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Abstract Our aim was to determine which of four vari-
ables (number of host species exploited by the parasite,
taxonomic distinctness of these hosts, geographic range
of the principal host, and year of description of this
host) was the best predictor of description date of fleas.
The study used previously published data on 297 flea
species parasitic on 197 species of small mammals from
34 different regions of the Holarctic and one region from
the Neotropics. We used both simple linear and multiple
regressions to evaluate the relationships between the
four predictor variables and the year of flea description,
on species values as well as on phylogenetically inde-
pendent contrasts. Whether or not the analyses con-
trolled for flea phylogeny, all predictor variables
correlated significantly with year of flea description
when tested separately. In multiple regressions, however,
the number of exploited host species was the best pre-
dictor of the date of flea description, with the geographic
range of the principal host species as well as the date of
its description having a lesser, though significant, influ-
ence. Overall, our results indicate that a flea species is

more likely to be discovered and described early if its
biological characteristics (exploitation of many host
species) and those of its hosts (long-known to science,
broad geographic distributions) increase its chances of
being included in a collection. Because the variables we
investigated only explained about 10–11% of the vari-
ation in year of description among flea species, other
factors must be important, such as temporal variability
in the activity of flea taxonomists.

Introduction

Discovery and scientific description of new species of
plants and animals is an on-going process that, in its
modern form, dates back to the pioneering approach of
Linnaeus. In spite of continuing efforts by zoologists and
botanists, the inventory of existing species is far from
being complete, and the number of discovered species is
evaluated at only 15–18% of the entire number of extant
species (Heywood and Watson 1995; Wilson 2003). The
rate of discovery of new species not only differs sharply
among different taxa for various reasons, but also can
greatly fluctuate on a temporal scale within a taxon. For
example, some species have been described much later
than their close relatives. In other words, the probability
of a species being discovered can be profoundly different
among species of the same taxon (Gaston 1991; Gaston
and Blackburn 1994; Collen et al. 2004).

Recent studies have showed that the probability of a
species being discovered, although involving an element
of chance, is strongly affected by the biological charac-
teristics of that species (e.g., Gaston 1991; Medellin and
Soberon 1999; Cabrero-Sanudo and Lobo 2003). In fact,
Collen et al. (2004) listed as many as six different (not
necessarily exclusive) hypotheses about the correlates of
the probability of a species being discovered. According
to these hypotheses, the date of description of a species
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is influenced by some of its biological attributes, the
main ones being body size, geographic range, geographic
location and density. However, most of these hypotheses
have been tested using a very limited range of taxa,
mainly birds (e.g., Gaston and Blackburn 1994), some
mammalian orders (e.g., Collen et al. 2004), butterflies
(e.g., Gaston et al. 1995) and beetles (Cabrero-Sanudo
and Lobo 2003). The results of these studies indicate
that different biological correlates of description date
apply to different taxa. Nevertheless, a correlation
between description date and some biological parame-
ters appeared to be almost universal. For example,
geographic range was found to be a good predictor of
the date of species discovery across various taxa (Gaston
et al. 1995; Blackburn and Gaston 1995; Allsop 1997;
Collen et al. 2004). In other words, species with larger
geographical ranges are more likely to be encountered
early by collectors compared with species with limited
geographic distributions.

The link between biological parameters of species and
their probability of discovery has been shown to exist
not only for free-living animals but also for parasites.
Indeed, different probabilities of discovery among par-
asite species of various taxa have been shown to be
associated with their body size (Poulin 1996, 2002). In
copepods parasitic on fish hosts, Poulin (1996) found a
negative correlation between parasite body size and year
of description. Poulin (2002) showed that the monoge-
nean species currently being described are smaller than
those previously known. However, the relationships
between the date of discovery and any biological
parameters other than body size have never been studied
in any parasite taxon.

The ubiquitous negative relationship between geo-
graphic range and the year of species discovery found in
free-living animals can be also true for parasites. Fur-
thermore, in this context, an equivalent to the geo-
graphical range of a free-living species in a parasite
species may be the extent of its host range (measured as
the number of host species used). If free-living animals
with larger geographical ranges are more likely to be
encountered first, then parasite species exploiting a lar-
ger number of host species may also be more likely to be
encountered and described early than more host-specific
parasite species. Beyond the number of host species we
might expect the phylogenetic or taxonomic relatedness
of host species to matter. If niche conservatism occurs
(Peterson et al. 1999; Webb and Gaston 2003), i.e. if
related species share functional or ecological attributes,
we can hypothesize that parasite species exploiting clo-
sely related hosts are less likely to be discovered than
parasite species exploiting totally unrelated host species
which have different ecological requirements, body size
or behavior. Thus, for a given number of exploited hosts
we might expect that a parasite infesting a higher taxo-
nomic diversity of hosts should be discovered before one
infesting closely related hosts.

Poulin (1996) reported that, although a correlation
between copepod body size and the date of description

existed for species parasitic on fish hosts, there was no
relationship between these variables among copepods
parasitic on invertebrate hosts. For monogeneans, it was
noted that species infecting tropical or deep-water fish
are most likely not as well surveyed as those of tem-
perate fish or commercially important fish species
(Poulin 2002). This means that the probability of a
parasite species being discovered depends not only on
some attributes of this species, but also on some attri-
butes of its hosts. The latter is true because it is the host
species that is primarily sampled in the field, whereas
sampling of most parasites is only a secondary process
following to host sampling. For example, a parasite
species exploiting a widely distributed host species is
likely to be found earlier than a similar species on a host
with smaller geographic range.

Here, we used published data on fleas (Siphonaptera)
parasitic on small mammals from 35 distinct geographic
regions and examined the relationships between the year
of a flea species discovery and its degree of host speci-
ficity as well as the geographic range and year of
description of its principal host species. Fleas are holo-
metabolous insect parasites of higher vertebrates, being
most abundant and diverse on small mammals. In
addition to using the number of host species used by a
flea as a measure of host specificity, we also applied a
measure of host specificity that takes into account the
taxonomic or phylogenetic affinities of the various host
species (Poulin and Mouillot 2003). This measure
emphasizes the taxonomic distance between host species
used by a flea rather than their number, providing a
different perspective on host specificity, one that truly
focuses on the specialization of the flea for its host
habitat.

Materials and methods

Data set

Data were obtained from published surveys that
reported flea distribution and abundance on small
mammals (Didelphimorphia, Insectivora, Lagomorpha
and Rodentia) in 35 different regions (Table 1). These
sources provided data on the number of individuals of
each flea species found on a given number of individuals
of each particular host species, except for the Barguzin
depression for which data on the average abundance of a
flea species on a host species were provided instead
(Vershinina et al. 1967). Single findings of a flea species
on a host species or in a region were considered acci-
dental and were not included in the analysis. In total, we
used data on 838 flea species-region combinations,
which included 297 flea species found on 197 mamma-
lian species.

For each flea species, two measures of host speci-
ficity were used: (1) the number of mammalian species
on which the flea species was found, and (2) the spec-
ificity index, STD, and its variance VarSTD (Poulin and
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Mouillot 2003). The index STD measures the average
taxonomic distinctness of all host species used by a
parasite species. When these host species are placed
within a taxonomic hierarchy, the average taxonomic
distinctness is simply the mean number of steps up the
hierarchy that must be taken to reach a taxon common
to two host species, computed across all possible pairs
of host species (see Poulin and Mouillot 2003, for
details). The greater the taxonomic distinctness between
host species, the higher the value of the index STD:
thus, it is actually inversely proportional to specificity.
A high index value means that on average the hosts of
a flea species are not closely related. Using the taxo-
nomic classification of Wilson and Reeder (1993), all
mammal species included here were fitted into a taxo-
nomic structure with five hierarchical levels above
species, i.e. genus, subfamily, family, order and class
(Mammalia). The maximum value that the index STD

can take (when all host species belong to different
orders) is thus 5, and its lowest value (when all host
species are congeners) is 1. However, since the index

cannot be computed for parasites exploiting a single
host species, we assigned a STD value of 0 to these flea
species, to reflect their strict host specificity. The vari-
ance in STD, VarSTD, provides information on any
asymmetries in the taxonomic distribution of host
species (Poulin and Mouillot 2003); it can only be
computed when a parasite exploits three or more host
species (it always equals zero with two host species). To
calculate STD and VarSTD, DM and RP developed a
computer program using Borland C++ Builder 6.0
(available at http://www.otago.ac.nz/zoology/down-
loads/poulin/TaxoBiodiv1.2).

Measures of host specificity were averaged across
regions for each flea species that occurred in more than
one region. In addition, the number of host individuals
examined was weakly, albeit significantly correlated with
the number of host species (r2=0.03, F1, 295=8.2,
P<0.005), but not with either STD or VarSTD (r2=0.01,
F1, 295=3.6 and r 2=0.0005, F1, 295=0.2, respectively;
P>0.05 for both). To avoid the potential confounding
effects of host sampling effort, the residuals of the

Table 1 Data on number of species of small mammals and fleas from the 35 regions used in the analyses

Region Number of species Source

Hosts Fleas

Southeastern Brazil 16 10 de Moraes et al. (2003)
Idaho 15 31 Allred (1968)
Central California 19 22 Linsdale and Davis (1956)
Southwestern California 9 17 Davis et al. (2002)
Northern New Mexico 29 34 Morlan (1955)
Slovakia 20 22 Stanko et al. (2002)
Volga-Kama region, Russia 20 31 Nazarova (1981)
Novosibirsk region, southern Siberia 19 28 Violovich (1969)
Altai mountains, Russia 24 10 Sapegina et al. (1981)
Western Sayan ridge, southern Siberia 15 29 Emelyanova and Shtilmark (1967)
Tuva, Russia 13 28 Letov et al. (1966)
Selenga region, central Siberia 9 13 Pauller et al. (1966)
Barguzin depression, Baikal rift zone 17 29 Vershinina et al. (1967)
Central Yakutia, Russia 6 17 Elshanskaya and Popov (1972)
Amur river valley, southern Russian Far East 9 22 Koshkin (1966)
Ussury river valley, southern Russian Far East 9 21 Kozlovskaya (1958)
Khasan lake region, southernmost Russian Far East 9 12 Leonov (1958)
Magadan and Tchukotka region,
northern Russian Asian Far East

15 16 Yudin et al. (1976)

Kamchatka peninsula, eastern Russian Far East 4 8 Paramonov et al. (1966)
Kabarda, northern Caucasus 9 21 Syrvacheva (1964)
Adzharia, southern Caucasus 12 20 Alania et al. (1964)
Southwestern Azerbaijan 14 23 Kunitsky and Kunitskaya (1962)
Turkmenistan 18 42 Zagniborodova (1960)
Kustanai region, northwestern Kazakhstan 17 19 Reshetnikova (1959)
Akmolinsk region, northern Kazakhstan 19 26 Mikulin (1959a)
Pavlodar region, eastern Kazakhstan 16 14 Sineltschikov (1956)
Moyynkum desert, southern Kazakhstan 18 32 Popova (1968)
East Balkhash desert, Kazakhstan 22 39 Mikulin (1959b)
Dzhungarskyi Alatau ridge, Kazakhstan 15 23 Burdelova (1996)
Tarbagatai ridge, eastern Kazakhstan 23 37 Mikulin (1958)
Kyrgyz ridge, northern Kyrgyzstan 16 36 Shwartz et al. (1958)
Gissar ridge, Tajikistan 8 25 Morozkina et al. (1971)
Northwestern Khangay region, Mongolia 21 44 Labunets (1967)
Central Khangay region, Mongolia 9 23 Vasiliev (1966)
Negev desert, Israel 13 11 Krasnov et al.

(1997 and unpublished data)
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regression of the log-transformed number of host species
on which the flea species was found against the log-
transformed number of host individuals sampled were
used in subsequent analyses.

Description dates for fleas were taken from the cat-
alog of the Rothschild collection of fleas (Hopkins and
Rothschild 1953, 1956, 1962, 1966, 1971; Traub et al.
1983; Smit 1987) and from the Interactive Flea Taxo-
nomic Database compiled by Medvedev and Lobanov
(1999; available at http://www.zin.ru/Animalia/Sipho-
naptera/taxfind2.htm).

We calculated the mean abundance (mean number
of fleas per sampled host) of each flea species on each
host species in each region. Other measurements of
infection level, such as prevalence and intensity of flea
infestation, were not available for the majority of the
regions considered. Then, we identified the principal
host for each flea species across all regions, i.e. the
mammal species in which the flea attained its highest
abundance. For each of these host species, the geo-
graphic range and date of description were obtained.
Geographic ranges were generated from distribution
maps of each host species. Distribution range maps
were composed as polygon maps using the ArcView 3.2
software based on maps from various sources (see
Krasnov et al. 2004 for details). Synanthropous wide-
spread species (Mus musculus,Rattus rattus and Rattus
norvegicus) were considered in the borders of their
natural geographic ranges only. Host description dates
were taken from Wilson and Reeder (1993). Across
host species, host description date was significantly
negatively correlated with the size of the host geo-
graphic range (r2=0.44, F1, 295=232.9, P<0.005).
Consequently, the original values of the host descrip-
tion dates were substituted by values of their residuals
from the regression of the log-transformed host
description dates against the log-transformed area of
the host geographic ranges.

Data analysis

All variables were logarithmically transformed prior to
analyses to equalize variances. To examine if the degree
of host specificity and/or host geographic range and host
date of description are associated with the probability of
flea discovery we examined the relationship between the
date of description of a flea species and measures of its
host specificity (number of exploited host species, their
taxonomic distinctness and asymmetry) and two
parameters of its principal host (geographic range and
date of description) using both separate (linear) and
multiple (forward stepwise) regressions.

Treating species as statistically independent data
points in a comparative study may be invalid as it can
introduce bias in the analysis (Harvey and Pagel 1991).
To control for the effects of flea phylogeny, we used the
method of independent contrasts (Felsenstein 1985;
Pagel 1992). The phylogenetic tree for fleas was based on
the taxonomy used in Hopkins and Rothschild (1953,
1956, 1962, 1966, 1971), Smit (1987) and Traub et al.
(1983) and the cladistic tree of flea families of Medvedev
(1998). To compute independent contrasts, we used the
PDAP:PDTREE module (Garland et al. 1993; Midford
et al. 2003) implemented in Mesquite Modular System
for Evolutionary Analysis (Maddison and Maddison
2004). Independent contrasts were standardized as sug-
gested by Garland et al. (1992). To examine the rela-
tionships of description and predictor variables using
independent contrasts, we used both separate and mul-
tiple (forward stepwise) major axis regressions forced
through the origin (Pagel 1992; Garland et al. 1993).

Results

The earliest description of a flea species from our data
set dates back to 1800, whereas the latest description

Fig. 1 Frequency distribution
of dates of description for 297
flea species
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occurred in 1983 (Fig.1). The frequency distribution of
dates of description in fleas demonstrates that the vast
majority of flea species was discovered from the
beginning to the middle of the last century. In addi-

tion, periods when many flea species have been de-
scribed alternated with periods when the rate of flea
descriptions was extremely low (even reaching zero per
year).

Table 2 Summary of conventional and independent contrasts separate regression analyses of date of species description versus flea and
host parameters for 297 flea species

Predictor Intercept Slope r2 F P

Conventional
Number of host species 7.56 �0.004 0.03 10.5 0.001
STD 7.56 �0.004 0.03 8.3 0.004
VarSTD 7.56 �0.004 0.01 4.4 0.03
Host geographic range 7.57 �0.002 0.06 19.2 0.001
Date of description of the principal host 7.56 0.09 0.02 6.2 0.01
Independent contrasts
Predictor r F p
Number of host species �0.26 21.9 0.00001
STD �0.22 15.2 0.0001
VarSTD �0.13 5.1 0.02
Host geographic range �0.17 8.6 0.003
Date of description of the principal host 0.12 4.7 0.03

Fig. 2 Relationship between
the date of description and the
number of host species among
297 flea species (a conventional
data points, b independent
contrasts)
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Separate analyses (linear regressions) of the relation-
ships between the date of flea description andmeasures of
host specificity demonstrated that the date of flea
description was weakly, albeit significantly negatively
correlated with each of the host specificity measure
(Table 2; Fig.2a for the number of exploited hosts). The
same was true for the relationship between the date of flea
description and the geographic range of the principal host
species (Table 2). In contrast, the date of flea description
was weakly positively correlated with the date of
description of the principal host (Table 2; Fig.3a). Sepa-
rate analyses using independent contrasts provided
essentially the same results (Table 2; Figs.2b, 3b).

Multiple regression models using both conventional
data and independent contrasts demonstrated that the
number of exploited host species was the best predictor
of the date of flea description, whereas the predicting
power of the geographic range of the principal host
species as well as the date of its description was lower,

albeit significant (Table 3). However, multiple models
explained only 10% (conventional analysis) and 11%
(independent contrasts analysis) of the total variance.

Discussion

Our results demonstrate that the probability of a flea
species being discovered and described is determined
mainly by its degree of host specificity. In general, fleas
that exploit larger number of host species are discovered
earlier than more host-specific fleas. The likelihood of
discovery is also higher for the flea species that parasitize
hosts with larger geographic range. In addition, the
earlier a host species becomes known to science, the
earlier its parasites are described.

The mechanism behind this is obvious. The proba-
bility of a flea being encountered by a collector is higher
when this flea occurs on a higher number of host species.

Fig. 3 Relationship between
the date of flea description and
the date of description of the
principal host species among
297 flea species (a conventional
data points, b independent
contrasts)
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The reason for this is that, in field surveys, the primary
targets are, usually, hosts rather than parasites. Conse-
quently, a survey of parasites results from a survey of
hosts. The correlation between flea description date and
geographic range and description date of its principal
host species supports the idea that the discovery of a
parasite species is somewhat secondary to the discovery
of a host species. The probability of the latter being
found, in turn, is to a large degree determined by its
geographic range. This was found to be true for various
animal taxa such as beetles (Allsop 1997), butterflies
(Gaston et al. 1995), passerine birds (Blackburn and
Gaston 1995), carnivores and primates (Collen et al.
2004, for both). This was also supported by a secondary
result of this study that showed a negative correlation
between the geographic range and year of description of
small mammals.

Both conventional analyses and analyses using inde-
pendent contrasts provided roughly the same results.
This suggests the absence of a phylogenetic effect on the
relationships between the date of flea discovery and the
biological parameters investigated here. Indeed, the
dependent variable in this study (the year in which a
species has been described) measures, in fact, the effi-
ciency of humans at finding parasite species. This effi-
ciency proved not to be influenced by flea phylogeny,
although phylogeny appears to matter for other animal
taxa (e.g., Collen et al. 2004).

Different measures of flea host specificity were found
to have different predictive power in relation to the flea
description date, with the number of exploited host
species having the highest predictive power followed by
STD and VarSTD. Significant correlations between the
date of flea description and these two measures of host
specificity were only found using separate regression
analyses and subsequently disappeared when multiple
regressions were used. This indicates that each of these
measures explains only a small fraction of the total
variance in the date of flea description. In other words,
the number of host species exploited by a flea species is
much more important than the taxonomic composition
of these hosts from the perspective of the probability of
this flea being found by a collector. Still, the relationship

between STD and the date of flea description estimated
by a linear regression is quite clear, especially when
based on independent contrasts (r=�0.22, P=0.0001).
This suggests that flea species exploiting a broad taxo-
nomic range of hosts are more likely to be discovered
early than fleas exploiting only closely related species.
Assuming that closely related mammals have common
ecological attributes due to niche conservatism (Marti-
nez-Meyer et al. 2004), we suspect that the diversity of
host ecological attributes increases the diversity of ways
in which their fleas can be discovered. For instance
mammalian body size is highly conserved across the
taxonomic hierarchy (Smith et al. 2004). Flea species
infesting hosts with a large range of body size have a
higher likelihood of being discovered because this
diversity of body sizes increases the number of ways in
which a mammal may be sampled: poisoning, trapping
or hunting efficiency are certainly related to particular
size ranges. For example, Ctenophthalmus breviatus that
exploit hosts of four rodent and one insectivore families
ranging in body size from 8000 g (Marmota bobac) to
8 g (Sorex araneus) was described in 1926, whereas
Ctenophthalmus shovi parasitizing hosts of two rodent
and one insectivore families ranging in body size from
40 g (Apodemus mystacinus) to 8 g (Sorex satunini) was
discovered in 1948.

In spite of a significant correlation between the date of
flea discovery and some of the independent variables used
in this study (the number of exploited host species and the
geographic range and date of description of the principal
host species), the proportion of the total variance
explained by these variables was low. This suggests that
there are other key determinants of the probability of a
flea being found and described. For example, larger spe-
cies have been discovered earlier than smaller species in
some animal taxa (e.g., Gaston and Blackburn 1994 for
birds; Cabrero-Sanudo and Lobo 2003 for dung beetles),
including parasites (e.g., Poulin 1996 for copepods par-
asitic on fish hosts; Poulin 2002 for monogeneans). In
contrast, body size was a poor predictor of the description
dates in other taxa (e.g., Allsop 1997 for scarab beetles;
Collen et al. 2004 for primates). In parasite groups where
a relationship between body size and year of description

Table 3 Multiple regressions of conventional data and independent contrasts predicting the date of discovery for 297 flea species

Predictor Intercept Slope t P

Conventional data (r 2=0.10, F3, 293=11.4, P<0.001)
Number of host species 7.57 �0.002 �3.91 0.0001
Host geographic range �0.003 �2.77 0.005
Date of description of the principal host 0.1 2.75 0.006

Predictor Slope t P

Independent contrasts (r=0.34, F3, 293=9.55, P<0.001)
Number of host species �0.007 �4.26 0.00003
Host geographic range �0.001 �2.58 0.01
Date of description of the principal host 0.10 2.87 0.004
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has been shown, body sizes vary by a few orders of
magnitude (Poulin 1996, 2002). This variation is much
lower among the flea species considered (the body length
of the smaller species in our dataset are about 1.5–2 mm,
whereas, that of the larger species is about 2.8–3.8 mm),
so it is unlikely to greatly affect whether a flea is seen or
whether it goes unnoticed by a collector.

The low proportion of the total variance explained by
the biological parameters used in this study can be
caused by a ‘‘human factor’’ in the history of flea tax-
onomy. Indeed, the apparent peaks in the frequency
distribution of flea description dates (Fig. 1) suggest that
periods of intense description and publication activity by
one or more key taxonomists working on fleas have
alternated with periods when few or no new flea species
were described. For example, the three highest peaks on
Fig.1 coincide with the clustered descriptions of multiple
new flea species by highly productive taxonomists such
as Rothschild (1915a, b), Jordan and Rothschild (1915a,
b), Wagner (1929) and Ioff et al. (1946).

The relatively weak correlation between the date of
flea description and the various biological parameters
can also result from confounding factors and events
such as, for example, the description of a new species
after the revision of a taxon or re-identification of
previously misidentified specimens. This could lead to
the attribution of a relatively late description date to a
host-opportunistic flea species. As a consequence, the
resulting relationship between the date of description
and the level of host specificity could be wrongly
underestimated. The possibility of misidentification of
some flea species during field surveys can also not be
dismissed. The attribution of a taxon to either the
species or subspecies level by different taxonomists
with different approaches to the species concept may
also influence the results of any search for the bio-
logical correlates of the probability of a species being
discovered. Finally, flea taxonomy is based mainly on
morphological characters. Therefore, in some cases,
the existence of cryptic flea species can mask the true
patterns of host specificity and, thus, confound the
results of studies like ours. However, for the vast
majority of flea species, molecular data are not yet
available. Despite all these potential sources of back-
ground noise, our analyses have revealed that the
number of host species used by a flea, as well as how
long its principal host has been known to science and
how widely distributed it is, influence its probability of
being found. By extrapolation, we can infer that the
flea species not yet discovered are highly host-specific,
and they exploit little-known host species with limited
geographic distribution.
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