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ABSTRACT

Since Barbour proposed sympatric speciation to explain evolution
of silversides in the Lerma-Santiago basin, relatively little subse-
quent study has been done. We assessed foraging patterns of four
sympatric silversides species (Chirostoma estor, Chirostoma grandoc-
ule, Chirostoma attenuatum and Chirostoma patzcuaro) in Lago de
Patzcuaro to understand resource partitioning and their sympatric
coexistence. We assessed the abundance of invertebrate prey in three
feeding habitats and measured physical and chemical habitat param-
eters at two study sites. Fish were collected during the wet (September
1987) and dry (March 1988) seasons; a total of 242 gut contents were
analyzed. We evaluated the trophic guild of each species using the in-
dex of relative importance (IRl), prey selectivity with the Ivlev Electivity
Index (E), dietary diversity using Shannon and Wiener diversity index
(H’), and diet overlap using Morisita index. All silverside species were
determined to be predaceous carnivores that feed mainly on nekton
and periphyton. Dietary diversity and prey selectivity patterns were
similar among species and diet overlap was >70%. Our data do not
support the proposition that coexistence of these four fish species is
maintained by dietary specialization. We hypothesize that sympat-
ric coexistence of atherinopsids in Lago de Patzcuaro is explained by
food resource availability and ontogenetic variation in their diets. This
study highlights the importance of analyzing ecological patterns and
mechanisms as basic elements for designing conservation strategies of
species flocks, especially under habitat loss and introduction of exotic
species. Conservation efforts are urgent to preserve the rare evolution-
ary process of sympatric speciation (habitat segregation) that is occur-
ring in other lakes in central Mexico, and probably already lost in the
Lago de Patzcuaro, as a result of poor management and inadequate
conservation strategies.

KEY WORDS: Atherinopsidae, feeding interactions, species flocks, evo-
lutionary process, conservation.

RESUMEN

Desde que Barbour propuso la especiacion simpatrica para explicar la
evolucion de pescados blancos y charles en la cuenca Lerma-Santiago,
poco estudios posteriores se ha hecho. Los patrones de forrajeo de
cuatro especies simpdtricas del género Chirostoma (Chirostoma estor,
Chirostoma grandocule, Chirostoma attenuatumy Chirostoma patzcuaro)
fueron evaluadas en el Lago de Patzcuaro, para entender la reparticién
de recursos alimenticios y su coexistencia simpdtrica. La abundancia
de invertebrados presa fue estimada en distintos habitat alimenticios
y se midieron pardmetros fisicos y quimicos del habitat en dos sitios
de estudio. Los peces fueron recolectados durante las temporadas de
lluvias (Septiembre 1987) y estiaje (Marzo 1988); 242 tractos digestivos
fueron analizados. Se revalu6 el gremio tréfico, la selectividad de las
presas, la diversidad y el traslape de dieta. Las cuatro especies fueron
determinadas como carnivoros depredadores que se alimentan princi-
palmente de necton y perifiton. La diversidad de la dieta y los patrones
de selectividad de presas fueron similares entre los atherinopsidos y
el traslape de dieta fue >70%. Los resultados no apoyan la propuesta
de que la coexistencia de estas cuatro especies se mantiene por me-
dio de la especializacion de su dieta. Se hipotetizé que la coexistencia
simpatrica de los atherinopsidos del Lago de Patzcuaro se explica por
la alta disponibilidad de recursos alimenticios y la variacion ontogénica
de su dieta. Este estudio resalta la importancia de analizar los patrones
y mecanismos ecolégicos como elementos basicos para el disefio de
estrategias de conservacion en especies en enjambre, bajo efectos an-
tropogénicos como la pérdida del hdbitat y la introduccion de especies
exoticas. Los esfuerzos de conservacion son urgentes para preservar el
raro proceso evolutivo de la especiacién simpatrica (segregacion del
habitat) que ocurre en otros lagos del centro de México, y que posi-
blemente se ha perdido en el Lago de Patzcuaro, como resultado del
manejo deficiente y estrategias de conservacién inadecuadas.

PALABRAS CLAVE: Atherinopsidae, interacciones alimenticias, espe-
cies en enjambre, procesos evolutivos, conservacion.
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The silversides [Atherinopsidae - New World
Silversides (Page et al., 2013)] of the genus Chirostoma
are nearly endemic to the lakes of central Mexico (Miller,
Minckley & Norris, 2005), such as Lago de Chapala, Lago
de Patzcuaro, and Lago de Zirahuén (Barbour, 19733;
Ross, Martinez-Palacios, Aguilar-Valdez, Beveridge &
Chavéz-Sanchez, 2006). The origin and distribution of
Chirostoma species flocks in this region have been ex-
amined using morphological, osteological, and genetic
data (Barbour, 1973b; Echelle & Echelle, 1984). Although
those studies revealed evolutionary patterns, morpho-
logical plasticity and low genetic diversity (Barriga-Sosa,
Ibafiez-Aguirre & Arredondo-Figueroa, 2002; Barriga-
Sosa, Eguiarte & Arredondo-Figueroa, 2004; Bloom, Piller,
Lyons, Mercado-Silva & Medina-Nava, 2009), potential
hybridization among silversides (Soria-Barreto & Paulo-
Maya, 2005), makes interpretation of the evolutionary
process difficult (Herder et al., 2006).

The ichthyofauna of Lago de Patzcuaro includes sev-
eral sympatric and endemic species of both Goodeidae
and Atherinopsidae and several studies focused on anal-
yses to help understand the processes and mechanisms
of speciation operating there (De Buen, 1945; Alvarez
del Villar, 1972; Barbour, 1973a; Echelle & Echelle, 1984).
However, since about 1970, Lago de Patzcuaro has been
subjected to ecological disruptions, including: (1) un-
controlled exploitation of forests at higher elevations;
(2) increased siltation and nutrient input that favor pro-
liferation of aquatic weeds (eutrophication); (3) introduc-
tion of exotic species; (4) urban pollution; (5) increased
commercial harvesting of silversides; and (6) irrational
management of fisheries resources (De Buen, 1944a,b;
Solérzano, 1955; Gonzalez, 1977; Rosas, 1983; Chacon-
Torres, Ross & Beveridge, 1989; Chacén-Torres, 1993). The
lake faces deterioration and imminent extinction of its
endemic species. The Mexican government has tried to
solve some of these problems with rehabilitation of the
watershed’s landscape, repopulating the most important
commercial species, Pike silverside (Chirostoma estor),
and introducing another large silverside, the shortfin sil-
verside (Chirostoma humboldtianum) (Jimenez-Badillo &
Gracia, 1995).These practices may have contributed to in-
creased hybridization between atherinopsids (Oseguera-
Figueroa & Garcia de Ledn, 1991; Ledesma-Ayala & Garcia
de Ledn, 1991).

For these reasons, studies of the natural history of the
endemic Chirostoma species are urgent to understand
the level of perturbation and deviation from the pris-
tine conditions in which these species evolved and help
guide more informed conservation management strate-
gies. Many studies have hypothesized that trophic seg-
regation of Chirostoma species in Lago de Patzcuaro is a

function of osteological and morphological differentia-
tion of jaws (Soria-Barreto & Paulo-Maya, 2005), but stud-
ies of food habits of silversides in the lake are contradic-
tory (Solérzano, 1961, 1963; Rosas, 1976; Garcia de Ledn,
1985) and comparisons of foraging patterns in the silver-
sides species flock in nature have not been published.
It remains unknown how differing foraging strategies
of native silversides might relate to coexistence of, and
niche segregation among the species and the morpho-
logical differences in pharyngeal and mouth structures
among them.

Though recently disputed (Barriga-Sosa et al., 2002;
Bloom et al., 2009) many studies argue that relatively
recent hybridization among Chirostoma species has
occurred in Lago de Pétzcuaro, making species identi-
fication difficult and obscuring taxonomic differences
among the four native and one introduced species to
the point that recent ecological studies could identify
silversides only to genus (Vital-Rodriguez, 2011; Mar-
Silva, 2011). Our data, taken more than 25 years ago
(1987-1988), when Chirostoma species still maintained
enough morphological characteristics to allow positive
identifications, uniquely allow us to assess trophic guild,
dietary diversity, prey selectivity, and overlap of diet
among these fish.

METHODOLOGY

Study site

Lago de Patzcuaro (~19°34’'N - 101°36'W) is located
on the Mexican Plateau, about 260km west of Mexico
City (Fig. 1) in a hydrologically closed basin surrounded
by mountains of volcanic origin (De Buen, 1941, 1944
a,b). The water level varies between 2 035 and 2 041m
above sea level and the lake has a maximum surface
area of 116km? and average depth of 4,9m (maximum
12,2m) at maximum capacity (Bernal-Brooks, Gémez,
Alcocer, 2002).

Environmental parameters

We sampled two lake sites, one at the northeast, near
Tzocurio, and the other in the southwest, near Santiago
(Fig. 1). Both sites were visited in the wet summer
(September 1987) and dry winter (March 1988), when
water temperature, depth, transparency, pH, dissolved
oxygen, alkalinity, and total hardness were measured
at three-hour intervals for 24h, using standard methods
(Wetzel & Likens, 1979). Additionally, sediment samples
were collected to analyze texture, using the hydrometer
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Fig. 1. Location of Lago de Patzcuaro and study sites (black squares).

method (Bouyoucos, 1936), and organic matter content
measured by loss on ignition (Dean, 1974).

Once per season we also collected samples of inver-
tebrate communities to assess the potential food in
each major habitat (nekton, periphyton, and benthos).
Nektonic invertebrates were sampled from a boat with
outboard motor by horizontal tows of a plankton net
(0,3m diameter, 153um mesh) at 0,3m depth at 5km per
hour for 5min, thus sampling approximately 29 400L.
Periphyton invertebrates were sampled by randomly
placing a quadrant frame of 0,2m per side (0,04m?) at
each site and collecting all invertebrates from the square.
Benthic invertebrates were captured with a Peterson
dredge, collecting a single 0,09m? sample from each
site in each season. The dredged sediment was washed
through the USA standard sieve series (10, 18, 35, and
40um mesh). Each sieve subsample was air-dried and
weighed. All nekton, periphyton, and benthos organisms
were preserved in formalin in the field (Ward & Whipple,
1945; Usinger, 1956; Edmonson, 1959; Merrit & Cummins,
1978; Pennak, 1978).

Fish sampling

At each site, during both wet and dry seasons, we col-
lected fishes between 0700 and 0900h, using a 50m seine
(1,5m high, 3,25mm mesh). Immediately after capture

specimens were identified using diagnostic character-
istics of gill rakers, predorsal scales, scales in the lateral
midline, and length of lower jaw (Barbour, 1973b).

Approximately equal numbers of specimens of each
species were then selected, dissected and guts preserved
in 10% formalin and carcasses discarded.

Contents of the anterior half of the gut of 242 speci-
mens between 10 and 110mm standard length were
analyzed in the lab (Table 1). The mean bulk index (MBI)
was used for quantitative diet analysis (Saiki, 1976) and
frequency of occurrence (FO) (Hyslop, 1980) was deter-
mined. The index of relative importance (IRI) (Pinkas,
Oliphant & Iverson, 1971), as modified by Yafez, Curiel
& Yanez (1976), was calculated and converted to per-
centage for easier interpretation (Cortés, 1997). Using
the IRI, we calculated the Morisita index (Smith & Zaret,
1982) to measure diet overlap between species, as well
as the Shannon and Wiener diversity index to estimate
dietary diversity.

All original data were transformed logarithmically and
Repeated-Measures ANOVA (RMANOVA) was performed
with Statistica 6.0 software (StatSoft, Tulsa, OK) to com-
pare (1) physical and chemical water parameters and
sediment characteristics between sites, (2) invertebrate
abundance in each habitat (benthos, periphyton, and
nekton) between sites, (3) abundance of invertebrates at
each site, (4) prey eaten by each silverside species at each
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TABLE 1
Number of individuals of four Chirostoma species used for gut content analysis during wet and dry seasons at two sites

Santiago
Wet Dry
C. patzcuaro 16 15
C. grandocule 16 8
C. estor 16 13
C. attenuatum 16 16

Wet

16
16
14
16

Tzocurio
Total % of total
Dry
16 63 26
16 56 23
16 59 24
16 64 26

site, and (5) prey items of the four species at each site. For
assessing food selectivity, the Friedman test (Zar, 1999)
was used to rank IRI% and relative abundance (%) of each
biological community per habitat. We used the percent-
age values to determine the Ivlev electivity index (lvlev,
1961) at each site and season.

RESULTS

Environmental parameters

Water transparency, temperature, dissolved oxygen,
pH, alkalinity, and total hardness did not differ between
sites (RMANOVA, p>0,80 all variables), nor did benthic
substrates: organic matter (RMANOVA, p=0,65), clay
(RMANOVA, p=1), silt (RMANOVA, p=0,89), and sand
(RMANOVA, p=0,49) (Table 2).

Total invertebrate abundance was similar between
sites for benthos, periphyton, and nekton; the P values for

allinvertebrate taxa were>0,06 (Table 3). Gastropods, pe-
lecypods, and ostracods were more abundant than dip-
teran larvae and amphipods in the benthos at Santiago
(RMANOVA, p<0,01) and Tzocurio (RMANOVA, p<0,01).
Amphipods, bryozoans, cladocerans, adult coleoptera,
larval coleoptera, copepods, larval dipterans, and larval
ephemeropterans were the most abundant taxa among
invertebrates of the periphyton at Santiago (RMANOVA,
p<0,01). At Tzocurio, abundance of all invertebrates of
the periphyton was similar between seasons (RMANOVA,
p=0,22). Nekton invertebrate abundance did not differ
between seasons at either Tzocurio (RMANOVA, p=0,18)
or Santiago (RMANOVA, p=0,61).

Diet composition

Of the 250 stomachs sampled, (226) 93% were at
least 50% full, ensuring a good description of the diet.
Cladocerans and copepods were the most common prey
in all silverside species (Table 4). Slender silverside (C.

TABLE 2
Physical and chemical water parameters (mean+SD) and sediment components at two sites
during the wet and dry seasons at Lago de Patzcuaro

Santiago Tzocurio
Wet Dry Wet Dry
Physical and chemical water parameters
Transparency (m) 0.4+0.02 0.5+0.03 0.3+0.04 0.4+0.01
Water temperature (°C) 21.3%£3.7 24.7+4 20.7+2.2 22.7+0.8
Dissolved oxygen (ppm) 4.0+1.2 3.6+1 3.8+0.8 3.4+1.1
pH 74+04 7.7£0.3 7.5+£0.8 7.4+0.2
Alkalinity (ppm) 25.7+5 27.2+£2.8 25+4.7 26.2+4.9
Total hardness (mg/L) 16.8+1.9 17.5+£0.8 17.7+0.5 17.7+1.2
Sediment components

Organic matter (mg) 6.3 10.6 3.6 10.2
Clay (% of dry weight) 2 1 8 39
Silt (%) 41 27 17 52
Sand (%) 56 72 75 9
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TABLE 3

the wet and dry seasons at Lago de Patzcuaro

Density of invertebrates by taxonomic group in different habitats at two sites during

e 3 Santiago Tzocurio
Wet Dry Wet Dry

Benthos (ind/0.09 m?)

Crustaceans Ostracods 702.6 302.3 222.1 356.9
Amphipods 4.8 2.7

Insects Dipteranlarvae 4.8 4.0

Molluscs Gastropods 223.8 731.9 603.1 583.9
Pelecypods 184.7 67.1 277.9 170.3
Periphyton (ind/0.04 m?)

Poriferans Poriferans 102.3

Platyhelminthes Turbellarians 133 4.0 136.3

Nematodes Nematodes 4.5

Bryozoans Bryozoans 196.3 759.3 4353

Annelids Oligochaetes 39.8 7.0 1303 462.5
Hirudineans 147.3 19.5 123 4.8

Crustaceans Cladocerans 6.0 10.0
Copepods 98.3 6.3 896.5 77.8
Ostracods 85.8 37.8 181.8 70.5
Amphipods 1304 1262.5 489.3 740.0

Chelicerata Hydracarids 6.0 2.0 1.8 535

Insects Ephemeroptera larvae 92.0 19.5 48.3
Odonate larvae 478.5 8.3 76.3 293
Hemiptera larvae 13 9.8
Hemiptera 1.3 13.5 92.5
Coleoptera 6.0 2435 23
Coleoptera larvae 0.8 53.5
Dipteranlarvae 39.8 20.3 194.0 355.5
Dipteran 43.8
Hymenoptera 2.0 14.5

Mollusks Gastropods 6.3 9.8
Nekton (ind/L)

Rotifer Rotifers 1.6 0.76 1.03 0.90

Crustaceans Cladocerans 0.13 0.10 0.02
Copepods 2.12 2.80 3.10
Ostracods 0.02 0.03

Chelicerata Hydracarids 0.10 0.07

attenuatum) at both sites had more ostracods, silverside
embryos, and dipterans than copepods. Silverside em-
bryos were a secondary diet item for C. estor at Santiago
(Table 4). Relative importance of prey items of each sil-
verside species between sites were similar (RMANOVA,
p>0,09for all preyitems) and there were no significant dif-
ferences between species at either Tzocurio (RMANOVA,
p>0,3 for all prey items) or Santiago (RMANOVA, p>0,7
for all prey items).

Prey selection, dietary diversity, and diet overlap

The four silverside species showed the same patterns
of prey selection. Amphipods and dipteran larvae were
selected from the benthos at Santiago in the wet season
and Tzocurio in the dry season (Table 5). Cladocerans
(in the dry season), hemipteran, and dipteran adults (in
the wet season) were selected from the periphyton at
Santiago and cladocerans, copepods (during the wet and
dry seasons), and dipterans adults (in the wet season) at
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TABLE 4
Index of relative importance (IRI1%) for each food item of Chirostoma patzcuaro (1*), C. grandocule (2*), C.estor (3*),
and C. attenuatum (4*) during the wet and dry seasons at two sites

Santiago
Wet

1* 2% 3* 4* 1* 2%
Poriferans
Nematodes 2 1 5
Bryozoans 1
Oligochaetes 2
Hirudineans 4 4 1 2 4
Amphipods 2 1 2 3 1
Hemiptera larvae 1 2 2
Ephemeroptera larvae 1 1
Odonate larvae 7 5 6 8 5 1
Hemiptera adults 1 6
Coleoptera adults
Coleoptera larvae 1
Dipteran larvae 4 10 7 8 1
Dipterans adults 1 1 5 5
Rotifers 3 5 2
Cladocerans 49 4 40 23 53 49
Copepods 12 23 20 13 20 43
Ostracods 6 3 5 8 15
Hydracarids 1
Silverside eggs 5 10 1
Silverside embryos 1
UoM 4 4 4 6

Tzocurio

Dry Wet Dry

1 2 2 2 1 1
1
2 7 3
2 1 2 2
4 1 1 1 2 1 8 1
1 1 2 2 3
2
4 10 9 6 7 9 1 6 3 5
1 1 2 3
2
1 1
2 5 6 6 8 4 1 1 2
1 4 2 5 2 2
4 1 1 1 2
46 32 29 29 23 15 29 39 47 17

13 3 31 45 47 36 43 40 31 39
6 19 8 6 8 11 3 1 2
5 1 7
2 1 5 1
18 15
2 3 1 12 7 1 14

* UOM Unidentified organic matter.

Tzocurio. From nekton, cladocerans, copepods, and os-
tracods were selected by the four species in the same
way at Santiago during the dry season, and ostracods
were selected at Tzocurio during the dry season.

Dietary diversity was similar among the four silver-
sides (Table 6) and diet overlap was generally >75% at
both sites and both seasons; only big eye silverside (C.
grandocule) and C. attenuatum showed lower diet over-
lap (56%) at Santiago during the dry season (Table 7).

DISCUSSION

This is the first study to attempt to explain trophic
specialization of silversides in Lago de Patzcuaro and it is
noteworthy as the samples were collected 25 years ago
before most of the perturbation of the lake. Our finding
of similar trophic patterns and dietary diversity, with high

132

dietary overlap and similar selectivity patterns across all
species suggests that they all more or less equally shared
the same food resources and thus counters the hypoth-
esis that coexistence of these four fishes was maintained
by dietary specialization.

Although the sample size was small, the study sites
were strategically selected in anticipation that envi-
ronmental differences might be found between these
two distant locations. Both sites, however, were similar
in physical and chemical water characteristics and bot-
tom type, consistent with Rosas, Mazari, Saavedra & Baez
(1985) who found, at about the same time, that water
quality was similar throughout the lake, except for a
small, highly polluted area near the town of Patzcuaro (at
the far south end of the lake).

Silversides at both sites were carnivorous, with the ca-
pability to feed in different habitats, but they fed mainly
on resources from nekton (cladocerans and copepods),
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TABLE 5
Electivity index of Chirostoma patzcuaro (1*), C. grandocule (2*), C.estor (3*) and C. attenuatum (4*)
during the wet and dry seasons at two sites

Santiago Tzocurio
Wet Dry Wet Dry
1™ 2% 3* 4% 1 2% 3* 4 ¥ 2% 3% 4% 1 2% 3* 4%
Benthos
Ostracods -08 -09 -09 -08 -04 -1 -07 -02 -08 -0,7 -0,7 -06 -09 -1 -09 -09
Amphipods 1 1 1 1 08 -1 -05 -09 -08 -08 -1 -07 1 -1 1 1
Dipteran larvae 1 1 1 1 -08 -1 -08 -1 -04 -03 -03 -03 1 1 1 1
Gastropods -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
Pelecypods S Y Y S e e I A B B -1 1A
Periphyton
Poriferans -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -
Turbellarians o Y S 11 1 1 1 1 -1 A e I
Nematodes 1 -1 -1 1 -1 -1 -1 1 -03 -04 -03 -04 1 -1 1 1
Bryozoans -1 07 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 1
Oligochaetes -1 -1 1 A 111 1 -1 1 -1 A S S |
Hirudineans -02 -04 -08 -05 -02 -1 -04 -08 -1 -1 -1 -1 -1 -1 -1 -06
Cladocerans 06 04 05 02 1 1 1 1 05 05 04 02 1 1 1 1
Copepods -0,1 02 01 -01 05 07 04 -03 05 07 07 06 06 05 05 05
Ostracods -04 -07 -05 -03 04 -1 005 05 -01 -02 -01 0,1 -03 -1 -06 -04
Amphipods -06 -04 -06 -03 -08 -1 -04 -08 -07 -07 -1 -06 -08 -1 02 -07
Hydracarids 11 1 A Sl e e B e B -1 -1 1 A
Ephemeroptera larvae -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
Odonate larvae 01 -03 -01 0, -02 07 -02 03 03 01 02 03 -0,59 0,01 -0,28 -0,02
Hemiptera larvae -1 -1 -1 -1 -1 -01 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
Hemiptera adults 1 1 1 1 -1 -1 -1 -1 -09 -1 -1 -03 -05 -1 -1 -03
Coleoptera adults -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -
Coleoptera larvae -1 -1 -1 1 -1 -1 -1 -1 -1 1 -1 1 -1 -1 -1 -1
Dipteran larvae -03 0,1 -0,01 0,03 -08 -1 -07 -1 -02 -02 -02 -01 -02 -08 -08 -05
Dipterans adults 1 1 1 1 -1 -1 -1 1 1 1 1 1 -05 -1 -1 041
Hymenoptera -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
Gastropods -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
Necton
Rotifera -08 -07 -06 -08 -1 -078 -1 -09 -1 -09 -09 -1 -1 09 -1
Cladocerans 04 02 02 -002 1 1 1 1 01 02 01 -02 -01 01 01 -03
Copepods -03 -01 -0,1 -03 1 1 1 1 01 04 04 02 0.1 0.1 -0,05 0,05
Ostracods -05 -08 -0,7 -05 1 1 1 1 -05 -05 -04 -03 1 1 1 1
Hydracarids -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

periphyton (insect larvae and silverside embryos), and
occasionally from benthos (ostracods). Chirostoma at-
tenuatum showed a similar pattern at both study sites,
feeding secondarily on invertebrates from periphyton
and benthos, with a tendency to have a wider diet than
the congeners.

Soria-Barreto & Paulo-Maya (2005) and Barbour
(1973a) argue that the interspecific morphological
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differentiation of silversides in Lago de Patzcuaro could
be related to trophic divergence; however, our results
indicate strong trophic similarities among the same spe-
cies. Our findings are also consistent with recent studies
at Lago de Pétzcuaro (Vital-Rodriguez, 2011) that found
that individuals of Chirostoma spp. of different sizes
range (38-51Tmm and 66-71mm) did not show trophic
differences at four different study sites. Vital-Rodriguez
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TABLE 6
Dietary diversity of four Chirostoma species expressed by
Shannon-Wiener index (H') of each silversides species at
Santiago and Tzocurio in Lago de Patzcuaro

Santiago Tzocurio
C. patzcuaro 1,9+0,2 2,0+0,4
C. grandocule 1,7£0,5 1,5£0,1
C. estor 2,0+0,3 1,6%0,0
C. attenuatum 2,4+0,3 2,2+0,1

(2011) determined silversides as generalist carnivore
fishes and secondary consumers that fed generally on
copepods, cladocerans, scales, arachnids, insect larvae
and adult terrestrial insects. This author also argued that
Chirostoma fish fed on different habitats (bottom, periph-
yton, surface and nekton) and on unlike trophic webs.

Our results also agree with numerous investigations
done 10 or 20 years before our study; multiple studies
of C. estor (Solorzdno, 1963; Rosas, 1976; Garcia de Leon,
1984), C. attenuatum (Solérzano, 1961; Morelos-Lépez
& Garcia de Ledn, 1987), C. grandocule (Rosas, 1976),
and Patzcuaro silverside (C. patzcuaro) (Rauda-Ortega &
Garcia de Ledn, 1987) concluded that these silversides
are carnivores that feed mainly on micro-crustaceans
(cladocerans, copepods, amphipods, and ostracods) and
insects (dipteran and odonate larvae), and secondarily
on rotifers, diatoms, and fish eggs. They also argue that
silverside species change diet from nekton to periphyton
with increasing fish size (though our study did not con-
sider ontogenetic diet changes).

We found that silversides selected amphipods and
dipteran larvae, the least abundant taxa from the ben-
thos. Nematodes, cladocerans, copepods, hemipter-
ans, and adult dipterans were principally selected from
periphyton, but these were not the most abundant

invertebrates. Cladocerans and ostracods were common
in diets, even though copepods were the most abundant
prey in the nekton. For this reason, these silversides are
considered predators.

On the basis of morphology of oral jaws, Soria-Barreto
& Paulo-Maya (2005) concluded that C. grandocule could
feed on zooplankton from the water surface and that C.
estor, C. patzcuaro, and C. attenuatum could feed on prey
located anywhere in the water column and are capable of
eating hard shell invertebrates. Our study indicated that
all four silversides species fed from all available resources
and habitats. In other lakes, such as Lago de Chapala,
it may be that zooplanktivorous fishes might partition
their habitat on depth, such as Moncayo-Estrada, Owen
& Escalera-Gallardo (2010) reported, but we did not ob-
serve evidence of this in Lago de Patzcuaro. In our study,
diets of the four species overlapped by >70% and dietary
diversity was similar across species, though C. attenu-
atum showed a slight increase in its unique inclusion of
benthos and fish embryos in its diet.

MacArthur & Levins (1964), Hutchinson (1965) and
Williams (1972) all theorized that sympatry of highly-
related species could be maintained by ecological diver-
gence or specialization that could produce morphologic
differentiation. Some modifications of morphologic
structures, such as body size, jaw length, and teeth or
gill rakers are common in Chirostoma (Barbour1973a,
b). Hence, previous authors invoked size differences,
feeding specialization, and use of diverse available
habitats to explain sympatric co-existence among
atherinopsids in the Central Mexican Plateau (Barbour,
1973b; Berlanga-Robles, Madrid-Vera & Ruiz-Luna, 2002;
Moncayo-Estrada et al., 2010; Moncayo-Estrada, Owen &
Escalera-Gallardo, 2011).

Silversides in Lago de Patzcuaro are a complex fish
assemblage, from the largest species (C. estor 308mm
SL) to the smallest (C. attenuatum 89mm SL), with two

TABLE 7
Morisita index for diet overlap between Chirostoma patzcuaro, C. grandocule, C.estor, and C. attenuatum a
t Santiago and Tzocurio during the wet* and dry** seasons in Lago de Patzcuaro

Site C. patzcuaro

Santiago C. patzcuaro

C. grandocule 0,86*

C. estor 0,92*

C. attenuatum 0,76*
Tzocurio C. patzcuaro

C. grandocule 0,92*%

C. estor 0,89*

C. attenuatum 0,92*%

C. grandocule C. estor C. attenuatum

0,90** 0,88** 0,77**
0,78** 0,56**

0,98* 0,80**

0,83* 0,86*

0,95%* 0,88** 0,95%*
0,95** 0,87**

0,99* 0,76**

0,91* 0,91*
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medium-size species (C. grandocule 1770mm SL and C.
patzcuaro104mm SL). The diversification process of these
sympatric species is probably a product of geographic
isolation and interspecific interactions (Barbour, 1973a),
followed by sympatry. These species are diphyletic and
belong to different lineages: the jordani species group (C.
estor, C. patzcuaro, and C. grandocule) and the arge spe-
cies group (C. attenuatum), with different evolutionary
morphological characteristics (Barbour, 1973a). They may
coexist by minimizing competition for prey selection by
maintaining size differences. However, when analyzing
diet of each species using specimens of comparable sizes
(10 to 110 mm SL), we see little, if any, evidence for seg-
regation based on feeding resources. Thus, if silversides
species of Lago de Patzcuaro show similar feeding habits,
how do they continue to coexist? Here we can only hy-
pothesize that one potential mechanism allowing coex-
istence could be that these species have specific foraging
patterns in different habitats and that Lago de Patzcuaro,
when our data were obtained, harbored enough feed-
ing habitats and food resource diversity to support the
complex of Chirostoma species. This is similar to the hy-
pothesis of Barluenga, Stolting, Salzburger, Muschick &
Meyer (2006), that ecological speciation mechanisms
through divergent habitat preferences caused sympat-
ric speciation of two cichlid fish species, Arrow cichlid
(Amphilophus zaliosus) and Midas cichlid (Amphilophus
citrinellus) in Nicaragua’s Lago Apoyo. Alternatively, the
sample size in our study was small and could not detect
differences in foraging patterns or that any difference
in foraging patterns among species is very small, and
was not detected with our sampling protocol. Also, our
study based feeding analyses on invertebrate taxonomic
groups, not species-level taxonomy; there may be prey
species-specific trophic specializations among silverside
species. For example, Moncayo-Estrada et al. (2010) re-
ported subtle intra- and interspecific trophic partitioning
between three silversides speciesin Lago de Chapala.The
Ranch silverside (C. consocium) fed mainly on copepods,
the charal (C. jordani) fed on small cladocerans (genus
Bosmina), and the sharpnose silverside (C. labarcae) fed
mainly on large cladocerans (Ceriodaphnia and Daphnia).

Despite high values of diet overlap (>70%), the sil-
versides could vary feeding strategies during ontogeny
from larva through juvenile to adult. For example, C.
estor has a long jaw length (12-14% of SL) with vomer-
ine fangs (Barbour, 1973b) and becomes a carnivorous
specialist piscivore very early in its ontogeny (91mm
SL) (Rosas, 1976; Garcia de Ledn, 1985). When smaller,
this species feeds on periphyton and completes its diet
with resources from nekton. Chirostoma attenuatum
mainly forages on periphyton and benthos resources,

coinciding with the data obtained by Rosas (1976) and
Morelos-Lopez & Garcia de Ledn (1987). Chirostoma
patzcuaro has less trophic specialization because it uses
resources from periphyton or nekton, similar to what was
observed by Rosas (1976) and Rauda-Ortega & Garcia de
Ledn (1987). Chirostoma grandocule has trophic special-
ization, feeding on nekton zooplankton (Rosas, 1976).
These feeding strategies may allow silversides to coexist
in Lago de Patzcuaro. In this study the diet of Chirostoma
species broadly overlapped, but this does not necessar-
ily imply competition among them. Differential foraging
patterns in different habitats could be the primary co-
existence mechanism. A study by Sdnchez-Hernandez,
Vieira-Lanero, Servia & Cobo (2011) of feeding habits of
four sympatric fishes, sea trout (Salmo trutta), gjémbaci
(Gasterosteus gymnurus), panjorca (Achondrostoma ar-
casii), and boga (Pseudochondrostoma duriense) in the
Iberian Peninsula, supports the hypothesis that segrega-
tion among microhabitats was a main factor reducing
competition among them.

Chirostoma humboldtianum, the silverside introduced
to Lago de Patzcuaro (Jiménez-Badillo & Gracia, 1995),
is thought to be an ancestral form that is morphologi-
cally similar to the four native Lago de Patzcuaro species
(Echelle & Echelle, 1984). Probably, the foraging pat-
terns of C. humboldtianum, until now unknown, would
increase competition among native atherinopsids using
competitive exclusion in this ecosystem and imbalance
in lake productivity. Further studies might clarify the
function of this introduced species in the ecosystem.

Considerations for conservation

Echelle & Echelle (1984) established that lakes in
the Central Plateau of Mexico allowed evolution of the
Atherinopsid species flock by ecological specializa-
tions mainly driven the development of native fauna.
However, Soria-Barreto & Paulo-Maya (2005) argue that
anthropogenic and ecological changes have forced hy-
bridization between silversides in Lago de Patzcuaro by
reducing spawning area and increasing the probability
of interspecific ova and sperm mixtures. The current mor-
phological similarities of silversides in Lago de Patzcuaro
make identification to species difficult (Miller et al., 2005)
and the taxonomic differences between the four native
species are currently in dispute (Barriga-Sosa et al., 2002;
Bloom et al., 2009). It seems likely that genetic diversity
has been lost, yet conservation efforts to preserve sil-
versides in Lago de Patzcuaro have focused on aquacul-
ture and restocking of one species (C. estor). Meanwhile,
the ecosystem is losing fish species (Berry, Lee, Walton,
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Wilson & Bernal-Brooks, 2011) and ecological and evolu-
tionary processes are changing.

The species flock of silversides in Lago de Patzcuaro
is a sympatric group of species endemic to a small area
and with close phyletic relationships (Echelle & Kornfield,
1984). The key evolutionary processes (habitat seg-
regation) for intra-lacustrine speciation are related to
ecological specialization in localities where numerous
niches become available for occupation and exploitation
(Greenwood, 1984). For this reason, we argue that the
abundance of resources and differences in diet in early
stages can be related with the speciation process of sil-
versides in Lago de Patzcuaro. However, currently the sur-
face area of the lake has lost more than 25 km? and water
depth hasdeclined ~ 6 m since 1960s (Bernal-Brooks et al.,
2002). Therefore, it is imperative to warn that the unique-
ness of this endemic lacustrine fauna is at risk of disap-
pearing due to anthropogenic destruction of habitat and
introduction of congeneric species. Habitat segregation
is a rare evolutionary mechanism and biological models
to study it are also scarce. Examples currently document-
ed include cyprinids of Lake Lanao (Philipines), Orestias
in Lake Titicaca, silversides in the Mexican Plateau, cich-
lids at Cuatro Cienegas, Mexico, Midas cichlids in the vol-
canic crater lakes of Nicaragua, cichlids of Lake Malawi
and Lake Victoria in Africa (Echelle & Kornfield, 1984) and
Cyprinodon species in Chichankanab, Mexico. The Lake
Lanao cyprinid flock went extinct in less than 25 years as
aresult of overfishing, introduction of exotic predators or
competitors, and human population growth and associ-
ated pollution. In Lago de Cuitzeo, Mexico, once inhabit-
ed by four Chirostoma species (least silverside C. charari),
Pescado blanco (C. compressum), C. humboldtianum, and
C.jordani,changes in water quality and decrease in depth
caused the loss of three species, leaving only C. jordani.
At Cuatro Ciénegas in Coahuila, Mexico, major channel-
ization for irrigation has caused reduction of habitat of
Minckley’s cichlid (Herichthys minckleyi) and hybridiza-
tion with a close relative, the Texas cichlid Herichthys cya-
noguttatum from the Rio Grande basin (Hulsy & F.J.G.d.L.,
2013), is also impacting the species. At three crater lakes
in Nicaragua (Lake Apoyo, Lake Xiloa, and Lake Masaya),
the Midas cichlid species flock (Amphilophus citrinellus,
A. labiatus, A. zaliosus), in incipient stages of sympatric
speciation (Barluenga & Meyer, 2004) is threatened by in-
troduction of African cichlids (Oreochromis niloticus and
O. aureus) for aquaculture, with related habitat destruc-
tion, competition for feeding and courtship sites, preda-
tion on juveniles, and proliferation of parasites (McCrary,
van der Berghe, McKaye, & Lépez, 2001). In Lake Malawi,

introduction of exotic clupeids caused the decline in di-
versity of endemics (Echelle & Kornfield, 1984). In Lake
Victoria, where the extreme diversity of cichlids can be
explained by sexual selection with body color playing an
important role, eutrophication caused by deforestation
and agriculture greatly reduced visibility and modified
other ecological conditions to precipitate decreases in
species diversity (Seehausen, van Alphen & Witte, 1997).
Additionally, introduction of the Nile perch (Lates niloti-
cus) also decreased native cichlid diversity there (Echelle
& Kornfield, 1984). These events took place more than
25 years ago (Seehausen et al., 1997; Echelle & Kornfield,
1984) and the lack of appropriate management policies
will surely lead to the disappearance of unique examples
of processes of evolution and speciation in vertebrates.

These same anthropogenic impacts have occurred
in Lago de Patzcuaro starting over 40 years ago and the
same poor management and inadequate conservation
strategies are also decimating other endemic silver-
side communities elsewhere in México. Currently, only
Lago de Zirahuén, harboring two silverside flock spe-
cies, C. estor and C. attenuatum (Miller et al., 2005), has
an ecosystem that, compared to many lakes in Mexico,
is regarded as having pristine conditions (Davies et al.,
2005). However, increasing sedimentation and inputs of
untreated sewage clearly indicate a need for viable and
effective watershed and lake conservation strategies
(Chacén-Torres & Rosas-Monge, 1998). It is urgent to lead
direct conservation efforts to prevent the loss of the rare
evolutionary process of sympatric speciation, probably
already lost in Lago de Patzcuaro. Managers and policy
makers should encourage long-term programs for pro-
tection and restoration of natural habitats and preserva-
tion of ecosystem processes to protect these species and
their evolutionary processes.
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