fol-
lowed preferably at least two cycles. Cyclical vari-
ation can have seasonal, annual or longer interval 
(Poulin, 2007). Furthermore, most often para-
sites are surveyed at the component community 
level, as this is easiest, even though the interac-
tions always happen at the infracommunity level. 

While mammal intestines are a relatively uni-
form and stable habitat, there are many factors 
driving temporal variation. Within hosts there is 
changing nutritional and immunological status, 
changing the quality of  habitat for the parasites. 
Between parasites, there is density-dependent 
regulation of  populations; parasite fecundity 
and survival could decrease due to competition 
or stronger host defenses when parasite loads 
increase. Between hosts, there is also density-in-
dependent regulation of  parasite populations, 
including, for example, parasite-independent 
host population size variation: the carrying ca-
pacity for parasites is dependent on the host 
population size, behavior and seasonality. 

While epidemiology is good at modelling host 
population–level processes and immunolo-
gy has studied host-parasite interaction for a 
long time, how these infracommunity-level 
processes translate to component communi-
ty-level outcomes is still poorly understood. 

1.4.1. Temporal variation in infra-
communities
As macroparasite communities are slow to re-
spond to change, history plays an important role 
in the composition of  parasite communities. Par-
asite load and diversity both increase with the 
age of  the individual due to the accumulation 
of  new parasites. This process continues until 
the host reaches a (dynamic) balance of  infec-
tion and clearance (Schalk and Forbes, 1997). 
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upon first exposure and the mounted response 
during later exposures. Parasite-induced host 
mortality is a different mechanism leading to the 
destruction of  the whole infracommunity and 
also affects host population dynamics. It should 
be noted, though, that there is no reason why 
every infracommunity should have density-de-
pendent competition, as there appear to be cases 
where this does not happen (Marcogliese, 1997).

1.4.2. Temporal variation in compo-
nent communities
Many component communities seem to have 
long-term stability (Haukisalmi et al., 1988; Hauk-
isalmi and Henttonen, 1990) or regular seasonal 
variation (Altizer et al., 2006; Nalubamba et al., 
2012; Majekodunmi et al., 2013), though long-
term data is limited. Nevertheless, stochastic ef-
fects on the component communities might be so 
significant in comparison to ecological turnover 
that they completely mask the influence of  the 
local habitat and the hosts (Poulin, 2007; Behnke 
et al., 2008a). In any case, while infracommunity 
is dependent on host life span, component com-
munities can theoretically be sustained as long 
as the host population exists. After a substantial 
anthropogenic change in ecosystem, including 
fragmentation or introduction of  new potential 
hosts and their parasites, component communi-
ties are slow to change (Torchin et al., 2003). Due 
to these reasons, the anthropogenic effects on 
component communities are poorly understood. 

As metapopulations, parasite communities could 
be changing due to colonization-extinction dy-
namics (Ebert et al., 2001; Lion and Gandon, 
2014). Parasite communities are true metapop-
ulations: infracommunities consist of  individual 
populations and the component community is 
the union of  all local metapopulations. Due to 
host death, extinctions are an ever-present fea-
ture of  parasite dynamics, and thus coloniza-
tion, i.e. infection, is central for parasite survival. 

The core and satellite hypothesis of  metapop-
ulations predicts that the core parasite species 
remain stable whereas the other parasite spe-

Nevertheless, this balance varies between indi-
viduals and age groups. Young individuals have 
higher variability in fecal egg count (FEC) and 
the youngest and the oldest individuals have the 
highest FECs (Wood et al., 2013). Sometimes 
so-called environmental age, cumulative envi-
ronmental stress, is a better predictor for ageing 
effects than actual age (Hayward et al., 2009). 

The infracommunity is, from an evolutionary 
point of  view, always ephemeral, as it is lost 
when the host dies. Macroparasites rarely have 
enough generations in relation to the life span 
of  the host to allow for any local adaptation in 
infracommunities. The parasite age at maturity 
can vary widely, though it is normally dependent 
on the size of  female with the smaller the para-
site, the faster it reaches maturity (Poulin, 2007). 
The changes in parasite infracommunity, or the 
succession of  communities, are not yet widely 
studied. We do not know how stable infracom-
munities are. At least some cestodes are able to 
live for years and many parasites can keep their 
host colonized through autoinfection. Thus there 
is at least a possibility for long-term stability. 

Interactions between parasites are the shap-
ing force in infracommunities and stronger 
interactions lead to more predictable group-
ings of  species (Poulin, 2007). There is both 
intra- and interspecific competition between 
parasites. Parasites can also exert an influence 
after they have been cleared: for example im-
mune memory can shape parasite communi-
ties (Lello et al., 2008; Rynkiewicz et al., 2015). 

Poulin (2007) sketches four different modes of  
density-dependent regulation: exploitation com-
petition, interference competition, host-me-
diated restriction and parasite–induced host 
mortality. Exploitation is the central property 
of  parasites, as they need to compete for limit-
ed resources (Read, 1951; Bush and Lotz, 2000; 
Roberts, 2000). Interference is used by some par-
asites; for example cestode Hymenolepis diminuta 
secretes molecules that harm their competitors 
(Keymer, 1982). Host-mediated restriction can 
be due to the naivety of  the immune defense 
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cies are rare and only present locally (Nee et al., 
1991; Morand and Guégan, 2000; Guégan et al., 
2005). This leads to the idea that for evolutionary 
analysis, core species are the most important as 
they interact with each other and with their hosts 
constantly, while satellites contribute little to the 
structure of  communities. For example, satellite 
species could be spillovers from other host spe-
cies. Another possibility is nested sets of  para-
site species that are non-random sets dependent 
on the ability of  communities to sustain para-
site diversity: the core species occur everywhere 
whereas some of  the parasite species occur only 
in diverse communities (Poulin, 2007). Consid-
ering community dynamics, this would be seen 
as the more stable occurrence of  rare parasite 
species in host individuals that have high parasite 
diversity. Co-infection dynamics can also affect 
the structure of  communities as multiple infec-
tions can be more or less common than expected 
depending on the parasites’ and host’s interaction 
(Alizon, 2013a; b; Viney and Graham, 2013).

It is notoriously difficult to identify species com-
positions that might have resulted from compe-
tition or cooperation in nature (Haukisalmi and 
Henttonen, 1998; Poulin, 2005; Behnke, 2008; 
Fenton et al., 2010; Shrestha et al., 2011; Vaumour-
in et al., 2014). Together with the increasing data 
on parasite communities, there has also been a 
surge of  new null models for parasite communi-
ties (Gotelli and Ulrich, 2012; Ulrich and Gotelli, 
2013). The importance of  the null models cannot 
be overemphasized as identification of  non-ran-
dom patterns and associations between parasite 
species is difficult (Gotelli and Colwell, 2001; 
Behnke et al., 2005). Furthermore, departure 
from random expectation not only tells us about 
the parasites, but also about the hosts. Namely, 
it can reveal details about interspecific compe-
tition, heterogeneity in host susceptibility and 
the effect of  intermediate hosts on community 
composition (Poulin, 2001). Nevertheless, con-
sidering parasite species in isolation could also 
lead to mistaken inferences (Telfer et al., 2010).

1.5. Quantifying parasite com-
munities
What do we want to measure, when we monitor 
parasite communities? I have mentioned previ-
ously, that the population of  one parasite species 
might be too widely distributed – in mouse le-
murs, insects and in soil – and we cannot sam-
ple all possible sites. For my thesis, I wanted to 
monitor parasite dynamics, so am primarily in-
terested in the presence or absence of  nematode 
species and their relative proportion in reference 
to the total parasite load of  different species.

Presence and absence not only provides an esti-
mate of  parasite richness in the host individual, but 
in longitudinal setting I can detect if  there is host 
colonization by new parasites or extinctions of  
parasite populations. Therefore it is the most im-
portant measure for longitudinal study. Potential 
measures of  parasite loads, as mentioned previ-
ously, are not reliable indicators of  parasite fitness 
or even for the host importance on parasite pop-
ulation reproduction (Eysker and Ploeger, 2000). 

Parasite load is very difficult, and sometimes im-
possible, to quantify using non-invasive sampling 
as parasite load is defined as number of  parasites 
within host individual (Jorge et al., 2013). For gas-
trointestinal parasites, this is usually measured 
with invasive techniques such as the dissection 
of  the gastrointestinal tract to count the num-
ber of  adult parasites (Poulin and Morand, 2000).

Quantifying parasite eggs in fecal matter is 
the most common method of  surveying gas-
trointestinal parasites non-invasively. Fecal 
egg count (FEC) is often used as a measure 
of  parasite load – or at least as a proxy -, but 
there are obviously problems as FEC does not 
necessarily correlate perfectly with number 
of  parasite individuals within host (Stear et al., 
1995, 2006; Gillespie, 2006). Positive or nega-
tive interaction between parasites can increase 
or decrease FEC, respectively (Bordes and Mo-
rand, 2011). Furthermore, the host condition 
and immune defense should have an effect on 
FEC (Dorchies et al., 1997; Jolles et al., 2008).
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Proper and reliable identification of  parasites is 
imperative to measure parasite dynamics. This is 
no easy task as there is a vast number of  differ-
ent parasite species and very few parasitologists 
who can identify them. Collecting samples is 
time-consuming as there are different protocols 
for different parasite taxa. The identification of  
parasite species requires adult individuals as many 
taxa are difficult to identify from their egg, cyst 
or larval forms or they need to be identified from 
sex-specific traits (Gasser, 2006). Adult individu-
als are not always available and assessments can 
only be performed on a more general level (Floyd 
et al., 2002). Coproculture is laborious, unreliable 
and requires expertise to identify different spe-
cies and developmental stages (Gasser, 2006).

At the moment, DNA sequencing is the pre-
ferred method for molecular biodiversity studies 
(Gasser et al., 2008; Valentini et al., 2009; Creer 
et al., 2010; Bik et al., 2012). Previously sequenc-
ing was used to detect or identify individual 
worms (e.g., Jenkins et al., 2005; Asmundsson 
et al., 2008; Kutz et al., 2013; Budischak et al., 
2015), but it can also be used to screen multi-
ple parasites (Tanaka et al., 2014). Multiple se-
quences allow for identifying operational taxo-
nomic units from parasite communities, makes 
sequencing of  large sample sets possible and 
large databases make it possible to match tem-
plate sequence to all published sequences. 

1.6. Barcoding using next-gen-
eration sequencing

Traditional taxonomy is in many cases too slow 
for the needs of  ecologists (Valentini et al., 2009; 
Creer et al., 2010; Abebe et al., 2011; Bik et al., 
2012) and this has sparked debates between “tax-
onomists” and “end-users”.  Molecular biology 
has been presented as the solution for this imped-
iment created by the perceived slowness of  the 
taxonomical process (Brooks and Hoberg, 2001; 
Carvalho et al., 2007; Emerson et al., 2011; see Ta-
ble 2). DNA can nowadays be routinely isolated 
from most known parasitic species (Caron, 2009) 
and sequence comparisons performed quite eas-
ily. Many new molecular methods are designed 

for quick and reliable diagnosis of  humane or 
domestic animal pathogens, where accurate and 
swift identification is necessary (Ferri et al., 2009). 
It can also be expected that with these molecular 
methods, the known biodiversity of  the intestinal 
parasites will increase significantly as there will be 
sampling in previously unstudied environments 
and cryptic species separated (Caron, 2009).

Barcoding is a recent approach for species iden-
tification (Hebert et al., 2003). The idea is simple: 
if  we can sequence a gene, which has interspe-
cific differences (which are true representations 
of  phylogenetic relations) and minute or non-
existent intraspecific differences, we should be 
able to assign any given individual to proper 
species from a DNA sample (Blaxter, 2004; Fig. 
3). There are some additional requirements for a 
good marker gene: it should be sufficiently con-
served to enable the design of  universal prim-
ers, easily isolated and amplified, the sequence 
should be easy to align, there should be extensive 
genomic libraries available and the likelihood of  
intraspecific variation should be uniform across 
taxa. Additionally, it should have very low with-
in-population and between-population varia-
tion and measureable between-taxon variation.

Figure 3: Workflow for metabarcoding. First DNA 
needs to be isolated from the samples, then the 
desired gene region (in my case 18S) needs to be 
amplified with PCR and then these amplicons will 
be sequenced. The resulting sequences need to be 
analysed through bioinformatical pipelines that need 
to deal with sequencing errors and assign sequences 
to reliable taxonomic identifications.
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The current gene of  choice for metazoans is 
cytochrome oxidase I (COI or coxI) (Hebert et 
al., 2003). It has been successful with many taxa, 
though it is now clear that coxI does not work 
for every phylum. Standardization is progressing 
slowly in these difficult phyla (Frézal and Leb-
lois, 2008) and not all species inside otherwise 
well-functioning phyla can be amplified (Santos 
et al., 2011). COI does not work well with nema-
todes, and 18S is a more commonly used marker 
gene (Porazinska et al., 2009; Tanaka et al., 2014)

Nevertheless, species identification using bar-
coding requires extensive and reliable databas-
es of  targeted species. Even though sequenc-
ing is used to create vast amounts of  sequence 
data, parasite species identification needs to be 
based on morphological data and thus voucher 
samples are imperative so identifications can be 
verified (Brooks et al., 2014). This also allows 
for the validation of  next-generation sequencing 
techniques, as they can be compared to results 
using traditional Sanger sequencing (Hudson, 
2008). While species delimitation and species 
identification are two different problems, inte-
grated approaches can solve both (Kutz et al., 
2007). Furthermore, an integrated approach add-
ing spatio-temporal data on parasites, hosts and 
ecosystems to molecular and morphological data 
provides a robust framework to explore parasites 
species and their impact (Hoberg, et al. 2015).

Next-generation sequencing allows surveying 
of  environmental samples (i.e., samples which 

are total genomic samples from many different 
species and individuals) with speed, precision 
and lower cost per base compared to tradition-
al Sanger sequencing. Barcoding environmen-
tal samples using high-throughput sequencing 
platforms is called metabarcoding (Bik et al., 
2012). Pyrosequencing, a “sequencing by syn-
thesis” -based sequencing approach, is based 
on the detection of  pyrophosphate released 
due to the addition of  nucleotides to the DNA 
strand and can detect multiple sequences from 
a single complex sample (Casiraghi et al., 2010). 
With these advances researchers are able to work 
much faster as sequenced individuals do not 
need to be separated from the original sample. 

Using cellular debris as the target material, fecal 
metabarcoding started with microbial and dietary 
samples. There are also evident problems, for 
example, fecal barcoding with all metazoans has 
proved to be difficult and quantitatively unreliable 
in diet analysis barcoding (Symondson, 2002; King 
et al., 2008; Deagle et al., 2009). While free-living 
nematodes have been studied with this method 
(Porazinska et al. 2009, 2010a; b, 2012), parasitic 
nematodes are rarely studied (Tanaka et al., 2014). 

Intestinal parasites normally have abundant 
amounts of  DNA among the feces (in the form 
of  eggs, cysts and body parts) but, in cases where 
genetic material is rare fecal samples need to 
be treated carefully, because rare material can 
be lost in the first steps of  PCR (Jarman et al., 
2004). It is essential to develop more effective 

Table 2: A partial list of  proposed benefits of  the barcoding approach to the parasite identification.
Benefit Examples
All life stages can be identified Leung et al., 2009, Locke et al., 2011
Cryptic species recognized Ferri et al., 2009; Ogedengbe et al., 2011 
Molecular methods make high-throughput processing 
of  samples possible

Not yet done, but see Ferri et al., 2009

Identification of  wide range of  parasites Not yet done, but see Deagle et al., 2009
Use of  bulk environmental samples. Not yet done, but see Deagle et al., 2009
Homology of  genes is easier to predict than homology 
of  morphological characters.

Under debate, see Silva et al., 2010

DNA sequences are digital and easy to communicate 
from laboratory to laboratory

Routine procedure.
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methods to extract parasite DNA from feces, as 
high-throughput method rely on the usability of  
fecal DNA (Prichard and Tait, 2001). Also, con-
ventional barcoding uses long sequences (~600 
bp) but environmental samples may contain de-
graded DNA where 150bp would be nearer the 
average length (Valentini et al., 2009). High deg-
radation rates are problematic as higher quality 
DNA amplifies better and host DNA tends to be 
of  higher quality than degraded parasite DNA.

2. Aims of thesis

This thesis makes advances on two fronts: meth-
odological development for parasite identifica-
tion by metabarcoding and in parasite community 
ecology investigating the temporal dynamics of  
parasites in wild host populations. More specifi-
cally, this thesis addresses the following questions: 

- How can we robustly identify intestinal 
nematode species from the fecal samples of  
mammals (Studies I, II)

- How does the temporal dynamics of  
macroparasites differ at the infra- and compo-
nent community levels? (Study III)

- Do life history traits or habitat differ-
ences explain infracommunity variation and 
dynamics? (Studies III, IV)

- Do sympatric host species share same 
parasite species? (Study I)

Based on a review of  research literature I for-
mulated hypotheses for each of  these research 
questions (Table 3). Some of  these expecta-
tions differ depending on competing theo-

ries, e.g., is the component parasite communi-
ty governed by core-satellite dynamics or are 
they nested sets while some are dependent 
on species-specific traits, e.g. do mouse le-
murs invest more in tolerance or in resistance.

The first article outlines a new high-through-
put method for parasite community surveys 
and validates the approach by using rodent 
samples collected from Madagascar by myself  
and earlier samples collected by Lehtonen (un-
publ.) that have been morphologically identi-
fied to the species- or genus-level. I also com-
pare the composition of  parasite communities 
in sympatric rodents and discusses the overall 
challenges of  the methods employed.  The sec-
ond article describes the Séance pipeline, which 
combines both existing and new bioinfor-
matics tools for the analysis of  amplicon data.

The third and fourth articles handles the mouse 
lemurs and their parasites at the individual and 
population-level. The third article looks at nem-
atodes in component and infracommunities, that 
is, at the population-level and the individual-level, 
over a period of  three years. The fourth article 
examines at the correlation between mouse lemur 
body condition and different groups of  parasites.

DNA-based methods – even using the environ-
mental approach – cannot be quantitative (Gas-
ser, 2006). Quantitative analysis from feces is ex-
ceedingly difficult as the amount of  eggs in feces 
varies daily and can only be used as an indicator 
in prolific egg layers (Prichard and Tait, 2001).
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Question Factors Known effects Expectation

Differences 
in temporal 
dynamics of  
infra- and 
component 
communities

Stability Component community more 
stable than infracommunity

Component community more sta-
ble than infracommunity

In long-living species, infracom-
munity has long-term stability

Infracommunity stable

Seasonal 
variation

Increase in rainfall leads to more 
insects and thus more parasites

Component community gets more 
diverse after the beginning of  the 
field seasonHibernation leads to parasite 

extinction
Common 
vs. rare 
parasites

Core-satellite –hypothesis Common species stable
Rare species randomly occurring

Nested sets -hypothesis Common species stable
Rare species in hosts with more 
diverse parasite community

Life history 
traits and hab-
itat differences 
in infracom-
munity com-
position and 
dynamics

Sex Higher testosterone level leads to 
weaker immune response

Males and females have similar 
parasite loads

More movement leads to higher 
parasite diversity

Males have higher parasite diversity

Age Weaker immune response leads to 
higher parasite loads

Young individuals have higher 
parasite loads

History affects infracommunities Older individuals have higher para-
site diversity

Site Degraded area is poorer habitat Leads to lower body condition
Body 
condition

Higher body condition leads to 
higher resistance OR

With better body condition, lower 
parasite loads

Higher body condition leads to 
higher tolerance

With better body condition, higher 
parasite loads

Social 
system

Social connections lead to higher 
parasite transmission

Males have higher parasite loads 
and diversity 

Hiberna-
tion

Hibernation leads to parasite 
community extinction

Early in season less diverse parasite 
community

Males hibernate less than females Males have higher parasite diversity
Sharing of  
same species 
by sympatric 
species

Exotic 
species

Host switches between endemic 
species

Exotic species have some but not 
all endemic parasite species
Endemic species acquire new 
species

High host 
diversity

High diversity of  niches can sus-
tain more parasite species

Comparably higher parasite num-
bers than in other tropical areas

Size Smaller species have more para-
site species

Dogs and bigger lemurs have more 
parasite species than rodents

Phylog-
eny

Closely related host species share 
same parasite species

Lemurs share same species
Rodents share same species

Habitat Similar habitat leads to sharing 
same parasite community

Terrestrial species share parasite 
species

Table 3: Derived hypothesis and expected results for my thesis.
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3. Material and methods

3.1. Study species
3.1.1. Hosts
3.1.1.1. Mouse lemurs
Most of  my samples are from rufous mouse 
lemurs (Microcebus rufus, Fig. 4a), one of  the 
smallest species of  primates in the world.  Ru-
fous mouse lemurs’ weigh between 30 and 100 
grams and are approximately 10 centimeters long 
excluding the tail. (Atsalis, 1999) Mouse lemurs 
belong to the suborder Strepsirrhini, like all pri-
mates from Madagascar (Mittermeier et al., 2008).

Mouse lemurs are omnivorous, though they pre-
fer insects to plant material. During the dry sea-
son, when insects are less abundant, mouse le-
murs eat a variety of  plant material from buds 
and leaves to nectar, gum and fruit (Atsalis, 
2008). Mouse lemurs are nocturnal and forage 
alone in the small branches of  the canopy avoid-
ing ground level (Atsalis, 2008; Joly and Zim-
mermann, 2011). Mouse lemurs apparently share 
their sleeping nests, but the patterns of  their so-
cial interaction are still poorly understood (Zohdy 
et al., 2012). Males seem have a greater range than 
females (Joly and Zimmermann, 2011). Mouse 
lemurs are also able to torpor in case of  adverse 
conditions or even hibernate for longer periods. 
Females tend to hibernate all through the dry 
season whereas males hibernate for a shorter pe-
riod (Schmid, 1998; Schülke and Ostner, 2006; 
Atsalis, 2008; Kobbe and Dausmann, 2009).

The mouse lemur populations in Ranomafana 
National Park breeds once a year in October 
just before the wet season (Blanco, 2008). The 
females are receptive – as their vulvas are open 
- for only one or two nights during the breed-
ing season (Blanco, 2011). They mate multiple 
times with multiple males during that period. 
The males’ testes are very small for most of  

the year but they start to grow before the mat-
ing season, receding afterwards. After a ges-
tation period of  56-58 days, mouse lemurs 
give birth to 1-3 infants and they wean their 
offspring after 40 days (Blanco, 2008, 2011).

I opportunistically sampled bigger-sized le-
murs including brown lemurs (Eulemur ru-
briventer and E. rufifrons) and bamboo lemurs 
(Hapalemur aureus and Prolemur simus). All 
these species are dominantly diurnal and live 
in small groups, mostly eating plant material. 

3.1.1.2. Rodents
I caught rodents both while trapping mouse le-
murs and using specially designated traps on the 
ground. Of  the endemic rodents I caught red for-
est rats (Nesomys audeberti (Fig. 4) and N. rufus) and 
tufted-tailed rats (Eliurus webbi, E. tanala and E. 
minor). Red forest rats are medium-sized rodents 
weighing between 140 and 300 grams and they 
forage diurnally (Garbutt, 2007). They are poor 
climbers and tend to restrict themselves to the for-
est floor (Ryan et al., 1993). In comparison, tuft-
ed-tailed rats are smaller, 30-100 grams, and are 
mostly nocturnal and arboreal (Carleton, 2003). 
Tufted-tailed rats prefer closed and dense forests.

My trapping also included one invasive rodent 
species, the black rat (Rattus rattus). The black rats 
are generally smaller than continental conspecif-
ics, between 80 and 150 grams. The black rats in 
Madagascar tend to be human commensals and 
are restricted to urban and agricultural areas (Gar-
butt, 2007). The black rats as a general rule do 
not go more than 500 meters into the forest (Le-
htonen et al., 2001; Lehtonen, 2013). Their main 
nutrition in Madagascar is human food or left-
overs from plantations. The black rats probably 
followed humans to Madagascar 1000-2000 years 
ago (Hingston et al., 2005; Tollenaere et al., 2010).
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Figure 4: Sampled host animals, from left to right, mouse lemurs, red forest rats and frogs.

3.1.1.3. Other species
I also collected samples opportunistically from 
semiferal domestic dog (Canis lupus familiaris). 
The dogs tend to keep to the human settle-
ments and are rarely encountered in the for-
est. The dogs are omnivorous and tend to 
be the top predators in their ecosystem. The 
dogs came with humans to Madagascar but 
their arrival time has not been pinpointed. 

Furthermore, some of  the ground-placed 
traps also trapped snails weighing 100-200 
grams. The snails looked morphologically sim-
ilar, but I was not able to identify the species.

Kendall Harris (Sweet Briar College, USA) did 
her Study Abroad independent project on the 
parasites of  frogs. She collected fecal samples 
from several different frog species, the two most 
common being Ptychadena mascariensis and Man-
tidactylus lugubris (Fig. 4). Both are small-sized, 5 
to 30 grams, diurnal frogs living near streams on 
the ground or in low-hanging branches of  trees. 
Frogs are restricted to invertebrate prey, most-
ly insects. Ptychadena belongs to a Sub-Saharan 
African group of  frogs whereas Mantidactylus is 
restricted to Madagascar and Mayotte. The clos-
est relatives of  Mantidactylus outside Madasgas-
car can be found from the Indian subcontinent. 
Both of  the ancestral species have probably 
been in Madagascar before the break-up from 
Gondwana 110 million years ago (Vences et al., 
2003, 2004; Vences, 2004; Samonds et al., 2012).

3.1.2. Parasites
All parasites in the study are either intestinal par-
asites or ectoparasites (Table 4). Both groups 
are strongly dependent on their host individu-
als. In reference to the earlier definition of  the 
parasite (section 1.1.1), all of  these species are 
definitely symbiotic to their hosts. Lice suck 
the blood of  their hosts to grow and lay eggs 
and cannot survive without contact with the 
host. Thus they can only change host individu-
al if  both hosts are in direct contact (Zohdy et 
al., 2012). The female ticks suck blood from the 
lemurs and then drop to the vegetation to molt 
or lay eggs and then attach to their next host.

The gastrointestinal parasites can be divided 
into three distinct groups: eimeriids, cestodes 
and nematodes. Eimeriids (Fig. 5) are unicel-
lular apicomplexan parasites, which cause coc-
cidiosis in their hosts (Ogedengbe et al., 2011). 
Eimeriids are important parasites of  vertebrates, 
including domestic animals, and they regularly 
cause massive epidemics in dense populations. 
High numbers of  eimeriids can cause gastro-
intestinal pain, intestinal bleeding and diarrhea 
(Mykytowycz, 1962). Eimeriids have direct li-
fecycles and are spread via the fecal-oral route. 

Cestodes are a group of  parasitic flatworms 
(phylum Platyhelminthes, Fig. 5), including many 
human parasites known as tapeworms. Cestodes 
attach to the intestinal lining with their head 
part (scolex) and collect nutrients from the food 
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Parasite group Parasite species Host Detection Studies
Ectopara-
sites

Lice Lemurpediculus verruc-
ulosus

Mouse lemurs Visually 
from ears

IV

Tick Haemaphysalis lemuris ’’ ’’ ’’
Intestinal 
parasites

Nematode Putative species 1 – 
“Strongyloides”

Mouse lemurs, 
gastropods, frogs, 
black rats

Baermann’s I, III, IV

PS2 – “Caenorhabdi-
tis”

’’ ’’ ’’

PS3 – “Strongylida” Dogs, all lemurs, 
black rats

’’ III, IV

PS4 – “Chromado-
rea”

Mouse lemurs ’’ ’’

PS5 – “Enterobius” ’’ ’’ ’’
PS6 – “Panagrellus” Mouse lemurs, 

dogs, black rats
’’ I, III, IV

PS7 – “Rhabdi-
toides”

Frogs ’’ Harris et al., 
in prep

PS8 – “Raillietnema” ’’ ’’ ’’
PS14 – “Phasmarhab-
ditis”

Gastropods ’’ Aivelo et al., 
in prep

Cestode Hymenolepis nana Mouse lemurs Fecal flota-
tion

IV

Hymenolepis diminuta ’’ ’’ ’’

Eimeriids ’’ ’’ Aivelo et al. 
in prep

material digested by the host. Their bodies are 
composed of  segments (proglottids) that con-
tain sexual organs. Fully-grown cestodes can be 
tens of  centimeters in length and lay thousands 
eggs per day (Haukisalmi et al., 1998). The host 
specificity of  cestodes is debated, but at least 
several species are able to infect multiple hosts 
(Poulin and Keeney, 2008). The cestodes can be 
spread via the fecal-oral route or they can have 
intermediate hosts, for example, the insects 
mouse lemurs prey on. Mouse lemur can be 
the definitive host of  cestode or an intermedi-
ate host, as they are prey to the larger predators.

Roundworms, or nematodes, are a vast phylum 
of  mainly small-sized worms that can be ectopar-
asites, intestinal parasites or endoparasites (Fig. 
5). I have collected all available data on previously 

sampled nematodes on mouse lemurs and black 
rats in Table 5. Nematodes are generally attached 
to the intestinal lining and they are either feast-
ing on the intestinal mass of  bacteria and other 
nutrients or sucking nutrients from the intestinal 
wall. Nematodes can spread through different 
routes: those with direct life cycles via the fe-
cal-oral route or by free-living stages in the soil. 
There are also species with complex life cycles 
containing one or two intermediate hosts. Many 
species are able to sustain their intestinal pop-
ulations via autoinfection. For example, Stron-
gyloides larvae can penetrate the intestinal wall, 
move through the circulatory system, invade 
the lung tissue and re-enter the gastrointestinal 
tract when the mucus secreted from the lungs is 
swallowed (Sandground, 1926; Nishigori, 1928). 

Table 4: The complete list of  parasites encountered from the samples collected during this study.
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I have not been able to ascertain whether the 
presence of  these parasite species lead to ac-
tual expense for their hosts.  While I assume 
they are parasites, it should be noted that this 
is a general assumption in parasitological re-
search. There are no known mutualistic intes-
tinal nematodes, cestodes or eimeriids. The ec-
toparasites can be safely assumed to impose an 
expense as they suck blood from their hosts, 
but it is not clear how high this expense is.

Figure 5: Sampled parasites include, from top to 
bottom: cestode eggs, Eimerias, adult cestodes, nem-
atodes and lice. 

3.2. Study area: Ranomafana 
National Park
Ranomafana National Park is a protected area in 
southeastern Madagascar (21°16’ S latitude and 
47° 20’ E longitude) that consists of  435 km2 
of  continuous montane rainforest (Fig. 6). The 
elevation of  the park varies between 500 and 
1500 meters above sea level. The park was es-
tablished in 1991 and the area was partially se-
lectively logged prior to that (Wright and An-
driamihaja, 2002). The park is surrounded by 
three kilometer wide buffer zone. The National 
Park is also home to a research station Centre 
Valbio, where my laboratory space was situated 
(Wright et al., 2012). The area has dry and cold 
weather during the austral winter and warm and 
rainy weather in austral summer (Table 6, Fig. 6). 

I had two different transects: Talatakely and 
Campsite (Fig. 6). The Talatakely transect was 
just inside the National Park. The area is pro-
tected but it was selectively logged during the 
1980s and is considered secondary forest. There 
are no high trees (max. height 10 m) but there 
is rather extensive shrub-like undergrowth. The 
Talatakely transect begins at the entrance of  the 
park and is in heavy use by tourists. Local mam-
mals and birds suffer from the stress caused by 
tourists (Herrera et al., 2011; Wright et al., 2014). 
Tourists are not allowed to visit the park after 4 
pm, so the effects to mouse lemurs are mostly 
indirect. The second transect was on the pe-
ripheral zone of  the park in the campsite of  the 
research station. The area was clear-cut several 
years prior to my study and consists of  short 
trees and shrubs with non-continuous canopy 
cover. The area is frequented by local farmers 
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Host Parasite 
order

Species Location Reference

Microcebus 
murinus

Rhabditidae Strongyloides sp. Mandena Raharivolona, 2006
Strongylida Pararhabdonema longis-

triata (?)
’’ ’’

Strongylida sp. ’’ ’’
Ankarafantsika Radespiel et al., 2015

Oxyurida Lemuricola microcebi captive Hugot et al., 1995
Lemuricola sp. Mandena Raharivolona and Gan-

zhorn, 2010
Kirindy Schwensow, et al. 2010
Ankarafantsika Radespiel et al., 2015

Enterobius sp. Mandena Raharivolona, 2006
Oxyurida sp. ’’ Raharivolona and Gan-

zhorn, 2010
Ascaridida Subulura baeri Ampijoroa, 

Mananara
Chabaud et al., 1965 

Subulura sp. Mandena Raharivolona, 2006
Kirindy Schwensow, et al. 2010
Ankarafantsika Radespiel et al., 2015

Ascaris sp. Mandena Raharivolona, 2006
Kirindy Schwensow, et al. 2010
Ankarafantsika Radespiel et al., 2015

Ascaridida sp. Mandena Raharivolona, 2006
Spirurida Spirura diplocyphos Ampijoroa Chabaud et al., 1965

Rictularia lemuris ’’ ’’
Dipetalonema petteri ’’ ’’

Enoplida Trichuris sp. Mandena Schad et al., 2005
Capillaria sp. ’’ Raharivolona, 2006
Trichosomoides sp. ’’ Schad et al., 2005

M. rav-
elobensis

Strongylida
Ascaridida 

Strongylida sp. Ankarafantsika Radespiel et al., 2015
Subulura sp. ’’ ’’
Ascaris sp. ’’ ’’
Lemuricola sp. ’’ ’’

Table 5: Nematodes surveyed in Madagascar from either mouse lemurs (Microcebus murinus, M. raveloben-
sis) or black rats (Rattus rattus)
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Host Parasite 
order

Species Location Reference

Rattus 
rattus

Rhabditidae Strongyloides ratti Ranomafana Lehtonen, unpubl.
Strongyloides sp. Mandena Raharivolona et al.,, 2007

Strongylida Nippostrongylus brasil-
iensis

Ranomafana Lehtonen, unpubl.

Angiostrongylus can-
tonensis

Antananarivo Breuil and Coulanges, 
1982

Trichostrongyloidae sp. Mandena Raharivolona et al.,, 2007
Strongylida sp. ’’ ’’

Spirurida Mastophorus muris Ranomafana Lehtonen, unpubl.
Spirurida sp. Mandena Raharivolona et al.,, 2007

Ascaridida Heterakis spumosa Ranomafana Lehtonen,unpubl.
Ascaris sp. Mandena Raharivolona et al.,, 2007
Ascaridida sp. ’’ ’’

Oxyurida Syphacia muris Ranomafana Lehtonen, unpubl.
Enterobius sp. Mandena Raharivolona et al.,, 2007
Oxyurida sp, ’’ ’’

Enoplida Trichuris sp. ’’ ’’
Capillaria sp. ’’ ’’

Table 5 continued

Month Rainfall in mm
2010 2011 2012

January 675 531 696
February 262 1167 890
March 820 441 672
April 200 242 558
May 253 72 223
June 188 59 243
July 433 84 79
August 188 216 19
September 40 146 243
October 79 125 127
November 96 319 383
December 168 440 244

Table 6: Rainfall patterns during the study. Years 
2010 and 2012 had high precipitation during the dry 
season (April to July in 2010: 1074 mm, 2011: 457 
mm, 2012: 1103 mm), while 2011 had high precip-
itation during the interval from dry to wet season 
(August to December, 2010: 571 mm, 2011: 1246 
mm, 2012: 1016 mm).

Figure 6: My study sites are situated either 
inside (Talatakely) or on the peripheral zone 
(Campsite) of  Ranomafana National Park. 
Figure modified from Brooks et al. (2009).
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who walk through the area to return home and 
by students staying at the campsite. I observed a 
high number of  black rats and semiferal dogs. My 
two transects were separated by the river, which 
is assumed to be a dispersal barrier and thus my 
study populations are two distinct populations.

I acquired additional samples from fragment-
ed forests in the peripheral zone of  the park 
for black rats and greater bamboo lemur. 
Frogs were collected near the village of  Am-
batolahidimy in the peripheral zone of  the 
park, about one kilometer from the campsite.

3.3. Sample collection and 
parasite survey pipeline

I divided collected faeces into several portions. 
One part was stored in RNAlater for microbi-
ome study. One part was designated for the 
Eimeria and cestodes flotation: the feces were 

Figure 7: The different measurements and samples taken from each mouse lemurs. The dental molds, hair 
samples and some of  the biometrics wastaken once a year, whereas parasite sampling, genital status, weight 
and personality were recorded on every catch.

suspended in potassium dichromate and after 10 
days, the sporulated eimeriids and cestode eggs 
were counted in 40% magnesium sulfate flo-
tation. I got several adult cestodes expelled by 
mouse lemurs and these were used to validate the 
identifications performed by egg morphology. 

The complete nematode survey pipeline is detailed 
in study I, Séance, a novel bioinformatics pipeline, 
for the analysis of  454 data, is detailed in study II. 

I collected samples yearly from 2010 to 2012 af-
ter the dry season (August-September) and ended 
before the cyclone season hit the island (Novem-
ber-December) (Table 6). My study periods co-
incide with the mating season of  mouse lemurs 
when they are the most active (Atsalis, 2008). I 
trapped mouse lemurs with Sherman traps, micro-
chipped the individuals for identification on re-
capture, measured morphometrics and collected 
parasite samples (Figure 7, see details in study III)
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3.5. Ethical considerations 3.6. Access to data and sup-
plementary information

I performed my research under strict regula-
tions from Madagascar and University of  Hel-
sinki. The fieldwork was approved by the Viik-
ki Ethical Committee at University of  Helsinki 
and by the trilateral commission in Madagascar 
(permissions: 115/10/MEF/SG/DGF/DCB.
SAP/SCBSE , 203/11/MEF/SG/DGF/DCB.
SAP/SCBSE and 203/12/MEF/SG/DGF/
DCB.SAP/SCBSE). The invasive procedures 
were limited to the microchipping of  the mouse 
lemurs, as longitudinal studies require that the 
identification of  individuals be performed with 
minimal interference on the study subjects.

To provide validation for my methods, I dissect-
ed invasive black rats and collected their intesti-
nal nematodes. This was an optimal procedure, as 
the invasive species were in any case terminated as 
per the request of  the Madagascar National Parks. 
The rats were dissected in the infectious disease 
labs in Centre Valbio using appropriate protective 
clothing. The cadavers were destroyed on-site.

The nematode samples, residues of  feces from 
Baermann’s method stored in formalin, the fe-
cal samples stored in ethanol, hair samples 
and teeth molds have been stored at the Insti-
tute of  Biotechnology, University of  Helsinki.

All sequence data has been released into the 
Sequence Read Archive under project number 
SRP042187. The corresponding accession num-
bers can be found in the metadata files for study I 
(doi: 10.6084/m9.figshare.1304408) and III (doi: 
10.6084/m9.figshare.1108080), which include all 
data used in these studies. The data and accession 
numbers for Kendall et al. (2015) can also be found 
in Figshare (doi: 10.6084/m9.figshare.1309923). 
The phylogenetic data for study I can be 
found in TreeBASE: http://purl.org/phy-
lo/treebase/phylows/study/TB2:S17092

The tutorial for Séance is published on the 
website of  Ari Löytynoja’s lab: http://
w a s a b i a p p . o r g / s o f t w a r e / s e a n c e /

http://wasabiapp.org/software/seance/
http://wasabiapp.org/software/seance/
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4. Main results and discussion

4.1.Method for the high- 
throughput sequencing and 
nematode survey (studies I-III)

I designed and implemented a new pipeline 
for the survey on intestinal nematodes that in-
cluded all necessary steps from fieldwork to 
the analysis of  sequences. Study I described 
and validated the complete pipeline, where-
as study II presented, Séance, bioinformatics 
pipeline that combines several previously de-
scribed programs in addition to original parts.

How can the suitability of  this pipeline be as-
sessed? The natural baseline is to compare my pu-
tative species to the nematode communities un-
covered by previous studies (Table 5). While the 
number of  recovered putative species was com-
parable to previous studies (see 4.2.), the commu-
nities differed. In general, I recovered more stron-
gylid and rhabditid putative species, but I did not 
find any ascarid sequences. This probably reflects 
not only the parasite community but also the 
lack of  discrimination in the 18S gene. Thus the 
identifications I have done should be viewed not 
as taxonomic identifications of  parasite species 
but rather higher taxonomical level groupings.  

There is a lack of  parasitological studies in Mal-
agasy small mammals and their parasite commu-
nities are poorly understood. Thus they are not 
an optimal system with which to develop new 
metabarcoding methodologies. A full validation 
of  the method would a need more complete, in-
tegrated approach with longer-term trapping of  
hosts, collecting parasites both in egg and larval 
form from the feces and adult specimens from 
the host gastrointestinal tract. It should also be 
remembered that Baermann’s method recovers 
only live larvae. In my studies, I investigated a 
subset of  leftover feces samples to assess if  there 
were eggs or larvae that were not extracted by the 
pipeline. I did not find a significant number of  
these. In other parasite systems, the situation can 

be different and my method might be unsuitable.

I used rodent samples to validate the method. 
Amplification proved to be difficult: even though 
the primers were universal for nematodes, the 
general success in sequencing from rodent fe-
cal samples was quite low at 51%, while mouse 
lemur samples had a success rate of  44%. The 
identifications from adult samples and their eggs 
matched the same species, except for Mastopho-
rus sp., which was not detected in the feces, only 
in adult samples. Across all studies, I delimited 
9 putative species of  intestinal nematodes from 
different host animals (Table 4) and an addition-
al five putative species from control samples.

Nematodes are difficult to amplify and sequence. 
This is due to difficulties isolating DNA because 
of  cuticle, low numbers of  cells and small quanti-
ties of  genetic material. In addition, fecal samples 
include a high number of  inhibiting substances 
that makes amplification prone to failure. Another 
key problem is the lack of  reliable universal prim-
ers for nematodes. However, this did not seem to 
be a critical problem as when I had ample genetic 
material (e.g., from larger-sized Mastophorus, Tox-
ocara, Parascaris), sequencing success rates were 
higher. Nevertheless, using several different prim-
er pairs might make the sequencing more reliable.

A new analysis method based on the phylogenetic 
placement of  the amplicons was created to ana-
lyze the data. The reference phylogeny was built a 
priori using the complete 18S gene sequence from 
all nematodes in the SILVA database (Quast et al., 
2013). Thus the inferred phylogeny for the ampli-
cons can lead to substantially better parasite iden-
tification than with crude BLAST-based meth-
ods. While a large number of  unique sequences 
were discarded, those retained accounted for 
over 97% of  amplicons that passed quality con-
trol. I expect that the excluded sequences contain 
errors from either amplification or sequencing.

The clusters delimited by sequence differenc-
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es are not necessarily representative of  spe-
cies. This leads to a problem: what is the bi-
ological significance of  this concept? This 
question is related to the role of  pragmatism, 
as OTUs have been described as a ”non-ideal-
ist” choice for accessing many taxon groups 
otherwise not studied (Blaxter, 2004). Only 
further studies will tell us the relationship be-
tween OTUs and species (Abebe et al., 2011).

There are definite problems with the concept 
of  barcoding. First of  all, most species are not 
yet described, much less reliably sequenced and 
found in curated databases (Wilson et al., 2011). 
Using placement on reference phylogeny can re-
solve this partially: differentiation between spe-
cies can be done even though they cannot be 
identified precisely. The second problem is much 
more difficult: there are no truly universal prim-
ers for nematodes. While my primers seemed to 
successfully amplify nematode species, but for 
many of  them, the resolution of  the 18S gene 
region is too low to differentiate them even at 
the genus level. This problem can be overcome 
using longer amplicons or several primers, so 
called primer cocktails, to get at least some di-
agnostic gene regions sequenced (Prosser et al., 
2013). This makes the methods difficult to design 
and validate. The small differences in the target 
sequence might also cause additional problems. 
Depending on the sequencer, error rates on se-
quences can be quite high and it should also be 
taken into account as errors can lead to inflated 
estimates of  diversity (Meyer and Paulay, 2005; 
Quince et al., 2011). Sequencing multiple gene 
targets could be necessary to successfully barcode 
all of  the nematodes present within one study.

Metabarcoding is enticing because it is relative-
ly straightforward irrespective of  taxa studied 
(Goldstein and DeSalle, 2011). However, as with 
any major scientific endeavor, it has not been 
without challenges and critics. Most debate is 
based on a ”traditional taxonomy” versus bar-
coding argument (Ebach and Holdrege, 2005; 
Mitchell, 2011) and directed towards ”DNA 
taxonomy” - a method of  building a new taxo-
nomic framework. Delimitation of  new species 

based on DNA only has proved to be a highly 
contentious issue, though DNA identification of  
previously described species is more widely ac-
cepted (Lee, 2004; DeSalle et al., 2005). Barcod-
ing is a useful tool for ecological and evolutionary 
studies but it cannot substitute taxonomical, bio-
geographical or phylogenetic work on intestinal 
parasites (Perkins et al., 2011). Nevertheless, the 
method shows a tangible approach to investigate 
parasite communities that are poorly understood 
and predominantly contain undescribed species.

Many of  the problems I encountered are not 
related to barcoding, but rather to non-invasive 
surveys of  parasites in general. Fecal analysis is 
an indirect method of  identifying parasites, i.e., it 
can only detect those parasites that are laying eggs 
in the intestine. Thus, fecal egg counts cannot be 
used as measures of  infection intensity. Fecal anal-
ysis is also known to be a less sensitive method 
for identification of  helminths (Jorge et al., 2013). 
Nevertheless, there are a lot of  situations when 
invasive sampling is not feasible, for example, 
with endangered species, in longitudinal studies 
and when killing an animal would be considered 
unethical in comparison with the data acquired. 
Although not comparable to intestinal studies, the 
method shows a promise in making non-invasive 
sampling more sensitive and easier to perform.

4.2. Parasite community in 
Ranomafana National Park 
(studies I,III)

The number of  putative nematode species in my 
study was comparable to previous studies per-
formed in Madagascar on mouse lemurs. While 
I found 6 species in Microcebus rufus, Schwensow 
et al. (2010) found 7 species from M. murinus 
in Kirindy and Radespiel et al. (2015) 4 species 
from both M. murinus and M. ravelobensis in An-
karafantsika. Studies on M. murinus from Man-
dena provide highly discordant numbers: Schad 
et al. (2005) found 17 species or morphotypes, 
Raharivolona (2006) found 13 and the most re-
cent study with the highest sample number only 
6  (Raharivololona and Ganzhorn, 2009, 2010; 
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Radespiel et al., 2015) All these studies were 
performed with fecal sampling due to the lack 
of  opportunistic necropsies of  mouse lemurs. 
There are only a small number of  invasive parasi-
tological studies investigating lemurs, but my re-
sults seem concordant with those studies (Irwin 
and Raharison, 2009; Clough, 2010; Clough et al., 
2010). Mouse lemurs are an especially difficult 
group to study as their remains are not found in 
the forest due to their small size With black rats, 
the only previous studies to my knowledge have 
been performed with fecal sampling in Mande-
na (Ravarivolona and Ganzhorn, 2007) and with 
gastrointestinal dissection in Ranomafana (Le-
htonen, unpubl.). While Mandena had higher 
diversity (14 species), Lehtonen found 5 species 
of  intestinal nematodes in Ranomafana, which 
is the same number of  putative species I found. 

Interesting patterns I noted was that all lemurs 
other than mouse lemurs (the medium-sized di-
urnal Eulemur, Prolemur and Hapalemur) shared the 
same putative species. This is not surprising, as 
most of  the helminths in primates are able to in-
fect several primate species (Pedersen et al., 2005). 
This result should be considered tentative, how-
ever, as molecular methods have also uncovered 
new cryptic species and thus high host specificity 
(Anderson and Jaenike, 1997; Bouzid et al., 2008). 
The frog species appear to have partially overlap-
ping species composition (Harris et al., in prep.), 
but their PS7 and PS8 are not shared by any oth-
er species (Fig. 8). This overlap is surprising as 
I would have expected bigger differences given 
that frogs have different preference for habitat: 
Mantidactylus occurs in forests while Ptychadena is 
more likely to occur in disturbed habitats, for ex-

N. rufus (18)
E. webbi (2)

E. tanala (14)
E. minor (1)

Mus musculus (8)
R. rattus (90)

Gastropod sp. (4)
Mantidactylus lugubris (23)

Ptychadena mascarensis (21)
Canis lupus (5)

Nesomys spp. (8)
Eliurus spp. (82)

Rattus rattus (68)
Hapalemur griseus (4)

Prolemur simus (9)
Eulemur spp. (7)

Microcebus rufus (632)
P

S
1

–
S

tro
ng

yl
oi

de
s

P
S

2
−

C
ae

no
rh

ab
di

tis

P
S

3
−

S
tro

ng
yl

id
a

P
S

4
−

C
hr

om
ad

or
ea

P
S

5
−

E
nt

er
ob

iu
s

P
S

6
−
Pa

na
gr

el
lu

s

P
S

7
−

R
ha

bd
ito

id
es

P
S

8
−

R
ai

lli
et

ne
m

a

P
S

9
−
Tr

ic
hu

ris

P
S

11
−

S
yp

ha
ci

a

P
S

12
−

S
yp

ha
ci

a

P
S

14
−

P
ha

sm
ar

ha
bd

iti
s

0%

100%

Prevalence

M
y 

st
ud

y
Le

ht
on

en
, u

np
ub

l.

Figure 8: The prevalence of  putative species in different host 
species. The overlap in putative parasite species is quite limit-
ed between endemic and invasive species. The Y-axis denotes 
different host species divided into two groups: the upper half  
of  the graph shows the samples I collected and the lower half  
shows samples collected by Jukka T. Lehtonen. The number af-
ter each host species name is the sample size for each host. The 
X-axis includes the putative species and their lowest common 
ancestor of  top scoring BLAST hits from NCBI NR database.
Exotic species are written in italics. PS10 and 13 are from Finn-
ish control samples and not included in this graph.

The overlap in species between in-
vasive and endemic species is limited 
(Fig. 8). In study I I combined my and 
Lehtonen’s (unpubl.) samples: the only 
putative species which were shared 
between endemic and exotic species 
was putative species 3 which occurred 
in invasive Rattus rattus and Mus mus-
culus and in endemic Eliurus tanala. 
When looking at all of  my samples, 
the overlap is greater (Table 4, Fig. 
8): Putative species (PS) 3 was shared 
between dogs and lemurs. Black rats 
and mouse lemurs shared PS1, 2 and 
6. PS6 also occurred on dogs. It is 
noteworthy that the invasive dogs and 
black rats had overlapping putative 
species. I did not find any nematodes 
from Eliurus sp. or Nesomys sp., though 
Lehtonen had been able to find them 
in the same locality. As the method 
should have no difficulties identi-
fying these species from fecal sam-
ples, there must have been a change 
in parasite community during the 12 
years that separated our samplings.

The overlap in endemic species is also 
common. The endemic rodents share 
a similar putative species composition. 
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ample, rice fields. Nevertheless, being aquatic is 
the common denominator and it is possible that 
the similarity of  aquatic environments is more 
important for the frog parasites than their ter-
restrial environment (Macrogliese et al., 2005). 

It appears that sympatric species potentially 
share the same parasite species. However, this 
cannot be conclusively shown as there may be 
insufficient resolution to distinguish between 
closely related species that occur in different 
hosts. The closely related endemic host species 
seemed to have similar parasite species compo-
sition, which is also an expected pattern (Poulin, 
2010; Simões et al., 2010; Pilosof  et al., 2014). In 
contrast, the overlap between exotic and endem-
ic species is more limited, but the black rats and 
dogs shared similar species composition. Again, 
this was expected as invasive species often lose 
their own parasites when they colonize new ar-
eas (Torchin et al., 2003; Prenter et al., 2004) or 
it can be due to similar environment as invasive 
species occurred in only the Campsite transect.

The nematodes were clearly the most prevalent 
parasite group. It should be remembered that 
prevalence is not equivalent to the importance 
of  parasites as the most common species are 
not necessarily the dominant species in the com-
munity nor do they necessarily have the highest 
pathogenicity or virulence (Poulin, 2007). Thus I 
cannot assess the importance of  the most com-
mon species to the formation or succession of  
the community. As the sample size is rather low in 
some species, I have not exhaustively sampled the 
whole parasite community and therefore I cannot 
compare parasite diversity between host species.

Other parasites were studied only in mouse le-
murs. The ectoparasites included only previously 
known species: the lice (Lemurpediculus verrucu-
losus), which is known to be species-specific to 
Microcebus, and the tick (Haemaphysalis lemuris) 
(Durden et al., 2010). No adult specimens of  

this tick species are yet found. Most probably 
this tick species has some of  the bigger mam-
mals as their definitive host. In both transects, 
the large-bodied mammals are very rare and 
this could explain the rareness of  the ticks. 

I found two closely related cestode species: Hy-
menolepis nana and Hymenolepis diminuta. These 
parasites have historically been shared by a wide 
range of  different species, though it has been 
suggested that H. nana is a species complex with 
cryptic species (Macnish et al., 2003). Voitto 
Haukisalmi (personal communication) has suggested 
a similar situation with H. diminuta. The lack of  
knowledge about these parasites is exemplified 
in a recent study by Barrett et al. (2013) where 
these species were merged together in a lemur 
health assessment, though it is plausible that 
different species have different effects on both 
lemur health and responses to environmental 
change. Cestodes had similar levels of  prevalence 
(25% for H. nana and 26% for H. diminuta) and 
they never co-occurred in the same individuals.

The prevalence of  apicomplexan coccid, Eimeria, 
was 26%. For species identification, I tried taking 
high quality photos of  the sporulated eimeriids 
but the equipment in the field conditions was 
not sufficient and transport and storage back to 
Finland proved to be detrimental for the sample 
quality (Duszynski and Wilber, 1997). The genet-
ic identification of  eimeriids should be possible 
using the same pipeline I have developed, though 
difficulties of  handling parasites, small quantities 
of  DNA due to unicellularity and huge numbers 
of  species might cause problems (Ogedengbe et 
al., 2011). Mammalian eimeriids are thought to be 
host-specific, thus the feasibility of  such studies 
is limited (Andrews, 1927; Kvicerová et al., 2008).
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4.3. Temporal variation of 
nematode infection (study III)

I succeeded in collecting and amplifying samples 
from 15 mouse lemurs at different time points 
over at least two consecutive years. This allowed 
me to infer the infrapopulation dynamics of  the 
intestinal nematodes. The variation in infrapopu-
lations was extensive. While all of  the nematodes 
seemed to be absent from the mouse lemurs at 
the beginning of  the season, they quickly colo-
nized the available habitats. The lower prevalence 
of  nematodes early in the season was most like-
ly due to host hibernation being detrimental to 
the nematode community. In general, the effects 
of  hibernation on helminths are poorly under-
stood. Early studies were contradictory (Barnes, 
1970; Coggins et al., 1982), but my results can 
be viewed as cautiously supportive for elimi-
nation of  helminths. It is possible that slightly 
lower numbers of  parasite species in mouse le-
murs compared to similarly sized rodents could 
be due to regular hibernation. The annual re-
moval of  nematodes could result in some of  
the species not being able to exist in mouse le-
mur, if  they are too slow to colonize mouse le-
murs. This is plausible as, for example, on Soay 
sheep the parasite levels were slow to return 
after anthelmintic treatment (Craig et al., 2009).

In infracommunities, the most common puta-
tive species (PS1) was present almost all of  the 
time, but the rare species were present for only 
short periods of  time. There was no temporal 
trend in the presence of  rare putative species. It 
seems that common PS1 and PS2 could also be 
cleared quickly as even later during the season af-
ter initial infection, they could be absent from the 
samples. In component communities, the most 
common species (PS1 and PS2) had a very stable 
presence whereas the rare species were ephem-
eral in their appearance in both communities. 

The method of  infection might drive the stabil-
ity of  the most common parasites in the com-
ponent community. The most abundant species, 
PS1, was probably Strongyloides, which has a 
free-living stage in soil. The free-living stage 
penetrates its host’s skin and goes through the 
blood circulation and lungs to the gastrointesti-
nal tract (Nishigori, 1928). Strongyloides is also 
able to autoinfect, i.e., the eggs can hatch in the 
intestine and the larvae penetrate through the in-
testinal wall to keep the infection chronic (Sand-
ground, 1926). Putative species 2, a rhabditid 
nematode, could also have a similar life cycle.

The prevalence of  the parasites in gener-
al seemed to be much higher in 2012 than in 
2011. The prevalence was consistently high, 
and there was no similar increase in prevalence 
like was witnessed in 2011. One possible rea-
son for this was the differing rainfall patterns.  

Rainfall levels were much higher in 2012 than in 
2011 throughout the dry season (Table 6). This 
could have led to the differences in the phenolo-
gy with higher rainfall leading to higher numbers 
of  insects and higher number of  insects means 
there were more intermediate hosts for parasites. 
Furthermore, heavy rainfall could lead to hiber-
nation being a less than optimal option for the 
mouse lemurs and they could wake up earlier or re-
frain from going into hibernation (Atsalis, 2008).

My results seem to agree with the core and sat-
ellite hypothesis of  parasite metapopulations. In 
mouse lemurs, there were two clear core para-
site species and an ever-changing group of  sat-
ellite parasite species. These satellite species do 
not seem to be nested, they occur at and more 
diverse infracommunities do not have more 
satellite species. Nevertheless, I cannot ascer-
tain the relative importance on these species. 
If  the satellite species have high biomass com-
pared to the core species, they can still exert 
important ecological and evolutionary pressure.
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The parasite community seems highly predict-
able. If  an individual mouse lemur is caught, it 
probably has one or both of  the common puta-
tive species. Similar stable core communities were 
also observed in the study on mice in Poland by 
Behnke et al. (2008b). As the prevalence of  the 
nematodes appeared to reach almost 100% later 
in the field season, I would not expect substan-
tial fitness effects for the infection, especially as 
the parasite presence was not detrimental to body 
condition (Råberg et al., 2007; Jackson et al., 2014; 
Råberg, 2014). As I was not able to assess either 
the fitness of  the mouse lemurs or the parasite 
loads, this is purely speculative. However, there 
are also individuals that had remarkably low par-
asite prevalence, for example, in study III there 
was two individuals probably due to resistance or 
parasite avoidance. There were also individuals 
of  high parasite diversity, but the parasites did 
not seem to be as aggregated as expected (Gren-
fell et al., 1995; Shaw et al., 1998). This would also 
suggest that mouse lemurs are largely tolerant to 

nematode infection. Nevertheless, the most heav-
ily parasitized individuals are expected to bear the 
greatest fitness costs (Bordes and Morand, 2009). 

This leads to an obvious big question I haven’t 
addressed yet: what differences between indi-
viduals drive the different parasite loads or di-
versities? The answers to this question remain 
speculative at best due to the complexity of  the 
study system (see Chapter 5). A more substan-
tial analysis would require data from additional 
years. The data does allow us to look for prelim-
inary trends and make some educated guesses. 
The sexes had both similarities and differences 
in parasite levels. The mouse lemurs are highly 
monomorphic as their survival, hormone levels 
and parasite loads seem to be similar (Zohdy et 
al., 2014). The males had higher parasite diver-
sity, but the sexes had the same levels of  fecal 
egg counts and ectoparasites. I suggest the high-
er parasite diversity during my study is mostly 
linked to the shorter hibernation times in males.

Body condition (study IV) had an interesting ef-
fect: body condition, as measured by the fat re-
serves in the tail, was positively correlated with 
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parasite richness and ectoparasite load. This 
implies that the mouse lemurs have the abili-
ty to resist the effects of  parasitism (Råberg, 
2014). The individuals in better condition 
might be able to sustain higher parasite load, 
they might move in a larger territory that could 
lead to more parasite encounters or the indi-
viduals might be temporarily investing in other 
life history traits (e.g., testosterone to increase 
mating success). The age did not have a clear 
effect in parasite loads or prevalences (Fig. 9). 

The ecological context had its own effect: Camp-
site, the more disturbed transect, had mouse le-
murs with higher prevalence of  nematodes and 
Talatakely, the secondary forest, had mouse lemurs 
with higher prevalence of  cestodes and especially 
ectoparasites. This could be explained by mouse 
lemur density being much higher in Talatakely: 
the lice are transmitted only on direct contact 
(Zohdy et al., 2012) and cestodes are transmitted 
through intermediate hosts. The most common 
nematodes, however, are transmitted through soil 
contact. Multi-host parasites can also be affected 
by the presence of  sympatric host species. Be-
tween transects there are stark differences, for ex-
ample, in mammal communities: while Talatakely 
saw a wide range of  lemur species and endemic 
carnivores, Campsite rarely contained any lemurs 
other than mouse lemurs. Semiferal dogs and 
invasive black rats, though, were a staple occur-
rence at Campsite. This also highlights the com-
plex relationship between parasitism and habi-
tat disturbance (Gillespie et al., 2005; Chapman 
et al., 2006; Arroyo-Rodríguez and Dias, 2010).

4.5. Future directions
In addition to the aforementioned results, there 
is a lot of  potential for subsequent studies on 
this system. I would like to highlight some 
of  the potential future avenues for research.

I was not able to look for intraspecific population 
structure of  the parasites as the gene region had 
limited resolution. Higher resolution data would 
have been needed for the hibernation study: if  
the same strain were present before and after the 

dry season, this would be strong evidence for the 
absence of  parasite turnover during hibernation. 
These studies would be more feasible after my 
study, as it is now known which putative species 
to target. As putative species 1 (“Strongyloides”) 
was clearly the most abundant species, it would 
make sense to study the lower hierarchy structure 
of  this group. Furthermore, Strongyloides com-
monly has multiple strain infections (Labes et al., 
2011), and it would be interesting to know how im-
portant intraspecific turnover is in mouse lemurs. 
There is also an open question as this putative 
species is potentially a human pathogen (Torg-
erson and Macpherson, 2011). Thus, additional 
samples from humans could reveal an interesting 
human-wildlife interface of  zoonosis or anthro-
ponosis (Wolfe et al., 1998). The subsequent stud-
ies could also show how small-scale adaptation is 
possible for an abundant parasite species (Kaltz 
and Shykoff, 1998; Paterson and Viney, 2003).

The main problem of  working with small 
free-living animals is the difficulty of  assessing 
the fitness of  individuals (Anderson and Gor-
don, 1982; Turner et al., 2014). It is not there-
fore known what evolutionary pressures parasites 
are conferring on the mouse lemurs. This could 
only be studied by continuing long-term studies, 
constructing pedigrees of  sampled mouse lemurs 
and trying to assess offspring dispersal. There is 
not a lot of  information about the social lives 
or hibernation activity of  rufous mouse lemurs 
(Atsalis, 2008). These are both central for the 
transmission of  several pathogens. For example, 
microparasites are most probably transmitted in 
close contact, in comparison to the nematodes or 
cestodes that can also be transmitted via soil con-
tact or intermediate hosts. Furthermore, studying 
primates is more difficult than other mammals 
due to the special ethical considerations attached 
to the handling of  our close relatives (Gillespie, 
2006). Thus, invasive sampling should be un-
dertaken only to the extent required to acquire 
very important information. Both observation-
al wildlife studies and experimental laboratory 
studies are required for the complete under-
standing of  different factors (Hayward, 2013).
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Interaction between microbiome and macropara-
sites in the mouse lemurs’ intestine is not under-
stood at all. Microbiome research is booming, but 
there have not been many studies that assess the 
relationship between the bacteria and the larg-
er-sized symbionts in the host intestine. All of  the 
studies have been done experimentally in a labo-
ratory setting (Walk et al., 2010; Broadhurst et al., 
2012; Koch and Schmid-Hempel, 2012; Plieskatt 
et al., 2013; Osborne et al., 2014). This lack of  
studies is a definite problem as those species liv-
ing in the same habitat have a huge number of  
direct and indirect biotic interactions (Andersen 
et al., 2013). In fact, there is some clear evidence 
of  helminths emulating the microbiome and in-
directly affecting also the intestinal wall. I am cur-
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Figure 10: The potential drivers of  parasite load and diversity in mouse lemurs. The females and males have 
many differential characteristics: for example females hibernate longer and they mate for only one or two 
nights. In comparison, males wake up earlier and their mating period is longer. Furthermore, their testes are 
the largest during the mating season. Age is also important characteristic, as the young individuals probably do 
not hibernate at all. The rainfall steadily increases during the trapping season and thus insects and fruits are 
more readily available later in the season. Nevertheless, rainfall is unpredictable and there are stark differences 
between years. In comparison, the change in temperature is less drastic and the years are very similar.

rently following this line of  inquiry as I collected 
fecal bacterial samples from the mouse lemurs. 
I expect results on this study in the near future.

There is also a sequencing project underway 
which could add substantial value to the al-
ready collected data. Mark Krasnow, from 
Stanford University, is planning to whole-ge-
nome sequence several hundred mouse lemurs 
to shed light on the genotype-phenotype link 
in wild living mammals. Potential issues which 
can be explored is the link between genotype 
and parasite resistance or tolerance, the pedi-
gree of  the mouse lemurs and its consequenc-
es for parasite spread and potential models 
to assess the fitness of  my study individuals.
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5. Conclusions

”The word ‘natural’ is meaningless. Animal strategies for feeding, reproducing or just getting 
about are so madly various, so utterly, gloriously perverse that you end up believing that 
absolutely anything is possible.”
   John Mitchinson & John Lloyd, The QI Book of  Animal Ignorance

“Only a fool does his PhD on wildlife parasites.”
  Juha Laakkonen, 2014

Studying wildlife parasite dynamics is inherent-
ly difficult and mouse lemurs are by no means 
an exception. I have collected on Figure 10 the 
different drivers that affect the potential para-
site load and diversity during the field season 
I worked in Madagascar.  The figure makes it 
clear that there is many different drivers of  
parasite infection on the individual host level 
that make it difficult to understand the impor-
tance of  any individual driver. Thus I am only 
able to speculate the reasons for different par-
asite communities and loads in individuals.

Nevertheless, I managed to uncover several 
aspects of  mouse lemurs’ and other host spe-
cies’ natural intestinal parasites. I showed there 
is extensive turnover in the infracommunities 
whereas the component community remains 

stable. The success of  the most prevalent spe-
cies can be attributed to their mode of  infec-
tion: a free-living stage that is able to survive 
for prolonged periods in the soil. The parasite 
prevalence seems to be modulated by the rain-
fall and the hibernation during the dry season. 
Mostly the parasite species seem to be host-spe-
cific though this requires further investigations. 

The method I developed holds promise though it 
still needs further development. It has far-reach-
ing potential: I successfully amplified and se-
quenced nematodes from very different host spe-
cies, from primates to gastropods. The complete 
pipeline from the field to sequence analysis pro-
vides a good platform for subsequent parasito-
logical surveys and could be also applied to oth-
er nematode studies, including soil nematodes.
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