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1 INTRODUCTION Parasites are significant sources of mortality in wild animal populations (HUDSON et al. 2002; MOORE and WILSON 2002). Thus, it is of basic and applied importance to assess accurately the patterns of parasitism in wild hosts and to identify host-intrinsic and environmental factors that determine parasite diversity. From various field and meta-studies host-intrinsic factors like body size, diet, group size, geographic range (CÔTÉ and POULIN 1995; MORAND and POULIN 1998; NUNN et al. 2003), as well as host-extrinsic factors, namely climate or soil moisture (MÜLLER-GRAF et al. 1996; LILLY et al. 2001), are supposed to affect the composition of parasite communities. However, there has been no study that examined systematically a comprehensive set of both host-intrinsic and -extrinsic factors affecting parasite diversity in sympatric primate host populations. The primary objectives of this study are to collect baseline data on the intestinal parasite spectrum of three wild, sympatric New World primate species (Saguinus mystax, Saguinus fuscicollis and Callicebus cupreus) and characterize the role of host-intrinsic traits and environmental factors for parasite species richness (PSR) and parasite prevalences. In order to achieve these goals it was aimed to improve and standardize methods for parasitological analyses in terms of sample collection, processing and examination for the needs of primatological field studies. In total, over 2200 faecal samples were collected over a 15 month period from altogether 45 host individuals of the three study species at the field site Estación Biológica Quebrada Blanco (EBQB) in Peru. Data on activity patterns, ranging and group composition was collected to explore the importance of the following host-intrinsic factors on parasitism: host sex, strata use, diet composition, nutritional status, home-range size, host density and group size. In order to elucidate environmental factors that may shape parasite diversity, different habitat variables were measured like ground humidity, soil type, habitat morphology, resource distribution for intermediate hosts and vegetation density. This comprehensive comparative study is a powerful approach for a better understanding of the factors that determine intestinal parasite diversity. A non-
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invasive year-round study on parasitism of natural host communities provides essential advantages: by multiple sampling of individually recognized hosts the information on parasite patterns is highly reliable (MUEHLENBEIN 2005). Simultaneously, a diverse array of potential factors is considered while the study animals are in their natural environment and not affected by an anthropogenic impact (EZENWA et al. 2006; KEESING et al. 2006). By means of standardized parasitological methods the bias is reduced. A more comprehensive insight into the seasonal variation of parasite diversity is provided by including data from rainy and dry season. The results of this study are also of particular interest for public health concern: the study host species are commonly kept as pet animals or used for food in rural areas of Peru and other countries and their parasites are potentially zoonotic (ORIHEL 1970; FLYNN 1973; MICHAUD et al. 2003). Furthermore, the deeper understanding of host-parasite interaction and habitat influences can be important for conservation management (STUART and STRIER 1995; GILLESPIE et al. 2004; CHAPMAN et al. 2006).
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2 LITERATURE REVIEW 2.1



Parasite diversity and correlates with host ecology



Parasites can exert an important impact on host population regulation in terms of reducing fecundity and/or survival of the host individuals (SCOTT and DOBSON 1989; HUDSON et al. 2002). They can even lead to rapid declines of host populations or host species extinctions (DASZAK 2000; HARVELL et al. 2002). Parasites are assigned a central role in sexual selection and the evolution of male secondary sexual characters that advertise their high parasite resistance because females should benefit from choosing parasite-resistant mates by the means of these sex traits or honest signals (HAMILTON and ZUK 1982; MØLLER 1990; ZUK 1996). Since parasites play such an important role it is crucial to investigate factors that shape the probability of acquiring parasites and the risk of developing pathology caused by these parasites, the so-called disease risk (NUNN and ALTIZER 2006). Many different factors are assumed to shape parasite diversity in hosts by modulating this disease risk at any stage of the potential infection: parasite encounter, transmission, parasite recruitment, colonization, parasite reproduction or establishment. Disease risk is difficult to measure in wild host populations, thus indirect surrogates are needed: parasite species richness (PSR) describes the number of parasite species encountered per host (MORAND and HARVEY 2000; NUNN et al. 2003). Parasite intensity is the number of parasite individuals of a particular species per host (MARGOLIS et al. 1982; BUSH et al. 1997). Parasite prevalence is the number of hosts infected with a particular parasite as a proportion of all hosts examined (MARGOLIS et al. 1982; BUSH et al. 1997). In summary, these three metrics allow to estimate indirectly the disease risk in host populations. Since in the ecological sense the term “parasite” encompasses a wide range of organisms like virus, bacteria, fungi, helminths, protozoa and arthropods which diverge enormously in their mode of replication and transmission, generation times, elicited immune responses and diseases etc. (HUDSON et al. 2002) it is essential to specify the studied parasite type. This study focuses on protozoan and helminthic



4



Literature review



parasites mainly dwelling in the intestinal tract. Due to the coprological survey of parasites this study also includes protozoan and helminthic parasites inhabiting other sites than the intestine that shed their propagules in the faeces, e.g. parasites that inhabit the stomach, upper parts of the alimentary tract, pancreas, liver, mesenteric vessels, lungs or other tissues. For convenience the protozoa and helminths considered in this study will be simply called intestinal parasites. As the host represents the well-defined habitat on which the parasite depends strongly for at least one life-history stage it is of great interest to study host traits in search of ecological, behavioural and morphological correlates for parasite diversity. A growing body of studies reveals the importance of host traits for parasite diversity on the individual, population and species level (CÔTÉ and POULIN 1995; GREGORY et al. 1996; MORAND and POULIN 1998; ARNEBERG 2002; ALTIZER et al. 2003; NUNN et al. 2003; EZENWA 2004b; VITONE et al. 2004). Nevertheless, parasites are also intimately linked to the host’s environment. Although with few exceptions intestinal parasites are obligatory endoparasites they pass their propagules into the external environment to reach the next definitive or intermediate host (ECKERT 2000; BUSH et al. 2001). Parasite diversity cannot be investigated without considering parasite ecology in terms of life cycle, transmission mode, host specificity, and host and parasite habitat characteristics. In order to understand hostparasite-interactions knowledge of the parasites’ life cycle is crucial. Direct life cycle (homoxenous parasites) means that transmission occurs within individuals of one host species where adult parasites reproduce sexually and release propagules. However, some of the directly transmitted parasites spend an obligatory period outside the host, for example in the soil to undergo a development into the infective stages (soil-transmitted parasites, e.g. Strongyloides sp., Trichuris sp. Ascaris sp. and hookworms (DUNN et al. 1968; ASH and ORIHEL 1987; BETHONY et al. 2006). An indirect life cycle (heteroxenous parasites) requires at least one other host species as intermediate host where asexual reproduction of the parasite can take place (BUSH et al. 2001; ECKERT et al. 2005). While reasonable knowledge is available for a number of parasites affecting domestic animals and parasites in
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temperate zones, information on potential intermediate hosts or even life cycles in complex tropical ecology remains extremely rudimentary. Other important strategies for parasites to persist in the environment and ensure transmission are hypobiosis (developmental arrestment) and the use of reservoir hosts (BUSH et al. 2001; HUDSON et al. 2002). Hypobiosis is a temporary cessation in development of many nematode species. It is an important adaptation to changing ecological conditions and can be induced in three ways: by adverse environmental conditions (e.g. temperature, day length) or by host-intrinsic factors (resistance, reproductive cycles) or parasite intrinsic factors (density dependent and genetically based arrestment) (BUSH et al. 2001). A reservoir host comprises one or more epidemiologically connected populations where the parasite can persist and from which infection is transmitted to the defined target population (HAYDON et al. 2002; HUDSON et al. 2002). Very few studies have examined the habitat influences on parasite diversity, mostly focussing on human intestinal parasite prevalences and their correlation with climatic factors, elevation, soil type, vegetation density (AUGUSTINE and SMILLIE 1926; SORIANO et al. 2001; MABASO et al. 2003; SÁNCHEZ THEVENET et al. 2004; SAATHOFF et al. 2005a; SAATHOFF et al. 2005b). Most primatological studies on intestinal parasite diversity detected habitat specific variations as a by-product of their main research goals (MCGREW et al. 1989b; STUART et al. 1990; STONER 1993; STUART et al. 1993; STUART and STRIER 1995; MÜLLER-GRAF et al. 1996; STONER 1996; MÜLLER-GRAF et al. 1997). From this perspective, to get a comprehensive insight into the factors shaping parasite diversity both host-intrinsic and environmental or habitat factors deserve closer attention. The potential effects of host-intrinsic (2.1.1) and -extrinsic factors (2.1.2.) are discussed in chapter 2.1. The chapter titles are underlined if this study design allows investigating the respective factors. A synopsis of these factors is depicted in Fig. 2.1. Since it is not possible to unravel the effects of host-intrinsic and -extrinsic factors on parasite diversity without considering the biology of intestinal parasites it will be presented shortly in the subsequent section (chapter 2.2). In order
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to achieve a better understanding of the examined host-intrinsic and also -extrinsic factors, background information on the three study host species will be outlined in chapter 2.3. Chapter 2.4 outlines some sources of bias that can frequently emerge in parasitological studies especially in non-invasive surveys on wild host populations. In chapter 2.5 the main goals of this study and the hypotheses are presented.
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Fig. 2.1 Host-intrinsic and -extrinsic factors determining parasite diversity. Factors examined in this study are printed in bold letters.
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2.1.1



Host-intrinsic factors



Host-intrinsic factors reflect the conditions offered by the host that affect directly the habitat of the parasite. Host-intrinsic factors can influence parasite diversity on different host levels: on an individual (e.g. sex, age), population (population size and density) or species level (geographic distribution) (Fig. 2.1). 2.1.1.1 Body size Large body size is correlated with parameters that can influence parasite diversity: generally, body size is positively correlated with longevity, body surface, home-range size and metabolic rate (BELL and BURT 1991; WATVE and SUKUMAR 1995; GREGORY et al. 1996; MORAND and POULIN 1998; MORAND and HARVEY 2000; NUNN et al. 2003; POULIN and MOUILLOT 2004). As metabolic rate increases with body size also the food uptake increases, augmenting the probability of food-borne parasite infection (POULIN 1995a; WATVE and SUKUMAR 1995; GREGORY et al. 1996; MORAND and POULIN 1998; MORAND and HARVEY 2000; ARNEBERG 2002; POULIN and MOUILLOT 2004). Since large hosts have an increased activity level or mobility and a longer life span, their exposure to infectious stages is longer and more intense; thus leading to a higher parasite accumulation rate and period (CÔTÉ and POULIN 1995; MORAND and HARVEY 2000; ARNEBERG 2002; POULIN and MOUILLOT 2004). Some authors argue that a larger body size can also be associated with an increasing niche diversity that offers potential habitats for parasites (GUEGAN and KENNEDY 1993; POULIN 1995a; GREGORY et al. 1996; MORAND and POULIN 1998; VITONE et al. 2004). Therefore, larger hosts should be able to accommodate more parasite species and offer them more stable and greater “habitat islands” (BELL and BURT 1991; POULIN 1995a; POULIN and MOUILLOT 2004). 2.1.1.2 Sex Adult males of vertebrates, including humans, tend to be more heavily parasitized than adult females (POULIN 1996; ZUK and MCKEAN 1996; SCHALK and FORBES 1997; KLEIN 2000; HUDSON et al. 2002; MOORE and WILSON 2002). Sex
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differences in morphology, metabolism, endocrine-immune system and behaviour can result in varying exposure to parasites and/or higher susceptibility (ZUK and MCKEAN 1996; KLEIN 2000). Sex hormones can have direct effects on growth and development of parasites but they can also modulate the immune responses and indirectly affect the parasite colonization (ZUK and MCKEAN 1996). Testosterone is thought to act as a handicap for males because it is supposed to compromise the immune system (“immunocompetence handicap” (FOLSTAD and KARTER 1992)). It has been shown to suppress the cell-mediated and humoral immunity (ZUK and MCKEAN 1996; SCHALK and FORBES 1997; KLEIN and NELSON 1999; KLEIN 2000; MOUGEOT et al. 2006). In females, oestrogens and prolactin are mostly considered to enhance immune functions (SCHALK and FORBES 1997; KLEIN and NELSON 1999; HUDSON et al. 2002). On the other hand, females’ progesterone and other pregnancy related hormones can play an immunosuppressive role (ZUK and MCKEAN 1996). Host behaviour is inseparably intertwined with sex and stress hormones: sex steroids regulate sex-specific behaviour that may expose males to a higher disease risk, e.g. aggression, competition, territorial defence, mating display, dispersal, sex-specific habitat use and diet (POULIN 1996; ZUK and MCKEAN 1996; SCHALK and FORBES 1997; KLEIN 2000; SEIVWRIGHT et al. 2005; MOUGEOT et al. 2006; NUNN and ALTIZER 2006). Sex-specific behaviour mentioned above seems to expose males to more stressors that are associated with elevated corticosteroid levels and thus reduced immune response (ZUK and MCKEAN 1996; KLEIN and NELSON 1999; BERCOVITCH and ZIEGLER 2002). Taken together, in this study the males are expected to have a higher parasite diversity and prevalence. 2.1.1.3 Age and longevity Susceptibility to parasites and exposure risk varies throughout the life history stages: acquired immunity develops with increasing number of parasite encounters indicating that the older the host individual is the greater is its immune competence (HUDSON et al. 2002). However, animals tend to exhibit lower immune defences towards the end of their life (MORAND and HARVEY 2000). Suckling infants can receive a passive immunity by colostral antibodies, but generally their immune response is weak (NUNN and ALTIZER 2006). Longevity should correlate positively with parasite
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diversity and intensity as a consequence of parasite accumulation over the whole life span (BELL and BURT 1991; MORAND and HARVEY 2000). 2.1.1.4 Dominance rank and social status The degree of parasitism is influenced by dominance rank or social status (BARTOLI et al. 2000; ALTIZER et al. 2003; NUNN and ALTIZER 2006). There are conflicting theories about effects of dominance rank: higher ranking individuals might be more exposed to parasites because of increased mating behaviour, contact rates with females and agonistic encounters (KLEIN 2000; NUNN and ALTIZER 2006). They can be also more susceptible because of alteration in the endocrine-immune system (higher testosterone levels in males, increased corticosteroid levels leading to an impairment of the immune defences, see 2.1.1.2) (BERCOVITCH and ZIEGLER 2002). On the other hand, socially subordinate individuals might suffer an increased disease risk: they might experience elevated stress levels due to intimidation by the dominant individuals, they are likely to have less access to resources and to occupy less favourable habitats (BARTOLI et al. 2000; SAPOLSKY 2005; NUNN and ALTIZER 2006). Dominance rank-related behaviour, e.g. breeding and dispersal, also influences patterns of parasitism (BARTOLI et al. 2000; ALTIZER et al. 2003). 2.1.1.5 Reproductive status Disease risk varies with the reproductive status as a consequence of alteration in energy demands, reproductive effort and in endocrine-immune status. Behaviour which is tied to the reproductive phase can challenge the metabolism and immune system (exhaustive courtship displays, increased contact rates, competition, mate selection, gestation, parturition, lactation or infant care) (GIBBS and BARGER 1986; FESTA-BIANCHET 1989; GUSTAFSSON et al. 1994; ZUK and MCKEAN 1996; KLEIN and NELSON 1999; KLEIN 2000; ALTIZER et al. 2003; NUNN and ALTIZER 2006). In conclusion, energetic and social stress might lead to a decrease in immune functions and increase in parasite prevalence and/or intensity (KLEIN and NELSON 1999; BERCOVITCH and ZIEGLER 2002). Yet, changes in parasite infections varying with the reproductive cycle can potentially be confounded with seasonal variations (ZUK and MCKEAN 1996).
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2.1.1.6 Group size and host density Group or population size and host density is expected to correlate positively with parasite diversity. The parasite transmission, especially of the directly transmitted parasites, depends strongly on the number of actually available hosts at a given time in a given area and on their contact rate (CÔTÉ and POULIN 1995; WATVE and SUKUMAR 1995; MORAND and POULIN 1998; ARNEBERG 2002; NUNN et al. 2003; BAGGE et al. 2004; POULIN and MOUILLOT 2004; VITONE et al. 2004). Epidemiological models predict that host density or number of hosts is an important determinant for the basic parasite reproduction rate (R0) which represents the capacity of a parasite to invade a susceptible host population and become established there (ANDERSON and MAY 1991; HUDSON et al. 2002). A minimum density or threshold density of a population can be derived from this model, below which a specific parasite cannot persist in this host population. Large groups therefore can support a large parasite diversity (FREELAND 1979; PRICE 1990; BELL and BURT 1991; LOEHLE 1995; MORAND and POULIN 1998; BAGGE et al. 2004; EZENWA 2004a; POULIN and MOUILLOT 2004). Thus, larger groups with higher densities and therefore potentially higher contact rates should exhibit a higher parasite diversity and prevalence. Parasites that are transmitted by intermediate hosts, vectors, via contaminated soil and water or by sexual contact should be less dependent on host density or group size (CÔTÉ and POULIN 1995; ALTIZER et al. 2003). 2.1.1.7 Social and mating system Not only host density or number of hosts influences contact rates within a group but also the effective size of a sub-structured group maintained by hierarchy or cohesion. Thus, the social and mating system is considered an important factor to shape parasite diversity (LOEHLE 1995; ALTIZER et al. 2003; NUNN et al. 2003). If the frequency and intensity of interactions within the group members is high, parasite species richness and prevalence is expected to be high as well. Another important aspect of the social system is the stability of groups: with more frequent exchange of group members the contact with diverse parasites increases (CÔTÉ and POULIN 1995; EZENWA 2004a).
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2.1.1.8 Strata use Terrestrial animals should host more diverse communities of parasites in higher prevalences than arboreal animals (DUNN 1968; DUNN et al. 1968). Parasite stages excreted in faeces, urine or other corporal liquids can accumulate on the ground and consequently disease risk in species showing a higher terrestriality should be increased (NUNN and ALTIZER 2006). In addition, so-called soil-transmitted parasites, which strictly require detritus or soil for their larval development, can be transmitted while the animals frequent the ground (DUNN et al. 1968; ASH and ORIHEL 1987). On the ground there is also a higher accumulation of generalist parasites shed by heterospecifics, e.g. rodents (MORERA 1973; SLY et al. 1982; ASH and ORIHEL 1987; POTKAY 1992; MICHAUD et al. 2003). On the other hand, one could argue that the use of diverse strata increases the probability to encounter different parasites (NUNN et al. 2003). Parasites are linked to different strata, especially to the stratified occurrence of intermediate hosts (DUNN et al. 1968). 2.1.1.9 Diet The ingestion of food items can influence parasite diversity mainly in three ways: firstly, hosts can get infected accidentally by the uptake of contaminated food or water. Secondly, parasites can be recruited by ingestion of animal prey which can serve as intermediate hosts for heteroxenous parasites (FREELAND 1983; KENNEDY et al. 1986; GUEGAN and KENNEDY 1993; WATVE and SUKUMAR 1995; NUNN et al. 2003; VITONE et al. 2004). In primate food webs, amphibians, fish, small reptiles, insects and other arthropods, even mammals or other primates can serve as intermediate hosts. As a consequence insectivorous, carnivorous or omnivorous host species should harbour a more diverse parasite community than folivorous or herbivorous host species (DUNN 1968; KENNEDY et al. 1986; POULIN 1995a). Not only the diet components but also the dietary breadth should influence parasite diversity: diet generalists are exposed to a wide array of infection sources leading to a higher diversity in parasite assemblage (DUNN et al. 1968; KENNEDY et al. 1986; PRICE 1990; POULIN 1995a; GREGORY et al. 1996). Thirdly, parasite diversity may be negatively influenced by the intake of diet-derived anti-parasitic plant compounds (NUNN et al. 2003; VITONE et al. 2004): certain secondary plant
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metabolites, such as phenolic or nitrogen-containing metabolites and terpenoids, e.g. tannins, are thought to possess anti-parasitic effects (COOP and KYRIAZAKIS 2001). Folivorous hosts can reduce parasite intensity by the selective ingestion of plants with chemical or physical properties of purging intestinal parasites (HUFFMAN et al. 1997). On the other hand, folivory is also associated with a higher resource intake and thus a higher parasite exposure risk (NUNN et al. 2003; VITONE et al. 2004; NUNN and ALTIZER 2006). Also the accidental uptake of animal prey could play a role in folivorous hosts. A confounding factor for diet can be host body size because body size is positively correlated with food uptake (GREGORY et al. 1996; VITONE et al. 2004), as described in chapter 2.1.1.1. This study focuses on the aspect of intermediate host uptake, and therefore it is expected that the proportion of animal prey in the host’s diet correlates positively with parasite diversity and prevalence. 2.1.1.10 Nutritional status Not only quality but also the quantity of the host’s diet has a major effect on parasite infection. The importance of the host’s nutritional status for the function of the immune system is generally accepted (BUNDY and GOLDEN 1987; FOLSTAD and KARTER 1992; HOLMES 1993; BEISEL 1996; COOP and HOLMES 1996; COOP and KYRIAZAKIS 2001; KOSKI and SCOTT 2001; NELSON and DEMAS 2004). The nutritional status can influence parasitism mainly in two aspects: firstly, it influences host defences which regulate parasite colonization, growth and fecundity (resistance). Secondly, it can affect the capability to cope with the pathophysiological consequences of parasite infection (resilience) (GIBSON 1963; HOLMES 1993; BEISEL 1996; COOP and HOLMES 1996; COOP and KYRIAZAKIS 2001). Malnutrition which is characterized by a deficiency of total energy and protein supply leads to a variety of severe immune dysfunctions and an impaired resilience (GIBSON 1963; BUNDY and GOLDEN 1987; BEISEL 1996; COOP and KYRIAZAKIS 2001). In seasons with low food availability and/or quality or in situations of higher energy demands (growth, late pregnancy and lactation), malnutrition can impair the immune system even more pronounced (COOP and KYRIAZAKIS 2001). Animals suffering malnourishment combined with parasite
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infection enter a vicious circle: malnutrition enhances parasite infection and intestinal parasites in turn reduce food uptake and resource utilization and increase protein loss into the intestinal lumen (GIBSON 1963; KOSKI and SCOTT 2001). In conclusion, the parasite diversity and prevalence is expected to be higher in hosts of a poor nutritional status or in a period of food scarcity. 2.1.1.11 Home-range size and geographic distribution Hosts which are distributed in a large and heterogeneous space should harbour a greater diversity of parasites than hosts with a uniform and small habitat niche (KENNEDY et al. 1986; POULIN and MOUILLOT 2004). On a small scale, travel distances and home-range size, on a larger scale habitat and geographic distribution determine the area that is sampled by the host. Larger spatial distribution also implies a higher probability of encounters with conspecific and heterospecific hosts which can transmit generalist parasites (EZENWA 2003; NUNN et al. 2003; POULIN and MOUILLOT 2004; VITONE et al. 2004). The higher exposure to different parasites should translate into higher parasite diversity (PRICE 1990; BELL and BURT 1991; GUEGAN and KENNEDY 1993; WATVE and SUKUMAR 1995; NUNN et al. 2003; VITONE et al. 2004). Another aspect of spatial distribution is the host’s territoriality. Hosts which are confined to a determined area are expected to be exposed to an increasingly contaminated environment, and thus, to accumulate more parasites over time. Territorial host species or hosts with smaller home ranges should exhibit a higher parasite intensity and prevalence compared to non-territorial host species or hosts with larger home ranges (CÔTÉ and POULIN 1995; EZENWA 2004a). Thus, hosts with larger home ranges should experience a higher PSR but lower parasite prevalence. Not only the size and heterogeneity of the habitat but also the latitudinal position of geographical range plays an important role (POULIN 1995a; BUSH et al. 2001; NUNN et al. 2005). The higher abundance of intermediate and definitive hosts, the more favourable environmental conditions in the tropics compared to more temperate areas may enhance parasite transmission (NUNN et al. 2005). Thus, with closer proximity to the equator parasite diversity should increase.
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Host-extrinsic or habitat factors



Host-extrinsic or habitat factors lead to variation in disease risk changing the host’s exposure to parasites also independently from the host susceptibility. Abiotic and biotic habitat factors are closely interrelated and their complex interaction influences the assemblage of parasite communities by modifying the conditions for free-living parasite stages, intermediate hosts or vectors. Besides the above mentioned aspects of the habitat and the host’s mobility within this habitat, there are numerous hostextrinsic habitat factors that shape parasite diversity. 2.1.2.1 Temperature and humidity Temperature and humidity are key factors for the survival and development of parasite stages (WHARTON 1979; UDONSI and ATATA 1987; ROEPSTORFF and MURRELL 1997; STROMBERG 1997; BUSH et al. 2001; BETHONY et al. 2006). Temperature and humidity are also determining the abundance of intermediate hosts especially of arthropods groups (TANAKA and TANAKA 1982; PEARSON and DERR 1986). Depending on the parasites’ morphological features and physiology, some stages of nematode larvae are particularly vulnerable to climatic conditions (GORDON 1948; STROMBERG 1997). Some authors pointed out that an optimal combination of temperature and humidity is crucial for the viability of free-living stages (GORDON 1948; DIESFELD 1970; UDONSI and ATATA 1987). Deviation from the optimum can reduce egg hatch rates, longevity, infectivity, larval migration and desiccation tolerance (WHARTON 1979; ARENE 1986; UDONSI and ATATA 1987). Climatic conditions on a larger geographical scale play an important role but microclimatic conditions turned out to be of eminent importance (DIESFELD 1970; SMITH 1990). Therefore, this study aims at examining the influence of ground humidity on parasite diversity and prevalence. But not only amount and distribution of precipitation contribute to the local humidity but also soil type, water-retaining leaf litter and vegetation density (PATZ et al. 2000). 2.1.2.2 Solar radiation Ultraviolet light causes damages to parasite eggs (STOREY and PHILLIPS 1985; ROEPSTORFF and MURRELL 1997; SAATHOFF et al. 2005a). In combination with
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higher temperatures, sunlight can reduce longevity and desiccation tolerance (STOREY and PHILLIPS 1985; UDONSI and ATATA 1987). 2.1.2.3 Soil type The soil type can modify parasite diversity and prevalence (PATZ et al. 2000; BUSH et al. 2001). Especially for soil-transmitted parasites it is of major importance (BUNGIRO and CAPPELLO 2004). The soil is also relevant to parasite stages and intermediate hosts: its texture, acidity, salinity, mineral content, degree of water retention and aeration can drive the parasite development and viability (VINAYAK et al. 1979; PEARSON and DERR 1986; MIZGAJASKA 1993; SÁNCHEZ THEVENET et al. 2004; SAATHOFF et al. 2005a). Depending on the soil texture, the size and the ability of active movement of the parasite stages, they travel into deeper soil layers where they are protected from adverse environmental condition (STOREY and PHILLIPS 1985; MIZGAJASKA 1993; SAATHOFF et al. 2005b). Soil moisture can be an important parameter for intermediate host diversity and abundance: it is positively correlated with beetle species richness (LASSAU et al. 2005). Mineral contents such as calcium in soil limits the abundance of snails which are important intermediate hosts of trematodes and some nematodes (BUSH et al. 2001). Soil nutrients and electrolytes can be essential for larvae to reach infectivity (UDONSI and ATATA 1987). The acidity of soil has a significant effect on hatch rate of nematode eggs (UDONSI and ATATA 1987). Clay soils should be conducive to parasite development and intermediate hosts in terms of the high water retention capacity and moister ground conditions (MABASO et al. 2003). Additionally, clay soils can impede the vertical washout of parasite stages into deeper soil layers where they become unavailable for infection (MIZGAJASKA 1993). This would lead to higher parasite diversity and prevalence in the hosts spending more time on clay soils. 2.1.2.4 Water bodies Parasite diversity also depends on types and amounts of water bodies because these may favour the development of intermediate hosts (PATZ et al. 2000; BUSH et al. 2001). Especially arthropods, e.g. larva and pupa of mosquitoes (culids) and
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blackflies (Simulidae), crustraceans, but also leeches and intermediate hosts of trematodes (molluscs) are intimately linked to the presence of water bodies (BUSH et al. 2001). Size, temperature, acidity, dissolved oxygen, salinity, flow and sedimentation may play an important role in parasite distribution (BUSH et al. 2001). 2.1.2.5 Habitat morphology Habitat morphology like terrain inclination indirectly affects the occurrence of water bodies or flowing water, sun exposure and temperature (PATZ et al. 2000; SAATHOFF et al. 2005a). On flat terrain parasite diversity and prevalence is expected to be higher: the chance of horizontal washout of the parasite stages should be less and soil humidity should be generally higher than in steep terrain. 2.1.2.6 Resources for intermediate hosts and vectors Deadwood and leaf litter represent important food resources and shelters for a great variety of arthropods that can serve as intermediate hosts or vectors (HÖFER et al. 1996; GROVE 2002a; KELLY and SAMWAYS 2003). Additionally leaf litter and deadwood can buffer fluctuations in humidity and temperature (SAYER 2006) favouring survival and development of parasite stages on the ground. Therefore, parasite diversity and prevalence should correlate positively with the abundance of deadwood and leaf litter in the host’s environment. Animal communities in leaf litter and also soil include a great variety of arthropods representing all major taxa: arachnids, centi- and millipeds, insects (especially collembolans, ants, flies, beetles, termites, true bugs), and crustaceans (PFEIFFER 1996; DALY et al. 1998). Additionally soil and plant debris offer a habitat for annelids, bacteria, fungi and molluscs (DALY et al. 1998). Litter provides habitat for larval stages of arthropods that later inhabit other forest strata (PFEIFFER 1996). Deadwood is the essential resource of the saproxylic fauna (organisms that depend on dead or dying wood (GROVE 2002a)) representing important intermediate host taxa. Saproxylic organisms comprise all major insect orders (especially beetles and flies) and account for a high proportion of insects in any natural forest (GROVE 2002a; KELLY and SAMWAYS 2003). But the saproxylic organisms also include
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fungi which are important food resources for numerous insect species (EHNSTRÖM 2001). 2.1.2.7 Vegetation type and density Vegetation type and density play an important role for the abundance of intermediate hosts. Vegetation density limits evaporation from the soil surface and reduces exposure to solar radiation which favours parasite development (ROEPSTORFF and MURRELL 1997; PATZ et al. 2000; BUSH et al. 2001; SAATHOFF et al. 2005a). The parasite diversity and prevalence should be associated positively with vegetation density in the host’s home ranges. 2.1.2.8 Predation Predation on hosts and parasites directly affects the parasite abundance. Predation on free-living parasite stages by earthworms, dung beetles, other arthropods, birds or mammals has a strong impact on the parasite population (FINCHER 1973; HAUSFATER and MEADE 1982; STOREY and PHILLIPS 1985; STROMBERG 1997; LARSEN and ROEPSTORFF 1999). Likewise, predation on the hosts has a negative impact on parasite abundance: host individuals with the highest parasite intensity seem to be more vulnerable to predation (HUDSON et al. 1992). Host species with high predatory pressure should therefore develop a higher parasite resistance. Consequently, these species are expected to harbour a lower parasite diversity (WATVE and SUKUMAR 1995). However, if predation enables trophic parasite transmission from the intermediate to the definitive host, parasite populations would increase with higher predation pressure on intermediate hosts (HOLMES 1995; POULIN 1995b; CEZILLY and PERROT-MINNOT 2005; THOMAS et al. 2005). 2.1.3



Seasonality



Parasite diversity or prevalence can fluctuate seasonally (ROEPSTORFF and MURRELL 1997; LARSEN and ROEPSTORFF 1999; PIERANGELI et al. 2003; SÁNCHEZ THEVENET et al. 2004). Seasonally varying key factors for parasite diversity may operate on host-intrinsic and -extrinsic factors as well as on the
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parasite itself. Most notably host-extrinsic climatic factors like humidity and temperature can affect the survival of free-living parasites, the abundance of both intermediate hosts and vectors and the host’s susceptibility. The viability of free-living parasite stages is higher under moist and warm conditions (WHARTON 1979; UDONSI and ATATA 1987; ROEPSTORFF and MURRELL 1997; BUSH et al. 2001; BETHONY et al. 2006, see 2.1.2.1). The abundance of intermediate hosts, important groups of arthropods and amphibians, is generally higher in warmer and more humid seasons (TANAKA and TANAKA 1982; PEARSON and DERR 1986; SHELLY 1988; FRITH and FRITH 1990; WATLING and DONNELLY 2002). Concerning the favourable conditions for parasites and the resulting higher exposure risk, parasite diversity and prevalence in this study should be higher in the rainy season. However, also host-intrinsic factors can be affected by seasonal changes in temperature, day length and resource distribution. Food shortage can result in a poorer nutritional status, higher intra-specific competition which in turn can induce stress and impaired immune reactions (2.1.1.10). Immune responses can also be modulated by changes in temperature and photoperiods or reproduction related efforts (KLEIN 2000; HUDSON et al. 2002; NELSON and DEMAS 2004; NUNN and ALTIZER 2006). Considering the nutritional status of the studied hosts, parasite diversity and prevalence should be higher in the dry season when food availability is low.



2.2



Intestinal parasite diversity in New World primates



This chapter reviews some general characteristics of intestinal protozoa and helminths on life cycle, transmission mode, host specificity, location and pathogenicity. Detailed descriptions of the spectrum of intestinal parasite species of the studied New World primates, egg and larvae morphology for identification, information on their life cycle and pathogenicity, other described host species and their origin are provided in Appendix A. 2.2.1



Intestinal protozoa



Intestinal protozoa of New World primates belong to three different phyla: Metamonada (including the genera Giardia, Chilomastix), Axostyla or Parabasala
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(Trichomonas,



Tritrichomonas,



Pentatrichomonas.),



Alveolata



(two



subphyla:



Apicomplexa (e.g. Isospora, Cryptosporidium) and Ciliophora (e.g. Balantidium)), and Amoebozoa (Entamoeba, Endolimax, Iodamoeba) (TOFT and EBERHARD 1998; ECKERT et al. 2005; SCHNIEDER and TENTER 2006). The life cycle of most intestinal protozoa is direct: infective stages (cysts or oocysts) are ingested by contact with infected hosts or via contaminated water or food items (ECKERT et al. 2005). Insects are reported to serve as transport hosts (TOFT and EBERHARD 1998). Reproduction in intestinal protozoa is usually asexual, only species of the phyla Apicomplexa and Ciliophora also reproduce sexually involving micro- and macrogametes or conjugation (ECKERT et al. 2000; BUSH et al. 2001; ECKERT et al. 2005). Intestinal protozoa can have a broad host spectrum (euryxenous). For example Giardia intestinalis can infect a great array of species of mammals, birds and reptiles. Entamoeba histolytica (sensu latu) and Balantidium coli affect diverse primate species, rats, cats and dogs (SHADDUCK and PAKES 1978; TOFT and EBERHARD 1998; ECKERT et al. 2005). But some parasite species have very high host specificity (stenoxenous) like Isospora callimico, Isospora cebi or Isospora saimiriae affecting one single host species (Callimico goeldii, Cebus albifrons, Saimiri sciureus respectively) (DUSZYNSKI et al. 1999). They inhabit generally small (Giardia) or large intestine (Tritrichomonas, Balantidium), but can also dwell stomach or adjacent organs like bile ducts, pancreatic ducts, gall bladder (Cryptosporidium, Entamoeba histolytica sensu latu) (TOFT and EBERHARD 1998). Pathogenicity varies highly across all protozoa taxa and also within one species: Balantidium coli and Entamoeba dispar are apparently nonpathogenic, while Giardia intestinalis and Cryptosporidium sp. can cause gastritis or enteritis. Entamoeba histolytica (sensu latu) infection can be asymptomatic or produce severe diseases in primates (necroulcerative colitis, peritonitis, amoebic abscesses in liver, lung, central nervous system) depending on multiple factors like parasite strain, host species, host body condition, intestinal bacterial flora present and environmental factors (KING 1976; SHADDUCK and PAKES 1978; TOFT and EBERHARD 1998).
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Intestinal helminths



Helminths comprise a very diverse group of metazoan parasites of the phyla Platyhelmintha (with the digenean Trematoda, monogenean Cercomeromorpha and Cestodea), Nematoda and Acanthocephala (SCHNIEDER and TENTER 2006). 2.2.2.1 Trematoda Trematode infections are considered to be very rare and atypical in New World primates (DUNN 1968; KING 1976). Around 11 species from five families are known to infect New World monkeys (TOFT and EBERHARD 1998), e.g. Athesmia foxi, Athesmia heterolecithoides, Zoonorchis goliath, Neodiplostomum tamarini and Phaneropsolus orbicularis (detailed list see Appendix A). Trematodes exhibit a very complex life cycle involving at least two hosts: intermediate hosts are usually molluscs; definitive hosts are vertebrates (KUNTZ 1972; SHADDUCK and PAKES 1978; ECKERT et al. 2005). Trematode species can infect various primate genera (polyxenous) (DUNN 1968; FLYNN 1973). Adult flukes reside in the intestinal lumen, liver, bile ducts, gall bladder, mesenteric and other abdominal veins, lungs and rarely in other organs (TOFT and EBERHARD 1998). Trematode infections with exception of lung flukes and schistosomes may be less virulent than other helminths (KUNTZ 1972). 2.2.2.2 Cestoda Cestodes are highly diverse and commonly infect New World monkey species (KING 1976). The characteristic cestodes are of the families Anoplocephalidae and Davaineidae (DUNN 1968). At least 13 cestode species are identified to infect New World monkeys (TOFT and EBERHARD 1998), e.g. Atriotaenia megastoma, Bertiella mucronata,



Railletina



trinitatae,



Hymenolepis



diminuta,



Hymenolepis



nana,



Hymenolepis cebidarum (further information in Appendix A). Generally cestodes are heteroxenous, except Hymenolepis nana that can also be transmitted indirectly, and euryxenous (FLYNN 1973; KING 1976; SHADDUCK and PAKES 1978). Adult cestodes are located in the small intestine but they are usually not very pathogenic (DUNN 1963; 1968; KING 1976; SHADDUCK and PAKES 1978).
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2.2.2.3 Nematoda Intestinal nematode diversity in New World monkeys is extremely high: to date, approximately 68 species from six genera have been identified (TOFT and EBERHARD 1998). Nematode species of the families Metastrongylidae (lungworms, e.g. Angiostrongylus costaricensis, Filaroides barretoi), Trichostrongylidea (e.g. Longistriata dubia, Molineus vexillarius, Molineus torulosus), Strongyloididae (e.g. Strongyloides



cebus),



Oxyuridae



(pinworms,



e.g.



Trypanoxyuris



tamarini,



Trypanoxyuris callithricis) and Spiruridae (e.g. Trichospirura leptostoma, Spirura guianensis, Spirura tamarini) are characteristic for Neotropical primates (DUNN 1968). A detailed list on nematode species infecting the study host species can be found in Appendix A. Nematodes possess the highest variability in life cycles of all helminths (BUSH et al. 2001). Some intestinal nematodes exhibit a direct life cycle with diverse transmission strategies (ingestion of eggs, skin penetration, lactogenic or intrauterine transmission); others have complex life cycles including free-living generations (TOFT and EBERHARD 1998; BUSH et al. 2001). Regarding their host specificity some nematodes are stenoxenous (family Oxyuridae), others can infect various genera of primates (Strongyloides cebus, Longistriata dubia) (HUGOT et al. 1994; TOFT and EBERHARD 1998). The location of the nematodes is diverse as well: they inhabit the oral cavity, oesophagus, stomach, pancreas (Spiruridae), small intestine (Trichostrongyloidea, Spirurida), large intestine (Oxyurida, Trichuroidea) and lungs (Metastrongylidae) (TOFT and EBERHARD 1998). Hence, also pathogenicity is fairly variable: it can range from asymptomatic to severe pathologies like ulcerative enteritis (Molineus torulosus) or lung haemorrhages (Filaroides sp., Strongyloides cebus) (FLYNN 1973; TOFT and EBERHARD 1998). 2.2.2.4 Acanthocephala Acanthocephalan infections are very characteristic for New World primates (DUNN 1968; KUNTZ and MYERS 1972; TOFT and EBERHARD 1998). Taxonomically it is a less diverse parasite group represented by only one genus Prosthenorchis (KUNTZ and MYERS 1972; SCHMIDT 1972; SHADDUCK and PAKES 1978; TOFT and EBERHARD 1998). Acanthocephalans are heteroxenous: cockroaches and beetles act as intermediate hosts (STUNKARD 1965b; SCHMIDT 1972; KING 1993;
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GOZALO 2003). They infect various species across most New World genera (DUNN 1968; KUNTZ and MYERS 1972; KIM and WOLF 1980). The adults of Prosthenorchis sp. inhabit the ileum, caecum and colon (TOFT and EBERHARD 1998). Severe pathologies are associated with infections of Prosthenorchis elegans (DUNN 1968; SCHMIDT 1972; TOFT and EBERHARD 1998). The adult worms can provoke inflammation and perforation at the site of attachment resulting in peritonitis and death (MENSCHEL and STROH 1963; RICHART and BENIRSCHKE 1963; NELSON et al. 1966; SCHMIDT 1972; KIM and WOLF 1980; KING 1993; ECKERT et al. 2005).



2.3



Study host species



2.3.1



Saguinus mystax and Saguinus fuscicollis



Saddle-back tamarins (Saguinus fuscicollis, Fig. 2.2 (A)) and moustached tamarins (Saguinus mystax, Fig. 2.2 (B)) are two out of 15 species of the genus Saguinus included in the family Callitrichidae (RYLANDS et al. 2000). S. mystax is the largest member of this genus with a body mass ranging from 360 to 650 g (SOINI and SOINI 1990), and S. fuscicollis is the smallest species of this genus with 290 to 420 g (HEYMANN 2003a). The geographic distribution of tamarins is in western and central Amazonia west of Rio Madeira, in the Guyanas and northern Brazil, and in northwestern Columbia, Panama, and southeastern Costa Rica (RYLANDS et al. 1993; HEYMANN 2003a). The subspecies Saguinus mystax mystax, to which the study groups belong, ranges between the Río Ucayali in the west and the Rio Juruá in the east (GROVES 2001). The subspecies Saguinus fuscicollis nigrifrons, to which the other groups belong, ranges between the Río Ucayali in the west and the Río Javari in the east, south of the Rio Solimoes as far as the Río Blanco (HERSHKOVITZ 1977; GROVES 2001). Tamarins mainly occur in high-ground primary rainforest (“terra firme”) interspersed with patches of secondary vegetation, but can also range into mixed fruit-plantations (SOINI and SOINI 1990; HEYMANN 2003a). Where two species of tamarins occur sympatrically they commonly live in stable mixed-species troops with only one other congeneric troop sharing and
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defending the same home range (TERBORGH 1983). S. mystax and S. fuscicollis are frequently seen together and spend most of their time in such associations (SMITH 1997; HEYMANN and BUCHANAN-SMITH 2000). Their common home range comprises around 40 hectares (reviewed in SMITH 1997), but can vary between 10 and 200 ha according to population (HEYMANN 2003a). The group size of moustached tamarins varies between two to 12 individuals (SOINI and SOINI 1990; LÖTTKER et al. 2004a) and of saddle-back tamarins between three to 10 individuals, with one to two adults of each sex and their offspring from previous years (SNOWDON and SOINI 1988; HEYMANN 2003a). Both tamarin species in the study area exhibit a polyandrous mating system (GOLDIZEN 1989; HEYMANN and BUCHANAN-SMITH 2000). Moustached and saddle-back tamarins feed on fruits, insects, other arthropods, small vertebrates, nectar, soil, gums and other exudates (SNOWDON and SOINI 1988; GARBER 1993; PERES 1993; NICKLE and HEYMANN 1996; SMITH 1997; KNOGGE 1998; HEYMANN and BUCHANANSMITH 2000; HEYMANN et al. 2000; HEYMANN 2003a). They spend the night in closed sleeping sites like Jessenia bataua palm trees and tree hollows, dense epiphyte tangles and crotches (HEYMANN 1995; SMITH 1997). Sleeping sites are usually changed on a daily basis, but they may also be reused repeatedly (HEYMANN 1995; SMITH 1997; HEYMANN and BUCHANAN-SMITH 2000). 2.3.2



Callicebus cupreus



The red or coppery titi monkey (Callicebus cupreus, Fig. 2.2 (C)) is one of the 28 species of the genus Callicebus belonging to the Callicebus cupreus-group with five other species (VAN ROOSMALEN et al. 2002). The genus belongs to its own subfamily Callicebinae within the family Pitheciidae (RYLANDS et al. 2000; GROVES 2001). The body mass of an adult C. cupreus ranges from 750 to 1000 g (BICCAMARQUES et al. 2002). The geographic distribution of the genus Callicebus ranges throughout most of the Amazon and Orinoco basin and the Atlantic forest of Eastern Brazil (HERSHKOVITZ 1990). Callicebus is found in primary, riverine and remnant forest in low altitudes (under 500 m elevation) (AQUINO and ENCARNACIÓN 1994). It reaches the highest population densities in open forest areas, riparian forests and



Literature review



25



swamps (KINZEY 1981). Little is known about the species C. cupreus so that we have to rely on information about other species of the Callicebus genus. Titi monkeys are reported to range in areas from 0.5 (Callicebus moloch) to 29 ha (Callicebus torquatus) (KINZEY 1981; ROBINSON et al. 1987). Daily path length of Callicebus varies between 315 m (C. moloch) and 1500 m (C. torquatus) (KINZEY 1981). Estimates on population density give three to 24 individuals per km² (KINZEY 1981). It occupies relatively exclusive and stable home ranges with slight overlaps (TERBORGH 1983; MAYEAUX et al. 2002). Callicebus is reported to be in frequent association with tamarins (S. fuscicollis and Saguinus imperator) (KINZEY 1981). They live in family groups and probably exhibit a monogamous mating system (KINZEY 1981; TERBORGH 1983; MAYEAUX et al. 2002). In all studied Callicebus species groups are formed by up to five individuals (KINZEY 1981; AQUINO and ENCARNACIÓN 1994), exceptionally they were found in larger groups of seven members (BICCA-MARQUES et al. 2002; MAYEAUX et al. 2002). Callicebus has a generalized diet including fruits (pulp and seeds), insects, leaves and flowers (KINZEY 1981; TERBORGH 1983; ROBINSON et al. 1987; AQUINO and ENCARNACIÓN 1994; TIRADO HERRERA and HEYMANN 2003). They eat immature leaves from trees and mature and immature leaves from lianas (AQUINO and ENCARNACIÓN 1994). C. cupreus spends the night in closed microhabitats for example holes in hollow trees or vine tangles (ROBINSON et al. 1987; NUNN and HEYMANN 2005).
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Fig. 2.2 (A-C) Study host species A. S. fuscicollis, B. S. mystax, C. C. cupreus, photographed by J. Diegmann (A, B) and M. Nadjafzadeh (C).
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Bias in parasitological studies



Scientific studies are almost invariably subject to systematic errors (bias). Biased samples do not give a representative estimate of a study population and can therefore be difficult to analyse or even lead to inaccurate results. As many authors have remarked, errors in selection, processing or measurement of samples can be important and frequent sources for bias in parasitological studies (e.g. GUEGAN and KENNEDY 1993; WALTHER et al. 1995; GREGORY et al. 1996; NUNN et al. 2003; KREIENBROCK and SCHACH 2005). In the following some sources of bias will be outlined which can lead to essential deviations of parasitological results, especially if they are based on non-invasive methods (e.g. faecal sampling). Types of bias can be grouped into three categories: selection, information and confounding bias (GRIMES and SCHULZ 2002; KREIENBROCK and SCHACH 2005). 2.4.1



Selection bias



This bias occurs during selection of the studied subpopulation resulting in a nonrepresentative conclusion about the target population (GRIMES and SCHULZ 2002; KREIENBROCK and SCHACH 2005). In studies of wild host populations, opportunistic sampling or selective sampling of a subset of individuals like road kill, captured or hunted animals can be sources of selection bias. If in studies on freeranging hosts samples are not assigned to single individuals, prevalences or individual PSR cannot be calculated accurately. In addition, it is known that sampling effort correlates positive with parasite species richness (e.g. GUEGAN and KENNEDY 1993; WALTHER et al. 1995; GREGORY et al. 1996; FELIU et al. 1997; ARNEBERG 2002; NUNN et al. 2003; MUEHLENBEIN 2005). 2.4.2



Information bias



Information bias, also known as observation, classification, or measurement bias can arise during processing and measuring the samples (GRIMES and SCHULZ 2002; KREIENBROCK and SCHACH 2005). In parasitological analyses information bias can emerge from non-standardized processing, e.g. variation in the concentration procedure (WARNICK 1992), subjective sample examination, uneven examination
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effort in terms of the observer’s experience, the time budget and sample volume. This type of bias can also be caused by imprecise measurements of size and number of parasites. 2.4.3



Confounding bias



Confounders are mostly unknown factors which are associated to both disease exposure and disease outcome. Confounding factors account for some of the observed relationship between the two, but they are not affected by the exposure (GRIMES and SCHULZ 2002; MCNAMEE 2003; KREIENBROCK and SCHACH 2005). Sampling hosts from different geographic regions, in different seasons or under specific conditions affecting the host’s immune system can lead to confounder problems. Disregarding confounders can lead to distortion of exposure-disease relation. Especially in such complex ecosystems as the tropical rainforest, the risk of neglecting important confounders is high.



2.5



Objectives of this study



In order to contribute to the knowledge of host-parasite interactions this study has three major goals. Firstly, it aims to collect baseline data on the parasite spectrum of three sympatric New World monkey species in the wild. Most information available on the parasite spectrum in general is collected from laboratory or captured animals. Data on intestinal parasites of S. mystax, S. fuscicollis and C. cupreus is very limited and refers mostly to captured animals where exact origin and time spent in the captivity are uncertain (DUNN 1962; 1963; NELSON et al. 1966; COSGROVE et al. 1968; PORTER 1972; KIM and WOLF 1980; HORNA and TANTALEÁN 1990; TANTALEÁN et al. 1990; MICHAUD et al. 2003). Hitherto, there is only one parasitological study published on wild S. fuscicollis (PHILLIPS et al. 2004). Secondly, this study explores systematically the ecological determinants of parasite diversity of sympatric host species. The influence of host-intrinsic and -extrinsic factors on parasite species richness (PSR), prevalence and egg or larvae output are examined on individual, group and host species level. Thirdly, in order to achieve the two first goals it was aimed to establish standardized methods for parasitological
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analyses in terms of sample collection, processing and examination for the needs of primatological field studies. This comparative, year-round study is a potentially powerful approach to understand the factors that determine parasite diversity for several reasons: a long-term study of wild host populations with negligible anthropogenic impact is a better model to study host-parasite interactions than experimental studies. Advantages of laboratory and field studies can be combined: the complexity of the ecological interactions is not reduced while the samples can be collected individually because hosts are individually recognizable, and information about sex, age and life history is available. Three primate species sharing the same habitat were studied at the same time in order to control for confounding factors like predator pressure, resource availability, climatic conditions, and other unknown geographical factors. Especially groups of the two tamarin species have identical home ranges and spend the majority of their time in association so that confounding effects can be minimized. The study period included rainy and dry season which provides a more comprehensive insight into the seasonal variation of parasite diversity. This study addresses three main question complexes: 1. Do host-intrinsic factors play a role in determining PSR and prevalence? The following factors are considered: ƒ Host species ƒ Host sex ƒ Strata use ƒ Diet composition ƒ Nutritional status ƒ Home-range size ƒ Group size ƒ Host density
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2. Do host-extrinsic and habitat characteristics influence PSR and prevalence? The following factors are considered: ƒ



Ground humidity



ƒ



Soil type



ƒ



Habitat morphology, especially ground inclination



ƒ



Resource distribution for intermediate hosts (e.g. leaf litter, deadwood)



ƒ



Vegetation density



3. What are predictors for variation in egg/larvae output? ƒ



Does variation show a host-specific pattern?



ƒ



Does variation show a seasonal pattern? If there is a seasonal pattern, is it correlated with a) the host’s nutritional status? b) environmental conditions that favour development and survival of parasite stages or intermediate hosts?



From the theoretical background outlined in chapter 2.1, the following, not mutually exclusive hypotheses and predictions are derived for factors that possibly influence intestinal parasite diversity. For a better understanding the chapters to which the hypotheses refer are given in parentheses.



A. Hypotheses concerning host-intrinsic factors A.1 Host species hypothesis: PSR, prevalence and egg/larvae output is dependent on the host species. Prediction: PSR, prevalence and egg/larvae output is higher in the host species that offers more diverse and conducive conditions to parasite encounter, survival and reproduction.
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A.2 Sex hypothesis (2.1.1.2): The host’s sex has an influence on PSR and prevalence. Prediction: Male host individuals harbour more different parasite species than females and exhibit higher prevalences. A.3 Strata use hypothesis (2.1.1.8): The strata use of the hosts influences PSR and prevalence. Prediction: PSR and prevalence is positively correlated with time hosts spend on the ground. A.4 Diet hypothesis (2.1.1.9): The diet composition of the hosts plays a role in determining PSR and prevalence. Prediction: PSR and prevalence is positively associated with the proportion of animal prey in diet. A.5 Nutritional status hypothesis (2.1.1.10): PSR, prevalence and egg/larvae output is affected by the nutritional status of the host. Prediction: PSR, prevalence and egg/larvae output is higher in the season when the host nutritional status is poor (dry season). A.6 Home-range size hypothesis (2.1.1.11): PSR and prevalence is determined by the host’s home-range size. Prediction: Hosts with larger home ranges exhibit higher PSR, but lower prevalences. A.7 Group size hypothesis (2.1.1.6): PSR and prevalence is determined by the host’s group size. Prediction: Hosts living in larger groups have higher PSR and higher prevalences. A.8 Host density hypothesis (2.1.1.6): PSR and prevalence is determined by the host’s density. Prediction: Hosts living at higher densities have higher PSR and higher prevalences.
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B. Hypotheses concerning host-extrinsic or habitat factors B.1 Habitat use hypotheses: Habitat characteristics that are more conducive to parasite stage survival or development and abundance of intermediate hosts shape PSR and prevalence of the hosts that use this habitat. Predictions: (1) Humidity (2.1.2.1): The more time the hosts spend in areas of high ground humidity the higher PSR and prevalence. (2) Soil type (2.1.2.3): The time hosts spend on clay soil is positively correlated with PSR and prevalence. (3) Habitat morphology (2.1.2.5): The time hosts spend on flat terrain is positively correlated with PSR and prevalence. (4) Resources (2.1.2.6): The proportion of time the hosts are in areas of high abundance of leaf litter and deadwood scales positively with PSR and prevalence. (5) Vegetation density (2.1.2.7): The higher the proportion of time the hosts spend in areas of high vegetation density and dense understorey the higher PSR and prevalence. B.2 Environment hypothesis: Egg/larvae output is affected by environmental conditions in which the parasite stages are excreted. Prediction: Egg/larvae output is higher in the season where environmental conditions are more conducive to survival of parasite stages and abundance of intermediate hosts (rainy season).
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3 ANIMALS, MATERIALS AND METHODS 3.1



Study site



The study was conducted at the Estación Biológica Quebrada Blanco (EBQB), situated approximately 4°21’S and 73°09’ W on the right bank of Quebrada Blanco, a white water tributary of the Río Tahuayo, in the Amazon lowlands of north-eastern Peru. The study area is located in “bosque de altura” (ENCARNACIÓN 1985) and is not subject to annual inundations. Based on its soil texture, nature of water, geomorphology and dynamics of watercourse this area falls into the subcategories of “bosque de terraza” and “bosque de colina” (ENCARNACIÓN 1985). Some lower parts of the study area can be characterized as “palmal alto” or “aguajal de altura” (ENCARNACIÓN 1985) dominated by palm trees (Mauritia flexuosa, Jessenia bataua) in swampy areas. For further details see HEYMANN (1995). The study site comprises approximately 100 ha and contains a grid system. This grid is based on footpaths every 100 m, in direction from North to South and from East to West (Fig. 3.1).



3.2



Study animals



The subjects of this study were eight wild groups from three species of New World primates: three groups of moustached tamarins (Saguinus mystax mystax), three groups of saddle-back tamarins (Saguinus fuscicollis nigrifrons) and two groups of red titi monkeys (Callicebus cupreus). Each of the three groups of moustached tamarins lived in a mixed-species troop with a group of saddle-back tamarins. Groups West of saddle-back and moustached tamarins have been under observation since May 1999, groups East since January 2000, and groups North since October 2001. The titi monkey group Casa was habituated when the observations started in October 2002, but had not been under routine observation. Habituation of group Puerto started in September 2002, but the female of this group died on the 29th of September 2002, and the remainder of the group disappeared in March 2003. Group composition is provided in Table 3.1. Changes in group composition over time are
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shown in Appendix B. Details of the population dynamics are available for the moustached tamarins in LÖTTKER et al. (2004a). All group members were known individually by natural markings (LÖTTKER et al. 2004a). Mean group size was calculated as the mean number of individuals per group over the study period (Table 3.1). The range use of the study groups is depicted by 95% kernel home ranges (HARRIS et al. 1990) which represent the area with a 95% probability to encounter the group. For this purpose, the spatial data on group localization was collected every 15 minutes during the observation time. The position within the grid system was determined with a precision of 50 x 50 m. The Animal Movement extension to ArcView 3.3 was used to perform the home range estimations (HOOGE and EICHENLAUB 1997). The home ranges of all study groups are illustrated in Fig. 3.1. Host density was then derived from the mean group size per home range size.



Table 3.1 Study group composition, initial and mean group size over the study period



Adults



Subadults



Juveniles



♀♀



♀♀



Group ♀♀



♂♂



Sf West



2



2



Sm West



1



2



Sf East



1



2



Sm East



1



5



Sf North



2



2



Sm North



2



2



Cc Casa



1



1



Cc Puerto



1



1



♂♂



Initial group size



♂♂



1



Mean group size



♀♂ 5



5.4



3



3.5



4



5.3



8



6.7



4



4.9



5



5.8



1



3



3.8



1



3



-



1 2



1



Sf: S. fuscicollis, Sm: S. mystax, Cc: C. cupreus; age classification refers to the age when the individual was first observed, for both Saguinus species the classes are defined by SOINI and SOINI (1990), for Callicebus cupreus by MAYEAUX et al. (2002) and KINZEY(1981).
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Fig. 3.1 Map of the grid system at the field site EBQB and 95% kernel home ranges of the study groups. Red represents groups East, blue groups North, green groups West, orange Callicebus group Casa. Dotted line comprises range of S. fuscicollis; solid lines represent S. mystax home ranges.



3.3



Study period



The study was carried out from June 2002 to August 2003. Habitat characterization, behavioural data and faecal sample collection took place in this period. Callicebus group Casa and tamarin group West were followed from October 2002 to August 2003. From Callicebus group Puerto faecal samples were collected between September 2002 and March 2003. During that time unbiased behavioural data could not be collected due to an insufficient habituation of the group. The other study groups were followed during the whole study period. Faecal sample collection and
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behavioural observation were carried out during the whole activity period of the primates: from the time that they left their sleeping site (tamarins around 6:00h, titi monkeys around 5:30 h) to the moment that they entered the next sleeping site in the afternoon (around 16:00 h and 16:30 h, respectively). The study period included one rainy and two dry seasons (first dry season: July to October 2002, rainy season: March to June 2003, second dry season: July to September 2003).



3.4



Parasitological analyses



3.4.1 Faecal sample collection and preservation Faecal samples of all individuals were collected as often as possible, at least three times at three different days per rainy and dry season. The samples were put into PET tubes immediately after defecation, in order to avoid contamination by egg laying flies, soil or water. By observation of the defecating individuals and immediate sample collection a correct match of the hosts with the collected faecal samples was ensured. All vials were individually labelled with date and time of defecation, species, group and identification of the defecating animal. The samples were weighed on return to the camp, and then 10% neutral buffered formalin (solution of 10% formaldehyde and sodium phosphate buffer, pH 7.0) was added to the faecal material. The samples were stored at ambient temperature at EBQB, and at 4°C after returning to the DPZ. Each sample was assigned to a specific identification category (provided in Table 3.2) which describes the degree of accuracy of the individual identification. Only samples of category “A” were considered for parasitological analyses. Others were kept as spare samples for further analyses in case essential samples were missing or preservation or centrifugation techniques failed. In total 2226 faecal samples were collected from the eight study groups. The total number of faecal samples per study group and species and their proportion of identification categories are depicted in Table 3.3.
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Table 3.2 Identification categories for faecal samples



Identification



Description



category accurate identification of the defecating individual, precise



A



localization of the faecal sample and immediate sample collection accurate identification, but imprecise localization or delayed



B



collection of the sample inaccurate identification, but precise localization and immediate



C



collection



Table 3.3 Faecal sample collection: total number of faecal samples per study group and species and their proportion of identification categories



Group



Total number of faecal samples



% of Asamples



% of Bsamples



% of Csamples



S. fuscicollis



West



340



64.4



6.2



29.4



S. fuscicollis



East



416



79.3



5.5



15.2



S. fuscicollis



North



286



81.8



5.3



12.9



Species



TOTAL Sf



1042



S. mystax



West



119



64.7



5.9



29.4



S. mystax



East



368



66.8



4.1



29.1



S. mystax



North



378



76.2



2.1



21.7



TOTAL Sm



865



C. cupreus



Casa



284



49.6



8.1



42.3



C. cupreus



Puerto



35



34.3



11.4



54.3



TOTAL Cc



319
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3.4.2 Sedimentation procedure The formalin-ethyl acetate-sedimentation technique was performed for all faecal samples. The standard protocol (ASH et al. 1994) was followed except in some points where adjustment to the special needs of this study was required. Faecal solutions were homogenized very well before proceeding with the extraction and analyses. Approximately 5 ml of faecal solution was strained through a polyamide sieve with standardized mesh size (400 µm) into a 15 ml centrifuge tube. The remnants were weighed separately for later reference to total faecal mass. Subsequently more formalin was added to bring the total volume to 10 ml and the faecal solution was stirred well again. About 3 ml of ethyl acetate was added and the tube was shaken vigorously for 30 seconds before centrifugation. The power of centrifugation for this centrifuge was calculated after a nomogram: 2200 rpm was the equivalent for 500 g as recommended in the standard literature. The centrifugation time was 10 minutes. Before pouring off the supernatant, the top layer of fat was detached of the centrifuge tube. The tube was decanted and the layers of fat, debris, ethyl acetate and formalin were discarded and the sediment with parasite propagules was transferred into an Eppendorf tube and weighed. A second centrifugation was not performed as recommended for small faecal amounts (ASH and ORIHEL 1987; ASH et al. 1994). Given the low weight of the faecal samples (mean weight 1.24 g, N=2191, SD=0.64, range: 0.12-6.5 g) and the fact that decanting the top layers after centrifugation bears the risk of losing parasite stages the second centrifugation was omitted in order to preserve as much faecal material as possible. 3.4.3 Microscopic examination All microscopic examinations were done in a blind test. This means that all faecal samples were number coded before starting the sedimentation procedure so that the identification of the samples was unknown at each step of the parasitological analysis. The processed samples were examined microscopically by taking 100 µl sediment of each, and mixing it well with 50 µl of iodine (5%) in order to facilitate the detection and recognition of cyst stages (ASH and ORIHEL 1987). The sediment was examined for helminth eggs and larvae as well as protozoan cysts under three
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22 mm-square cover slips at a magnification of 100 to 400 or 650. Each slide was scanned systematically and thoroughly in lanes covering the whole area of the three cover slips. The examination time was limited to 30-45 minutes per sample (15 minutes additionally for protozoa). For all individuals three samples of different, non-consecutive days of each season were examined. Because of the more timeconsuming examination for protozoa the analysis was restricted to a subset of faecal samples: where possible two females and two males from each group and three samples for each individual were examined (totally 84 samples of 28 individuals). 3.4.4 Intra-observer reliability test In order to determine the degree of repeatability and precision of the microscopic examination, an intra-observer-reliability test was performed: six samples were selected, and 100 µl sediment of each sample was analysed for three times in a blind test. All parasitic stages were counted in the same way as described above. Then the Kendall Coefficient of Concordance (W) was calculated. It is a non-parametric test to determine the consistency of three or more judgements of a multiple set of rankings (MARTIN and BATESON 1993). W can range from 0 to 1, with 1 indicating perfect agreement and 0 indicating total disagreement (MARTIN and BATESON 1993). In this study, the intra-observer-reliability test revealed a very high agreement in the three judging processes of the parasitic objects (W=0.95, N=3, p0-3 m, >3-6 m, >69 m, >9-12 m, >12-15 m, >15-18 m and >18 m). At each scan the height of all animals was estimated from the ground and all individuals at the same height category were summed up. Over all scans the sum of specific height use was expressed as a percentage of all scan events.
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Table 3.5 Description of activity categories applied in the “instantaneous scan sampling” (MARTIN and BATESON 1993)



Activity



Description



categories 1. Locomotion



movements that result in a displacement of at least two times the body length, including walking, running, jumping but also movements associated with playing and scent marking



2. Feeding



manipulation of food items, biting, chewing and swallowing



3. Foraging



searching and hunting for animal prey, e.g. visual inspection and manipulation of substrates, and investigation of tree holes, bromeliads etc.



4. Grooming



one individual picks through the hair of another individual (allogrooming) or of itself (autogrooming) with its hands or mouth



5. Resting



3.6



sitting or laying with no activity corresponding to 1.- 4.



Post-mortem examination



A post-mortem examination was performed on a female titi monkey of the Puerto group immediately after its death. After exenteration the intestinal tract was entirely opened and washed in formalin to remove the ingesta and parasites. The intestinal content and any parasite stages were stored separately for subsequent parasitological analyses. All organs were measured and weighed. The pathological findings were described and documented photographically. A spectrum of representative tissue samples was taken from all organ systems and fixed in 10% buffered formalin. Further sample processing for histological examinations was conducted at the Department of Infectious Pathology of the German Primate Centre (DPZ) and the Department of Helminthology of the Bernhard Nocht Institute for Tropical Medicine. Tissue samples of brain, liver, kidneys, heart, stomach, small and large intestine, pancreas, adrenal gland were automatically paraffin-embedded (Hypercenter XP, Thermo Shandon, Frankfurt/Main, Germany), sectioned at 3 µm and stained with haematoxylin-eosin (H.&E.). In addition, sections of liver, spleen and intestine were
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stained with Ziehl-Neelsen, Grocott, Periodic Acid Schiff reaction (PAS) and Giemsa for detection of bacterial, fungal and protozoan structures. The sections of the abdominal cyst were stained with Masson’s Trichrome stain. The histological analyses were performed by light microscopic examination. Histopathological findings were recorded in an examination protocol and were documented photographically (Axiophot, Olympus Camera DP50, software AnalySIS 3.0). Scanning electron microscope pictures of adult parasites recovered from the intestine were taken at the Bernhard Nocht Institute for Tropical Medicine.



3.7



Habitat characterization



The term “habitat” is used as the sum of resources and conditions present in an area that is occupied by certain species (sensu HALL et al. 1997). From the multitude of biological and physical components some parameters were selected which were thought to affect parasite diversity. Sampling points (spn) were set covering the home ranges of all study groups in order to assess the following habitat variables: ground drainage, soil type, ground inclination, leaf litter height, deadwood abundance, vegetation and understorey density. For this purpose all sampling points were arranged systematically along the established grid system. The quadrants of 100 x 100 m were divided into four sub-quadrants and four sampling points were set up at the centre of each sub-quadrant (Fig. 3.2). From each sampling point (spn) the surrounding area was divided into four sections by the compass bearing in all four cardinal directions. Each sampling point describes the habitat variables for an area of 50 by 50 m. All habitat variables were recorded within the rainy season 2003.
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Fig. 3.2 Setup of the sampling points and point-quarter method for vegetation density estimation. spn = sampling point; d = distance from sp to the trunk surface, N= North, WN2, NW1 etc. marked trail from grid system



3.7.1 Drainage The drainage was estimated at five meters distance to the sampling point in direction SE, SW, NE and NW. At this point of measurement, in the following referred to as POM, the drainage was determined as good (1) or poor (0) by considering the presence of stagnant water and ground humidity. For description of the drainage
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properties of one sub-quadrant the values were averaged and grouped into three categories: poor (0-0.25), intermediate (0.5-0.75) and good (1). 3.7.2 Soil type At the sampling point the soil type of the superficial layer was determined. The soil layer was penetrated up to 15 to 20 cm depth. The substrate was described in three categories according to the soil colour and texture: clay soil, sandy soil and mixed soil. Sandy soil was considered to be of coarse particles, well separated, free draining, with a light colour. Clay soil was denominated soil out of very fine particles, compact, waterlogged, clumped when wet and of a yellowish or reddish tint. Soil samples with intermediate characteristics between clay and sandy soil were denominated mixed soil. In areas of stagnant water bodies and accumulation of decaying material, the soil was denominated swampy. 3.7.3 Ground inclination The ground inclination was assessed by measuring the height differences from the sampling point to the four POMs. If there was less than 50 cm of height difference, the inclination was considered 0-10%, if the difference was 50-100 cm, inclination was 10-20% and if the difference was greater than 100 cm, inclination was annotated with >20%. To study the habitat use, values were averaged and categories were built for the ground inclination of the single sub-quadrant: it was grouped into flat (0-5%), intermediate (>5-20%) and steep (>20%). 3.7.4 Height of leaf litter The height of leaf litter and organic debris was measured at the four POMs. The debris layer was perforated until reaching the forest ground with a sharp pointed pole. The height was measured in cm, and averaged over the four sections and sorted into four categories (0-5 cm, 5-10 cm, 10-15 cm, >15 cm).
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3.7.5 Deadwood abundance At each sampling point, the abundance of deadwood was recorded. This was done according to tree diameter (trees between 30 and 100 cm in diameter account for one tree unit, trees greater than 100 cm diameter account for two units) and the number of trees present. Three groups were used to classify the abundance at the sampling point (0=no tree unit present, 1=one tree unit, 2=more than one unit). 3.7.6 Vegetation density The point-quarter method was employed to estimate the vegetation density of the habitat by using distances from the sampling points to the nearest plants (KREBS 1999). In each quarter of the sub-quadrant, the distance from the nearest plant to the sampling point was measured and recorded whether it was a tree or a palm tree (description displayed in Fig. 3.2). The following instructions were carried out: plants were measured that had a diameter at breast height (DBH) of more than 10 cm. Breast height is defined as 1.30 m from the ground. DBH was calculated from the stem circumference. To measure the stem circumference a pole was pushed firmly into the ground. If the tree was buttressed or stilt rooted at 1.30 m height the stem was measured above the top of the buttress or root. If this was not possible the circumference was estimated above the buttress or root. Trees that were fluted for their entire length were measured at breast height. If a tree had multiple stems, all stems of more than 10 cm DBH were recorded and the mean diameter and distance of all stems was calculated. In order to compute the vegetation density the following procedure was applied: tree circumference was transformed into radius r. Since it was impossible to measure exactly the distance D from the sampling point to the centre of the trunks, the radius r of the trunk was added to the distance of the sampling point to the surface of the closest trunk in each section (d1 – d4). Mean distance D was calculated as shown in equation (1). The mean area where a single plant occurs is equal to the mean distance D squared (GANZHORN 2003). Thus, theoretically each plant covers an area mean D². The density of plants (Np) per unit area (A) is then computed following equation (2). The absolute density of trees is defined as the number of trees per unit area. Since it is usually expressed as the
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number of trees per hectare the values were subsequently transformed into this unit. In order to compare the habitat use of all study groups the vegetation density was transformed into the following five categories: very low (2000).



1 N Mean D = ∑ (d i + ri ) N i =1



Equation (1)



D = distance from the sampling point to the tree centre d = distance from the sampling point to the tree surface r = radius of the tree N = number of trees measured at the sampling point (N=4)



Np =



A mean D 2



Equation (2)



N p = estimate of tree density at the sampling point A = sampled area, here sub-quadrant of 2500 m²



3.7.7 Understorey density The density of the understorey (vegetation less than three meters of height) was estimated at the POM. The understorey density was ranked according to the relative visibility of the field assistant. It was assigned four ranks: 0=almost full visibility, 1=half visibility, 2=very limited visibility, 3=no visibility. For the analyses of habitat use the categories low (density average per sub-quadrant: 2) were employed.



3.8



Climate



Data on precipitation (in mm) was recorded with a rain gauge located on the clearing of the camp and the minimum and maximum temperature (in °C) by a minimum-
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maximum thermometer situated in a shaded place at the camp site. These variables were recorded daily throughout the study period.



3.9



Phenology



Food abundance was evaluated by the phenological trail method (CHAPMAN and WRANGHAM 1994; GANZHORN 2003). This method provides a relative measure of food productivity of the forest and food availability for the primates (CHAPMAN 1992; STEVENSON et al. 1998). Since trapping of the study animals would have been incompatible with behavioural observations and faecal sampling the seasonal food availability was used as a surrogate for the nutritional status of the host individuals. The abundance of dietary plant parts was monitored, such as fruit, flowers and young leaves of 220 plant individuals belonging to 113 different species of key feeding trees of the three primate species. Phenological data on the feeding trees were recorded by an experienced field assistant once per month during two consecutive days, on a regular basis throughout the whole study period. The feeding plants had been selected previously as a representative subset of feeding plants of all three primate species. The abundance of leaves, fruit and flowers was ranked on a relative scale from 0 to 3 modified from HEIDUCK (1997) (0=none, 1=few, 2=moderate, 3=abundant). Fruit, flower or leaf availability per month was calculated as the sum of the assigned abundance ranks of the specific food item divided by the total number of monitored trees in this period (GANZHORN 2003).



3.10



Statistical analyses



All statistical analyses were done using SPSS 12.0 (SPSS Inc.) except the nonparametric repeated measures analysis of variance (ANOVA) and the ranked ttest for unequal variances (Satterthwaite) which were performed in SAS (version 9.1). Parametric tests were conducted whenever possible. If tests showed that data did not meet the required assumptions, equivalent non-parametric tests were performed. All tests were two-tailed and significance levels were set to α=0.05. The
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p-values in multiple comparisons were adjusted by the Bonferroni procedure to control for type I error. 3.10.1 Parasite morphology Differences in sizes of the parasite morpho-species over the host species were tested by using the Kruskal-Wallis test or Mann-Whitney U-test, respectively. Length and width of parasite taxa varied significantly between host species in the case of small spirurids and strongylids (Appendix C). Since the maximum variance was less than 7% of the medians and/or less than reported in the references (Appendix A), the morpho-types were grouped into one single species. 3.10.2 PSR and prevalence In order to detect the general effects on parasite species richness (PSR) a nonparametric repeated measures analysis of variance (ANOVA) was conducted. Host species, season and home range entered the model as independent variables and their main effects and interaction effects were analysed. Firstly, all tamarin groups and titi monkey group Casa were included. The C. cupreus group Puerto was excluded because it was only present in one season. Since in the home range of group Casa no other host species than C. cupreus occurred, the influence of host species and home range could not be disentangled in this case. Thus, a second ANOVA was conducted including the tamarin species that formed mixed-species troops in the three home ranges. In case a significant effect was detected, a ranked ttest for unequal variances was conducted as a post-hoc test. Since PSR considers only the number of different parasite taxa in the following the differences in prevalence of all parasite species were examined separately: to analyse prevalence differences between the species, home ranges or groups, Chi square (χ²) test or a Fisher’s Exact test (extension by Freeman and Halton for more than two categories) was conducted. In order to detect differences in parasite prevalences over the seasons, a McNemar’s test for paired samples was performed using binomial data on parasite presence/absence.
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Sex differences in PSR were examined by using the Mann-Whitney U-test. To analyse differences in parasite prevalence between the sexes a Fisher’s Exact test was performed. To determine the extent of sex bias in prevalence, the prevalence of females was subtracted from the prevalence of males for each parasite taxon and host species separately. A one sample t-test was used to test if the mean value of sex bias over all parasite taxa differed from zero (meaning no sex bias). In order to explore factors that can cause possible differences of PSR/prevalence over the host species or home ranges, data of all host species was examined by using the Spearman rank correlation calculations. The hypotheses presented before (chapter 2.5) predict specific relationships between host-intrinsic/-extrinsic variables and PSR/prevalence that should be primarily similar for the studied host species belonging all to the New World primates. Thus, even though species might be expected to differ in the magnitude of relationships, there is no a-priori reason why species should differ fundamentally in the direction of the relationship. Hence, the examined host-intrinsic variables are expected to have a similar outcome on the exposed individuals, independent from their species. Data of all species was therefore analysed together. Since there were no significant effects of the host groups within all host species on PSR (ANOVA F2,27=1.17, p=0.307, see chapter 4.3, Table 4.4 and 4.5) the same effects of host-intrinsic and –extrinsic traits on parasite diversity were expected for all host individuals. The same should be true for habitat use: since the results revealed no significant effects of three different home ranges (West, East, North; ANOVA F2,36=1.23, p=0.312, chapter 4.3, Table 4.4) or significant interactive effects of home range and species (ANOVA F2,36=0.44, p=0.633, see Results, Table 4.4) on PSR, there was no reason to expect diverging effects of habitat use in different home ranges at the field site. In order to assure this pattern found in the first analyses, in a second step the rank correlation coefficients were determined by excluding the Callicebus species. Since for the second group of Callicebus group no data could be collected, the analyses were repeated without this species to exclude the possibility that general patterns were driven by nonrepresentative data from one host species. The second analysis excluding the Callicebus further allowed drawing conclusions about consistency of the observed
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pattern within phylogenetically closely related hosts (genus Saguinus). Since the tamarin species shared all recovered parasite taxa and many socio-ecological and immunological traits which might have an impact on their parasite diversity examining an association of parasite diversity and host-intrinsic and habitat factors with a balanced number of host individuals of both species can strengthen the detected patterns. In order to analyse the relationship between PSR/ parasite prevalences and the hostintrinsic factors the Spearman's Rank Correlation Coefficient (rs) was calculated. The following independent variables were examined: strata use (percent of time hosts spent on the ground), diet (proportion of animal prey), mean group size, home-range size and host density. Of these independent variables proportion of animal prey and home-range size (N=42, rs=0.71, p1
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APPENDIX I: Variation in egg and larvae output including all host species Degrees of freedom (df), F-, p-values generated by GLMM Effect per parasite
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