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ABSTRACT: In a natural world increasingly trans-
formed by human activities, the contemporary acceler-
ation of biodiversity loss is now widely accepted.
Coastal and estuarine environments are some of the
most productive ecological systems on Earth and are
able to provide many essential ecosystem goods and
services, such as protein from fish or nutrient exports to
adjacent marine ecosystems. Unfortunately, coastal
lagoons are under increasing human pressure, and
constraints on fish biodiversity are of major concern.
Using fish samples from the Terminos coastal lagoon
(southern Gulf of Mexico), we found a significant de-
crease in taxonomic diversity over 18 yr while varia-
tions in richness and evenness were mainly associated
with seasonal and spatial variations. In other words, 2
randomly chosen individuals or 2 randomly chosen spe-
cies within a fish assemblage were more likely to be
closely related in the 1998 to 1999 period than in the
1980 to 1981 period. This result suggests a loss of func-
tional diversity and a biotic homogenization in the
lagoon fish community. At the same time, we observed
a significant salinity increase between the 1980 to 1981
period and the 1998 to 1999 period, and the water tem-
perature and transparency increased between the 2
annual periods. These results suggest a loss of estuar-
ine conditions in the Terminos lagoon between the
1980 to 1981 and the 1998 to 1999 periods and a shift in
hydrological conditions from hypohaline to euhaline/
hyperhaline status. In parallel, some fish families such
as Mugilidae, Serranidae, Lobotidae, Achiridae, Belon-
idae, Elopidae and Stromatide are better represented
within the Terminos lagoon now than they were in the
past. As a feedback, this loss of taxonomic diversity can
lead to a loss of ecological responsiveness to environ-
mental fluctuations and a loss of ecological functioning.
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The Terminos Lagoon in the southern Gulf of Mexico is a pro-
tected area, but it is still impacted by commercial fisheries, oil
extraction, and agricultural runoff. Between 1980 and 1998,
salinity has increased and taxonomic diversity of fish species
has decreased. This suggests a loss of functional diversity, with
possible detrimental effects on the ecosystem. Red: mangroves
and tropical forest. Green: agricultural areas and grass. Dark
blue: low turbidity waters; light blue: high turbidity waters.

Photo: Satellite Landsat MSS (15-01-1986)
J. F. Mas (Centre EPOMEX)
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INTRODUCTION

The United Nations Conference on Environment and
Development meeting in 1992 pointed out the urgent
need to manage coastal and estuarine resources in a sus-
tainable manner. Coastal and estuarine environments
are some of the most productive ecological systems on
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Earth (Costanza et al. 1997) but are faced with increasing
human pressure due to permanent and seasonal popula-
tion density increase, aquaculture, fisheries and agricul-
ture or industry on the watershed (Crooks & Turner
1999). Thus, these coastal areas have been defined as
Critical Transition Zones (CTZ) due to their position at
terrestrial, freshwater and marine interfaces (Levin et al.
2001). These zones are able to provide essential ecosys-
tem services such as shoreline protection, water quality
improvement, fisheries resources, habitat and food for
migratory and resident animals and recreational areas
for human populations. Among these coastal zones,
brackish lagoons, defined as shallow depressions located
between the shore and a bar that generally allows
some kind of connection with the ocean, occupy 13 % of
the world's coastline (Lasserre 1979). Like estuaries or
coastal wetlands, they are under increasing pressure,
leading to over-exploitation of resources, habitat de-
struction, eutrophication and pollutant contaminations
(Crooks & Turner 1999).

Fish constitute one of the main biotic component in
these environments. Firstly, fish provide a valuable
source of protein for human populations amounting to
about 15 % of our protein supply (FAO 2002). Secondly,
some studies highlight the influence of fish communi-
ties on ecosystem processes through trophic relation-
ships with other biotic components (e.g. Carrasson &
Cartes 2002). Most fish species in CTZ zones are migra-
tory or at least non permanent residents with these
zones serving as feeding or breeding areas (Levin et al.
2001). Thus fish export nutrients from coastal zones to
adjacent marine ecosystems. Furthermore, fish accu-
mulate and export pollutants from coastal lagoons
(Mouillot et al. 2000). Some essential goods and ser-
vices provided by coastal lagoon ecosystems are thus
performed by fish species and the higher the fish biodi-
versity in the lagoon, the greater the number of func-
tions can be expected to be accomplished. For example,
phytoplanktivorous and predatory guilds provide dif-
ferent ecosystem services and are complementary. The
former guild provides a secondary production and is
prey for higher trophic levels whereas the latter guild
often consists of migratory fishes which export biomass
and thus nutrients to coastal and marine ecosystems.
Moreover, the higher the fish biodiversity in the lagoon,
the more varied are the biological responses during a
perturbation or a crisis event. For instance, with more
fish species, we can expect different biological re-
sponses to perturbations through various life-history
traits or physiological abilities and thus a higher stabil-
ity or resilience of the fish community inhabiting coastal
zones (Bellwood et al. 2004). Thus fish diversity, known
to be influenced by environmental factors or stress (e.g.
Rogers et al. 1999), must certainly be carefully studied
and quantified in such ecosystems.

To completely represent the biodiversity of a com-
munity by a single number is not possible (Ludwig &
Reynolds 1988). It is therefore helpful to separate bio-
diversity into several independent facets which can
be quantified (Purvis & Hector 2000). To summarize a
community composition, the most widely used para-
meter is the number of species or the species richness
of the sample (Gaston 1996). However, this observed
species richness is an underestimation of the true spe-
cies richness and the error involved will depend on
sampling effort. Moreover, species richness does not
take into account the distribution of individuals or
abundance among species. An independent facet of
biodiversity is thus species evenness (Purvis & Hector
2000), i.e. whether abundances (usually density or
biomass) are evenly distributed among the species.
This measure of regularity in species abundances has
already been used to assess environmental impacts
(Airoldi & Cinelli 1997, Hillebrand 2003). Neverthe-
less, species richness or evenness indices do not take
into account functional, taxonomic or phylogenetic dif-
ferences between species, though some authors have
pointed out the necessity of including these differences
between species to assess diversity (Purvis & Hector
2000, Shimatani 2001). Since 1995, Warwick & Clarke
(1995, 1998) and Clarke & Warwick (1998, 1999, 2001)
have proposed indices of taxonomic diversity that take
into account the 'weighted’ taxonomic differences
between species. Clarke & Warwick (2001) stressed
that the taxonomic structure of an assemblage is an
important facet of biodiversity, since the species
number between 2 samples can be similar but with
more or less taxonomically related species. Accord-
ing to Clarke & Warwick (2001), little attention has
been given to explaining environmental degradation
effects on phylogenetic structure on local or regional
scales and the extent to which properties of this struc-
ture can be used as measures of biodiversity for the
purposes of biological effects monitoring. For example,
Warwick & Clarke (2001) observed a turnover of taxa
in the North Sea in response to both natural variability
and anthropogenic pressures, which indicates a major
change in biodiversity may not be detectable as a net
change in species richness. If we continue to use the
traditional indices for monitoring purposes (e.g. the
Shannon index), changes in biodiversity may go un-
detected until a very advanced stage of environmental
degradation is reached (Warwick & Clarke 2001). On
the other hand, Warwick & Clarke (1998) suggested
that taxonomic and functional structure could be
related in communities. This kind of relationship be-
tween functional and taxonomic diversity was sup-
ported by the study of von Euler & Svensson (2001) on
birds, and Chazdon et al. (2003) observed that patterns
of trait distribution across forest types are closely
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linked with patterns of floristic composition at the
genus and family levels.

The Terminos lagoon (southern Gulf of Mexico) is a
lagoonal estuarine ecosystem and a critical habitat for
larval and juvenile finfish species (Yanez-Arancibia &
Day 1988) which supports commercial fisheries. Oil
extraction on the adjacent continental shelf is carried out
and there are also agricultural activities on the water-
shed. Based on the ecological and economical value of
the Terminos lagoon, the Mexican government estab-
lished the Terminos lagoon region as a ‘Protected area
for Flora and Fauna' in 1994. However, continuous
development of the oil infrastructure and extraction
activities, urban growth on the Carmen Island, cattle and
agricultural activities, and fishing make this natural pro-
tected area difficult to manage adequately. Eighteen
years after the first sampling campaign (carried out in
1980s), an important research effort was carried out in
1998 highlighting some changes in the nekton distribu-
tion and environmental conditions (Ramos Miranda et al.
2005, Sosa Lopez et al. 2005). The objective of the pre-
sent study is to identify spatial and temporal changes in
the species composition of the fish inhabiting Terminos
lagoon based on 4 diversity indices related to 4 indepen-
dent biodiversity components. A secondary objective of
this paper is to link possible fish community changes
with published information about environmental varia-
tion observed. Finally, functional implications of such
diversity changes will be discussed.

MATERIALS AND METHODS

Data collection. Terminos lagoon is located between
90°00" to 92°20'W and 18°25" to 19°00'N in the
Southern Gulf of Mexico (Fig. 1). The basin surface
area and its average depth are 1661.50 km? and 3.5 m,
respectively. The lagoon is connected to the sea by 2
inlets: ‘Carmen Inlet’ on the western side (4 km long)
and ‘Puerto Real Inlet’ on the eastern side (3.3 km
long). These are separated by Carmen Island (30 km in
length and 2.5 km wide). The freshwater catchment of
the lagoon consists of 3 main rivers: Palizada in the
southwest, the Chumpan in the south and Candelaria
in the southeast. The climate in this tropical region
includes 3 main seasons: the winter storm season
‘nortes’ from October to January, the dry season from
February to May, and the rainy season from June to
September (Yahez-Arancibia & Day 1982).

Data were collated from 2 biological surveys in the
Terminos lagoon, which were carried out monthly from
February 1980 to April 1981 and from October 1997 to
March 1999 (Ramos-Miranda et al. 2005); they were
based on 18 and 23 sampling stations, respectively. In
order to compare the assessments over space and time,
only 17 sampling stations were selected for the 2
annual periods from February to January 1980 to 1981
and 1998 to 1999 (Fig. 1). Data from sampling stations
were clustered according to the habitat units described
in Yanez-Arancibia & Day (1982, 1988) and Ramos-
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Miranda et al. (2000) (called areas in the present study;
Fig. 1). Generally these areas have the following char-
acteristics: Area A has highly variable freshwater
inputs and the sediment is clay-silt with less than 30 %
CaCogs. This area includes mangrove swamps, macro-
algae debris and oyster reefs. Area B has a strong sea
water influence. The sediment is sand and silty—clay
with 30 to 70% CaCojz; macroalgae, seagrasses and
mangrove swamps are also present. Area C has river-
ine influence; silty—clay sediment with 20 to 30%
CaCoj and seagrasses, mangrove swamps and oyster
reef habitats. Area D is a transitional muddy zone with
fine sand and clay-silt (30 to 40% CaCogj). Area E is
under a strong riverine influence with a silty—clay sed-
iment (10 to 30 % CaCo3) and contains some mangrove
swamps and oyster reefs.

For both surveys, fish were collected using a 5 m
shrimp trawl (mouth opening diameter: 2.5 m, mesh
size: 19 mm) with tows of 12 min at 2.5 knots; individ-
ual tows covered about 2000 m?, In order to obtain the
best representation of the fish lagoon community and
to reduce sampling bias due to selectivity (i.e. some
species being more likely caught than others), an
active fishing method (shrimp trawl net) rather than
a passive method (e.g. trammel net) seemed more
appropriate (e.g. Millar & Fryer 1999). In the labora-
tory, fish species were then identified with reference to
the taxonomic keys of Jordan & Evermann (1886-1900),
Hildebrand (1943), Fischer (1978), Castro-Aguirre
(1978), and Resendez (1981 a,b). Taxonomic informa-
tion (i.e. subphylum, class, order, suborder, family,
genus and species) was completed using the FishBase
electronic database (Froese & Pauly 2003). All fish
were counted and weighed to the nearest of 0.1 gram.

At each station, 4 environmental variables were
recorded, i.e. depth (cm), secchi depth (cm), deep
water temperature (°C), and deep water salinity (%o).
In addition transparency (t) was estimated from depth
(d) and secchi extinction (s) as t = 100 x (s/d).

Data analysis. To study changes in fish community
structure of the Terminos lagoon between 1980 and 1998
we used 4 diversity indices each related to an indepen-
dent facet of biodiversity. We classified the diversity in-
dices with regard to whether they use presence/absence
or abundance data and whether they use only species
level information or the whole taxonomic tree (Fig. 2).

We implemented 2 complementary indices at the
species level. The first one, species richness, is cer-
tainly the most widely used in ecology to assess envi-
ronmental changes or to study community processes
in multitrophic systems (e.g. McClanahan & Arthur
2001). Due to the standard effort in the sampling
method, estimation of this index may be considered to
be standardized across the samples and therefore
unbiased. The second index is an evenness index
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Fig. 2. Four complementary facets of diversity estimation
according to abundance and taxonomic considerations

which provides information about the distribution of
abundance among species independently of species
richness. Among the multitude of proposed indices,
we chose an evenness index meeting the 4 major
requirements of Smith & Wilson (1996) that is widely
used and has a natural link with taxonomic diversity
indices described thereafter: E;,p is based on the index
of species ‘dominance’ D (Simpson 1949):

S
1 zpi 1
Eyp = % (1)

where S is the species number and p; is the frequency
of the ith species.

In animal ecology, the term species 'abundance’ is
often used as though it is synonymous with the number
of individuals per unit area or volume, i.e. density. For
example, in works on relative abundance distributions
of free-living animals, density is used almost exclu-
sively (Tokeshi 1993). However it is misleading to use
density when this implies that an individual weighing
a few grams has the same importance as an individual
of several kilograms. This is particularly true when
we study fish communities with large mean body size
differences among species. Therefore we have to
choose an ‘abundance metric' in relation to the ecolog-
ical process or the functional explanation of the pro-
cess (Mouillot et al. 2001). In our study, we used spe-
cies biomass rather than species density as it seems a
more relevant way to consider the distribution of the
resource apportioned by the species.

To establish taxonomic relationships between spe-
cies Warwick & Clarke (1995, 1998) and Clarke &
Warwick (1998, 2001) proposed a series of taxonomic
diversity indices. The first diversity index, named the
taxonomic diversity index (A), is formally defined as
the average path length between every pair of individ-
uals in the sample based on the taxonomic relationship
between species (Warwick & Clarke 1995). It can be
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seen as a generalization of the Simpson diversity index
incorporating an element of taxonomic relatedness.
The second index is a measure of taxonomic distinct-
ness (A*) which removes the evenness component
from A. We chose to use the second one in our study
because it is more related to the pure taxonomic relat-
edness of individuals. The algebraic definition of aver-
age individual taxonomic distinctness (A*) is:

A" = 22 0 X X @)

DX X X

where X;(i=1, ..., s) denotes the abundance of the ith
species, w; is the 'distinctness weight' given to the path
length linking species i and j in the hierarchical classi-
fication, and the double summations are over all pairs
of species i and j.

When data are only presence/absence of species, A*
converges to the average specific taxonomic distinct-
ness (A*) (Clarke & Warwick 1998, Warwick & Clarke
2001) with the formula:

A* = 2221‘4 Ay 3)

S(S-1)

where Sis the species richness and Aj;is the ‘distinctness
weight' given to the path length linking species iand jin
the hierarchical classification. When species are placed
within a taxonomic hierarchy, based on the Linnean clas-
sification into phylum, class, order, family, genus and
species, the average specific taxonomic distinctness, A",
is simply the mean number of steps up the hierarchy that
must be taken to reach a taxonomic rank common to 2
species, computed across all possible pairs of species in
an assemblage (Clarke & Warwick 1998, 1999, Warwick
& Clarke 2001). Thus, if 2 species are congeneric, 1 step
(species-to-genus) is necessary to reach a common node
in the taxonomic tree; if the 2 species belong to different
genera but the same family, 2 steps will be necessary
(species-to-genus, and genus-to-family); and so it goes
on, with these numbers of steps averaged across
all species pairs. Step lengths are standardized so
that the distinctness of 2 species connected at
the highest taxonomic level is set equal to 100
(Clarke & Warwick 1999); A* and A" are between
0 and 100 and positive. Both A* and A" are

RESULTS

A total of 22834 individuals from 106 species were
collected in 408 samples made monthly at both annual
periods amounting to a total weight of 714.865 kg.
These species were classified into 72 genera, 41 fami-
lies, 17 suborders, 15 orders and 2 classes.

Diversity indices

Three-factor ANOVA results for each of the 4 diver-
sity indices using area, season and year as independent
factors are showed in Table 1. Interactions between
year and season and between year and area were sig-
nificant (p < 0.05) for the fish richness variable suggest-
ing that the year effect on richness is not consistent
among seasons and areas. Results obtained for the sin-
gle factors highlighted the main influence of the area
and season factors compared to the year factor on fish
richness. Mean species richness was relatively higher
on the edges of the lagoon (Areas A, B and C) than in
the central basin (Areas D and E) whatever the season
(Fig. 3). Richness reached a maximum of 27 fishes in
Area B during the nortes season during the 1998 to
1999 period. The minimum fish richness (9) was ob-
served in Area D during the dry season in the 1998 to
1999 period. Over all the areas, fish richness was rela-
tively higher during the nortes season than during the
2 other seasons. Although evenness is a facet of bio-
diversity complementary to and independent of rich-
ness, ANOVA results were very similar to those ob-
tained for richness, i.e. a stronger influence of season
and area effects than of the year effect on fish commu-
nity evenness. During the 1998 to 1999 period evenness
was highest in Area B whatever the season. In contrast,
during the 1980 to 1981 period, evenness was lowest in
Area A during the dry and the rainy seasons, while it
was highestin Area B whatever the season (Fig. 3).

Table 1. ANOVA F-values for 4 diversity facets and for 3 main factors
and their interactions. S: Species richness: E: evenness: A*: taxonomic
distinctness among individuals; A*: taxonomic distinctness among

NS,

species. “”: non significant; *p < 0.05; **p <0.01; ***p < 0.001

supposed to be independent of the number of df S E A* At

individuals and of species richness (Warwick &

Clarke 2001). As a consequence they add new in- Zone 4 15620 7.35't 216" 2,007

formation to the classical richness and evenness Year 1 0.54™ 1.72M8 5,211;S 23.31%**

Season 2 27.99*** 11.43*** 094 3.82*

indices as they include differences between Zone x Year 4 6.96***  3.16* 156N 3.65**

species (Fig. 2). Zone x Season 8 0.77N8 2.84** 149N 12188
For each diversity index and each environ- Year x Season 2 3-54;5 02132 0~42TS 2-1322

mental variable we computed a 3-way ANOVA IZE;)II:E x Year x Season 93 1.08 0.95 249 1.05

using area, season and year as independent fac- Total 119

tors (Zar 1984) with StatView software.
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The observed variations of the 2 taxonomic diversity
indices showed a different pattern to that obtained for
the richness and evenness indices. For instance varia-
tion in A* values was mainly explained by the year fac-
tor rather than by seasonal or area influences (Table 1).
Overall, the mean A* decreased from 4.40 (SE = 0.037)
in 1980 to 1981 to 4.25 (SE = 0.055) in 1998 to 1999 indi-
cating that on average coexisting fish individuals were
taxonomically closer in 1998 to 1999 than in 1980 to
1981. This trend is particularly clear during the dry

season (Fig. 3) in Area C where the mean taxonomic
distance between 2 fish individuals dropped from 4.69
(between suborder and order) to 3.97 (between order
and family). Variations in the index of average taxo-
nomic distinctness among species (A*) were also ex-
plained mainly by the year factor even though the sea-
son significantly influenced this index (Table 1). In
addition, the influence of area is not consistent with the
year influence (significant interaction between the 2
factors): Area B presented the highest A* values during



Ramos Miranda et al.: Changes in fish diversity 7

the 1980 to 1981 period while the Area E showed the
highest A* values during the 1998 to 1999 period what-
ever the season (Fig. 3). Overall the average taxonomic
distinctness among species dropped from 4.47 (SE =
0.047) in 1980 to 1981 to 4.29 (SE = 0.092) in 1998 to
1999 suggesting that coexisting species became taxo-
nomically more similar on average after 18 yr. To rein-
force this result it is noticeable that mean A* values
were always higher in 1980 to 1981 than in 1998 to
1999 except in Area D during the dry season (Fig. 3).

Abiotic variables

Results from the 3-factor ANOVAs carried out for 3
abiotic variables using area, season and year as inde-
pendent factors are shown in Table 2. The most impor-
tant differences were observed for salinity. Two interac-
tions (Year x Season and Year x Zone) and the 3 single
factors had a significant influence on salinity suggest-
ing that salinity values were not homogeneously dis-
tributed among years, seasons and areas but were
mainly dependent on lagoon heterogeneity, marine wa-
ter entries and freshwater discharges. Not surprisingly,
Area A, close to the freshwater intakes, showed the
lowest salinity values whatever the season or the year
(Fig. 4). Over all, the lowest salinity levels were mea-
sured during the nortes season whatever the year or
area. The main result is the significant salinity increase
from the 1980 to 1981 period (mean = 24.67; SD =
7.74%0) to the 1998 to 1999 period (mean = 26.8;
SD =8.09%o). The temperature variable was also signif-
icantly influenced by the year, the season and the area
factors as well as by the interaction between season and
year factors suggesting that seasonal variations of this
variable were not consistent between years (Table 2).
The highest temperature values were always observed
in Area E, the most confined one, whatever the year
and the season (Figs. 1 & 4). The water temperature is
also highest during the rainy season corresponding to
the hottest season in North tropical countries. The

Table 2. ANOVA F-values for abiotic parameters and for 3 main factors and

their interactions. NS:

: non significant; *p < 0.05; **p < 0.01; ***p < 0.001

water temperature over the year increased between the
2 annual periods, from on average of 27.34°C (SD =
3.18°C) in 1980 to 1981 to 28.17°C (SD = 1.86°C) in 1998
to 1999. This global increase is mainly due to the nortes
season because the water temperature increased by
3°C between the 2 annual periods during this season
(Fig. 4). For water transparency, the interaction be-
tween year and season factors was significant, assum-
ing that seasonal variations of this variable were not
consistent between years. If we consider single factors,
the main differences observed in transparency values
were due to area and year influences. For example,
Area A, receiving freshwater discharge from the rivers
(Fig. 1), always showed the lowest values whatever the
season and the year (Fig. 4). Conversely areas with
marine influences (B and C) had the highest trans-
parency values. At the period level, the mean trans-
parency increased from 35.16 % (SE = 2.35) in 1980 to
1981 to 44.67 % (SE = 3.47) in 1998 to 1999. We can also
observe that transparency values were always higher
in 1998 to 1999 than in 1980 to 1981 except in Area B
during the rainy season (Fig. 4).

DISCUSSION
Changes in fish biodiversity

Differences in species richness, biomass evenness,
individual average taxonomic distinctness and species
average taxonomic distinctness observed between
areas, seasons and annual periods are influenced by
both intrinsic community interactions and forcing
environmental factors. For instance the local diversity
of a community can be affected over relatively short
periods of time by at least 4 types of factors: (1) the con-
centration of deleterious substances or physiologically
severe conditions in the environment, (2) the abun-
dance of key resources, (3) the abundance of key
consumers or disturbances, and (4) specific features
of the local environment (Valiela 1995).

Differences in richness and evenness are
clearly associated to spatial and seasonal
variability whereas these 2 diversity com-

ponents are only weakly influenced by the

df Salinity Temperature Transparency year (Table 1). Moreover differences in

richness and evenness are not consistent

Zone 4 32.32°** 3.25° 26.16"** among areas, years and seasons (signifi-
g:ggon ; 113;(1):* ééﬁ’: 2??;;5 cant interaction effects). We can only ob-
Zone x Year 4 043 1.87NS 2. 02NS serve that Areas B and C show the highest
Zone X Season 8 0.87Ns 0.28Ns 1.23Ns richness values in 1998 to 1999 whatever
Year x Season 2 4.83** 22.51%** 3.44* the season. These are the areas with the
Zone x Year x Season 8 0.73% 0.13% 0.95% greatest marine influence and are there-
f‘értgi 1?8 fore more likely to include marine species
(especially snappers and small schoolers).
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In addition, the presence of artificial reefs, settled on
the eastern coastal shelf (Fig. 1), should have con-
tributed to increase marine fish richness, such as that
reported in other coastal ecosystems (Santos & Mon-
teiro 1998). Species richness was also observed to be
highest during the nortes season. This may be due to
north winds enhancing intrusion of salt water into the
lagoon (Areas B, C and D) followed by intrusion of
marine species such as snappers (Lutjanidae). Any
consistent trend was detected in evenness values dur-
ing our study whatever the index used (we tried sev-
eral but we present only results for the Simpson index
Ey/p). Our results confirm the low discrimination power
of richness and evenness in environmental assess-

ments (e.g. Danilov & Ekelund 1999). These compo-
nents of diversity are certainly influenced by many
local and regional factors acting simultaneously over
relatively short periods and independently from struc-
tural changes in ecosystem functioning (Blackburn &
Gaston 2002).

In contrast to the richness and evenness indices, the
2 taxonomic indices of fish community structure seem
more related to long-term structural changes in
ecosystems than to seasonal and small spatial-scale in-
fluences, as has already been demonstrated (Clarke &
Warwick 1998, Warwick et al. 2002). In our study, vari-
ations in the 2 average taxonomic distinctness indices
were also clearly associated with the sampling period
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(Table 1): between 1980 to 1981 and 1998 to 1999, tax-
onomic diversity was reduced in the Terminos lagoon
fish community, both in terms of average taxonomic
distance among individuals (A*) and in terms of aver-
age taxonomic distance among coexisting species (A*).
In others words, 2 randomly chosen individuals or 2
randomly chosen species within an assemblage were
more likely to be close relatives in 1998 to 1999 than in
1980 to 1981. Nevertheless, the most important ques-
tion is not whether a proposed diversity index satis-
fies some theoretical criterion or allows distinctions
between field data communities but whether it pro-
poses some functional interpretation about the causes
and consequences of changes in observed assem-
blages. More details about community changes are
provided in 2 recent papers using the same dataset
(Ramos Miranda et al. 2005, Sosa Lopez et al. 2005)

Causes of taxonomic diversity loss

As early as 1859, Darwin (1859) pointed out that ‘spe-
cies of the same genus have usually, though by no
means invariably, some similarity in habits and consti-
tution’, this similarity embracing morphological, life-
history and functional traits. More recently, several
studies have suggested that taxonomic structure and
ecological similarity may be related in communities.
For example, von Euler & Svensson (2001) and Chaz-
don et al. (2003) reported that some functional traits are
highly related to the taxonomy in birds and plants,
respectively. With reference to fish com-
munities, Vila-Gispert et al. (2002) demon-
strated, through an intercontinental com-
parison, that taxonomic order and latitude

are the 2 main factors explaining variations Class

of life-history traits among species. In our Order

study, we assume that ecological similarity

. . . . . Family

(including many niche axes) is certainly

conserved in fish lineages and that, using Genus

functional morphological attributes and Species
reproductive life history traits, a negative

Abundances I

correlation between ecological similarity
and average taxonomic distance in fish com-
munities would be found, i.e. that taxonomi-
cally related fishes are more likely to share
some ecological attributes such as swim-
ming capacity, trophic level and breeding
period than taxonomically unrelated fishes.
For instance, 4 snapper species from the
same genus Lutjanus (L. analis, L. apodus, L.
griseus and L. synagris) are all predators
from a high trophic level and have part of
their life cycle in coastal lagoons. The juve-
niles of the 4 snapper species have been

reported as occasional visitors in Terminos lagoon. Even
if some exceptions exist, this assumption seems gener-
ally realistic, i.e. ecological similarity tends to be higher
among taxonomically related species through the niche
conservatism process (Peterson et al. 1999). This gen-
eral trend is consistent among a majority of groups of
organisms (Webb et al. 2002). We are aware that true
phylogenetic information (e.g. using molecular data)
would be superior to mere taxonomic distance but this
was impossible to obtain in our study.

A decrease in taxonomic diversity values may have
different causes. Firstly, some environmental factors
may act as niche filters allowing the presence of only
some closely related species with particular biological
attributes. For instance some closely related fish
species in lakes and estuaries are either tolerant to
eutrophic conditions or not (Ishitobi et al. 2000, Ludsin
et al. 2001). Moreover, in a study of Mississippi river
fishes, Bart et al. (1998) observed that differences in
organic contaminant levels are related to taxonomy.
More generally, if ecological niches are considered to
be more similar among closely related species, an
increasing magnitude of some environmental forces
can lead to a decrease in the average taxonomic dis-
tance among individuals and/or species as illustrated
in Fig. 5. We consider an environmental stress with an
increasing intensity on a theoretical community with a
perfectly even distribution of abundance on the taxo-
nomic tree (step 1). This stress does not have a random
impact on each species but species belonging to the
family F, are more likely to suffer from this stress than

Stress increase

v

Step 2 Step 3
(] [ [

I I |
F/\/-'b F/\F

WA\
Vs
111

J Gyo o/ o Gp
I\ \
| | .

Average taxonomic
distinctness
among individuals

Average taxonomic

distinctness A, A= A"

among species

Fig. 5. Theoretical evolutions of 2 taxonomic diversity indices (A*, A*) of a
community along a stress gradient such as an environmental variable, a
toxic level or habitat destruction. This community has 8 equally abundant
species belonging to 4 genera and 2 families and one order at Step 1. The
stress is acting more strongly on species belonging to Family a (F,) than on
species belonging to Family b (F,) and more strongly on species belonging
to Genus a (G,) than on species belonging to Genus b (Gy,). As a conse-
quence abundance of species belonging to Genus a decreases and disap-
pears leading to a decrease in A* values and then to a decrease in A* values

A3 < A% < A4

A+3 < A+1 = A+2
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species belonging to the family F,. As a consequence
the species belonging to F, are more likely to decrease
in abundance and to disappear leading to a decrease
in taxonomic diversity of the initial assemblage. The
second main cause of a decrease in taxonomic diversity
of local communities is a local heterogeneity loss in
terms of habitat and resource. Closely related species
are assumed to use similar habitat and resources, thus
a loss of local heterogeneity may limit the number of
niches available and thus decrease the level of taxo-
nomic differences within communities (Fig. 5). Con-
versely, higher resource and habitat diversity is sup-
posed to promote higher taxonomic diversity levels in
local communities because it would enhance the coex-
istence of weakly related species with contrasting eco-
logical requirements.

In the Terminos lagoon, the observed changes in the
fish taxonomic structure could be influenced by at least
4 main external forcing factors: (1) fishing activities,
(2) pollutants, (3) habitat degradation and (4) loss of
estuarine conditions.

(1) Although fishing activities have been forbidden
in the lagoon since 1994, artisanal shrimp trawlers are
still present, particularly in the outlets of Palizada and
Chumpan rivers and Atasta estuary (see Fig. 1). In
addition, there is an increasing fishing intensity that
occurs on the western continental shelf adjacent to the
lagoon. Fishing has long been associated with a
decrease in the mean fish size (e.g. Rogers et al. 1999)
as well as changes in species richness and composition
(e.g. Rice & Gislason 1996). Moreover, different taxa
do not have the same sensitivity to commercial trawl
fisheries and some families and orders share some life-
history characteristics which make them more sus-
ceptible to fishing than others. As a consequence, the
remaining species and individuals are more likely to
be taxonomically close and the taxonomic diversity
indices are expected to decrease, as was demonstrated
by Rogers et al. (1999) in coastal waters of NW Europe
with elasmobranch fishes. If we consider the fishing
intensity as a stress, this is comparable to the effect of
the increasing magnitude of environmental forces
depicted in Fig. 5. In our study, Sciaenidae, Aridae and
Gerridae families contain species reported as domi-
nant in the 1980 to 1981 period but as rare in the 1998
to 1999 period.

(2) The Terminos lagoon has been affected by large-
scale anthropogenic influences, mainly the substantial
development of the oil industry, the increasing agri-
cultural activities on the watershed, and the increasing
population on Carmen Island (Currie-Alder 2001).
According to Carvalho (2002), persistent pollutants
(e.g. those included in pesticides) of an agricultural
source were identified in the Terminos lagoon, which
accumulate at several trophic levels. Rendon-von

Osten & Memije (2001) reported that several persistent
organochlorine pesticides such as DDT were present in
the lagoon; they found low concentration of these pes-
ticides in the white shrimp Litopenaeus setiferus which
is an important portion of the diet of some fishes,
mainly from Sciaenidae, Aridae and Lutjanidae fami-
lies. Thus, anthropogenic activities such as agricul-
tural, fishing and oil activities which are growing in the
Terminos lagoon's adjacent marine zone can in part
explain the non-occurrence of the more pollution-
sensitive species and the recent occurrence of the
more pollution-tolerant species such as detritivorous
fishes (Sosa Lopez et al. 2005). As a consequence, the
compounds in polluted waters draining toward Termi-
nos lagoon can affect the taxonomic structure of fish
communities, causing a decreasing taxonomic distance
on average among coexisting individuals and coexist-
ing species (Fig. 5).

(3) The loss of submerged vegetation, which usually
provides supplementary ecological niches and thus
allows coexistence of species with very different eco-
logical requirements, may partly explain the loss of
taxonomic diversity. In the Terminos lagoon, Villalobos
Zapata et al. (2002) indicated that seagrass areas have
decreased significantly in the inner shore of the Car-
men island due to 3 factors: impact of Hurricane Rox-
ane in 1995, increase of urban activities leading to an
increasing nutrient level in the system, and sand
extraction in the inner shore of Carmen Island and
Boca de Puerto Real. As a consequence, local fish com-
munities are more ecologically similar after 18 yr in the
Terminos lagoon, which may explain the loss of taxo-
nomic diversity among individuals and among species.

(4) Abiotic factors analyses unambiguously highlight
the loss of estuarine conditions in the Terminos lagoon
between the 1980 to 1981 period and the 1998 to 1999
period (Table 2, Fig. 4), i.e. an increasing water trans-
parency coupled with an increasing salinity. This pro-
cess has been occurring over a long time period since
the 1950s and is still observed: salinity and trans-
parency also increased in 2001 to 2002 (Villalobos
Zapata et al. 2002). A shift in hydrological conditions
has been reported from hypohaline to euhaline/hyper-
haline status (Villalobos Zapata et al. 2002). These
hydrological changes allow us to assume that some fish
families such as Mugilidae, Serranidae, Lobotidae,
Achiridae, Belonidae, Elopidae and Stromatide are
recently better represented within Terminos lagoon
than in the past. Indeed, most of the present species
belong to these former families, while some orders or
families are less abundant or are absent in some sam-
ples leading to a decrease in the average taxonomic
relatedness between individuals or coexisting species.
Moreover, changes in hydrological patterns such as an
increase in the influx of seawater into the lagoon have
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restricted the estuarine species distribution to river-
runoff areas (i.e. Areas A and E). This observation is
particularly evident for Area C where the transparency
increased from 33.37 in 1980 to 1981 to 61.61 in 1998 to
1999 (Fig. 4) during the dry season. At the same time
the mean taxonomic distance between 2 random fish
individuals dropped from 4.69 (between suborder and
order) to 3.97 (between order and family) revealing
that individuals were much more closely related and
therefore likely to be more ecologically similar in 1998
to 1999 than in 1980 to 1981. For instance, some spe-
cies such as Anchoa mitchilli, Ancyclopsetta quadrocel-
lata, Eucinostomus melanopetheros, Cynoscion nebu-
losus and C. nothus were present in this area during
the dry season in 1980 to 1981, while they were absent
in the latter sampling. These species increased taxo-
nomic diversity through addition of particular families
and orders such as Engraulidae (order Cupleiformes)
and Paralichtydae (order Pleuronectiformes). In Area
E, we also observed an increase in transparency level
during the rainy season after 18 yr (from 34.36 in 1980
to 1981 to 55.43 in 1998 to 1999). In parallel, the taxo-
nomic diversity among individuals and among species
decreased significantly between the 2 annual periods
in this area during the rainy season (Fig. 3), while the
richness was about the same (13 species on average in
1980 to 1981 versus 12 species on average in 1998 to
1999). More individuals and more species were closely
related in 1998 to 1999 than in 1980 to 1981. For in-
stance, some families were more widely represented in
1998 to 1999 than in 1980 to 1981 (Gerridae, Carangi-
dae and Lutjanidae); some particular estuarine taxon
were less represented in 1998 to 1999 than in 1980
to 1981, such as Ariopsis felis (Aridae), Bairdiella
chrysoura, Cynoscion nothus, C. nebulosus (Sciaenidae),
Sphoeroides marmoratus and S. testudineus (Teto-
dontidae).

Consequences of taxonomic diversity loss

A decrease in the taxonomic diversity can have a
number of consequences on ecosystems implying that
the net ecological similarity among species and among
individuals within local assemblages increases. The
greater the net ecological similarity within the commu-
nity, the lower the level of variation in biological
responses that can be expected during a perturbation
or a crisis event. Ecosystems are usually impacted by
strong events and perturbations such as dystrophic cri-
sis in coastal lagoons (Bachelet et al. 2000). With spe-
cies from different lineages we can expect different
biological responses to perturbations through various
life-history traits or physiological abilities and thus a
higher stability or resilience of the biotic compartment.

Moreover, the taxonomic homogenization observed
locally induces a simplification of the food web (Olden
et al. 2004) because taxonomically related species are
generally assumed to consume similar resources. Con-
versely, the more taxonomically unrelated the species
are, the more the ecological similarity decreases within
the community and the greater the level of complexity
that can be maintained in the food web. The suscepti-
bility of communities to species invasions has also been
related to niche processes in both marine and terres-
trial ecosystems (Dukes 2002, Stachowicz et al. 2002).
The underlying theory is that communities composed
of species occupying different ecological niches are
less susceptible to invasion because a large spectrum
of resources (spatial, temporal and nutrients) are al-
ready apportioned and few resources remain available
for invaders (Olden et al. 2004). Thus, for the same
number of species, a lower net ecological similarity
within the community (higher taxonomic and func-
tional diversity) can limit the probability of invasion
(Dukes 2002). If we consider that niche conservatism
occurs through lineages, a local assemblage composed
of closely related species is expected to present some
functional similarities, such as a temporal synchrony in
recruitment for fish. This lack of complementary use of
resources in time could facilitate fish invasion. The last
consequence concerns the aesthetic value of the local
community. The more the species are taxonomically
unrelated, the more varied are body shapes, colors or
behaviors that can be observed, with a corresponding
increase in the aesthetic value of the ecosystem. Thus
a loss of taxonomic diversity is also expected to induce
a loss in the aesthetic value of fish assemblage which
can provide valuable income for local populations
through the ornamental fish business (Pelicice &
Agostinho 2005).

CONCLUSION

It is well recognized that natural environmental vari-
ations drive changes in fish abundance and diversity in
coastal lagoons (Bachelet et al. 2000, Ishitobi et al.
2000). Nevertheless the different components of bio-
diversity can be influenced in a totally different way
and at different spatio-temporal scales. Using experi-
mental fish surveys in a tropical coastal lagoon, our
study demonstrates that species richness and biomass
evenness are more influenced by seasonal and spatial
factors than by inter-annual differences even after
18 yr. Conversely, the diversity indices based on the
taxonomic structure of assemblages have clearly de-
creased after 18 yr, indicating a loss of taxonomic
diversity whatever the season or the zone. As a conse-
quence, this loss of taxonomic diversity can lead to a
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loss of ecological responsiveness to environmental
fluctuations and a loss of ecological functions provid-
ing goods and services to ecosystems. However, we
may wonder whether a reduction in taxonomic dis-
tinctness over this 18 yr period is really part of a long
term trend, which would be cause of concern, or sim-
ply represents inter-annual variability, the value of
taxonomic distinctness possibly increasing and de-
creasing over this time period. Accordingly, we recom-
mend a biannual monitoring scheme based on fish
presence/absence records in order to assess the envi-
ronmental pressures on the Terminos lagoon ecosys-
tem coupled with the monitoring of the main abiotic
variables driving diversity.
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