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Foreword

The tropics and temperate climates differ considerably in the mean and the variance 
in temperature, precipitation, and wind. While certain areas vary considerably in 
climate over the years, others show clear patterns of consistency with effects on life 
history of the numerous organisms that inhabit these areas. In particular, richness 
and abundance of parasites are predominantly high in the tropics, especially the 
haemosporida (Price 1980; Combes 2001; Valkiūnas 2005). In fact, ecological the-
ory predicts a strong positive relationship between the abundance and diversity of 
parasites and their hosts (Morand and Krasnov 2010). The crucial difference 
between the temperate zones and the tropics is the dissimilarity in prevalence and 
parasitemia or intensity of infection (Morand and Krasnov 2010). Already Darwin’s 
contemporary Alfred R. Wallace emphasized the greatly exaggerated difference in 
interspecific interactions between hosts and parasites in tropical regions and the fit-
ness consequences for the hosts (reviews in Coley and Aide 1991; Schemske et al. 
2009). Does biodiversity differences between temperate and tropical regions result 
in a higher tropical diversity due to a richer set of ecological interactions, or are they 
simply due to random sampling at different levels? Are haemosporidians different 
from all other parasites, or do they just constitute part of the combined coevolution-
ary interactions between hosts and parasites like any other kind of host–parasite 
interaction, with parasites in the tropics having more severe fitness consequences 
for their hosts?

Haemosporidians are an important cause of parasite virulence and are also the 
ancestors of malaria parasites including human malaria. Hence, they are at the ori-
gin of one of the most significant and debilitating human diseases. These effects 
also apply to the consequences of climate change on host–parasite interactions with 
different impacts on haemosporidians and other parasites (Møller et  al. 2013). 
Because vector-borne parasite interactions involve hosts, parasites, and the impor-
tant vectors that transmit them, a full understanding of all parties requires in-depth 
studies of each of these. Encounter rate probability and an array of anti-parasite 
defenses such as physical removal of parasites (e.g., preening intensity), chemical 
defenses (e.g., uropygial secretions), immune function, and micro-habitat choice by 
vectors all contribute to differences in host–parasite interactions. Furthermore, 
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different interspecific interactions (e.g., brood parasitism, predation, and competi-
tion) appear to be particularly susceptible to haemosporidian infections. Brood 
parasites are rarely infected with blood parasites be it common cuckoos Cuculus 
canorus, great spotted cuckoos Clamator glandarius, cowbirds, or any other spe-
cies. This surprising finding either suggests that brood parasites are particularly 
resistant to haemosporidians and they rarely encounter vectors or their peculiar lack 
of or reduction in parental care reduces the prevalence and intensity of infection by 
haemosporidians. In contrast, predators suffer frequently from blood parasite infec-
tions, especially by the debilitating parasite genus Plasmodium. The fitness costs of 
haemosporidian infections have so far only been studied in a handful of cases. For 
example, blood parasites have been shown to affect the laying date (Marzal et al. 
2005), reproductive success (Merino et  al. 2000) and survival  of their hosts 
(Martínez-de la Puente et al. 2010). So far, the number of experimental studies of 
haemosporidians that has been performed in the tropics is scarce (see Chap. 17 of 
this volume). Studies of temperate zone birds indicate that viability, predation, and 
future fitness prospects are all linked to blood parasitism.

Tropical species are commonly less abundant than their temperate counterparts, 
but with clear latitudinal trends in prevalence and parasitemia. Such latitudinal pat-
terns of biodiversity show evidence of latitudinal maxima in both hosts and para-
sites (Morand and Krasnov 2010), but also in diseases caused by these parasites 
(Guernier et  al. 2004), though there are exceptions to this general pattern (e.g., 
genera Leucocytozoon; Fecchio et al. 2019). Differences in life history of hosts and 
parasites are typically linked to differences in latitude and abundance. Indeed, 
Møller et al. (2009) showed that virulence in the tropics is much higher than in the 
temperate zone even when controlling for differences in host size, general ecology, 
and differences in similarity among taxa due to common phylogenetic descent. A 
number of different potential mechanisms have been suggested to account for such 
effects. If there are more parasite taxa in the tropics, this implies a higher diversity 
of infection being correlated with a higher diversity of potential food. In other 
words, multiple parasites select for more intense competition for limiting resources. 
Is competition more common and more intense in the tropics than elsewhere? We 
can make the prediction that experimental manipulation of the level of parasitism at 
different latitudes should result in higher virulence in the tropics.

Birds commonly migrate between tropics and temperate climates with hundreds 
of millions of migrants moving twice annually between the northern and the south-
ern hemisphere. Several studies have shown that migration affects host–parasite 
interactions (see Chap. 16 of this volume). For example, barn swallows in the trop-
ics have body condition depending on environmental conditions, but also on host–
parasite interactions. Molt in the tropics affects timing of migration and subsequent 
timing of reproduction as shown by barn swallows (Møller et al. 1995).

Invasions may contribute to the history of host–parasite interactions, particularly 
for the evolution of novel interactions, immune adaptations, and native biodiversity 
loses (see Chap. 15). These interactions may be of recent origin partly due to inva-
sions of parasites, vectors, and hosts as in Hawaii, Galapagos, and other tropical 
regions that may all contribute to the dynamics of haemosporidians in the tropics. 
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For instance, house sparrows (Passer domesticus) constitute a model system for the 
study of invasion biology, with the widespread occurrence of haemosporidians 
being determined by enemy release resulting in blood parasites doing better in areas 
where open niches are abundant. Moreover, blood parasites may do better in areas 
where novel weapons are particularly suitable for invasion of alien environments, 
where diversity and prevalence are low (Marzal et al. 2018). The first cases of inter-
actions between haemosporidians and tropical birds derive from reports of  the 
1900s, but the link between hosts life history and parasite infection risk dates back 
to the mid-1950s (see Chap. 1).

The interaction between haemosporidians and their hosts constitutes an impor-
tant model system for the study of host–parasite–vector interactions. There is an 
extensive development of research, in particular on malaria in humans, but also on 
malaria in domesticated animals and wild animals more recently as demonstrated in 
the present volume. A search on Web of Science resulted in 326,231 hits with most 
being for blood parasite*. Surprisingly, there has been very little experimental 
research on this system. Why are there only a couple of experimental studies that 
have attempted to use medication as a tool for understanding the consequences of 
prevalence and parasitemia of blood parasite infections? Likewise, there have only 
been few studies attempting to link haemosporidians infections with the ecological 
and evolutionary consequences of such infections. High prevalence and parasit-
emia, particularly in tropical host species, suggests that parasitologists and ecolo-
gists should increase their research effort to study such effects in the tropical zones 
and compare them with the same type of studies in the temperate areas. Why such 
studies are virtually absent is difficult to understand. This book constitutes an excel-
lent basis for the development of such research agenda.
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Chapter 1
Research on Avian Haemosporidian 
Parasites in the Tropics Before the Year 
2000

Diego Santiago-Alarcon and Alfonso Marzal

Abstract  In 1884, only 5 years after A.  Laveran discovered agents of human 
malaria, Vassily Danilewsky reported the first description of the pathological effects 
of avian malaria on their bird hosts. Shortly after, Sir Ronald Ross carried out the 
first investigation on the life cycle of avian Plasmodium parasites, being the first to 
show that the malaria parasite is transmitted by the bite of infected mosquitoes. 
Since its discovery until now, bird malaria parasites have played a major role as 
model organisms in human malaria research. Experiments with avian malaria have 
significantly contributed to the description of the life cycle of Plasmodium para-
sites and for early antimalaria drug screening. Avian malaria and related haemospo-
ridian parasites are globally distributed; host diversity and environmental factors in 
the tropical regions favor the prevalence and diversity of this group of parasites. 
Thus, a large number of studies on bird haemosporidians during the last century, 
particularly taxonomic descriptions, were conducted in a wide range of tropical 
birds, mainly in African countries. Although the number of publications on this 
topic was not big during the first half of the last century, it significantly increased 
from late 1970s, reaching a maximum on early 1990s. During these periods, inter-
nationally recognized researchers such as G.F. Bennett, M.A. Peirce, and R.A. Earlé, 
among others, published a number of studies reporting data of avian haemosporid-
ian infections in many host taxa covering many tropical regions, as well as the 
descriptions of 134 novel species. During the last three decades, important contribu-
tions by G. Valkiūnas have organized and enriched the knowledge on the taxonomy 
of this group of protozoans. Here, we have conducted an extensive search for avian 
haemosporidians publications in the Web of Science Core Collection and a biblio-
metric analysis of the found documents during the period of 1909–2000. In this 
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chapter, we present an extensive synthesis of research conducted on avian malaria 
and related haemosporidian parasites across the different tropical regions (America, 
Africa, Asia, Australia, and Oceania).

Keywords  Avian malaria · Haemoproteus · Leucocytozoon · Parasite taxonomy · 
Plasmodium · Tropical parasitology

1.1  �Introduction

Avian haemosporidians are vector-borne parasites belonging to the genera 
Plasmodium, Haemoproteus, Leucocytozoon, and Fallisia (Valkiūnas 2005; 
Santiago-Alarcon et al. 2012a; see Chaps. 2 and 5). This group of parasites is glob-
ally distributed with the exception of polar regions (Clark et al. 2014), and a large 
genetic diversity (>3500 lineages) has been discovered during the past decade 
(Bensch et al. 2009). Such genetic diversity has allowed the experimental study of 
different lineages’ virulence belonging to the same or different Plasmodium mor-
phospecies (e.g., Palinauskas et al. 2011, 2018; Ilgūnas et al. 2019a, b). Additionally, 
a new simple centrifugation method to obtain high-quality DNA from haemosporid-
ian parasites (Palinauskas et  al. 2013) has allowed more in-depth genomics and 
transcriptomic studies, leading to the recovery of the first avian haemosporidian 
genome (Haemoproteus tartakovskyi, Bensch et al. 2016) and some transcriptoms 
as well (Videvall et al. 2017; see also Chap. 4). However, the history of avian hae-
mosporidian research starts more than 100  years earlier, when in 1880 Charles 
Louis Alphonse Laveran discovered gametocytes circulating in the peripheral blood 
of infected human patients. Some years later, in 1884 Vassily Danilewsky 
(Danilewsky 1884) working in Ukraine discovered the broad distribution of intra-
cellular malaria-like parasites infecting birds. These organisms were classified later 
in the genera Plasmodium, Haemoproteus,  and Leucocytozoon. Importantly, he 
developed the first investigations showing the pathological effects of these blood 
parasites on avian hosts and demonstrated similarities to pathologies caused by 
malaria parasites in humans (Danilewsky 1889; Valkiūnas 1985) and the initial sea-
sonality patterns of the infections on wild birds (Marzal 2012). Later, in 1897 
William MacCallum discovered sexual processes (e.g., exflagellation) in haemo-
sporidians using Haemoproteus columbae infecting pigeons as model organisms 
(Cox 2010). Also, during 1897, Sir Ronald Ross, a British officer in the Indian 
Medical Service, who knew of V. Danilewsky’s studies on bird malaria, discovered 
the involvement of mosquitoes (Diptera: Culicidae) in the transmission of 
Plasmodium sp. (probably Plasmodium relictum) in birds (Ross 1898). In 1902, 
Ross was awarded the Nobel Prize in Physiology and Medicine for these contribu-
tions, which were essential in understanding malaria epidemiology and transmis-
sion. After the discovery of the involvement of mosquitoes of several genera, mainly 
Culex and Aedes in the transmission of avian Plasmodium (Huff 1927), bird malaria 
parasites became an experimental model for human malaria research in many 
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laboratories. But with the discovery of rodent haemosporidians by 1948 (Killick-
Kendrick 1974), and later primate malaria (Cox 2010; Santiago-Alarcon et  al. 
2012a), the avian haemosporidians decreased in popularity as a model system for 
the study of human malaria. However, studies on avian malaria parasites still have 
played an essential role in advances of medicine, parasitology, ecology, and evolu-
tion, among others fields. For example, the test of synthetic compounds (e.g., plas-
mochin and atebrin) in birds allowed the discovery of effective antimalarial drugs in 
humans and methods to study exo- and erythrocytic parasite stages in vitro (Coatney 
et al. 1953; Ball and Chao 1961; Ball 1964; McGhee et al. 1977). Furthermore, dur-
ing the last 15 years, avian haemosporidians have become a model system to study 
the ecology and evolution of this antagonistic interaction (e.g., Bensch et al. 2000; 
Ricklefs and Fallon 2002; Marzal et al. 2008; Knowles et al. 2011; Santiago-Alarcon 
et al. 2014; Renner et al. 2016; Pacheco et al. 2018), which is paving the road to 
develop novel pathogen control and prevention strategies aiding both medical and 
animal health (e.g., Asghar et al. 2015, 2016).

The malaria disease generated by parasites of the genus Plasmodium has been 
recognized in ancient cultures around the globe, from Chinese documents by 
2700 B.C. to Egyptian papyri by 1500 B.C. But more solid evidence comes from 
ancient Greeks 800–400 B.C., who provided the natural history of the disease, with 
its characteristic fevers and enlarged parenchymal internal organs such as livers and 
spleens (Cox 2010). The history of avian haemosporidian parasite studies in the 
tropics started at the beginning of the twentieth century, for example, with the dis-
covery of louse flies (Diptera: Hippoboscidae) as vectors of H. columbae in Brazil 
(Aragão 1908), and expeditions from the Liverpool School of Tropical Medicine to 
West Africa (e.g., Gambia, Congo), where haemosporidian infections in humans, 
domestic and wild animals were reported (Todd and Wolbach 1912). Nonetheless, 
the first work conducted in tropical areas was the one leading to the discovery of the 
involvement of mosquitoes transmitting avian malaria (probably P. relictum) in 
India (Ross 1898). Thus, there is already a long history of avian haemosporidian 
research in tropical regions, but most of it was focused on reporting infections in 
bird species by parasites of different haemosporidian genera (e.g., Todd and 
Wolbach 1912; Greiner et al. 1975; Bennett and Herman 1976; McClure et al. 1978; 
White et al. 1978), as well as on taxonomic descriptions of new parasites, where 62 
novel species were described from Asia (mainly in India), 48 from Africa (mainly 
in South Africa), 24 from America (mainly in Brazil), and 8 from Oceania (Table 1.1; 
summaries of taxonomic and nomenclature work and keys for haemosporidian par-
asite species are available in Valkiūnas 2005; Valkiūnas and Iezhova 2018).

In this chapter, we searched for publications in the Web of Science Core 
Collection (www.webofknowledge.com) from the year 1909–2000, including all 
languages and document types. We used the following Boolean search keywords:

TS = ((Haemosporid* OR avian malaria OR Plasmodium OR Haemoproteus OR 
Leucocytozoon) AND (Tropic* OR Neotropic* OR Afrotropic* OR Ethiopia* 
OR IndoMalay* OR Oriental OR Austral* OR Oceania*)).

1  Research on Avian Haemosporidian Parasites in the Tropics Before the Year 2000

http://www.webofknowledge.com
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In total, we retrieved 671 articles, and after a thorough review, we eliminated 
papers that were not related to the field or that were outside of the tropics; at the end 
176 research papers remained. Subsequently, we conducted a bibliometric analysis 
using the R package bibliometrix v. 2.0.0 (Aria and Cuccurullo 2017), with the 
objective of determining productivity across years, country, and author contribu-
tions. From the 176 research papers of the period 1912–2000, we found an average 
of 13.1 citations per manuscript. The beginning of last century was a slow start for 
the field of avian haemosporidian research in the tropics (an average of <1 article 
per year from 1912 to 1962); the field started in earnest approximately by the year 
1976 with nine publications (the years with the most number of articles published 
were 1978 [11], 1984 [16], 1991 [14], 1992 [11], 1993 [13]) and had an annual 
percentage growth rate of 5.75 for the analyzed period. The top five journals where 
most tropical avian haemosporidian research was published during last century 
were Canadian Journal of Zoology (15), Journal of Natural History (12), Journal of 
Parasitology (11), Journal of Wildlife Diseases (8), and South African Journal of 
Wildlife Research (8). The most productive authors (i.e., >5 papers) were, in decreas-
ing order, G.F. Bennett (45), M.A. Peirce (26), R.A. Earlé (16), N.C. Nandi (13), 
A.  Gabaldon (12), G.  Ulloa (12), M.A.  Bishop (7), E.C.  Greiner (6), 
F.W. Huchzermeyer (6), and A.K. Mandal (6) (Fig. 1.1). More recently, G. Valkiūnas 
has been the leading haemosporidian taxonomist; he and his colleagues have been 
the researchers in charge of organizing and enriching the taxonomy of avian haemo-
sporidians during the past three decades around the world (e.g., Valkiūnas 2005; 
Valkiūnas and Iezhova 2018; Fig. 1.2). In terms of productivity by country, the most 
publications during the last century came from India with 60 publications, followed 
by South Africa and Brazil with 25 papers each, and then by Mexico, Venezuela, 
Argentina, Australia, and Malaysia with between 12 and 15 papers each (Fig. 1.3).

Fig. 1.1  Word cloud showing the most frequent words (n = 250) used in the titles, author lists, and 
abstracts from the 176 publications analyzed for tropical research on avian haemosporidian para-
sites. For the word clouds, we used the outlines of a rock pigeon (Columba livia) (a) and a red 
junglefowl (Gallus gallus) (b). We intend this as homage to these two widespread and charismatic 
species that have given so much in many different aspects (e.g., food, sport, service in war) to 
humans throughout the centuries. For the avian haemosporidian research, pigeons and chickens 
have provided material for the description of new species and have been model hosts for experi-
mental infections, among other benefits

1  Research on Avian Haemosporidian Parasites in the Tropics Before the Year 2000
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Fig. 1.2  Pictures of some important scientists for the field of tropical avian haemosporidian 
research during the last century (1900–2000): Gordon F. Bennett (a), Mike A. Peirce (b), Ellis 
C. Greiner (c), Gediminas Valkiūnas (d)

Fig. 1.3  Number of publications by country in tropical and some subtropical regions around the 
world. The light grey shaded region on the map delimits the tropical areas across the world

D. Santiago-Alarcon and A. Marzal
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Below, we provide an exhaustive synthesis of the research conducted on avian 
haemosporidians in the different tropical regions (i.e., America, Africa, Asia, and 
Oceania; for practical purposes, we are combining Australia and Oceania into the 
same region). It is important to remember that all studies discussed here are based 
on microscopic examination of blood films. Thus, prevalence for different countries 
may not be precise because of researchers experience, and also when combined 
with molecular methods (polymerase chain reaction, PCR) researchers can detect 
low intensity infections missed by microscopic examination; however, PCR meth-
ods can also miss infections due to probes’ high specificity, therefore making the 
use of both desirable (Valkiūnas et al. 2008a; see Chap. 2 for an introduction to 
haemosporidian life cycles and study methods).

1.2  �Studies in the Tropics

1.2.1  �Africa

A large expedition conducted at the beginning of the last century (1911) in Gambia 
by the Liverpool School of Tropical Medicine had the objective to study human 
trypanosomiasis, but researchers also collected samples from nonhuman mammals 
(n  =  39), birds (n  =  108), and reptiles (n  =  28) (Todd and Wolbach 1912). 
Leucocytozoon was detected in vultures and bush fowl (francolins), and pigments 
producing Haemosporida parasites (i.e., Haemoproteus, Plasmodium) were detected 
in several bird species, but high parasitemia infections were recorded only in 
pigeons, bush fowl, and vultures (Todd and Wolbach 1912).

A parasite survey conducted in Senegal included a total of 809 birds from 43 
species, where blood parasite prevalence was low (11.5%) compared to other parts 
of Africa (e.g., Ghana 32%, n = 135; Uganda 31%, n = 1998; Kenya 25%, n = 377; 
Tchad 23%, n = 389; Abyssinia 23%, n = 5046); most infections (80%) were of 
Haemoproteus parasites (Bennett et  al. 1978; see Bennett et  al. 1992a for sub-
Saharan birds, where Haemoproteus parasites were also the most common [19%], 
followed by Leucocytozoon [8.3%] and Plasmodium species [3.5%]). There was 
similar avian haemosporidians prevalence across Africa considering an east-west 
comparison, with the exception of Tanzania and Zaire, where prevalence was higher 
(47% and 72.2%, respectively) compared to most other countries, particularly for 
the genera Plasmodium and Leucocytozoon (Bennett and Herman 1976; Bennett 
et al. 1978). Moreover, prevalence seasonality in Senegal was clearly defined, with 
highest infection rate from December to May (10–17%) and lowest from June to 
November (0–9%). This result was unexpected given that the rainy season is from 
July to September (higher prevalence was recorded during the rainy season in 
Uganda; Bennett et al. 1974, 1977) and those are favorable conditions for the devel-
opment of insect vectors (Bennett et al. 1978). A study conducted in eastern Africa 
(Kenya, Tanzania, Zaire) surveyed 647 birds from 146 species, showing a 37.2% of 
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