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SUMMARY

Although research on parasite biodiversity has intensified recently, there are signs that parasites remain an underestimated

component of total biodiversity in many regions of the planet. To identify geographical hotspots of parasite diversity, we

performed qualitative and quantitative analyses of the parasite-host associations in fishes from Latin America and the

Caribbean, a region that includes known hotspots of plant and animal biodiversity. The database included 10 904metazoan

parasite-host associations involving 1660 fish species. The number of host species with at least 1 parasite record was less

than 10% of the total known fish species in the majority of countries. Associations involving adult endoparasites in

actinopterygian fish hosts dominated the database. Across the whole region, no significant difference in parasite species

richness was detected between marine and freshwater fishes. As a rule, host body size and study effort (number of studies

per fish species) were good predictors of parasite species richness. Some interesting patterns emerged when we included

only the regions with highest fish species biodiversity and study effort (Brasil, Mexico and the Caribbean Islands).

Independently of differences in study effort or host body sizes, Mexico stands out as a hotspot of parasite diversity for

freshwater fishes, as does Brasil for marine fishes. However, among 57 marine fish species common to all 3 regions,

populations from the Caribbean consistently harbouredmore parasite species. These differences may reflect true biological

patterns, or regional discrepancies in study effort and local priorities for fish parasitology research.
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INTRODUCTION

In recent years, parasites have been recognized as

an important component of global biodiversity

(Poulin and Morand, 2004). Given the integral roles

played by parasites in natural ecosystems, identifying

hotspots of high parasite diversity, as well as areas of

relatively low parasite diversity, is crucial for a

complete understanding of the functioning of the

biosphere. However, there are now toomany parasite

species to identify by too few remaining systematists

(Brooks, 2000). As parasites can only be studied after

their host species are known to science, good esti-

mates of parasite biodiversity for any geographical

area always lag behind those of their hosts (Poulin

and Morand, 2004). There have been a few attempts

to extrapolate total diversity of certain taxa of para-

sites in certain taxa of host species in given geo-

graphical areas (Cribb, 1998; Pérez-Ponce de León,

2001; Pérez-Ponce de León et al. 2002; Poulin, 2004)

and on a global scale (Poulin and Morand, 2004).

These studies have focused on metazoan parasites

and they reinforce the importance of several inter-

national initiatives calling for more extensive docu-

mentation of parasite biodiversity (Brooks, 2000;

Brooks and Hoberg, 2000; Pérez-Ponce de León,

2001; Poulin and Morand, 2004).

This study focuses on the diversity of themetazoan

parasites of fishes from Latin America and the

Caribbean. This region stretches from Mexico in

the north, to Tierra del Fuego at the southern tip

of South America, including 42 countries and terri-

tories and an extraordinary biological wealth.

Biogeographically, this region includes the whole

Neotropical Region, the southern part of the Neartic

region, and 2 transition zones (Mexican and South

American). Also, the subdivision of Latin America

and the Caribbean into 70 biogeographical provinces

reveals its intrinsic complexity (Morrone, 2004,

2005). Latin America and the Caribbean also

include 6 (Brasil, Colombia, Ecuador, Mexico,

Peru, Venezuela) of the 17 so-called megadiversity

countries, and 8 of the 34 recognized biodiversity

hotspots, adding up to 40% of the total plant and ani-

mal species on the planet (Heywood, 1995). This high

biodiversity is reflected also in the ichthyiological

fauna, with the inclusion of regions with the highest
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number of known species of fishes on the planet and

with a high degree of endemism, e.g. Amazon,

Orinoco, and some Mexican river basins. In ad-

dition, the region studied is home to the world’s

largest wetland, the Pantanal, which covers 3

countries (Brasil, Bolivia, andParaguay).High biodi-

versity also characterizes the marine fish fauna from

the Pacific and Atlantic Ocean in the studied region.

The waters off Chile and Peru support one of the

top 5 commercial fisheries, and the world’s fastest

growing fishery is off the coast of Argentina and

Uruguay (Anon, 2000a).

In sharp contrast, estimates of the biodiversity of

the region suggest that the number of free-living

animal species that have been described is very low,

e.g. 16.7% in Brasil (Anon, 2003). Currently, the

biodiversity of marine and freshwater ecosystems of

Latin America and the Caribbean is threatened,

mainly by environmental problems resulting from

the degradation of the ecosystems. In this context,

parasite biodiversity can be very important because

parasitism plays key roles in ecosystems, regulating

the abundance or density of host populations, stabil-

ize food webs and structuring animal communities

(Poulin andMorand, 2004). Thus, a good knowledge

of parasite diversity and whether or not it is declining

is crucial for environmental management and con-

servation (Poulin, 2004).

Early parasitological studies of Latin American

and Caribbean fishes date back to the 19th century,

and were initially the result of naturalist expeditions

into given territories (e.g. Diesing, 1850; Krøyer,

1863; Heller, 1865; Bouvier, 1897). For a long time

the ichthyoparasitological research in this region was

exclusively taxonomic (Vidal-Martı́nez and Salgado-

Maldonado, 2000; Luque, 2004). In the last few

decades a remarkable effort has been made to cata-

logue Latin American and Caribbean fish parasites

through numerous regional check-lists, books and

compilations including almost all known main

groups of parasites (Vidal-Martı́nez and Salgado-

Maldonado, 2000). In the last 12 years in particular,

the scope of these contributions has increased sig-

nificantly (Nahhas and Carlson, 1994; Bunkley-

Williams and Williams Jr., 1994; Williams Jr. and

Bunkley-Williams, 1996; Boxshall and Montú,

1997; Lamothe-Argumedo et al. 1997; Kohn and

Cohen, 1998; Moravec, 1998; Young, 1998; Rego

et al. 1999; Vicente and Pinto, 1999; Kohn and

Pinto-Paiva, 2000; Rego, 2000; Thatcher, 2000,

2002, 2006; Vidal-Martı́nez et al. 2001; Rodriguez-

Ortiz et al. 2004; Caspeta-Mandujano, 2005;

Garrido-Olivera et al. 2006; Kohn et al. 2006;

Salgado-Maldonado, 2006). At the same time, there

has been an increase in the number of papers about

macroecological (e.g. Timi and Poulin, 2003; Vidal-

Martinez and Poulin, 2003; Luque et al. 2004;

Takemoto et al. 2005) and biogeographical aspects

(e.g. Pérez-Ponce de León and Chouhdhury, 2002,

2005; Boeger and Kritsky, 2003; Aguilar-Aguilar

et al. 2003; González and Moreno, 2005, among

others) of fish parasites in Latin America and the

Caribbean.

This increased effort toward a compilation and

inventory of the fish parasite fauna in Latin America

and the Caribbean allows qualitative and quantitative

analyses of the level of our knowledge of parasite

biodiversity in the region, using fish parasites as

indicators. Here, we examine the known parasite

diversity of fishes from Latin America and the

Caribbean. We determine how the distribution of

metazoan parasite diversity varies as a function of the

habitat, aiming at an assessment of the current status

of parasitological studies in fishes from the region. In

addition, we compared the richness and composition

of the parasite fauna among 3 subregions (Brasil,

Mexico and the Caribbean) selected as potential

hotspots because of their high number of recorded

host-parasite associations, high host biodiversity

and because also they have been well studied; these

analyses allow the detection of the possible influence

of local factors on known parasite diversity and on

parasitological research.

MATERIALS AND METHODS

The data set used here included all known metazoan

parasite species from freshwater and marine fishes

in Latin America and the Caribbean. The follow-

ing parasite taxa were included: Monogenea,

Aspidogastrea, Digenea, Cestoda, Acanthocephala,

Nematoda, Pentastomida, Mollusca (larvae or glo-

chidia of certain bivalve taxa), Hirudinea, Copepoda,

Branchiura and Isopoda. The data set resulted from

a combination of 3 approaches. First, a search was

performed through the Zoological Records and CAB

Abstracts databases up to August 2006. Electronic

versions of these databases were reviewed from 1978

(Zoological Record) and 1989 (CAB Abstracts)

onwards, using several combinations of key words.

Second, monographs as well as articles published in

Spanish or Portuguese, not covered by the electronic

databases but known to the authors, also contributed

entries into the data set. Third, in the case of

helminths, copepods and branchiurans, information

provided in Yamaguti’s series of monographs

(Yamaguti, 1959, 1961, 1963a, b, c, 1971) was also

used to supplement the searches with older records.

The complete list of references used to generate the

data set is available upon request from the authors.

All these sources of information allowed the creation

of a data set in which each entry was a host-parasite

record, i.e. a known association between a parasite

species and a fish species. Parasitological records

from hosts identified only by their common name, or

without specific mention of the host species, were not

included. Several synonymies in the nomenclature of

parasite species were detected during the searches
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and, where possible, species names from the most

recent taxonomic literature were adopted. The

possibility remains that some parasite species were

incorrectly identified in the original surveys; since

our analyses focus on species richness, however,

errors of identification or taxonomy have little bear-

ing on our results.

Latin America and the Caribbean include 42

countries and territories, 37 of themwith fish parasite

records (see Table 1). Parasitological information for

Caribbean countries and territories include strictly

data from the islands themselves and their coastal

areas. Some countries such as Colombia, Venezuela

and Mexico have a coast on the Caribbean Sea, but

their parasitological records were lumped with the

country’s data and not treated as Caribbean data.

The Florida peninsula and Bermuda, both regions

with a fish fauna influenced by the Caribbean Sea,

were not included in the present study as they were

associated with North America.

The data set included parasite records from fish

species of 2 large taxa, Actinopterygii (ray-finned

fishes) and Chondrichthyes (cartilaginous fishes:

chimaeras, sharks and rays), and the 2 groups were

compared in the analysis. Introduced freshwater

species, e.g. cichlids (Oreochromis spp., Tilapia

spp.), cyprinids (Carassius spp., Cyprinus spp.) and

salmonids (Salmo spp., Oncorhynchus spp.) were

Table 1. Geographical distribution of host-parasite associations from Latin American and

Caribbean fishes

(Asp. Aspidogastrea, Dig. Digenea, Cest. Cestoda, Acan. Acanthocephala, Nema. Nematoda, Pent. Pentastomida, Hiru.
Hirudinea, Mol. Mollusca, Mono. Monogenea, Cop. Copepoda, Bran. Branchiura, Iso. Isopoda.)

Region/Country

Parasite groups

Endoparasites Ectoparasites

Asp Dig Cest Acan Nem Pent Hiru Mol Mon Cop Bran Iso Total

South America 33 1403 812 276 1259 5 63 6 971 744 133 187 5892
Central America 0 278 38 7 37 0 0 0 70 182 1 9 622
Caribbean 4 874 66 40 62 2 23 0 274 329 10 82 1766
Antigua and Barbuda 0 0 0 0 0 0 0 0 0 1 0 0 1
Argentina 5 182 74 38 116 0 3 3 77 37 34 14 583
Bahamas 1 137 3 2 1 0 0 0 15 51 0 15 225
Barbados 0 0 0 1 0 0 0 0 0 3 0 3 7
Belize 0 129 0 0 0 0 0 0 0 104 0 1 234
Bolivia 0 3 0 2 0 0 0 0 1 0 8 1 15
Brasil 13 869 388 132 824 5 38 2 640 368 92 95 3466
Cayman Islands 0 10 0 2 0 0 0 0 1 0 0 0 13
Chile 2 120 116 48 161 0 14 0 60 212 1 15 749
Colombia 0 81 34 8 13 0 0 0 17 23 0 23 199
Costa Rica 0 30 24 3 1 0 0 0 28 17 0 3 106
Cuba 0 58 3 0 13 0 0 0 106 20 1 13 214
Dominican Republic 0 0 0 0 0 0 0 0 3 5 0 9 17
Ecuador 1 56 9 3 14 0 0 0 14 18 0 3 118
El Salvador 0 0 0 0 0 0 0 0 3 1 0 0 4
Falkland Islands 0 9 5 3 7 0 0 0 33 8 0 0 65
French Guiana 0 2 0 0 4 0 0 0 7 0 8 1 22
Guadeloupe 0 0 1 0 5 0 0 0 15 0 0 1 22
Guatemala 0 0 0 0 0 0 0 0 2 7 0 0 9
Guyana 0 0 0 0 2 0 0 0 4 2 0 9 17
Haiti 0 0 0 0 0 0 0 0 0 13 0 0 13
Honduras 0 0 0 0 0 0 0 0 0 10 0 0 10
Jamaica 1 315 1 7 0 0 0 0 3 52 0 13 392
Martinique 0 0 0 0 0 0 0 0 0 1 0 1 2
Mexico 7 1414 332 144 655 0 28 0 468 145 10 13 3216
Netherlands Antilles 0 164 0 8 0 0 0 0 0 0 0 2 174
Nicaragua 0 43 4 3 28 0 0 0 21 5 1 0 105
Panama 0 77 3 1 8 0 0 0 25 49 0 4 167
Paraguay 0 8 23 1 60 0 0 0 1 0 4 4 101
Peru 4 97 187 40 79 0 2 0 118 96 1 7 631
Puerto Rico 1 392 31 15 42 1 24 1 111 124 2 52 796
Saint Lucia 0 0 0 0 0 0 0 0 0 1 0 0 1
Suriname 0 1 0 1 0 0 0 0 2 10 1 4 19
Trinidad & Tobago 0 1 0 0 0 0 0 0 21 6 0 3 31
Uruguay 2 10 27 8 16 0 4 0 13 10 1 6 97
Venezuela 0 62 63 10 46 0 1 0 61 62 10 19 334
Virgin Islands 0 0 2 1 1 0 0 0 3 11 0 16 34
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excluded, because the parasite fauna of exotic fishes

is not necessarily the one they have acquired over

evolutionary time in their area of origin. In order to

solve numerous cases of synonymies among fish

species, valid species names according to FishBase

(Froese and Pauly, 2006) were adopted. In addition

to parasite species richness (known number of meta-

zoan parasite species per fish species), the area of

origin (i.e. country), habitat (freshwater or marine),

and the maximum body length (in cm) of each

fish species were recorded. This information was

obtained from FishBase (Froese and Pauly, 2006),

although for a number of fish species about which

information was missing, length data were obtained

from severalMuseums and fish websites and/or from

specific local literature. Data on the total known

number of fish species for each country included in

Table 2 were extracted from Froese and Pauly

Table 2. Characteristics of the host-parasite associations and of the fishes from Latin America

and the Caribbean

Region/Country

Host-parasite associations Host species

Habitat*
Site of
infection** Stage#

Host
Class## Habitat· Class··

Known
species$

South America (2561)3331 (3788)2104 (4739)1153 (5399)493 (474)547 (547)113 —
Central America (132)490 (360)262 (549)73 (584)38 (40)179 (204)15 —
Caribbean (144)1622 (1048)718 (1662)104 (1725)41 (57)349 (378)28 (161)1553
Antigua and Barbuda (0)1 (0)1 (1)0 (1)0 (0)1 (1)0 (12)491
Argentina (335)248 (415)168 (466)118 (532)51 (97)59 (140)16 (301)342
Bahamas (3)222 (144)81 (225)0 (219)6 (2)86 (85)3 (32)823
Barbados (0)7 (1)6 (7)0 (7)0 (0)7 (7)0 (8)515
Belize (0)234 (129)105 (233)1 (234)0 (0)66 (66)0 (59)563
Bolivia (15)0 (5)10 (11)4 (15)0 (7)0 (7)0 (342)0
Brasil (1875)1591 (2231)1235 (2796)670 (3298)168 (340)255 (539)56 (2388)1055
Cayman Islands (1)12 (12)1 (13)0 (13)0 (1)9 (10)0 (7)431
Chile (57)692 (447)302 552(197) (658)91 (16)128 (119)25 (65)726
Colombia (60)139 (136)63 (192)7 (170)29 (35)74 (99)10 (734)1174
Costa Rica (27)79 (58)48 (113)3 (77)29 (15)42 (49)8 (144)949
Cuba (37)177 (74)140 (204)10 (211)3 (20)85 (103)2 (64)939
Dominican Republic (0)17 (0)17 (17)0 (17)0 (0)14 (14)0 (46)483
Ecuador (16)102 (83)35 (116)2 (108)10 (11)66 (70)7 (341)722
El Salvador (0)4 (0)4 (4)0 (4)0 (0)3 (3)0 (32)553
Falkland Islands (0)65 (24)41 (65)0 (46)19 (0)25 15(10) (6)85
French Guiana (20)2 (6)16 (22)0 (22)0 (14)2 (16)0 (310)647
Guadeloupe (5)17 (6)16 (21)1 22(0) (4)9 (13)0 1(419)
Guatemala (3)6 (0)9 (9)0 (9)0 (3)4 (7)0 (130)760
Guyana (14)3 (2)15 (17)0 (17)0 (12)3 (15)0 (413)538
Haiti (0)13 (0)13 (13)0 (13)0 0(7) (7)0 (32)491
Honduras (2)8 (0)10 10(0) (10)0 2(6) (8)0 (71)924
Jamaica (0)392 (324)68 (389)3 (385)7 (0)120 (117)3 (35)606
Martinique (0)2 (0)2 (2)0 (2)0 (0)2 (2)0 (15)440
Mexico (2005)1211 (2552)664 (1908)1308 (3053)163 (259)382 (520)71 (485)1772
Netherlands Antilles (0)174 (172)2 (174)0 (174)0 (0)87 (87)0 (8)156
Nicaragua (95)10 (78)27 (48)57 (101)4 (15)7 (20)2 (76)1018
Panama (10)157 (89)78 (156)11 (161)6 (91)9 (94)6 (179)1144
Paraguay (101)0 (92)9 (98)3 (97)4 (65)0 (62)3 (235)0
Peru (146)485 (407)224 (480)151 (525)106 (49)98 (121)26 (767)636
Puerto Rico 93(701) (482)314 (738)67 (787)7 27(190) (210)7 (47)609
Saint Lucia (0)1 (0)1 (1)0 (1)0 (1)0 (1)0 (11)486
Suriname (7)12 (2)17 (19)0 (19)0 (6)8 14(0) (314)724
Trinidad & Tobago (20)11 (1)30 (31)0 (31)0 (11)6 17(0) (68)939
Uruguay (18)79 (63)34 (69)28 (76)21 (15)24 (29)10 (146)205
Venezuela (118)216 (181)153 (303)22 (281)53 (65)65 (115)15 (764)792
Virgin Islands (0)34 (4)30 (31)3 (34)0 (0)28 (28)0 (9)554

* Number of freshwater (shown in parentheses) and marine parasite-host associations.
** Number of host-parasite associations involving endoparasites (in parentheses) and ectoparasites.
# Number of host-parasite associations involving adult parasites (in parentheses) and larval stages.
## Number of parasite-host associations in actinopterygian fishes (shown in parentheses) and chondrichthyans.
· Number of freshwater (in parentheses) and marine fish species in the data set.
·· Number of actinopterygian (in parentheses) and chondrichthyan species in the data set.
$ Total known number of freshwater (in parentheses) and marine fish species per region or country. Data from Froese and
Pauly (2006).
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(2006), although this information might be incom-

plete because exhaustive inventories of fish species

have not been concluded for many countries.

As a measure of the extent of our knowledge about

the different fish species, an index of study effort was

used, taken as the number of publications on each

fish species found in a search of the Zoological

Record (1978–2006) electronic database. The Latin

names, including all known synonyms, of each

species were used as keywords during the searches.

This measure of study effort also provides an indirect

estimate of the number of fish individuals that were

actually examined specifically for parasites (Poulin,

2004). Host sample size is often an important cor-

relate of known parasite species richness (Walther

et al. 1995), and a correction for study effort can serve

to control for spurious sampling effects.

The 3 continuous variables investigated here,

i.e. parasite species richness, maximum host body

length, and study effort, all required log-transform-

ation (log x+1 if zeros were present) to meet the

assumptions of parametric statistical tests.

RESULTS

The data set included 10904 host-parasite associ-

ations involving 1660 fish species fromLatinAmerica

and the Caribbean (mean 6.6¡9.6 parasite records

per fish species), distributed in 211 families (149

marine and 62 freshwater; and 182 actinopterygian

and 29 chondrichthyan families). The data set is

available upon request from the authors. The data set

shows a predominance of endoparasite associations

(7464, mean 4.5¡7.2 per fish species) over ecto-

parasites (3440, mean 2.1¡3.7) (paired two-tailed

t-test=18.604, P<0.0001). Also, the number of

host-parasite associations involving adult parasite

stages (8278, mean 5.0¡7.1) was higher than those

involving larval stages (2626, mean 1.6¡4.1) (paired

two-tailed t-test=42.459, P<0.0001). These pat-

terns are similar for marine and freshwater fishes.

There are no differences between the number of

host-parasite associations inmarine (6228 in 977 host

species, mean 6.4¡8.8) and freshwater fishes (4676

in 683 host species, mean 6.8¡10.5) (two-tailed

t-test=0.511, P=0.609). However, there is a dif-

ference between the actinopterygians (10 185 in 1489

hosts, mean 6.8¡9.9) and chondrichthyans (719 in

171 hosts, mean 4.2¡4.5) (two-tailed t-test=2.636,

P=0.008).

In relation to the main taxonomic groups of fish

parasites, the digeneans were the most frequent

(34.1%) among all recorded associations. Their

higher frequency remains in subsets of marine

(34.6%) and freshwater (33.5%) fish species, but not

among chondrichthyans where cestodes are the most

frequent (51.4%) parasites. Among ectoparasites,

monogeneans (15.2%) represent the most frequent

group, followed by copepods, though the latter are

more frequent in chondrichthyans. In general, the

most frequent groups are the digeneans followed by

copepods and monogeneans in marine fishes. In

freshwater fishes, the digeneans are also the most

frequent group followed by nematodes and mono-

geneans (Fig. 1). Data on the distribution of host-

parasite associations among the different countries

and regions of Latin America and the Caribbean are

detailed in Tables 1 and 2.

The frequency distribution of parasite species

richness values among the 1660 fish species with
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Fig. 1. Percentage distribution of the host-parasite associations involving fishes from Latin America and the Caribbean

among different parasite taxonomic groups. Larvae of Mollusca and Pentastomida (freshwater parasites) are not shown

as they only account for a small percentage of all associations (0.1 and 0.9, respectively).
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parasitological records from Latin America and the

Caribbean shows clearly that the majority of fish

species have between 1 and 4 parasite records (Fig. 2).

The highest number of host-parasite associations in

the region was recorded for the freshwater fish

Astyanax fasciatus (Characidae), which had 87 re-

cords. Freshwater fishes included the majority of

species among those with more than 50 host-parasite

associations recorded (Table 3).

Only 14 of the 37 countries or territories with fish

parasite records (Table 1) have hadmore than 10% of

their known fish species surveyed for parasites.

Higher percentage values of host species studied

were recorded for the Netherlands Antilles and

Puerto Rico, though higher mean numbers of host-

parasite associations per fish species were reported

from Brasil and Mexico (Fig. 3).

Across all fish species, study effort ranged from

0 to 1892 published studies per fish species, with an

average of 27.1. There was only a small difference

between marine (average 25.5, 0–1134) and fresh-

water fishes (29.5, 0–1892). As expected, the number

of host-parasite associations is strongly correlated

with study effort in marine (r=0.361, N=884,

P<0.0001) and freshwater fishes (r=0.441,N=617,

P<0.0001). Looking at the relationship between the

number of host-parasite associations and the body

size of the hosts, using the raw data, a strong corre-

lation was observed among both marine (r=0.205,

N=884, P<0.0001) and freshwater fishes (r=0.255,

N=617, P<0.0001). When correcting for study ef-

fort (taking the residuals of the linear regression be-

tween parasite species richness and study effort), this

correlation becomes weaker for both marine fish

(r=0.065, N=884, P=0.055) and freshwater fish

(r=0.154, N=617, P=0.0001).

Brasil, the Caribbean andMexico were the regions

with the highest values of study effort and num-

bers of host-parasite associations recorded. In order

to detect possible quantitative differences in the

parasite species richness of fish among these regions,

a two-way ANOVAwas performed, with regions and

habitat (marine or freshwater) as class variables. This

revealed differences among regions (F2,1590=7.677,

P<0.0001), and a slight difference between marine

and freshwater fishes (F1,1590=2.931, P=0.087);

there was also a significant interaction between these

factors (F2,1590=34.368, P<0.0001). Using the

Tukey HSD post-hoc test, it appeared that differ-

ences among the regions resulted from a significant

difference in fish parasite species richness between

Brasil and the Caribbean (P=0.024).

In general, the trends detected in the whole data

set of host-parasite associations fromLatin American

and Caribbean fish were repeated within each of

these 3 regions, with few discrepancies probably

reflecting regional tendencies in fish parasitology

research. With respect to endoparasites only, there

was a significant difference in parasite species rich-

ness among the 3 regions (two-way ANOVA F2,1590=
17.481, P<0.0001), and between marine and fresh-

water fishes (F1,1590=7.043, P<0.001) (see Fig. 4) ;

this came from a significant difference between both

Brasil and Mexico versus the Caribbean (P=0.011

and P=0.009, respectively), with no difference be-

tween Brasil and Mexico (P=0.997). A similar pic-

ture emerged with ectoparasites (Table 2), with

strong differences among the 3 regions (two-way

ANOVA F2,1590=13.509, P<0.0001) and between

fish habitats (F1,1590=5.228, P=0.022), and a pos-

teriori Tukey test showing significant differences

betweenMexico and both Brasil (P<0.0001) and the

Caribbean (P=0.001) but not between Brasil and

the Caribbean (P=0.975). Differences in mean

parasite species richness between marine and fresh-

water fishes are illustrated in Fig. 4, where Mexico

emerges as the only region where parasite richness

is higher among freshwater than among marine

fishes. Another factor influencing these results may

be the significant difference in average host size
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among the 3 regions (Brasil 65.9 cm¡82.4; Mexico

74.9¡105.9; Caribbean 92.6¡146.6; two-way

ANOVA F2,1439=14.163, P<0.0001), and between

marine (86.6 cm¡125.2) and freshwater fish species

(30.2 cm¡37.0) (F1,1439=346.144, P<0.0001).

Tukey a posteriori tests show differences in host size

between both Brasil and Mexico versus the

Caribbean, but no difference between Brasil and

Mexico.

Another interesting comparison is that between

the number of host-parasite associations involving

either adult or larval stages of parasites. For adult

parasites, differences in species richness are more

substantial among the 3 regions (two-way ANOVA

F2,1590=7.767, P<0.0001) than between habitats

(F1,1590=3.912, P=0.048). A posteriori comparisons

showed that these results came from differences be-

tween Mexico and both Brasil (P<0.0001) and the

Caribbean (P=0.013), with no difference between

Brasil and the Caribbean (P=0.725). For the larval

stages, there were differences among regions (two-

way ANOVA F2,1590=54.075, P<0.0001) and

Table 3. Distribution of host-parasite associations in the fish species with the highest known values

of parasite species richness from Latin America and the Caribbean

(Asp. Aspidogastrea, Dig. Digenea, Cest. Cestoda, Acan. Acanthocephala, Nema. Nematoda, Pent. Pentastomida, Hiru.
Hirudinea, Mono. Monogenea, Cop. Copepoda, Bran. Branchiura, Iso. Isopoda. F. freshwater, M. marine.)

Host species Family
Habi-
tat Asp Dig Cest Acan Nema Pent Hiru Mono Cop Bran Iso Total

Astyanax fasciatus Characidae F 0 43 6 2 21 0 1 13 1 0 0 87
Cichlasoma
urophthalmus

Cichlidae F 0 40 7 8 20 0 0 5 0 1 0 81

Caranx hippos Carangidae M 0 23 4 2 6 0 0 22 12 0 2 71
Hoplias
malabaricus

Erythrinidae F 0 12 2 7 22 1 2 2 8 8 3 67

Micropogonias
furnieri

Sciaenidae M 2 19 11 2 12 0 0 6 7 0 6 65

Rhamdia
guatemalensis

Heptapteridae F 0 17 12 5 20 0 3 4 0 2 0 63

Vieja synspila Cichlidae F 0 33 4 4 15 0 0 4 0 0 0 60
Pimelodus maculatus Pimelodidae F 0 11 5 3 20 0 2 12 4 0 2 59
Petenia splendida Cichlidae F 0 34 3 4 13 0 1 3 0 0 0 58
Lutjanus griseus Lutjanidae M 0 16 1 2 3 0 1 8 15 1 5 52
Lutjanus synagris Lutjanidae M 0 25 1 0 2 0 1 8 13 0 1 51
Salminus brasiliensis Characidae F 0 14 2 0 19 1 0 2 2 11 0 51

Argentina (24·2%)

Bahamas (10·3%)

Belize (10·6%)

Brasil (17·3%)

Chile (18·2%)

Cuba (10·5%)

Falkland Islands (27·5%)

Jamaica (18·7%)

Mexico (26·2%)

Netherlands Antilles (53·0%)

Paraguay (27·7%)

Peru (10·5%)

Puerto Rico (33·0%)

Uruguay (11·1%)

0 5 10 15 20

Fig. 3. Mean parasite species richness (¡S.E.) in fishes from countries in Latin America and the Caribbean (percentage

of the known fish species with parasitological records in parentheses. Only countries with values higher than 10% were

included).
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between habitats (F1,1590=61.276, P<0.001), with

all pairwise contrasts between regions being signifi-

cant.

Study effort values also differ among fish from

Brasil, the Caribbean and Mexico (F2,1439=24.859,

P<0.0001) but not between habitats (F1,1439=0.026,

P=0.871), although there was an interaction be-

tween the two factors (F2,1439=24.301, P<0.0001).

The main difference, indicated by Tukey tests, lies

between the Caribbean and Mexico (P<0.0001).

These results are not surprising given the clear dif-

ferences between themean study effort values in each

region for freshwater and marine fishes (Brasil :

freshwater fish 26.5¡115.6, marine 42.9¡97.2;

Mexico: freshwater 62.5¡239.9, marine 30.0¡79.7;

Caribbean: freshwater 184.6¡402.8, marine 36.4¡

98.1). There are weak, though significant and posi-

tive, correlations between parasite species richness

and study effort in marine and freshwater fish species

in each of these regions (Fig. 5).

Given the relationships reported above between

parasite species richness and both host body size and

study effort, it is necessary to control for these factors

when comparing the 3 regions. The residuals from

regressions of richness against host body size and

study effort were therefore used to compare marine

and freshwater fishes from Brasil, Mexico and the

Caribbean. Species richness corrected for study

effort was different among freshwater fishes from

the 3 regions (one-way ANOVA F2,543=22.056,

P<0.0001), with a Tukey post-hoc test showing

significant differences among all pairs of regions. In

marine fishes, there was also a significant difference

(F2,895=12.508, P<0.0001), but the only significant

pairwise differences were between Brasil andMexico

(P=0.005) and Mexico and the Caribbean (P=
0.0001). When the parasite species richness was

corrected using residuals from a regression against

host size, a significant difference emerged among the

freshwater fish from the 3 regions (one-way ANOVA

F2,543=10.912, P<0.0001), with pairwise differences

between Brasil and Mexico (P=0.0001), and

Mexico and the Caribbean (P=0.033). The same

trend was observed for marine fishes, with overall

differences (F2,894=7.140, P=0.001) resulting from

pairwise differences between Brasil and Mexico

(P=0.019) and Mexico and the Caribbean

(P=0.001) (Fig. 6). Thus, independently of how

much they have been studied and how large they are,

among freshwater fish species those from Mexico

have richer parasite faunas, and among marine fish

species those from Brasil have richer parasite faunas

(Fig. 6).

Another approach to assess the differences among

these 3 regions involves using only the fish species

common to all 3 regions, in order to limit the possible

influence of host phylogenetic relationships on the

differences described above. There are 59 fish species

common to Brasil, Mexico and the Caribbean, only 2

of which (Astyanax fasciatus and Poecilia reticulata)

occur in freshwater; therefore, this comparison

was performed using marine fish species only. The

average parasite species richness of these 57 fish

species in the 3 regions are: Brasil 7.9¡7.8; Mexico

4.7¡6.0 and the Caribbean 8.9¡9.4. A statistical

analysis revealed significant differences between

Brasil and Mexico (paired two-tailed t-test=2.566,

P=0.013, D.F.=56) and between Mexico and the

Caribbean (t=3.682, P=0.001, D.F.=56), but

not between Brasil and the Caribbean (t=0.718,

P=0.476, D.F.=56). When these analyses were

performed using the residuals from the regression

between parasite species richness and study effort,

different patterns emerged [Brasil-Mexico (paired

two-tailed t-test=0.958, P=0.342, D.F.=56),

Mexico-Caribbean (t=0.414, P=0.0001, D.F.=
56), Brasil-Caribbean (t=2.560, P=0.013, D.F.=
56)]. The same is true of analyses controlling for

host size, again using residuals from a regression

[Brasil-Mexico (paired two-tailed t-test=0.050,

P=0.961, D.F.=56); Mexico-Caribbean (t=2.611,

P=0.012); Brasil-Caribbean (t=2.109, P=0.040,

D.F.=56)]. These results based on corrected species

richness values indicate that, after controlling for

potentially confounding variables, fish populations

of the same species tend to harbour more parasites

in the Caribbean than in the other two regions.

As shown in Fig. 7, there has been an increase in

the number of publications on fish parasitology in

Brasil, Mexico and the Caribbean since 1978. There

appear to be differences in research trends among the

3 regions, with steep increases in new records having

occurred from the late 1980s or early 1990s in Brasil

and Mexico, but not in the Caribbean.

DISCUSSION

One of the main steps toward conservation of bio-

diversity requires systematic inventories (Anon,

2000b), and parasites have only recently been in-

cluded in this evaluation of biodiversity (Poulin and

Morand, 2004). Therefore, it is not surprising that

the parasite faunas of large areas of the planet are
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from Brasil, Mexico and the Caribbean.
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grossly underestimated components of their biodi-

versity (Poulin, 2004). For fishes, the situation is

peculiar: on the one hand, fish are the group of hosts

with the best-known parasite faunas, while on the

other hand, they are the vertebrate group with the

highest estimated number of unknown species,

mainly in Neotropical ecosystems where current es-

timates indicate that the majority of fish species are

yet to be described (Anon, 2003). For instance, a look

at the percentage of known fish species for which

parasites have been recorded in the megadiversity

countries from Latin America and the Caribbean

(Brasil 17.3%, Colombia 5.7%, Ecuador 7.2%,

Mexico 26.2%, Peru 10.5% and Venezuela 8.3%), we

get a clear indication that the total parasite biodi-

versity of fishes from the whole region is grossly

underestimated.

When comparing Latin America and the

Caribbeanwith other previously studied regions, this

tendency is clearer. Poulin (2004) examined the

parasite species richness of actynopterygians of

Canada and New Zealand with an approach similar

to that used here. In these two countries the total

numbers of host-parasite associations recorded are

lower than in Latin American and Caribbean fishes,

but the mean parasite species richness of the latter

fishes (6.8) is clearly lower than in Canada (15.6), and

not much higher than New Zealand (5.2). The

parasite biodiversity of Canadian fish species is

possibly the best known in the world (McDonald and

Margolis, 1995), and the percentage of known

Canadian fishes for which parasites have been re-

corded is quite high (42.5%) out of a total of 805 fish

species catalogued by Froese and Pauly (2006). This

confirms that our knowledge of the parasite biodi-

versity of Latin American and Caribbean fishes is

still in its infancy.

Given the continental dimension of the region

studied, its high biodiversity and the high hetero-

geneity in study effort across countries, 3 regions

were selected in order to search for possible patterns

in the distribution of parasite diversity. Brasil, the

Caribbean Islands and Mexico are the regions with

the most parasitological studies of fish. Brasil and

Mexico are considered megadiversity countries, and

the Caribbean islands are considered a biodiversity

hotspot for plants and animals (Heywood, 1995).

These regions have high fish species biodiversity
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and peculiar biogeographical characteristics. Brasil is

the country with the largest area of exclusively

Neotropical territory, and is the principal home of

the Amazon river basin which has the highest

freshwater fish biodiversity on the planet. In terms of

marine ecosystems Brasil possesses the longest lit-

toral in the south Atlantic Ocean, with the highest

biodiversity in the region. Mexico is a region with

complex biogeographical patterns (Morrone, 2005).

Its position in the transition zone between the

Neotropical and Nearctic regions not only con-

tributes to its high biodiversity but also raises in-

teresting biogeographical questions regarding faunal

exchange, particularly with respect to its diverse

fish fauna (Pérez-Ponce de León and Choudhury,

2005). The Caribbean hotspot consists mainly of 2

large groups of islands, the Lesser Antilles and the

Greater Antilles (Puerto Rico, Jamaica, Cuba, and

Hispaniola, which includes the Dominican Republic

and Haiti). While the hotspot spans more than 4

million square kilometers of ocean, the 4 islands of

Cuba, Hispaniola, Jamaica and Puerto Rico make up

around 90% of the land area (information extracted

from www.biodiversityhotspots.org). In addition, 2

of these 3 large regions are home to classical parasite

schools of helminth taxonomy under the original

leadership of Lauro Pereira Travassos (Brasil) and

Eduardo Caballero y Caballero (Mexico) and collab-

orators, whose work has resulted in the foundation

of 2 major parasite species collections (Coleção

Helmintológica do Instituto Oswaldo Cruz in Brasil,

and Colección Nacional de Helmintos in Mexico)

(Lamothe-Argumedo et al. 1997; Noronha et al.

2003).

We found no differences in parasite species rich-

ness between marine and freshwater fishes, with

most parasite-host associations involving acti-

nopterygian fishes, endoparasites (mainly digenean)

and parasites at the adult stage. However, not all of

these patterns remained when we focused on the 3

selected regions mentioned above. No significant

differences were found in the general parasite rich-

ness between Brasil and Mexico, and the parasite

species richness in these countries was higher than in

the Caribbean. Nevertheless, Mexico is the only

country where the number of host-parasite associ-

ations in freshwater is higher than in marine fishes.

Brasil is the country with the highest biodiversity of

freshwater fish in the region (freshwater fish rep-

resent 69.4% of the total fish species known) while

Mexico (with 19.0%) and the Caribbean (with only

9.4%) showed a proportionally much lower biodi-

versity. However, the percentage of known fresh-

water species for which parasites have been recorded

is higher in Mexico (53.4%) than Brasil (14.2%) and

the Caribbean (35.4%); thus, these differences may

originate from differences in the intensity of para-

sitology surveys in each region. Prior to the work of

Lamothe-Argumedo et al. (1997), the majority of

parasite records in Mexico were on marine fishes.
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However, since the first compilation of helminth

parasites of freshwater fishes by Pérez-Ponce de

León et al. (1996), numerous studies have followed,

with inventories of the parasites in species from

many families of freshwater fish, e.g. Cichlidae,

Goodeidae, and Ictaluridae (Vidal-Martı́nez et al.

2001; Pérez-Ponce de León and Choudhury, 2002;

Mejia-Madrid et al. 2005) and from different river

basins (Salgado-Maldonado et al. 2001a, b, 2004a, b,

2005). These also included analyses of biogeo-

graphical patterns using large databases of fresh-

water fish parasites (e.g. Aguilar-Aguilar et al. 2003;

Pérez-Ponce de León and Choudhury, 2005).

Recently, a full compilation of the parasitological

records in Mexican freshwater fish has been pub-

lished (Salgado-Maldonado, 2006).

A similar picture emerges in relation to marine

fish parasites, with Brazil showing the highest num-

ber of host-parasite associations per fish, when the

effect of confounding variables is taken into account.

This may reflect the recent increased effort in the

study of Brasilian fish parasites (see Luque, 2004;

Luque et al. 2004). Interestingly, when the focus

shifts to the subset of marine fish species common to

all 3 regions, it is in the Caribbean region that para-

site species richness per fish is highest. The parasites

of Caribbean marine fishes have been the subject of

numerous monographs on the taxonomy of digen-

eans, copepods and isopods, with many classical

papers (e.g. Sogandares-Bernal, 1959; Siddiqi and

Cable, 1960; Nahhas and Cable, 1964; Fischthal,

1977) supplemented by the recent monograph by

Williams Jr. and Bunkley-Williams (1996) and nu-

merous papers on marine copepods. So is the biodi-

versity of parasites of marine fishes higher in Brasil,

or in the Caribbean? Identifying hotspots of parasite

biodiversity is not straightforward, since the local-

ized activity of a few dedicated parasitologists can

generate apparent foci of diversity.

The relative contribution of adult and larval

parasites to total parasite diversity is also interesting.

Known host-parasite associations include a higher

frequency of adult stages, but still confirm the im-

portance of larval stages as components of fish

parasite communities (see Luque and Poulin, 2004).

The presence of helminth larvae in fishes is par-

ticularly high in freshwater fishes from Mexico,

perhaps reflecting the great study effort on fish

parasites at intermediate levels in food webs (see

papers cited above).

We used values of parasite species richness cor-

rected for both host body size and study effort. Host

body size is often a better predictor than other host

traits of how many parasite species are harboured by

a host species, but it is not always a reliable predictor

(Poulin, 1997; Morand, 2000). In Latin America,

two studies have performed a comparative analysis of

parasite diversity in fish with a correction for host

phylogeny; host body size was not a good predictor of

parasite species richness in either study. Luque et al.

(2004) found that, across marine fishes from Rio de

Janeiro, Brasil, parasite species richness correlated

with host size when considering all parasites but not

when endoparasites and ectoparasites were analysed

separately. Takemoto et al. (2005) did not find a

correlation between parasite species richness and

host body size among fishes from Upper Paraná

River, Brasil. In the present study, host body size

proved to be a good predictor of parasite species

richness because strong positive correlations were

detected across all fish species studied in Latin

America and the Caribbean, and within various

subsets of fish from different habitats or areas of

origin (country). Moreover, clear differences be-

tween the size of marine and freshwater fish species

did not influence the comparison of parasite richness

between these 2 groups of hosts.

As a rule, the number of known parasite species

per fish species also increased with study effort in

Latin American and Caribbean fishes. When ana-

lysed separately for each of the 3 regions selected for

comparison, this relationship is weaker than in the

overall correlation, mainly among freshwater fishes.

This is because Caribbean freshwater fishes have

been the subjects of intense study effort, mostly seen

as a high number of publications about a few taxa

of freshwater fish. In any event, the differences

in parasite species richness among the 3 regions

remained after correction of parasite species rich-

ness using residuals from the respective regressions

against host body size and study effort.

Another possible confounding influence might

come from the different phylogenetic origins of the

Brazilian, Mexican and Caribbean fish fauna.

Closely related host species are likely to harbour a

similar number of parasite species, and possibly

taxonomically-related parasite species, because these

were inherited from a recent common ancestor ; it is

important to take phylogenetic relationships into

account when trying to determine which host fea-

tures are associated with the parasite faunas (Poulin,

1997; Morand, 2000). This study assesses and com-

pares the mean parasite species richness in fish

species of different areas and not the specific effects of

host traits. Still, in the comparison of the parasite

species richness using the marine fish species com-

mon to Brasil, Mexico and the Caribbean, it was

possible to achieve a test completely independent of

fish phylogeny. The finding of the highest parasite

species richness in fishes from the Caribbean pro-

vides perhaps the most compelling evidence for a

potential hotspot of parasite biodiversity. This result

should still be interpreted with caution because the

analysis was restricted to marine fishes, and several

Caribbean marine fish have a geographical dis-

tribution extending to the littoral areas of Brasil

and Mexico. A more robust test of the intrinsic

‘hotspot potential ’ of the Caribbean would involve a
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comparative analysis of the parasite faunas of fresh-

water fishes, given their high endemicity in the 3

regions (Pavanelli et al. 2004; Salgado-Maldonado,

2006; Thatcher, 2006).

In conclusion, the differences observed in the

number and distribution of host-parasite associ-

ations among the 3 regions shows both significant

effects of local phenomena and differences in the local

priorities of research programs. Nevertheless, the

biogeographical differences among these 3 regions

are clear, and should extend to all existing fish host-

parasite associations in the regions, considering that

the majority of known fish species have not been

examined for parasites. In this context, fish para-

sitological research is increasing mainly in Brasil

and Mexico, less so in the Caribbean. Other Latin

American countries have a rich biodiversity but lack

the resources necessary to survey the biodiversity of

free-living hosts, let alone that of parasites. To ar-

chive this biodiversity and understand its role in the

functioning of marine and freshwater ecosystems, in

time to incorporate it in plans to preserve natural

resources, it will be necessary to accelerate our rate of

study by an order of magnitude.
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Pérez-Ponce de León, G., Garcı́a-Prieto, L.,

Osorio-Sarabia, D. and León-Regagnon, V. (1996).
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González-Solı́s, D. andMendoza-Franco, E. (2001).

Atlas of helminth parasites of cichlid fishes of Mexico.

Academia (Academy of Sciences of the Czech Republic),

Prague.

Walther, B. A., Cotgreave, P., Price, R. D., Gregory,

R. D. and Clayton, D. H. (1995). Sampling effort and

parasite species richness. Parasitology Today 11,

306–310.

Williams, E. H. Jr. and Bunkley-Williams, L. (1996).

Parasites of offshore big gamefishes of Puerto Rico and the

Western Atlantic. Department of Natural and

Environmental Resources, San Juan, Puerto Rico and

the University of Puerto Rico, Mayagüez.
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