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relationships of mangroves and associatedABSTRACT
gastropods with respect to area of available habitat.

1. Mangrove species richness declines dramatically Fourth, we analyse patterns of nestedness of
from a maximum in the Indo-West Pacific (IWP) to individual plant and gastropod communities in
a minimum in the Caribbean and Western Atlantic. mangrove forests. Fifth, we analyse patterns of
Explaining this ‘anomalous’ biogeographic pattern nestedness of individual plant and gastropod
has been a focus of discussion for most of this species.
century. 4. All five lines of evidence support the vicariance
2. Two hypotheses have been put forward to explain hypothesis. The first occurrences in the fossil record
the mangrove biodiversity anomaly. The ‘centre-of- of most mangrove genera and many genera of
origin hypothesis’ asserts that all mangrove taxa gastropods associated with mangrove forests appear
originated in the IWP and subsequently dispersed to around the Tethys Sea from the Late Cretaceous
other parts of the world. The ‘vicariance hypothesis’ through the Early Tertiary. Globally, species
asserts that mangrove taxa evolved around the richness in any given mangrove forest is tightly
Tethys Sea during the Late Cretaceous, and regional correlated with available area. Patterns of
species diversity resulted from in situ diversification nestedness at the community and species-level both

point towards three independent regions ofafter continental drift.
diversification of mangrove ecosystems: South-east3. Five lines of evidence are used to test between
Asia, the Caribbean and Eastern Pacific, and thethese two hypotheses. First, we review the mangrove
Indian Ocean region.fossil record. Second, we compare modern and fossil

distributions of mangroves and eight genera of Key words. Centre of origin, diversity, fossil
gastropods that show high fidelity to the mangrove record, gastropods, mangroves, nestedness, species-

area relationship, vicariance.environment. Third, we describe species-area

INTRODUCTION
taxonomically diverse, tree, shrub, and fern species (in
twenty-seven genera, twenty families, and nine orders)
that share a suite of convergent adaptations to saline,

Mangrove forests occur world-wide on tropical,
anoxic habitats (e.g. Tomlinson, 1986; Stewart & Popp,

sheltered shores (Chapman, 1976; Tomlinson, 1986). 1987; Ball, 1988; Duke et al., 1998). These well-studied
These forests consist of a group of about seventy adaptations – aerial root systems, succulent,

sclerophyllous leaves, and viviparous seedlings –
∗Corresponding author. E-mail: together constitute one of the most convincing cases for
aellison@MtHolyoke.edu. convergent evolution among diverse taxa in response
† Current address: Department of Biological Sciences, to similar environmental constraints (e.g. Tomlinson,
Smith College, Northampton, MA 01063, USA. 1986; Farnsworth & Farrant, 1998). Several
‡ Current address: Department of Marine Science, Uni- investigators have predicted that species diversity in
versity of South Florida, Saint Petersburg, FL 33620, habitats with similar physical and environmental

characteristics that occur in different parts of the worldUSA.

95 1999 Blackwell Science Ltd. http://www.blackwell-science.com/geb



96 A. M. Ellison, E. J. Farnsworth and R. E. Merkt

Fig. 1. Species richness of mangroves as a function of longitude (in 15° increments). Data compiled from Chapman (1976),
Tomlinson (1986), Duke (1992), Ricklefs & Latham (1993), and Duke et al. (1998).

should support similar numbers of species, provided Latham, 1993). There is general agreement that
mangrove ecosystems first appeared in the Latethat these local communities have developed

independently (Recher, 1969; Cody, 1975; Orians & Cretaceous – Early Tertiary on the shores of the Tethys
Sea, although most extant mangrove genera do notPaine, 1983; Ricklefs, 1987). However, species richness

of trees, shrubs, and ferns in mangrove forests is an extend all the way back through the Tertiary. Van
Steenis (1962) suggested that modern genera arose onorder of magnitude higher in the Indo-West Pacific

(IWP) than it is in the Atlantic, Caribbean and Eastern the eastern shores of the Tethys Sea, diversified in what
is now the IWP, and dispersed eastward across thePacific (ACEP) region (Fig. 1). This ‘anomalous’ (sensu

Ricklefs & Latham, 1993) IWP-to-ACEP decline in Pacific Ocean into the ACEP region prior to the closure
of the Panamanian isthmus ≈3 million years agospecies richness has been a focus of discussion for much

of the twentieth century (e.g. Schimper, 1903; van (Mya). Tomlinson (1986), supporting earlier
interpretations of Aubréville (1964) and ChapmanSteenis, 1962; Aubréville, 1964; Chapman, 1976;

McCoy & Heck, 1976; Mepham, 1983; Tomlinson, (1976), suggested that mangroves colonized the ACEP
by moving from the eastern Tethys westward into the1986; Ricklefs & Latham, 1993; Duke, 1995; Duke

et al., 1998). In this paper, we propose an explanation Atlantic (see also Dodd et al., 1998; Duke et al.,
1998). The modern elaboration of this ‘centre-of-originfor this diversity anomaly based on a thorough review

of the mangrove fossil record, correlated distributions hypothesis’ is that ‘throughout most of the Tertiary,
conditions for the invasion of mangrove habitatof mangrove-associated invertebrates, and statistical

analyses of biogeographic patterns of mangrove flora occurred primarily in south-east Asia/Malaysia and, to
a lesser extent, East Africa/Madagascar’ (Ricklefs &and fauna.

Two general hypotheses have been suggested to Latham, 1993: 215–216), restricting most mangrove
taxa to the IWP because of poor dispersal abilities andexplain the modern distribution of mangrove forests

and the IWP-to-ACEP decline in species richness the closure of the Tethys connection to the Atlantic by
the mid-Tertiary. Ricklefs & Latham (1993) allowed(summarized from Tomlinson, 1986; Ricklefs &
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for the possibility that south-east Asia/Malaysia may later occurrences illustrating independent origins of
mangrove taxa coincident with available area forbe more of a refugium for mangroves than a centre

of origin, but concluded from a brief review of the colonization and diversification. Because there are no
comprehensive compilations of the fossil record ofmangrove fossil record that there was inadequate

information to resolve this issue. mangroves in the literature (summaries in McCoy &
Heck, 1976, Plaziat et al., 1983, Tomlinson, 1986 andIn contrast, McCoy & Heck (1976) argued that the

peak of mangrove species richness does not correspond Ricklefs & Latham, 1993 include < 10% of known
occurrences), we begin our analysis with a thoroughto the centre of origin of mangrove ecosystems. Rather,

they hypothesized that most modern mangrove genera review of the mangrove fossil record and relate it to
continental positions during the Tertiary.arose on the shores of the Tethys Sea, and that

subsequent continental drift resulted in disjunct Second, McCoy & Heck suggested that the
relationship between mangrove species richness anddistributions of species within genera. In situ

diversification of these genera since the late Tertiary area of available habitat should be examined carefully,
to determine if areas with relatively large mangrovethen led to the modern-day mangrove diversity

anomaly. Tomlinson (1986) pointed out that this habitat, as well as geographical isolation leading to
rapid reproductive isolation and potential speciation,‘vicariance hypothesis’ was based on analysis of the

distribution of mangrove genera, while analysis of in fact have higher species richness of both mangroves
and closely associated fauna. The two hypotheses,diversity patterns at the species level raised additional

problems. He concluded that a consistently applicable centre-of-origin and vicariance, yield different
predictions regarding the relationship of mangroveshypothesis accounting for the distribution of modern

mangrove species was yet to be developed. Similarly, and available area. If mangrove ecosystems originated
in a single centre of origin, then species richness ofDuke (Duke, 1995; Duke et al., 1998) asserted the

importance of tectonic events and continental drift in extant mangrove forests should be negatively correlated
with distance from that centre of origin, not availableinfluencing the present-day distribution of mangrove

species, but found little evidence that these forces could area (unless available area is also tightly correlated
with distance from the centre of origin). In contrast,explain discontinuous distributions of seven widely

occurring ACEP species. Our analyses support McCoy if mangroves speciated in situ, then species richness
should be positively correlated with available area,& Heck’s (1976) vicariance hypothesis, and because

our analysis is conducted at both generic and species after removal of any covariance between distance from
the proposed centre of origin and available area. Whilelevels, we provide a consistent account of the

importance of vicariance in the development of Ricklefs & Latham (1993) estimated that similar areas
of mangrove habitat occur in the IWP and ACEPmodern-day mangrove assemblages. We use the

approach suggested by McCoy & Heck (1976), with (using data from Saenger et al., 1983), more recent
data (Spalding et al., 1997) suggest different conclusionsadditional analyses of global patterns of geographical

nestedness of whole assemblages and individual species, and necessitate a re-evaluation of the species-area
relationship for mangroves. We conduct this re-to distinguish between these two hypotheses.
evaluation.

Third, distributions of faunal taxa that are closely
associated with mangroves should show patterns eitherMETHODS
concordant or discordant with mangroves, depending
on whether or not the fauna shared a common locationMcCoy & Heck (1976) suggested three lines of

investigation that could lead to inferential tests between of origin with the mangroves. McCoy & Heck (1976)
used the parallel diversity anomalies of coral reefsthe centre-of-origin and the vicariance hypotheses

(Table 1). First, a more detailed study of the mangrove and seagrass beds, both of which occur adjacent to
mangrove forests, to argue for the vicariancefossil record is needed. The centre-of-origin hypothesis

would be supported if the oldest mangrove fossils were hypothesis, but did not examine mangrove-associated
fauna. If mangroves and their associated faunato be found in the IWP (the eastern Tethys), with

later occurrences paralleling predicted dispersal routes. diversified at similar rates or moved in roughly parallel
ways, we would expect to see similarities between theAlternatively, the vicariance hypothesis would be

supported if the oldest mangrove fossils were found diversity anomalies of both groups. We analyse modern
and fossil distributions of eight gastropod genera inuniformly around the Tethys (and elsewhere), with
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Table 1. Predictions of the centre-of-origin and vicariance hypotheses as explanations for the mangrove diversity anomaly

Centre-of-origin Vicariance

Earliest mangrove fossils in IWP; later occurrences parallel Earliest mangrove fossils widespread, perhaps geographically
hypothesized dispersal tracks restricted to Tethys. Later occurrences represent independent

origins of mangrove taxa coincident with available habitat
area.

Mangrove fauna independent of, or weakly dependent on, Mangrove fauna show similar diversity anomalies
mangrove flora

Generic ages of mangrove flora and fauna discordant or Generic ages of mangrove flora and fauna regionally
weakly concordant concordant

Loose species richness – available area relationship Tight species richness – available area relationship

Significant nestedness of species due to colonization Significant nestedness of species due to extinction or few
nested patterns

three unrelated families that show a high degree of above the top-right-to-lower-left diagonal and all
absences below this diagonal of the matrix. Mostfidelity to mangrove ecosystems, and examine the

likelihood that these groups colonized geographical communities show some divergence from perfect
nestedness, and Atmar & Patterson’s (1993) nestednessregions in parallel. We also analyse species-available

area relationships for these gastropods. Available temperature measures this divergence on a scale from
0 (perfectly nested) to 100 (totally random); this scalephylogenies of mangroves and associated gastropods

are discussed, but there are no data on rates of evolution is analogous to systems that are ordered (cold) or
maximally entropic (hot). Atmar & Patterson (1993,in these groups.

In addition to using the three approaches suggested 1995) provide details on computing matrix nestedness
temperatures. Statistical significance of the matrixby McCoy & Heck (1976), we also examine species

distributions of mangrove flora and associated fauna temperature is estimated using Monte Carlo techniques
(Atmar & Patterson, 1995). All calculations were donefor patterns of geographical nestedness. Significant

geographical nestedness of species could result from using software developed by Atmar & Patterson (1995).
We analysed each community type – mangroves, alleither a centre of origin followed by colonization of

farther-flung areas by a subset of the species gastropods, each individual gastropod genus – for
overall nestedness in order to address the question: are(Darlington, 1957; Cook & Quinn, 1995), or from in

situ extinctions of taxa following vicariance events entire communities nested with respect to distance from
the observed peak location of mangrove or gastropod(Patterson, 1990). In conjunction with fossil data, we

use nestedness statistics to infer the relative importance species richness? While measures of overall nestedness
have been developed principally for comparisonsof colonization or extinction events in determining

overall nested (or non-nested) distribution patterns of among islands within archipelagos, or for island-
mainland comparisons (Atmar & Patterson, 1993), wemangrove flora and fauna.

Atmar & Patterson (1993) developed a test statistic, used longitude as our metric of location. In other
words, instead of constructing a site×species matrix,the ‘matrix nestedness temperature’ to assess

community-wide nestedness. Given a site×species we constructed a longitude×species matrix. Because
packing the matrix prior to computation of thematrix, where cell entries are 1 if the species is present

at a site and 0 if it is absent, one first maximally packs nestedness temperature does not preserve the ordering
of sites by their distance from the location of maximalthe matrix by ordering sites (rows) from most speciose

to least speciose, and by ordering species (columns) species richness, examination of the new ordering of
sites provides additional information on potentiallyfrom those which occur at the most sites to those which

occur at the fewest sites. Such a matrix is said to be related sites.
Simberloff & Martin (1991) argued that nestednessperfectly nested if the joint pattern of species presence

and site richness forms a triangle, with all presences should be the rule, not the exception, in island
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assemblages, and this expectation has been born out distribution is unimodal]=0.16, using the test for
multimodality described by Efron & Tibshirani, 1993),both in island and in mainland communities (e.g.

Worthen et al., 1996; Wright et al., 1998). Consequently, with a peak of species richness at 99°E.
Only the mangrove fern, Acrostichum aureum L.,community-level nestedness statistics may not be

completely informative (Simberloff & Martin, 1991; occurs in both the eastern and western hemispheres.
Three genera (Acrostichum, Avicennia, Rhizophora)but see Worthen, 1996). Simberloff & Martin (1991)

suggested testing for geographical nestedness of occur in both hemispheres, and all ACEP families
except the Pelliceriaceae can also be found in the IWP.individual species as a further check on patterns of

community-wide nestedness identified with composite Bruguiera gymnorrhiza (L.) Lamk. has the broadest
distribution, ranging from East Africa to Samoastatistics such as those of Atmar & Patterson (1993,

1995). We therefore analysed each species individually (Chapman, 1976; Tomlinson, 1986). Rhizophora mangle
L. ranges from West Africa to the Pacific coast ofto determine which species show non-nested

distributions with respect to longitude. Following South America, and if not distinct from R. samoensis
(Hochr.) Salvoza (Tomlinson, 1986), would extendSimberloff & Martin (1991), we used the Wilcoxon-

Mann–Whitney rank sum test to examine each species westward to New Caledonia and Fiji. Neotropical
endemics include Avicennia bicolor Standley (Pacificfor deviation from expectation of nestedness. Each

species was ordered with respect to distance (degrees Costa Rica to Columbia), Avicennia schaueriana Stapf
& Leechman ex Moldenke (Lesser Antilles to Guyana)of longitude) from the location of peak species richness

of mangrove flora or fauna. If a given species has a and Pelliceria rhizophorae Triana & Planchon
(Nicaragua to Columbia). As a proportion of thenested distribution, the vector of its presences and

absences should be a string of presences followed by a total mangrove flora, palaeotropical endemics are more
numerous, particularly in the genus Avicennia (Duke,string of absences (e.g. [1, 1, 1, . . ., 1, 0, 0, 0, . . ., 0]).

Deviations from nestedness results in a less predictable 1991). Other notable palaeotropical species with
restricted or discontinuous distributions includevector of presences and absences (e.g. [1, 0, 1, 1, 0, 0,

0, 1, 0, 1, 1, . . .,]). We used StatXact (v. 3.0) to compute Bruguiera hainesii C. G. Rogers (discontinuous between
western Malaysia and New Guinea), Aegialitisexact P-values for the Wilcoxon-Mann–Whitney rank

sum test (Cytel Software Corp. 1995). rotundifolia Roxburgh, Heritiera fomes Buch.-Ham.,
and Sonneratia griffithi Kurz (endemic to the Bay of
Bengal from eastern India southward to Burma), and
Pemphis acidula Forst. (recorded from East Africa andRESULTS
eastern Malaysia, but not found in between)
(Tomlinson, 1986).Biogeography of mangroves

Modern distribution of mangroves

The distribution patterns of modern mangrove species
The fossil record of mangroves

have been reviewed extensively (e.g. van Steenis, 1962;
Chapman, 1976; Tomlinson, 1986; Ricklefs & Latham, The fossil record of mangroves, consisting of both

macrofossils (leaves, wood, flowers, and fruit) and1993; Duke et al., 1998). Rather than recapitulate these
reviews, we draw attention to several key details. All microfossils (pollen grains) is surprisingly rich (contra

Plaziat et al., 1983; Ricklefs & Latham, 1993). Themangroves are restricted to tropical climates where the
average monthly minimum air temperature is[ 20 °C data are summarized in Table 2, and temporal patterns

in mangrove fossil distribution throughout the Tertiary(Chapman, 1976). The winter 20 °C seawater isotherm
generally limits the poleward extension of mangroves, are illustrated in Fig. 2. These data illustrate that few

mangrove genera arose in the IWP, moreover, theyalthough prevailing warm currents and broader
tolerance of environmental extremes allow the were not generally restricted to the eastern shores of

the Tethys. Rather, most genera evolved in the Lateextension of Avicennia marina (Forsk.) Vierh.
southward to the north island of New Zealand (Duke Cretaceous/Early Tertiary around the Tethys Sea, and

were widely distributed by the Late Eocene (Fig. 2).et al., 1998). Overall species richness of mangroves
declines from a peak of about thirty species (per 15° Because all mangrove genera had evolved by the end

of the Tertiary, and continental positions have notlongitude) in South-east Asia to < 5 in the Caribbean
(Fig. 1). This distribution is unimodal (P[H0: changed appreciably during the Quaternary, we focus
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Table 2. The fossil record of mangroves. Genera marked with an asterisk (∗) are represented by macrofossils (leaves, wood,
flowers, fruits). Unmarked genera are represented by fossil pollen

Epoch Genus Location Reference

Upper Cretaceous Nypa Bengal Basin Thanikaimoni (1987)
Borneo Germeraad et al. (1968)
Sarawak Germeraad et al. (1968)
Nigeria Germeraad et al. (1968)
Cameroon Salard-Cheboldaeff (1981)
Venezuela Germeraad et al. (1968)

Palaeowetherellia∗ Egypt Mazer & Tiffney (1982)
Palaeocene Nypa∗ Brazil Dolianiti (1955)

S. Australia Cookson & Eisenack (1967)
India Thanikaimoni (1987)
Cameroon Salard-Cheboldaeff (1981)

Rhizophora India Thanikaimoni (1987)
Sonneratia France Graus-Cavagnetto et al. (1988)

Lower Eocene Nypa∗ India Prakash (1960); Thanikaimoni (1987)
S. Australia Stover & Partridge (1973); Kemp (1978)
Cameroon Salard-Cheboldaeff (1981)
France Haseldonckx (1973); Cavagnetto et al. (1980);

Gruas-Cavagnetto et al. (1988)
Spain Haseldonckx (1973)

Rhizophora India Prakash (1960)
France Gruas-Cavagnetto et al. (1988)

Bruguiera France Cavagnetto et al. (1980)
Sonneratia∗ India Prakash (1960); Thanikaimoni (1987)
Avicennia France Gruas-Cavagnetto et al. (1988)
Pelliceria France Gruas-Cavagnetto et al. (1988)

Cameroon Salard-Cheboldaeff (1981)
Texas Elsik (1974)

Wetherellia∗ London Mazer & Tiffney (1982)
Virginia Mazer & Tiffney (1982)
Germany Mazer & Tiffney (1982)

Palaeowetherellia∗ London Mazer & Tiffney (1982)
Virginia Mazer & Tiffney (1982)

Acrostichum France Cavagnetto et al. (1980)
Middle Eocene Nypa∗ Borneo Lakhanpal (1952); Muller (1964);

Brande & Prakash (1986)
London Chandler (1951); Collinson & Hooker (1987)
Belgium Collinson & Hooker (1987)
Egypt Lakhanpal (1952)
Texas Westage & Gee (1990)
Ukraine Lakhanpal (1952)
S. Australia Stover & Partridge (1973)

Brownlowia Borneo Muller (1964); Brande & Prakash (1986)
Rhizophora Borneo Muller (1964); Brande & Prakash (1986)

Senegal Medus (1975)
Gabon Medus (1975)
Panamá Graham (1985)
Surinam Medus (1975)

Palaeobruguiera∗ London Chandler (1951); Collinson & Hooker (1987)
Ceriops∗ London Chandler (1951); Collinson & Hooker (1987)
Kandelia∗ Alaska Wolfe (1972, 1977)
Pelliciera Jamaica Graham (1993, 1994)

Panamá Graham (1985)
[continued]
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Table 2. Continued

Epoch Genus Location Reference

Lumnitzera Sumatra Brande & Prakash (1986)
Acrostichum London Collinson & Hooker (1987)

Texas Westage & Gee (1990)
(Palaeo)Wetherellia∗ London Collinson & Hooker (1987)
Barringtonia Alaska Wolfe (1972, 1977)
Sonneratia∗ Libya Muller (1978)

Upper Eocene Nypa∗ India Thanikaimoni (1987)
W. Australia Churchill (1973)
Hungary Kedves (1969)

Rhizophora India Thanikaimoni (1987)
W. Australia Churchill (1973)
Hungary Kedves (1969)

Bruguiera∗ S. England Chandler (1964)
Sonneratia India Thanikaimoni (1987)
Avicennia W. Australia Churchill (1973)
Barringtonia Hungary Kedves (1969)
Acrostichum∗ S. England Chandler (1964)

Oligocene Nypa Borneo Muller (1964)
Brownlowia Borneo Muller (1964)
Rhizophora Borneo Muller (1964)

New Guinea Kuyl et al. (1955)
Senegal Medus (1975)
Nigeria Kuyl et al. (1955)
Br. Guiana van der Hammen & Wymstra (1964); Wijmstra (1968)
México Langenhem et al. (1967)
Puerto Rico Graham & Jarzen (1969)

Bruguiera Isle of Wight Machin (1971)
Pelliciera Br. Guiana van der Hammen & Wymstra (1964); Wijmstra (1968)

México Langenheim et al. (1967)
Puerto Rico Graham & Jarzen (1969)

Lower Miocene Avicennia Mediterranean Thanikaimoni (1987)
Nypa Borneo Muller (1964)
Brownlowia Borneo Muller (1964)
Rhizophora Borneo Muller (1964)

New Guinea Kuyl et al. (1955)
Nigeria Kuyl et al. (1955)
British Guiana van der Hammen & Wymstra (1964)
Venezuela Kuyl et al. (1955)

Sonneratia Borneo Muller (1964)
Middle Miocene Nypa India Lakhanpal (1952); Thanikaimoni (1987)

Rhizophora Burma Thanikaimoni (1987)
India Thanikaimoni (1987)
Senegal Medus (1975)
Pacific Islands† Leopold (1969)
Costa Rica Graham (1987)
Panamá Graham (1988a, 1988b, 1989)

Sonneratia Burma Thanikaimoni (1987)
Java Brande & Prakash (1986)
India Thanikaimoni (1987)
Japan Thanikaimoni (1987)
Pacific Islands† Leopold (1969)

Avicennia Pacific Islands† Leopold (1969)
[continued]
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Table 2. Continued

Epoch Genus Location Reference

Bruguiera Japan Thanikaimoni (1987)
Pacific Islands† Leopold (1969)

Ceriops Pacific Islands† Leopold (1969)
Pelliciera Brazil Wijmstra (1968)

Venezuela Wijmstra (1968)
Columbia Wijmstra (1968)
Panamá Graham (1988a, 1988b, 1989)

Excoecaria Japan Thanikaimoni (1987)
Upper Miocene Nypa Borneo Muller (1964)

Brownlowia Borneo Muller (1964)
Rhizophora Borneo Muller (1964)

New Guinea Kuyl et al. (1955)
Nigeria Kuyl et al. (1955)
Venezuela Kuyl et al. (1955)
Panamá Graham (1991a, 1991b, 1991c)
Mexico Graham (1976)

Sonneratia Borneo Muller (1964)
Avicennia Borneo Muller (1964)

Mexico Graham (1976)
Pliocene Nypa Borneo Muller (1964)

Rhizophora Borneo Muller (1964)
New Guinea Kuyl et al. (1955)
Nigeria Kuyl et al. (1955)
Venezuela Kuyl et al. (1955)
Guatemala Graham (1998)

Pelliceria Costa Rica Graham & Dilcher (1998)
Brownlowia Borneo Muller (1964)
Sonneratia Borneo Muller (1964)
Avicennia Borneo Muller (1964)

British Guiana van der Hammen & Wymstra (1964)
Acrostichum Guatemala Graham (1998)

† Pacific Islands refers to Eniwetok Atoll, Bikini Atoll and the Marshall islands.

our attention on the Tertiary fossil record of are widespread in Eocene deposits throughout Eurasia
(southern England, Belgium, France, northern Italy,mangroves.
southern Poland, northern Hungary, western Russia,
Borneo), Africa (western Senegal, Egypt), and the

Fossil record of modern mangrove genera
Americas (Texas, Brazil) (Tralau, 1964; Table 2). On
morphological grounds, Tralau (1964) assigned allThe mangrove palm Nypa is the earliest of the modern

mangrove genera to appear in the fossil record. Late known fossil fruits and pollen to Nypa aff. fruticans,
as they ‘appear to be identical with the fruits and seedsCretaceous and Palaeocene records of Nypa are

uncommon (Table 2). Late Cretaceous (Maastrichtian) of the only living species of Nypa’ (Tralau, 1964: 21),
N. fruticans (Thunb.) Wurmb. Nypa disappears fromrecords of Nypa are all fossil pollen (Germeraad et al.,

1968; Salard-Cheboldaeff, 1981; Thanikaimoni, 1987). South America, Africa, and Australia by the Mid- to
Late Eocene, an event associated with increased aridityIn the Maastrichtian of Cameroon, Nypa-type pollen

comprises 20–25% of all pollen preserved in the samples and seasonality (Germeraad et al., 1968; Stover &
Partridge, 1973). Fossil occurrences of Nypa since thestudied by Salard-Cheboldaeff (1981), indicating

widespread swamp development. Dolianiti (1955) Miocene are restricted to South-east Asia (Table 2).
Four exclusively mangrove genera – Bruguiera,reported Nypa fruits from the Palaeocene of

Pernambuco, Brazil. Fossil fruits and seeds of Nypa Ceriops, Kandelia, Rhizophora – occur in the family
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Fig. 2. Tertiary distribution of mangroves, superimposed on contemporaneous positions of the continental land masses. Data
sources given in Table 2. Maps of continental positions redrawn from Smith & Briden (1977).

Rhizophoraceae, and this family is represented in all along with the fruits of the mangrove associate
Barringtonia and numerous genera characteristic ofmodern mangrove forests. Fossil fruits of Bruguiera

(and its extinct relative, Palaeobruguiera) and Ceriops modern Malaysian tropical lowland forests (Wolfe,
1972, 1977; Fig. 2). Pollen of Rhizophora is producedoccur in the Middle Eocene London Clays (Chandler,

1951; Collinson, 1983; Collinson & Hooker, 1987). abundantly, and its morphological distinctiveness has
led to its recognition as a guide fossil indicative ofCavagnetto et al. (1980) identified a ‘fossil mangrove

soil’ (palaeosol) in the Ypresian (lower-most Eocene) humid tropical lowlands and wetlands (Muller &
Caratini, 1977; see also Germeraad et al., 1968;Soissonaı́s lignite at Verzenay, France, in which

Brugueira-type pollen occurred in the lowest horizon. Thanikaimoni, 1987). However, it is virtually
impossible to distinguish among Rhizophora species onNypa pollen and Acrostichum spores were also present

in this palaeosol, although the identification of fossil the basis of fossil pollen alone (Muller & Caratini,
1977). The earliest fossil occurrence of RhizophoraAcrostichum spores is considered difficult (Frederiksen,

1985). Bruguiera pollen persists into the Oligocene- pollen is in the Palaeocene of India (Thanikaimoni,
1987), but it is abundant in the Eocene of Eurasiaaged beds of the Isle of Wight (Machin, 1971). Ceriops

occurs throughout the Miocene of Guam, Fiji, and (France, Hungary, India, Borneo), Africa (Senegal,
Gabon, Surinam), western Australia and the AmericasEniwetok (Leopold, 1969). Its range has contracted in

a westward direction by at least 20° of longitude since (British Guiana, Panama) (Table 2). Rhizophora pollen
continues to be abundant in fossil deposits world-widethe Miocene (Leopold, 1969). Kandelia fruits

(propagules) occur in the late Middle Eocene of Alaska, throughout the Miocene (Table 2, Fig. 2). Muller &
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Caratini (1977) suggested that Rhizophora did not Avicennia pollen occurs rarely until the Miocene.
The earliest reported occurrence is from the Earlydifferentiate into modern species prior to the Oligocene,

and posited independent radiations in the ACEP during Eocene of France (Gruas-Cavagnetto et al., 1988), but
by the Miocene it is widespread throughout the IWPthe Oligo-Miocene and in the IWP during the Miocene.

The ACEP endemic genus Pelliceria (Pelliceriaceae) (Leopold, 1969; Thanikaimoni, 1987; Table 2; Fig. 2).
Records of Avicennia in the ACEP do not begin untilwas widespread from the Palaeocene through the

Miocene; its range extended from the Gulf Coast of the Late Miocene (van der Hammen & Wymstra, 1964).
Other modern mangrove genera are similarly rare inthe USA to West Africa, and northwards into Europe

(Graham, 1977, 1995; Frederiksen, 1985; Graham & the fossil record. Lumnitzera is known in the
palaeobotanical record only from pollen of the MiddleDilcher, 1998; Fig. 2). Like Rhizophora, the pollen

of Pelliceria is very distinctive and easily recognized Eocene of Sumatra (Brande & Prakash, 1986), and
Excoecaria occurs in the Middle Miocene of Japan(Graham, 1977). This genus may have locally

dominated its habitat; Elsik (1974) described it as (Thanikaimoni, 1987). Fossil spores of the mangrove
fern genus Acrostichum occur in the Early Eocene of‘characteristic’ of the Lower to Middle Eocene of the

Gulf Coast of Texas, and it was abundant in the France (Cavagnetto et al., 1980), the Middle Eocene
London Clay (Collinson & Hooker, 1987), throughoutEocene desposits in Cameroon (Salard-Cheboldaeff,

1981). Pelliceria pollen is common in the Oligocene to the middle Eocene Gulf Coast of Texas (Westage &
Gee, 1990), and from the Early Eocene through theLower Miocene of British Guiana (van der Hammen

& Wymstra, 1964), but disappears from there by the Pliocene in the Caribbean (Graham, 1995). Fossil leaves
(pinnae) of Acrostichum were described from the LatePliocene. Graham (1977, 1995) documents similar

dramatic range contractions of Pelliceria throughout Eocene of southern England (Chandler, 1964).
the Caribbean during the Tertiary.

The IWP endemic genus, Sonneratia, appears to
Fossil record of extinct ‘mangroves’

have colonized south-east Asia from the west on the
northward migrating Indian subcontinent (Fig. 2). Several fossil taxa are thought to have occurred in

habitats that now support mangrove forests: tropical,Muller (1978) reviewed the fossil record of this genus,
and confirmed pollen records from the uppermost coastal swamps. For example, Frederiksen (1985)

considers the fossil palynomorphs within theEocene through the Miocene of south-east Asia and
the Late Miocene of the Pacific Islands of Eniwetok, Brevitricopites group (which includes B. variabilis

González-Guzmán, Retribrevitricopites triangulatusPalau, and Fiji. Fossil wood resembling modern
Sonneratia is known from the Middle Eocene of Libya van Hoeken-Klinkenberg, R. catatumbus González-

Guzmán, and R. increatus González-Guzmán) to haveand India (Mahabalé & Deshpande, 1955; Ramanujam,
1956; Prakash, 1960; Muller, 1978; Table 2). Based on inhabited the Rhizophora ‘niche’ from the Palaeocene

to the mid-Eocene of Columbia (see also González-available data, Muller (1978) concluded that Sonneratia
originated in the western Tethyan region in the Early Guzmán, 1967; Graham, 1995). These Columbian

strata also have abundant fossil pollen of the palmEocene, but that the modern floral and pollen
characters did not evolve until the Oligocene. Muller Proxapertites operculatus (van der Hammen) van der

Hammen, which Frederiksen (1985) places near Nypa.(1978) considered that the modern species radiated in
the IWP during the Late Oligocene and Early Miocene. Supporting evidence for the mangrove affinities of these

taxa are the co-occurrence of Nypa with ProxapertitesThis conclusion contrasts with the apparent occurrence
of fossil pollen clearly assignable to Sonneratia from pollen in the Eocene of Cameroon (Salard-Cheboldaeff,

1981), and the co-occurrence of Retribrevitricopitesthe Palaeocene of France (Gruas-Cavagnetto et al.,
1988). As with Ceriops, the range of Sonneratia triangulatus with Rhizophora pollen in the Eocene of

Nigeria (Frederiksen, 1985).throughout the Pacific has contracted dramatically in a
westward direction since the Miocene (Leopold, 1969). Mazer & Tiffney (1982) discussed the ecology and

systematics of Wetherellia and Palaeowetherellia. FruitsThe fossil record of Sonneratia species indicates that
S. alba J. Smith is the youngest, yet it extends and seeds of Wetherellia co-occur with Nypa in the

Early Eocene London Clay flora of southern Englandthroughout the modern range of the genus. On the
other hand, the oldest fossil species, S. caseolaris (L.) (Chandler, 1964), and this is the second-most abundant

taxon after Nypa. The closely related PalaeowetherelliaEngler has the narrowest modern distribution (Muller,
1978). was described from the Eocene and possibly Late
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Cretaceous deposits of northern Egypt (Chandler, high fidelity to this habitat (Berry, 1963; Vermeij, 1974;
Cantera et al., 1983; Plaziat, 1984, 1995; Reid, 1986;1954). In these cases, as in the North American Eocene

sediments of southern Maryland and Virginia, both Cruz & Jiménez, 1994). That is, these gastropods occur
throughout mangrove forests and in adjacent mud flats,genera occur in what were coastal, sandy or muddy,

depositional environments, which Mazer & Tiffney and often exhibit species zonation across the intertidal
zone that closely but inexactly parallels mangrove(1982: 322) consider ‘coastal or mangrove

environment[s].’ There are no modern analogues to species zonation (e.g. Reid, 1985). In addition, fossils
of several genera of gastropods have been used aseither of these genera. Palaeowetherellia and Wetherellia

share many characteristics with modern Euphorbiaceae indicators of palaeo-habitats favourable for the
development of mangrove swamps, even whenand Meliaceae; genera within both of these families

occur in modern mangrove forests. mangrove fossils themselves are lacking (Plaziat, 1975).
We analysed the modern and Tertiary distributions of
eight gastropod genera in three unrelated families:

Species-area relationships of mangroves
Littoraria (Prosobranchia: Littorinidae); Cerithidea,
Telescopium, and Terebralia (Prosobranchia:Based on a combination of data derived from remote

sensing and ground truthing, a GIS database of world Potamididae); and Cassidula, Ellobium, Melampus, and
Pythia (Pulmonata: Ellobiidae).mangrove vegetation has been constructed at the World

Conservation Monitoring Centre (Spalding et al.,
1997). Their estimate of mangrove area throughout the

Living gastropods
world (181,077 km2) is both higher (by 7%) and less
evenly distributed than the estimates of Saenger et Overall, the global pattern of species richness of all

eight of these gastropod genera combined is remarkablyal. (1983) that have previously been used to address
mangrove species-area relationships (Ricklefs & similar to that of mangroves (Fig. 3), and the

correlation between gastropod richness and mangroveLatham, 1993). Spalding et al. (1997) estimated the
relative proportion of total global mangrove ‘available richness (grouped by 15° of longitude) is strong (r=

0.81; P< 0.001). Like that of mangroves, thearea’ in the different biogeographic regions to be: 52%
in the IWP (of which 42% is in South and South-east distribution of gastropods could be considered

anomalous (sensu Ricklefs & Latham, 1993); its peakAsia and 10% in Australasia), 27% for the Caribbean
and Eastern Pacific, 16% for West Africa, and 5% for of species richness is also in the IWP (Fig. 3). The

distribution of these gastropods, however, is clearlyEast Africa and the Middle East (Spalding et al., 1997;
contra Ricklefs & Latham, 1993). The corresponding bimodal (P[H0: distribution is unimodal] < 0.0001),

with modes in the Eastern Pacific of Central Americaspecies richness values for these regions are 41 (65%)
in the IWP, 8 (13%) in the Caribbean and Eastern (at 96°W) and in South-east Asia (at 99°E).

All twenty-seven species of mangrove-inhabitingPacific, 5 (8%) in West Africa, and 9 (14%) in East
Africa (data from Ricklefs & Latham, 1993; Duke et al., Littorinidae are placed in the genus Littoraria (Reid,

1986). Their global pattern of species richness parallels1998). Despite a sample size of only four biogeographic
regions, species richness and available area are that of mangroves almost exactly (Fig. 3), and the two

are tightly correlated (r=0.93; P< 0.001). Like thatsignificantly correlated (r=0.88; P=0.05). The areas of
mangrove habitat in these regions are not significantly of mangroves, the distribution of Littoraria could be

considered anomalous; its distribution is unimodalcorrelated with their distance from the IWP (P> 0.25).
Estimates of available mangrove area in corresponding (P=0.12), and its peak of species richness in the IWP

is about 9° west of that of mangroves. Littoraria islocations throughout the Tertiary could be used to
test the prediction that mangrove species richness and divided into five subgenera, Littoraria, Palustorina,

Lamellitorina, Littorinopsis, and Bulimilittorina (Reid,available area have been similarly well-correlated
throughout the development of this ecosystem. 1986, 1989). These subgenera are based on

morphological and genetic characters, but show little
correspondence with modern geography. Mangrove-

Biogeography of mangrove-associated
associated littorines in the two most primitive

gastropods
subgenera, Littoraria and Lamellilitorina, occur
throughout the modern range of mangroves, althoughWhile few animals are restricted completely to

mangrove forests, a number of gastropod genera show all but one of the Eastern Pacific species are placed in
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the subgenus Littoraria (Reid, 1986, 1999). Eighteen
of the nineteen mangrove associates in the two more
derived subgenera, Littorinopsis and Palustorina, occur
in the IWP, but the remaining species, L. (Littoriniopsis)
angulifera (Lam.), occurs in both the Caribbean and
the Eastern Atlantic. The most derived subgenus,
Bulimilittorina, is represented by a single species,
Littoraria aberrans Reid, which is endemic to the Pacific
coasts of Costa Rica and Panama (Reid, 1999).

Within the Potamididae, the one modern species of
Telescopium, T. telescopium (L.), occurs throughout
the IWP (Houbrick, 1991), as does the widespread
Terebralia palustris (L.) (Fig. 3). The two other species
of Terebralia, T. semistriata (Mörch) and T. sulcata
(Born), are more narrowly distributed. T. semistriata
occurs only in Australian mangroves, from Queensland
northward and westward to Carnavon, and on the
south coast of Irian Jaya (Houbrick, 1991). Terebralia
sulcata occurs throughout south-east Asia, northern
and western Australia, and northward to Okinawa
(Houbrick, 1991). The closely related genus Cerithidea,
however, has higher species richness in the ACEP (peak
at 108°W; Fig. 3) and its distribution is unimodal (P=
0.29). Three groups of species are identifiable, one in
the ACEP, one in southern Africa, and one in south-
east Asia. Four species, C. californica mazatlantica
Carpenter, C. montagnei (Orbigny), C. pulchra (C. B.
Adams), and C. valida (C. B. Adams), occur only on
the western coast of Central and South America (Cruz
& Jiménez, 1994), while one, C. costata (da Costa),
occurs in the western Atlantic (Coomans, 1969). The
southern African endemic, C. decollata (L.), occurs
from Natal, South Africa, northward to Mozambique,
and eastward into Madagascar and the Comoros
(Brown, 1971; Vermeij, 1974). Four species occur in
south-east Asia: C. cingulata Gmelin, C. obtusa
Lamarck, C. quadrata Sowerby, and C. rhizophorarum
A. Adams. Both C. cingulata and C. obtusa extend into
the Central Pacific islands (Cantera et al., 1983).

Fig. 3. Species richness of mangrove-inhabiting gastropods The Ellobiidae show similar disjunct distribution
as a function of longitude (in 15° increments). Mangrove patterns (Fig. 3). The presumed ancestral subfamilies
species richness shown in top bar chart for comparison. Data Pythinae (which includes Cassidula and Pythia) and
compiled from Smith (1940), Berry (1963), Macnae (1968),

Ellobiinae (Ellobium) are best represented in the IWP,
Coomans (1969), Brown (1971), Vermeij (1974), Marshall &

while the derived Melampinae (Melampus) is primarilyMedway (1976), Bouchet (1977), Murty & Rao (1977), Way
an ACEP group (Morton, 1955; Martins, 1996). The& Purchon (1981), Cantera et al. (1983), Plaziat (1984), Suárez
distribution of the genus Cassidula is unimodal (P=& Castaing (1984)), Warmoes et al. (1990), Houbrick (1991),

Deekae & Henrion (1993), and Cruz & Jiménez (1994). 0.61) with a peak richness at 99°E. One species (C.
labrella (Deshayes)) is a southern African endemic
(Brown, 1971), while three other species are restricted
to the Central Pacific islands (Cantera et al., 1983). The
remaining four species of Cassidula occur throughout
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Table 3. Fossil occurrences of mangrove-associated gastropods

Gastropod Epoch Location Source

Ellobiidae
Melampinae Malm (late Jurassic) Colorado, USA Tracey et al. (1993)
Ellobium Miocene Yatuo Group, Japan Oyama (1950)
Marinula Pleistocene Panama; Costa Rica Dall (1912)
Melampus Upper Cretaceous Europe, N. America Zilch (1959)

Miocene N. America Zilch (1959)
Pythia Eocene Europe Zilch (1959)

Littorinidae
Littoraria Lower & Middle Eocene Paris, France Reid (1989)

Lower Miocene Panamá Reid (1989)
Upper Miocene France Reid (1989)
Pliocene Florida Reid (1989)

Potamididae
Cerithidea Oligocene Georgia, USA Dall (1915)

Miocene Yatuo Group, Japan Oyama (1950)
Miocene Tampa, Florida, USA Dall (1915)

Terebralia Miocene Italy Sacco (1895)
Miocene Java Martin (1899), Tesch (1920)
Miocene Pacific Islands Ladd (1972)
Miocene Malaysia Wissema (1947)

Telescopium Miocene Yatuo Group, Japan Oyama (1950)

south-east Asia (Cantera et al., 1983). The five species of mangrove-associated gastropods that have been
found are assignable to modern subfamilies, genera,in the closely related genus Pythia occur only in south-

east Asia (Cantera et al., 1983). The distribution of and subgenera that live on mangrove trees and mudflats
(Table 3). The Middle Eocene Casa Blanca group ofEllobium species is similar to that of Cerithidea, with

unique assemblages in the ACEP (E. dominicensis south-west Texas (Westage & Gee, 1990), and the
Middle Miocene Yatuo group in Japan (Oyama, 1950)(Férussac) and E. stagnalis (Oribgny)), East Africa

(E. gaziense H. B. Preston), and south-east Asia (E. each yielded rich fossil assemblages of both mangrove
plants and gastropods.aurismidae (L.), E. aurisjudae (L.) and E. chinense

(Pfeiffer)) (Vermeij, 1974; Cantera et al., 1983; Martins, The fossil record of Telescopium begins in the Upper
Miocene, but its fossils have never been recorded1996). No modes (peaks in species richness) are

identifiable for Ellobium. Melampus is strongly outside its modern range in south-east Asia (Houbrick,
1991). In contrast, fossils assignable to the modernunimodal (P=0.37), and its peak richness occurs in

the ACEP (99°W). Twelve of the eighteen mangrove- Terebralia palustris are known from the Miocene of
Italy (Sacco, 1895) and Java (Martin, 1899; Tesch,inhabiting species of Melampus occur in the ACEP,

one in West Africa (M. liberianus H. & A. Adams), 1920), and from the Pliocene of Timor and Java (Tesch,
1920). Similarly, Terebralia sulcata has a fossil recordone in East Africa (M. semiaratus (Conolly)), and the

remaining four in south-east Asia (Cantera et al., 1983; extending back into the Miocene, including occurrences
in Eniwetok Atoll, the Marshall Islands, Java, andMartins, 1996).
Malaysia (Martin, 1899; Wissema, 1947; Ladd, 1972),
and Pliocene records throughout the IWP (Martin,

The fossil record of mangrove-associated gastropods
1899; Tesch, 1920; Wissema, 1947). The Australian
endemic Terebralia semistriata is unknown in the fossilThe fossil record of estuarine gastropods is poor relative

to that of mangroves. The same anoxic, acidic, peaty record, and Houbrick (1991) suggests that it is a recently
evolved species. Ceritihidea occurs in Miocene depositssoils that encourage preservation of plant pollen and

macrofossils rapidly dissolve the calcium carbonate of in Japan (Oyama, 1950) and Florida (Dall, 1915), and
the Oligocene of Georgia (Dall, 1915).gastropod shells (Plaziat et al., 1983). The few fossils
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Table 4. Nestedness of mangrove flora

All mangrove species combined
Nestedness
Matrix nestedness temperature1 11.3
P(H0: not nested)2 3×10−82

Outlier species3

Taxon Z-score P Modern range

Avicennia germinans (L.) Stearn 3.338 0.0001 ACEP
Conocarpus erectus L. 3.338 0.0001 ACEP
Rhizophora mangle L. 3.115 0.0002 ACEP
Laguncularia racemosa (L.) Gaertn.f. 2.691 0.0022 ACEP
R.×harrisonii Leechman∗ 2.360 0.0090 E. Pacific
R. racemosa Meyer 2.360 0.0090 E. Pacific
Pelliciera rhizophorae Triana & Planchon∗ 1.605 0.0441 ACEP
A. schaueriana Stapf & Leechman ex Moldenke∗ 1.605 0.0441 W. Indies
A. bicolor Standley∗ 1.605 0.0441 E. Pacific

1 Matrix ‘temperature’ ranges from 0 to 100°, with small values being more nested than large values. See Atmar & Patterson
(1993) for conceptual and mathematical details; calculations done using software developed by Atmar & Patterson (1995).
2 Probability values based on 500 Monte Carlo randomizations of the site×species matrix (Atmar & Patterson 1993, 1995).
3 Outlier species determined using Wilcoxon-Mann–Whitney rank-sum test following method of Simberloff & Martin (1991). P-
values are exact (StatXact v. 3.0, Cytel Softwaref Corp. 1995).
∗Modern-day endemic species

Species-area relationships of mangrove-associated lie between Vanuatu and the Caroline Islands. Overall,
in none of the significantly nested ‘communities’ dogastropods
apparent geographical patterns emerge (full matrix

Like the relationship between mangrove species
rearrangements for all these groups are available on

richness and area of habitat, the relationship between
request from the senior author). Rather, this result

species richness of mangrove-associated gastropods
suggests that speciation patterns in most of these

and habitat area is strong (r=0.90; P< 0.05). Forty-
regions has proceeded independently.

seven species (55%) of gastropods in the eight genera
When we examined the nestedness of individual

studied occur in the IWP, twenty (24%) in the Caribbean
species (following Simberloff & Martin, 1991), clearer

and Eastern Pacific, four (5%) in West Africa, and
patterns emerged. For mangroves and Littoraria, all

fourteen in East Africa (16%) (data compiled from
ACEP species deviated significantly from expectation:

sources listed in the legend of Fig. 3).
they were not nested with respect to the IWP. These
species, indicated as ‘outlier species’ in Tables 4 and
5, included both modern-day geographically endemicNestedness of mangrove flora and fauna
species as well as those with more cosmopolitan

Mangroves, all gastropods combined, and the genus
distributions. For Cerithidea and Melampus, IWP

Littoraria showed significant community-wide nested
species deviated significantly from expectation, while

distributions with respect to longitude, while the other
Pacific Island Cassidula species were aberrant. No

genera of gastropods were not nested with respect to
Ellobium species deviated from expectation.

longitude (Tables 4 and 5). As noted in the Methods,
calculation of the community-wide nestedness
temperature given in Tables 4 and 5 requires maximal

DISCUSSION
packing of the longitude×species matrix. This packing
did not preserve longitudinal ordering. Rather, sites

Implications of the fossil record
from disparate parts of the globe were interspersed.
For example, in the packed matrix, Sri Lanka lies The fossil record of both mangroves and their

associated gastropods begins in the Maastrichianbetween the Mariana Islands and Burma; India occurs
seventeen rows below Sri Lanka, and the West Indies (Upper Cretaceous) or Palaeocene, and strongly
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Table 5. Nestedness of mangrove-associated gastropods. Ellobium, Pythia, Terebralia, and Telescopium were not analysed for
nestedness or modality because of few species or restricted (IWP only) distributions. Sub-genera of Littoraria after Reid (1986,
1989). Statistical methods as in Table 4

Gastropod community statistics All gastropods Littoraria Cassidula Melampus Cerithidea
combined

Nestedness
Matrix nestedness temperature 6.4 7.5 26.6 20.6 26.5
P(H0: not nested) 6×10−45 2×10−27 0.29 0.81 0.62

Outlier species
Taxon Z-score P Modern range

Littoraria (Littorinopsis) angulifera Lamarck 2.251 0.0035 Atlantic
Littoraria (Littoraria) varia Sowerby 1.631 0.0441 E. Pacific
Littoraria (Littoraria) fasciata Gray 1.631 0.0441 E. Pacific
Littoraria (Littoraria) zebra Donovan 1.631 0.0441 E. Pacific
Littoraria (Bulimilittorina) aberrans Philippi 1.631 0.0441 E. Pacific
Littoraria (Littoraria) cingulifera Philippi 1.453 0.0883 W. Africa
Littoraria (Littorinopsis) subvittata Reid 1.360 0.0887 Indian Ocean
Cassidula labrella (Deshayes) 2.253 0.0014 South Africa
Cassidula nucleus (Gmelin) 2.174 0.0087 Pacific Islands
Melampus nuxcastanea (Kuroda)∗ 2.171 0.0087 Ryukyu Islands
Melampus fasciatus (Deshayes)∗ 1.656 0.0455 Ryukyu Islands
Melampus liberianus H. & A. Adams 1.600 0.0693 W. Africa
Melampus semiaratus (Conolly)∗ 1.498 0.0909 Society Islands
Cerithidea decollata (L.)∗ 1.861 0.0331 Madagascar
Cerithidea cingulata (Gmelin) 1.559 0.0677 Indonesia
Cerithidea quadrata Sowerby 1.559 0.0677 Indonesia
Cerithidea obtusa (Lamarck) 1.559 0.0677 Indonesia
Cerithidea rhizophorarum A. Adams 1.486 0.0724 IWP

∗Modern-day endemic species.

supports a Tethyan origin for both many extant range reduction of Pelliceria at the Eocene/Oligocene
boundary reflects a concurrent global cooling trend.mangrove taxa and the mangrove ecosystem. The

earliest known mangrove fossils are Maastrichian This global cooling may also have resulted in the
simultaneous loss of Kandelia and Barringtonia frompollen grains assignable to the extant palm genus Nypa

(Germeraad et al., 1968), and Palaeocene/Eocene fruits the Gulf of Alaska (Wolfe, 1972), and of Nypa,
Pelliceria, and Rhizophora from Europe (Graham,and seeds in the extinct genera Wetherellia and

Palaeowetherellia (Mazer & Tiffney, 1982). Distribution 1977; see also Plaziat, 1995). Global cooling would be
expected to result in a reduction in the geographicalof fossil mangrove pollen, leaves, and fruits is

pantropical by the Middle Eocene. Two genera now range of mangroves because embryos of some
viviparous mangrove species lack abscisic acid andfound only in the IWP – Nypa and Kandelia – occur

in the Eocene neotropics (Germeraad et al., 1968; associated ‘stress’ proteins that might have conferred
cold tolerance (Farrant et al., 1996).Wolfe, 1977). The modern neotropical endemic

Pelliceria occurs in the Palaeocene of France (Gruas- Reconstructions of palaeocirculation patterns posit
that from the Middle Jurassic through the early MiddleCavagnetto et al., 1988). The genus Sonneratia, which

has a contemporary peak of species richness in Miocene (150–20 Mya) the tropical equatorial current
flowed east-to-west (Berggren & Hollister, 1977). InAustralia and South-east Asia first appears on the

Palaeocene/Late Eocene island continent of India this scenario, the Tethys would have acted as a conduit
through which marine flora and fauna were transported(Prakash, 1960). The IWP genus Bruguiera is common

in the Eocene London Clays (Chandler, 1951; Collinson pantropically by prevailing currents. Given that many
of the earliest mangrove fossils occur in the Eocene on& Hooker, 1987). Graham (1977) suggested that the
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the shores of the Tethys, we concur with Mepham gastropods, 40–50 Mya, are concordant. Available
phylogenetic information does not accord with(1983) that this equatorial current could have dispersed

propagules of genera such as Avicennia, Pelliceria, and hypothesized dispersal tracks radiating out from the
IWP. That is, there is no clear association betweenRhizophora from the Tethys Sea, towards the Americas,

and thence onward to what is now the IWP. Analysis ancestral taxa and the IWP, or between derived taxa
and the ACEP.of leaf chemical characteristics (aliphatic hydrocarbon

and triterpenoid fraction of foliar waxes) of mangroves
on both sides of the Atlantic further supports this

Are the statistics informative?
hypothesis (Dodd et al., 1998).

Similarly, the two major gastropod families with The statistical analyses of the biogeographic patterns
of mangroves and associated gastropods supporthigh fidelity to modern mangrove ecosystems are also

thought to have originated around the Tethys Sea further the conclusions drawn from analyses of the
fossil record. Modern distributions of mangrove species(Reid, 1989, 1990 [Littorinidae]; Morton, 1955;

Martins, 1996; [Ellobiidae]), and the fossil record lends and all genera of gastropods are strongly unimodal,
whereas the distribution of all gastropods pooled issupport to this hypothesis. Both the Ellobiidae and

the Littorinidae are thought to be of tropical origin strongly bimodal (Fig. 3). For mangroves, the
unimodality simply reflects the comparatively high(Morton, 1955; Reid, 1986, 1989, 1996; Martins, 1996).

Littoraria (Littorinopsis) occurs in the Eocene of species richness in the IWP. Whereas this distribution
could result from a single centre of origin, the lack ofEurope, where it is contemporaneous with fossil finds of

Avicennia, Nypa, Pelliceria, and Rhizophora. It similarly support for this hypothesis provided by the mangrove
fossil record implies that the single mode of mangroveoccurs in the Miocene of Panama, during which time

mangroves were widely distributed in the Neotropics species richness results from other factors, such as the
observed strong species-area relationship. The(Graham, 1995). The most ancestral Ellobiidae

(Ophicardelus) occur in the mangroves of New Zealand unimodality of each distribution of species richness of
each gastropod genus similarly reflects their local areasand Australia (Morton, 1955). Ellobiid fossils

(Melampinae, Pedipes, Tralia) representing modern of endemism or recent evolution. The ‘all gastropod
genera pooled distribution’ is expected to beneotropical subfamilies (Melampinae, Pedipinae) occur

in neotropical Miocene deposits (Dall, 1912, 1915; multimodal, because it is a mixture of distributions with
different, known modes (Efron & Tibshirani, 1993). ItWoodring, 1928; Gilbert, 1949; Gibson-Smith &

Gibson-Smith, 1979, 1985; Tracey et al., 1993), while is striking that a distribution derived from eight genera,
each with its own mode, is only bimodal, as opposedthe IWP Ellobium co-occurs with mangrove fossils in

the Middle Miocene Yatuo Group of Japan (Oyama, to having more than two modes. This observation
suggests that isolation of the IWP and the ACEP since1950). The fossil record of the Ellobiidae, along with

hypothesized current patterns during the Tertiary, the Late Miocene has encouraged in situ speciation of
these groups.suggest that this family of molluscs probably inhabited

the tropical intertidal prior to the evolution of The species-area relationship in and of itself could
explain the diversity ‘anomalies’ of both mangrovesmangroves. No phylogenetic information is available

for the Potamididae, but we note that the and associated gastropods. While estimates of available
mangrove area in corresponding locations throughoutpredominantly ACEP genus Cerithidea is known from

the Miocene of Japan (Oyama, 1950) and the Oligocene the Tertiary could be used to test the prediction that
mangrove species richness and available area have beenof North America (Dall, 1912, 1915). Telescopium has

probably always been restricted to the IWP (Oyama, similarly well-correlated throughout the development
of this ecosystem, such estimates are unavailable.1950; Houbrick, 1991), but Terebralia had a much

broader geographical distribution during the Tertiary, Overall, however, the high species richness of
mangroves and of associated gastropods in differentextending from southern Europe eastward to the central

Pacific Islands (Houbrick, 1991; Plaziat, 1995). biogeographic regions supports McCoy & Heck’s
(1976) prediction relating geographical isolation toIn sum, the fossil records of mangroves and their

associated gastropods support two of the predictions local species richness.
The analysis of nested distribution patterns, andof the vicariance hypothesis (Table 1): both groups are

initially restricted to the shores of the Tethys Sea, and more importantly, identification of those species that
are not nested with respect to geography, furtherthe generic ages of most mangroves and associated

 1999 Blackwell Science Ltd, Global Ecology and Biogeography, 8, 95–115



Mangrove biodiversity anomaly 111

supports a Tethyan origin for mangrove ecosystems. not necessarily in the area of highest species richness. In
other words, the presence-absence vectors of endemicsDarlington (1957) and Cook & Quin (1995) interpreted

community-wide nestedness as an indicator of would look like [0, 0, 0, . . ., 0, 1, 1, 1, . . ., 0, 0, 0, . . ., 0].
Aegialitis was thought by van Steenis (1949) to have acolonization from a centre of origin, whilst other

authors (reviewed by Patterson, 1990) infer localized vicariant distribution (the other species in the genus,
A. annulata, is restricted to northern Australia andextinctions from nested distributions. The former

interpretation (colonization from a centre of origin) is eastern Malaysia).
In sum, the statistical analyses support the remainingdifficult to support in this case for two reasons. First,

geographical (longitudinal) ordering of sites is not three predictions of the vicariance hypothesis (Table 1).
Mangrove flora and fauna have similar diversitypreserved following packing of the mangrove, all

gastropods, and Littoraria matrices. Second, species anomalies and there are significant species-area
relationships of both mangroves and associatedidentified as ‘outliers’ using the Wilcoxon-

Mann–Whitney rank sum test are found throughout gastropods. Whereas mangrove Littoraria communities
are significantly nested on a global basis, the lack ofthe world, and include both cosmopolitan species and

geographical endemics. The latter interpretation nestedness of individual species in the ACEP and Indian
Ocean suggests independent evolution of mangroves(localized extinctions) is more plausible given the

community-wide nested distribution of both mangroves and gastropods in these regions.
and Littoraria (Tables 4, 5). This interpretation would
require an initial large species pool in all sites (perhaps CONCLUSIONS
around the Tethys Sea as implied by the mangrove
fossil record) followed by selective extinction events as We draw five principal conclusions from this study.

First, the fossil record supports the hypothesis thatlocal habitats degraded over geological time (e.g. Wolfe,
1972; Graham, 1977). The fossil record of mangroves mangrove ecosystems originated in the Palaeocene/

Eocene around the Tethys Sea. Second, the fossil record(Table 2, Fig. 2) supports this scenario, but the poor
fossil record (Table 3) of Littoraria is uninformative. also supports the hypothesis that all mangrove genera

(except Excoecaria) had evolved before the TethyanAmong modern communities, the absence of nested
distributions of other gastropod genera most probably connection between the Atlantic and the Indo-West

Pacific closed in the Late Miocene. Third,results from low number of species; the nestedness of
the overall gastropod community in mangroves (all reconstructions of palaeocirculation patterns suggest

that dispersal of mangrove taxa prior to the closure ofgenera pooled) reflects the numerical dominance of
Littoraria species in these communities. the Tethys proceeded from east to west. Fourth,

patterns of community-wide nestedness support theInterestingly, when analysed at a species level, all
ACEP species of mangroves and Littoraria are not hypothesis of a Tethyan origin for mangroves followed

by differential extinction (at the generic level) asnested with respect to the IWP peak of species richness
of these groups. In general, all these species have environmental conditions changed regionally and

locally. Fifth, distributions of gastropods associatedgeographical ranges much larger than their dispersal
ranges (Reid, 1986), suggesting that assembly of with mangrove taxa show similar patterns of species

richness, and these patterns are well correlated withmangrove ecosystems in the ACEP has proceeded
independently of those in the IWP, at least since the available area for mangrove ecosystems. Based on

available data and detailed statistical analysis, weend of the Miocene. Patterns of non-nestedness of
other gastropod species further identifies independent conclude that mangrove taxa, associated gastropods,

and the entire mangrove ecosystem originated aroundassemblages in the Pacific Islands, southern Japan
(the northern limit of mangroves in the IWP), and the Tethys Sea, and modern distributions result almost

entirely from vicariance events. The data are notMadagascar/southern Africa. The latter group includes
three endemic species of mangrove as well (Aegialitis consistent with an IWP centre of origin for these species

or ecosystems.rotundifolia, Heritiera fomes, and Sonneratia griffithi).
These three species were the only other mangroves to
have positive (albeit nonsignificant using a cut-off of ACKNOWLEDGMENTS
a=0.05) Z-scores for nestedness (Table 4). Endemics
are likely to have positive Z-scores, because their This research was supported by NSF grants DEB
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