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parasites, predators and prey. This is knowledge gained
largely the old-fashioned way, with muddy boots, muddy
hands and dissecting microscopes. With the seductions of
the impressive technological advances in biology, is there a
danger that such fundamental skills could be lost [24]? As
Glasse’s apocryphal 1747 recipe for roasted hare begins,
‘first, catch your hare’ [25].
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Parasitism is one of the most successful modes of life [1]. In
fact, the diversity of parasitic life in the oceans and on land
exceeds that of non-parasitic life [2,3], and all organisms
are susceptible to parasitic infection during at least one
phase of their life [4].

The evolution of host–parasite diversity and the search
for identifiable mechanisms responsible for patterns of
infection are issues that are of considerable importance;
they can help to interpret the exponential growth in the
amount of information concerning parasite diversity,
parasite and host phylogeny, and species interactions.
Marine parasitology, however, has the additional compli-
cation that many systems, such as the central oceans and
the deep sea, are difficult to access; hence, many marine
organisms have never been studied for parasite infection.
Particularly for heteroxenous parasites (those that use
more than one host to complete their life cycle), research-
ers are still searching for model taxa in which larval and
adult distribution patterns give insight into the evolu-
tionary processes that are involved in species diversifica-
tion. This letter focuses on the concept of cumulative
evolution, which is the process by which parasites con-
tinuously diversify to inhabit a wider range of host spe-
cies. Generalists (parasites with low host-specificity) are
the driving force behind cumulative evolution, and Try-
panorhynch cestodes, an ancient group of tapeworms, are
used as an example in the case of parasites of marine fish.
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Figure 1. Images of the trypanorhynch Grillotiella exile. (a) Scolex of G. exile from Indonesia, with two bothria and armed tentacles (worm length = 0.8 mm). This species

has been recorded from the tiger shark (Galeocerdo cuvier) and infests the gills of the narrow-barred Spanish mackerel (Scomberomorus commerson) as its intermediate

host. (b) Tentacular armature of G. exile from Indonesia (scale bar = 10 mm). The arrangement of the tentacular hooks is species specific. Adults and larvae have the same

armature patterns, which enables species identification.
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With at least two or three species per host [2], parasites
of fish are extremely diverse. Estimates indicate that
there are �100 000 species of protozoan and metazoan
parasites of marine fish [5] in a total of 29 400 fish species
(http://www.fishbase.org). Host–parasite infestation lists
give more-detailed figures; for example, there are 3.1
metazoan parasites per fish species in German coastal
waters [6], and a worldwide average of 1.5 metazoan
parasites per fish species in the deep sea [7]. However,
there is still a large number of free ecological niches
that might be used by parasites, and these niches will
enable more species of parasite to infect marine fish in the
future [8]. The fundamental issue remains as to how this
huge marine-parasite diversity is developing, and the
search continues for the driving forces in marine-parasite
evolution.

In theory, complex helminth-parasite life cycles evolved
either by the addition of a new host after the existing
definitive host, which would subsequently become an
intermediate host (upward incorporation), or by the addi-
tion of a new host before the definitive host (downward
incorporation) [9]. Because helminth life cycles often
include three or, at most, four hosts, many incorporation
events must have occurred a long time ago in evolutionary
terms [9]. The involvement of further host species at a
particular stage in the helminth life cycle (lateral incor-
poration [9]) depends on niche overlap between the exist-
ing and the new host (e.g. through the food web) and is
supported by the presence of generalist parasites. A suc-
cessful mutant that survives in an additional host can
spread and become established. Although lateral incor-
poration does not extend the life cycle of helminths despite
increasing the number of hosts, it is responsible for the
wide variety of helminth life cycles. Consequently, it
adds to the pool of helminth species that infect fish, thus
contributing to the mixture of specific and nonspecific
parasites.
www.sciencedirect.com
Modelling is one way to identify possible reasons for
generalism or specialism in parasites [10]; however, all
models need to be verified using real host–parasite sys-
tems. Trypanorhynch cestodes (Figure 1) are an ancient
group of marine tapeworms that have three or four hosts in
their life cycle. Invertebrates and teleosts serve as inter-
mediate hosts, and elasmobranchs serve as final hosts.
Approximately 260 species have been identified from the
1000 elasmobranchs, andmore species are discovered each
year. A new classification of trypanorhynchs, which
involved the analysis of 3945 host records worldwide,
revealed that, although these cestodes are highly diverse,
many seem to have a restricted phylogenetic and ecological
specificity for the intermediate and final host [11]. It was
suggested that generalism is advantageous for successful
metazoan parasites of fish to explore new host species and
habitats [11]. This idea supports the concept of lateral
incorporation [9] but contradicts the assumption that other
marine cestodes, especially those that infest the elasmo-
branchs (which have a long evolutionary lineage), are
considered to be host specific and well adapted to their
final host.

High parasite diversity inmarine fish could be the result
of a process of cumulative evolution of parasitic life forms
[11]. Assuming that the ocean is a stable environment at an
evolutionary scale, numbers of potential host species
within a specific taxon are stable or can increase or
decrease. All successful parasite taxa have diversified into
groups that follow similar long (e.g. upward incorporation)
but altered life cycles (see earlier). With successful infec-
tion after the discovery of a new suitable host, and assum-
ing that the evolution of the parasite follows that of its host,
the number of parasite species within each successful
taxon will increase under stable, increased or decreased
(shrinking but not becoming extinct) scenarios of host
species number. This, therefore, results in a continual
increase in total parasite species number and an increase
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in parasite:host ratio. Although upward and downward
incorporation [11] led to different life cycles and parasitic
taxa in the oceans, lateral incorporation by originally
generalistic parasites, followed by further specialization
[12] according to their principal life cycle, is responsible for
the huge diversity of parasites of marine fish. This can also
explain the coexistence of generalist and specialist para-
sites within the same taxon. The costs of generalism, in
terms of infecting false hosts (one in which the parasite is
unable to survive) or casual hosts (one in which the para-
site is unable to complete its life cycle) [12], or being out-
competed by specialist parasites, are sufficiently small
(even for larger taxa of parasites that infect marine fish)
to maintain generalism over evolutionary time. Estab-
lished generalists can be considered to be the driving force
behind the evolution of parasite-species diversity.

An accurate estimate of the increasing number of para-
site species will be difficult to determine because the ratio
of generalists and specialists is different in each parasite
taxon [11]. In addition, after the infection of a new host
group, parasites might encounter certain problems that
prevent further species radiation or development; for
example, new invaders often face competition from estab-
lished parasites. Various other factors influence the host–
parasite relationship, such as the parasite causing disease
or the host species facing extinction. However, negative
effects are usually moderate and, in fact, most parasites do
not cause severe pathology (with multiple infections being
common), thus enabling both parasite and host to survive.
This balanced relationship has enabled species of parasite
that infect marine fish to diversify and increase in number,
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and these characteristics underlie the concept of cumula-
tive parasite evolution.
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Although outweighed by chronic conditions such as heart
disease, stroke, cancer and diabetes in developed countries,
parasitic and tropical diseases remain a major burden of
disease and overwhelm medical services and economic
resources in developing nations. This is an ongoing problem,
despite the successof someprograms to reduce the incidence
of parasitic diseases such as onchocerciasis [1] in Africa,
dracunculosis [2] in Africa and Asia and the global effort for
elimination of lymphatic filariasis.

Implications of findings of bibliometric studies in
parasitology
Several bibliometric analyses in the fields of parasitology
and tropical medicine have been published [3–6], including
a study of the origin of 18 110 publications in parasitology
between 1995 and 2003. Western Europe, USA, and Latin
America and the Caribbean produced 34.8%, 19.9%, and
17.2% of the articles, respectively [3], and both Latin
America and the Caribbean and Asia doubled their pro-
duction of publications during the study period. Interest-
ingly, Oceania ranked first in research productivity in
parasitology when adjustments for both the gross national
income per capita and population were made. It should be
acknowledged that adjustments for spending on health-
related research would be more satisfactory but accurate
data on this important index are not available for many
countries.

The most important finding of this analysis, however, is
that both absolute (5.3%) and relative research productiv-
ity in parasitology in Africa is low, although it is higher
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