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Reproductive cycle of native 
viviparous fish species (Actinopterygii: 
Cyprinodontiformes: Goodeidae) in a 
subtropical Mexican lake
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Juan José González-Cárdenas3 and 
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Reproductive tactics and strategies contribute to the persistence and maintenance 
of long-term populations in fish species. Members of the subfamily Goodeinae are 
a group of small-bodied freshwater fish with specialized reproduction (viviparity-
matrotrophy). They are found in the highlands of central Mexico, most of them 
endemic. The aim of this study was to conduct a comprehensive investigation to 
evaluate the annual reproductive cycle of seven species of goodeines (splitfins). 
We carried out our study in the subtropical Lake Zacapu, Mexico, with bi-
monthly sampling from May 2019 to March 2020. We obtain the fertility, size 
at first maturity (L50), sex ratio, and gonadosomatic index. Our result shows that 
populations of goodeines have high fertility compared to other populations of the 
same species in other aquatic systems and also to other species of goodein. We 
found that males mature at smaller sizes than females, the observed proportion 
of females was greater than males in all the goodeines. Lake Zacapu goodeines 
have two reproductive peaks, one in spring (April to June) and another in fall 
(September to November). These tactics (fertility rates, sex ratio, reproductive 
period) and strategies (viviparity-matrotrophy) favor reproductive success in this 
environmentally stable subtropical lake in the highlands of Mexico.

Keywords: Fertility, First sexual maturity, Goodeines, Lake Zacapu, 
Reproduction.
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Las tácticas y estrategias reproductivas contribuyen a la persistencia y el 
mantenimiento de las poblaciones a largo plazo en especies de peces. Miembros de 
la subfamilia Goodeinae son un grupo de peces de agua dulce con reproducción 
especializada (viviparidad-matrotrofia). Se encuentran en el centro de México, 
la mayoría de ellos endémicos. El objetivo de este estudio fue realizar una 
investigación integral para evaluar el ciclo reproductivo anual de siete especies 
de goodeines o mexclapiques. Realizamos nuestro estudio en el lago subtropical 
de Zacapu, México, con muestreo bimestral de mayo de 2019 a marzo de 2020. 
Nuestros resultados muestran que las poblaciones de goodeines tienen una alta 
fertilidad en comparación con otras poblaciones de la misma especie en otros 
sistemas acuáticos y también con otras especies de goodeines. Encontramos que 
los machos maduran en tamaños más pequeños que las hembras, la proporción 
observada de hembras fue mayor que los machos en todas las goodeines. Los 
goodeines del lago Zacapu tienen dos picos reproductivos, uno en primavera 
(abril a junio) y otro en otoño (septiembre a noviembre). Estas tácticas (fertilidad, 
proporción de sexos, período reproductivo) y estrategias (viviparidad-matrotrofia) 
favorecen el éxito reproductivo en este lago subtropical ambientalmente estable 
en el altiplano de México.

Palabras clave: Fertilidad, Goodeines, Lago Zacapu, Primera madurez sexual, 
Reproducción.

INTRODUCTION

Reproductive strategies and tactics are important components in the life history of 
a species (Nikolsky, 1963; Balon, 1984; Snelson, 1989; Stearns, 1992). Reproductive 
strategies are specific adaptations such as distinct breeding systems (oviparity, viviparity, 
and ovoviviparity), sex-specific reproductive behaviors, and number of partners. 
Alternatively, reproductive tactics are linked life history traits that develop as adaptations 
towards environmental conditions and ecological niches (Murua, Saborido-Rey, 2003). 
Fishes exhibit a wide range of reproductive tactics such as variations in age of sexual 
maturity, fertility, and reproductive period (Wootton, Smith, 2014). The variety in 
reproductive characteristics that fishes exhibit has been argued as an evolutionary 
advantage in allowing exploitation of a huge range of niches, leading to fish being 
the most diverse group of vertebrates in the world (Wootton, Smith, 2014; Pérez-
Rodríguez et al., 2015; Nelson et al., 2016).

The reproductive success is mainly related to age of sexual maturity, fertility, and sex 
ratio, and influence the population’s growth and dynamics. A population with successful 
reproductive tactics exhibits features such as a clear size structure (organisms of different 
sizes, from juveniles to mature adults), reproductive seasonality for best offspring 
survival, and individuals with a healthy body condition factor (Caddy, Agnew, 2004; 
Wootton, Smith, 2014). Reproductive tactics can help us understand when, where, 
and how the reproductive cycle of a species functions and determines how spatial and 
temporal environmental factors affect recruitment success and, consequently, population 
persistence (Balon, 1984; Pecquerie et al., 2009). 

https://www.ni.bio.br/
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Among the most reproductively specialized groups of fishes, it is the subfamily 
Goodeinae (i.e., teleost fish endemic to Mexico known as splitfins) (Uribe et al., 2018). 
Specializations in this group include: modification of the anal fin (the gonopodium) 
in males, permitting internal fertilization (Turner et al., 1962); strong sexual selection, 
female choice related to male color patterns, fin size, courtship display, and body shape 
(Macías-García et al., 1994; Macías-García, Ramírez, 2005) and male choice influenced 
by female belly area, hue, and size (Méndez-Janovitz, Macías-García, 2017); and 
specialized embryonic development in the ovary whereby embryos develop a complex 
ribbon-like tissue, known as atrophotaenia, through which the interchange of nutrients 
and gases between the female and embryo takes place (Uribe et al., 2014; 2018). The 
Goodeinae includes around 40 species of small-bodied freshwater fishes found in the 
central Mexican highlands, most of them endemic or microendemic to a specific water 
body or spring (Domínguez-Domínguez et al., 2008; Lyons et al., 2019). 

Within the freshwater ecosystems of central Mexico, Lake Zacapu is considered 
a hotspot of biodiversity, hosting two introduced and 11 native species of fish in its 
small area (15 ha) (Moncayo-Estrada, 1996; personal obs.). The introduced species 
(Ctenopharyngodon idella (Valenciennes, 1844) and Cyprinus carpio Linnaeus, 1758)) have 
been largely identified as a threat to native fish in other aquatic systems (Lowe et al., 
2000; Cudmore et al., 2017; Gibson-Reinemer et al., 2017). Among the native species, 
there are seven goodeines: Catarina Allotoca (Allotoca zacapuensis Meyer, Radda & 
Domínguez-Domínguez, 2001), Bulldog Goodeid (Alloophorus robustus (Bean, 1892)), 
Blackfin Goodea (Goodea atripinnis Jordan, 1880), Olive Skiffia (Skiffia lermae Meek, 
1902), Jeweled Splitfin (Xenotoca variata (Bean, 1887)), Picotee Splitfin (Zoogoneticus 
quitzeoensis (Bean, 1898)), and Highland Splitfin (Hubbsina turneri (de Buen, 1940)). Both 
A. zacapuensis and G. turneri are microendemic to the lake (Domínguez-Domínguez et 
al., 2008). According to the International Union for Conservation of Nature and Mexican 
Federal laws, A. zacapuensis and G. turneri are Critically Endangered (CR), whilst the 
remaining five species are of conservation concern (NOM-059-SEMARNAT-2019; 
Lyons et al., 2019; IUCN, 2020). Despite the status the fishes have been poorly studied. 
Only the general biology of single species (Moncayo-Estrada, 2012), taxonomic studies 
of fish parasites (Martínez-Aquino et al., 2012), and biological integrity at a sub-basin 
level (Ramírez-Herrejón et al., 2012). 

In addition, although Lake Zacapu is considered an environmentally stable water 
body because several springs feed the system, water is extracted for urban use, and most 
of its shoreline is occupied by the town of Zacapu. As such, the ecosystems of the lake 
are under threat due to pollution and a drop in water level. This is of particular concern 
as the lake acts as a refuge for several species that have disappeared from other water 
bodies (Domínguez-Domínguez et al., 2008). 

This study aims to evaluate the reproductive cycle and to describe the annual variation 
of the sex ratio, size at first maturity, gonadosomatic index, fertility and condition factor 
in seven species of goodeines or splitfins inhabiting Lake Zacapu. According to the 
limnological characteristics prevailing at Lake Zacapu, we hypothesize that the native 
species present a combination of life-history traits (early maturity, high fertility rates, 
good condition) producing high reproductive success. The results of this study have 
important conservation implications and can be used to support specific conservation 
actions and management to maintain biological diversity in the lake and other small 
sub-tropical lake ecosystems in Mexico.
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MATERIAL AND METHODS

Study area. Lake Zacapu is a small sub-tropical lake (ca. 15 ha) located in the State of 
Michoacán, central-western Mexico, at 1980 m above sea level and is part of the Lerma-
Chapala River basin. It is considered a monomictic ecosystem with low turbidity. The 
lake is maintained by the contribution of 12 large springs, presenting a high hydraulic 
renewal (approx. five days) and high buffering capacity (Ayala-Ramírez et al., 2007; 
Domínguez-Domínguez et al., 2008; Valencia-Vargas, Escalera-Vázquez, 2021). The 
lake is one of the most important areas in central Mexico for aquatic fauna conservation, 
it is also considered homogeneous, with good water quality, and low variations in 
physical and chemical conditions spatially and temporarily (Moncayo-Estrada, 1996; 
Ramírez-Herrejón, 2008; Ramírez-Herrejón et al., 2012; Ramírez-García, Domínguez-
Domínguez, 2019; Valencia-Vargas, Escalera-Vázquez, 2021).

Field samples. We conducted sampling across an annual cycle with bimonthly 
sampling from May 2019 to March 2020 in four locations. Sampling locations covered 
different habitat characteristics that have been argued to affect the distribution of fish 
species in Lake Zacapu (Moncayo-Estrada, 1996), such as difference in the type of 
substrate, depth, location of tributaries and effluents, presence of vegetation, and human 
influence (Fig. 1).

FIGURE 1 | Location of the Lake Zacapu (Michoacán, Mexico) and study sites (A, B, C and D).

https://www.ni.bio.br/
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We used a seine net (25 m length, 1.8 m height, and 5 mm mesh size) and five 
minnow traps set for one hour per site (stainless steel, stretch mesh 0.5 cm, cylindrical, 
42 cm long, and 19 cm in diameter, with two 2.5 cm holes with inverted cone inlets). 
The fish captured were preserved in 4% formaldehyde, then they were identified, 
quantified, measured (SL, 0.01 mm), and weighed (WW, 0.001 g). Voucher specimens 
were incorporated to the fish collection at the Universidad Michoacana de San Nicolas 
de Hidalgo in Mexico (CPUM, registration key: MICH.-PEC-227-07-09). Catalogue 
numbers: A. zacapuensis (14887); A. robustus (14888), G. atripinnis (14889), S. lermae 
(14890), X. variata (14891), Z. quitzeoensis (14892), and G. turneri (14893).

Data analysis. Size structure was monthly analyzed, grouping the data into length 
ranges (Sturges, 1926). We applied Kruskal Wallis non-parametric analysis of variance, 
and Dunn (as a posteriori) tests to identify significant differences in size between months 
and species. Additionally, we used Mann-Whitney U tests (α = 0.05) to identify size 
differences between sexes for each species. These statistics were chosen because in all 
cases data were no-normal (Anderson-Darling and Shapiro-Wilk tests). We used the 
libraries MVN (Korkmaz et al., 2014) and Dunn.test (Dinno, 2017) in the program R (R 
Development Core Team, 2021, version 1.4.1106).

Gonad maturity. Estimated per month with the modification of the criteria proposed 
by Ramírez-Herrejón et al. (2007) (Tab.1).

Sex ratio. was described per site and season following the criteria of Sparre, Venema 
(1997). We established the statistical significance by fitting to a Chi-squared test (χ2, α 
= 0.05).

TABLE 1 | Gonadal maturity stages of viviparous fishes from Lake Zacapu, Mexico, modified from Ramírez-Herrejón et al. (2007)

Females Males

Phase Description Phase Description

I
Small ovaries, very thin, reaching 

less than 20% of the visceral cavity.
I

Small testes, very thin, reaching 

less than 10% of the visceral cavity.

II

Ovaries longer than in the previous 

stage, reaching less than 30% of the 

visceral cavity.

II

White testes longer than in the 

previous stage, reaching less than 

20% of the visceral cavity. More 

turgid than the last stage.

III

Ovaries with free and very small 

eggs and embryos; enclosed within 

a common membrane

III
Turgid and yellow testes occupying 

30% of the visceral cavity. 

IV

Ovary with embryos no completely 

formed, eyes of the embryos 

are not completely developed, 

occupying 50% of the visceral 

cavity. 

IV
Yellow turgid testes, occupying 

40% of the visceral cavity.   

V

Ovary with embryos completely 

develops, the membrane of the 

gonad shows visibly the embryos. 

V
Complete turgid and yellow 

opaque testes 

VI
Long ovary with no embryos, 

recovery after spawning. 
VI

Long flaccid and transparent 

testes, corresponding to semen 

ejaculation phase. 
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Size at first maturity (L50). Related to the standard length using the logistic 
regression model to fit sigmoid curves, according to the following equation M(L) = 
1/(1 + e (–aL + b)), where M(L) is the probability of an individual of being mature at a 
determinate L length, b is the intercept, and a is the slope. We used the sizeMat package 
in R to estimate the size and confidence limits derived by Bayesian inference based on 
stochastic simulation (Torrejon-Magallanes, 2020).

Gonadosomatic index (GSI). Calculated per sampling season and sex by dividing 
the gonad mass by total body mass (values in grams) × 100 (Zeyl et al., 2014). We 
analyzed the differences between months and sites with Kruskal Wallis and Dunn tests.

Fertility. We dissected the ovaries of each female and quantified embryonated eggs 
and embryos. We derived a fertility (F) model and adjusted it to the potential model 
(Holden, Raitt 1975; Schoenherr, 1977): F = a Lb, where a and b are constants in the 
potential model. We applied a correlation analysis (Pearson’s coefficient) to determine 
the relationship between size (standard length) and fertility (number of embryos).

Condition factor. Assessed with Fulton’s condition factor (K) (Froese, 2006): K = 
100 (W/L3), where W is the body wet weight (g), and L is the length (cm), and the value 
of 100 is used to bring K close to unity. As in the case of the gonadosomatic index, we 
analyzed the differences among months and sites with Kruskal Wallis and Dunn tests.

Physicochemical parameter. We measure conductivity (µs/cm), water temperature 
(ºC), dissolved oxygen (O2 mg/l), reduction oxide potential (mv), total dissolved solids 
(TDS mg/L), and hydrogen potential (pH), per month and sampling sites with a 
multiparameter probe (YSI EXO2; YSI Inc., Yellow Springs, OH, U.S.A). We applied 
Kruskal Wallis tests to describe differences among sites and months. We measured the 
relationship between the environment and reproductive features (GSI and K) with 
correlation tests (Spearman correlation, 0.05). We built Linear Models to identify which 
environmental measures (predictor variables) best explained the fish reproduction 
(response variables). We used the library Hmisc (Harrell, 2021) and the function lm in 
the R program to obtain the correlation and multiple regression, respectively.

RESULTS

In this study, we examined 112 specimens of Hubbsina turneri (72 females and 40 males), 
113 of Allotoca zacapuensis (75 females and 38 males), 188 of Alloophorus robustus (138 
females and 50 males), 278 of Xenotoca variata (303 females and 76 males), 283 of Skiffia 
lermae (159 females and 124 males), 531 of Goodea atripinnis (415 females and 116 males), 
and 972 of Zoogoneticus quitzeoensis (553 females and 419 males).

Size structure. Goodea atripinnis presented the largest range of size structure, 15.1 to 
173.0 mm in SL for females and 15.0 to 121.2 mm in males. The smallest range of size 
structure was found in G. turneri: 12.6 mm to 45.9 mm of SL in females and 17.7 mm to 
40.1 mm in males (Tab. 2). There were not significant differences in sizes among sexes 

https://www.ni.bio.br/
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in all species. Alloophorus robustus (w = 328, p = 0.403), A. zacapuensis (w = 288, p = 1), 
G. turneri (w = 337, p = 0.296), S. lermae (w = 350, p = 0.204), Z. quitzeoensis (w = 301, p 
= 0.798), G. atripinnis (w = 280, p = 0.877), and X. variata (w = 330, p = 0.391). 

There were significant differences in sizes by months and sites in Z. quitzeoensis (χ2 

= 18.2 months, p = 0.002; χ2 = 9.2 sites, p = 0.025) and A. robustus (χ2 = 13.4 months, 
p = 0.019; χ2 = 18.3 sites, p = 0.0003). There were significant differences by sites in A. 
zacapuensis (χ2 = 45.7, p = 6.447e-10) and G. turneri (χ2 = 0.6, p = 0.001) and by months in 
S. lermae (χ2 = 11.5, p = 0.04), X. variata (χ2 = 13.3, p = 0.020) and G. atripinnis (χ2 = 35.7, 
p=1.071e-06). There were not significant differences in sizes by sites in S. lermae (χ2 = 
4.2, p = 0.23), X. variata (χ2 = 1.7, p = 0.63) and G. atripinnis (χ2 = 0.3, p = 0.941) and by 
moths in A. zacapuensis (χ2 = 0.2, p = 0.99), and G. turneri (χ2 = 9.1, p = 0.102).

Gonad maturity stage. March and May showed the highest percentage of mature 
individuals (stages IV and V) for all species. In general, July, November, and January 
showed the highest percentage of juveniles (stages I, II, and III) (Fig. 2).

Sex ratio. Overall female:male ratio was significantly different from expected 1:1 
ratio in all species: A. robustus (3:1, χ2 = 41.19, p = 1.38e-10), A. zacapuensis (2:1, χ2 = 
11.11, p = 0.0005), X. variata (4:1, χ2 = 135.12, p < 2.2e-16), G. turneri (2:1, χ2 = 9.14, p = 
0.002), G. atripinnis (4:1, χ2 = 168.36, p < 2.2e-16), S. lermae (1:1, χ2 = 4.328, p = 0.037) 
and Z. quitzeoensis (1:1, χ2 = 17.74, p = 2.524e-05).

Size at first maturity. Males mature at smaller sizes than females in all the species. 
In S. lermae reproduction was found to begin at the smallest size for both sexes (29.5 ± 
5.7 mm SL in females and 25.2 ± 5.4 mm SL in males). In A. robustus reproduction was 
found to begin at the largest size for both sexes (87.4 ± 24.0 mm SL for females and 69.0 
± 17.5 mm SL for males) (Tab. 2).

Characteristics
A. robustus A. zacapuensis G. atripinnis G. turneri S. lermae X. variata Z. quitzeoensis

♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂ ♀ ♂

Range of size (SL) 

mm

22.3-

152.0 ± 

35.9

21.36-

132.0 ± 

31.3

18.3-

58.2 ± 

11.4

18.2-

47.8 

±10.1

15.1-

173.0 

±27.7

15.0-

121.23 

± 27.9

12.6-

45.9 ± 

9.2

17.7-

40.1 ± 

6.5

15.8-

45.8 ± 

7.0

15.4-

42.3 ± 

6.1

17.6-

59.9 ± 

10.4

14-93.3 

± 16.2

13.3-

50.6 ± 

9.5

12.4-

57.3 ± 

7.1

Sex ratio 3.1:1 2:1 3.6:1 1.7:1 1.3:1 4:1 1.3:1

Size at sexual 

maturity mm

87.4 ± 

24.0

69.0 ± 

17.5

40.7 ± 

3.6

39.8 ± 

4.9

65.8 ± 

17.6

65.6 ± 

20. 7

34.9 ± 

5.0

30.3 ± 

4.3

29.5 ± 

5.7

25.2 ± 

5.4

68.8 ± 

13.7

36.7 ± 

6.8

35.5 ± 

10.2

26.2 ± 

6.7

Reproductive 

peak

(GSI Index)

May 

to Jul, 

and 

Mar

May 

to Nov 

and 

Mar

Mar to 

Jul and 

Nov

May to 

Jul and 

Nov

May to 

Jul and 

Jan

Sep 

and 

Jan

May to 

Jul

Sep 

and 

Mar

May 

and 

Sep

May 

and 

Jan

May to 

Jul and 

Nov

Mar
May to 

Jul
Nov

Range of fertility

(Mean ± SD)

19-152 (62 ± 

37.1)
81-38 (25 ± 5.3)

35-198 (88 ± 

40.9)
12-32 (21 ± 5.2) 6-23 (12 ± 4.5)

12-111 (38 ± 

21.8)
5-30 (16 ± 6.7)

SL vs. Number of 

embryos Pearson 

coef. (r)

0.68* -0.13 0.43* 0.23 0.25 0.77* 0.78*

TABLE 2 | Reproductive biology information for species of goodeines or splitfins from Lake Zacapu, Mexico. *Significative Pearson 

coefficient. SD = Standard deviation.  
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Gonadosomatic index (GSI). The values of the GSI show a reproductive peak 
from May to July for all the species and both sexes. Skiffia lermae and G. turneri extend 
their reproductive peak until September. Xenotoca variata shows a second reproductive 
peak in November for females and March for males. Goodea atripinnis shows a second 
reproductive peak in November for males and in January for females. Allotoca zacapuensis 
and A. robustus show a second reproductive peak in March for females and January for 
males (Fig. 3). There were no significant differences between GSI values by months 
(Tab. 3), only in G. atripinnis did Dunn tests shows that September is different from 
other months (alpha = 0.05, p < 0.02). There were significant differences by sites in G. 
turneri and A. zacapuensis (Tab. 3).

Fertility. Skiffia lermae possess the lowest fertility value (range 6 to 23, average of 
12 ± 4.5 embryos per female). The highest fertility was found in G. atripinnis (range 
35 to 198, average 88 ± 40.9 embryos per female). We found a significant influence of 

FIGURE 2 | Gonadic maturity stages of species of goodeines in percentage (Ar = Alloophorus robustus, Az = Allotoca zacapuensis, Ga = Goodea 

atripinnis, Ht = Hubbsina turneri, Sl = Skiffia lermae, Xv = Xenotoca variata and Zq = Zoogoneticus quitzeoensis) for each month in Lake Zacapu, 

Mexico.

https://www.ni.bio.br/
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standard length of females on the number of embryos in the species X. variata (r = 0.77; 
P = 0.0001), Z. quitzeoensis (r = 0.78; P = 0.0001) and A. robustus (r = 0.68; P = 0.0001) 
(Tab. 2). Correlation was marginally significant in the species G. atripinnis (r = 0.43; P 
= 0.0001), G. turneri (r = 0.23; P = 0.31), and S. lermae (r = 0.25; P = 0.15). Whereas A. 
zacapuensis showed a marginally inverse correlation (r = -0.13; P = 0.5).

FIGURE 3 | Bimonthly variation in the average of the GSI values and temperature (tem, C°) and dissolved oxygen (DO, O
2 
mg/L), the average 

for each sampling month for females (black line) and males (gray lines) of all goodein species (Ar = Alloophorus robustus, Az = Allotoca 

zacapuensis, Ga = Goodea atripinnis, Ht = Hubbsina turneri, Sl = Skiffia lermae, Xv = Xenotoca variata and Zq = Zoogoneticus quitzeoensis) in Lake 

Zacapu, Mexico.
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Condition factor (K). Condition factors showed a similar tendency as the 
reproductive peaks of GSI values in both sexes for all the species. All the species showed 
the highest average of K during May (Fig. 4). There were no significant differences 
between the Fulton factor values by months (Tab. 3), only in G. atripinnis did Dunn 
tests shows significant differences by months (p < 0.0001). There were significant 
differences (Dunn test: alpha = 0.005, p < 0.001) by sites in G. turneri, and A. zacapuensis 
(Tab. 3).

Physicochemical water conditions. The temperature ranged from 16.0 ± 0.2 ºC 
(in January) to 20.6 ± 1.6 ºC (in September). The pH (8-9) indicated slightly basic 
water, with moderate electrical conductivity in a range from 135.9 ± 1.7 µs/cm in 
January to 155.2 ± 9.8 µs/cm in September. Total dissolved solids showed a range 
from 105.8 ± 1.9 mg/L in May to 109.9 ± 3.5 mg/L in September. Dissolved oxygen 
concentrations ranged between 10.3 ± 2.0 mg/L in September to 14.9 ± 3.1 mg/L in 
July (Tab. 4).

There were not significant differences between sampling sites in water temperature 
(χ2 = 0.3, p = 0.28), dissolved oxygen (χ2 = 4.5, p = 0.206), total dissolved solids (χ2 

= 4.9, p = 0.1788), and pH (χ2 = 0.2, p = 0.96). The Spearman correlation showed a 
significant relationship in females between GSI and the total dissolved solids in S. lermae, 
Z. quitzeoensis, and A. robustus (R2 = -0.5, p = 0.011; R2 = -0.4, p = 0.02; R2 = -0.5, p = 
0.004, respectively) and a significant relationship between the GSI and temperature in 
G. atripinnis (R2 = -0.4, p = 0.02). For the males only A. robustus showed a significant 
relationship between the GSI and temperature (R2 = -0.5, p = 0.012). 

The linear models between the environmental variables and the GSI recovered 
significant relationships in G. atripinnis:(temperature t-value= -2.7, p = 0.013; dissolved 
oxygen t-value= 2.3, p = 0.029; total dissolved solids t-value= 3.1, p = 0.005; conductivity 

TABLE 3 | Kruskal Wallis Test for GSI (gonadosomatic index) and K (Fulton’s condition factor) for each 

goodein species from Lake Zacapu, Mexico. χ2 = Chi-square value, *= significant differences.

Species Indexes
Temporal Spatial

χ2 P-value χ2 P-value 

Alloophorus robustus
GSI 7 0.22 4.4 0.22

K 3.7 0.59 14.8 0.0019

Allotoca zacapuensis
GSI 0.1 0.99 45.7 6.447e-10*

K 0.1 0.99 45.7 6.447e-10*

Goodea atripinnis
GSI 20.3 0.001* 1.0 0.78

K 21.4 0.0001* 0.1 0.98

Hubbsina turneri
GSI 5.2 0.39 17.3 0.0005*

K 4.0 0.54 17.6 0.0005*

Skiffia lermae
GSI 1.1 0.95 8.1 0.043

K 8.0 0.16 0.8 0.83

Xenotoca variata
GSI 6.2 0.28 1.8 0.60

K 8.8 0.12 0.8 0.84

Zoogoneticus quitzeoensis
GSI 3.2 0.67 2.4 0.49

K 9.7 0.08 3.9 0.27
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FIGURE 4 | Bimonthly variation in the average of K values for each sampling month for females (black line) and males (gray lines) of all 

goodein species (Ar = Alloophorus robustus, Az = Allotoca zacapuensis, Ga = Goodea atripinnis, Ht = Hubbsina turneri, Sl = Skiffia lermae, Xv = 

Xenotoca variata and Zq = Zoogoneticus quitzeoensis) in Lake Zacapu, Mexico.

t-value= -2.9, p = 0.008). In S. lermae GSI was recovered with a significant relationship 
with pH (t-value= -2.1, p = 0.045). In the case of the males no relationship was found in 
all species in the linear models.
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DISCUSSION

The present study documents the reproductive cycle of seven native splitfin species of 
the Goodeinae subfamily in a sub-tropical lake in Central Mexico. The favorable and 
stable environmental condition that Lake Zacapu provides to the species of splitfins 
(shallow, monomythic, fed by springs, subtropical ecosystem, high food availability; 
Moncayo-Estrada, 1996; Ayala-Ramírez et al., 2007; Domínguez-Domínguez et al., 
2008; Valencia-Vargas, Escalera-Vázquez, 2021) could be related to high reproductive 
success. These environmental features, contrast to those experienced by the same species 
or other species of the same subfamily in other water bodies in Central Mexico (Tab. 
2) (Mendoza, 1962; Ramírez-Herrejón et al., 2007; Cruz-Gómez et al., 2013; Ramírez-
García et al., 2020). 

Xenotoca variata and G. atripinnis show size dimorphism, with X. variata the most 
dimorphic (males are smaller than females) and the species with the brightest coloration. 
This sexual dimorphism in size has been shown in other species of goodeines (i.e., splitfins) 
(Ritchie et al., 2007). Several hypotheses have tried to explain these differences: Firstly, 
relating to the energetics, a greater investment in testes and sperm production leading to 
smaller males (Wootton, Smith, 2014). Secondly, the loss of feeding opportunities and 
extra-spend energy in species with active courtship in males leading to smaller males, as 
demonstrated in Darkedged Splitfin (Girardinichthys multiradiatus (Meek, 1904)) (Macías-
García, Valero, 2010). Thirdly, ontogeny considerations (developmental constraints 
hypothesis), selection should favor prolonged development, but if juvenile mortality 
exceeds adults, selection for survival should favor rapid development and maturation at 
a smaller size. If reproductive success is not positively correlated with body size in males, 
this selection for early maturation will dominate among males, leading to protandry 
and female-biased size dimorphism (Fairbairn, 1990). Fourth, an indirect consequence 
of the mating systems (Magurran, Macías-García, 2000), for example, males maneuver 
better at the smaller size when trying to copulate (Clutton-Brock, Parker, 1995). Fifth, 
predation has also been related to size dimorphism. Laboratory experiments in X. 
variata demonstrate that specimens with more marked secondary sexual traits, such as 

TABLE 4 | Physical and chemical water characteristics in Lake Zacapu, Michoacán, Mexico. Tem = water temperature (°C), DO = dissolved 

oxygen (O
2 
mg/L), pH = potential for hydrogen, TDS = total dissolved solids (mg/L), Cond = conductivity (µs/cm). SD = Standard deviation. 

Parameter
May

Mean ± SD

Jul

Mean ± SD

Sep

Mean ± SD

Nov

Mean ± SD

Jan

Mean ± SD

Mar

Mean ± SD

Tem 18.2±0.6 18.7±0.8 20.6±1.6 17.9±0.8 16.0±0.3 19.4±0.9

Min-max 17.3-18.8 17.9-19.8 18.6-22.1 17.1-18.9 15.5-16.1 18.3–20.5

DO 13.7±3.8 14.9±3.1 10.3±2.0 12.3±1.7 12.4±1.9 12.5±2.1

Min-max 9.4–18.6 10.7–17.5 8.6–13.1 11.1–14.9 9.9–14.5 9.9–14.6

pH 9.2±0.5 8.0±0.2 8.3±0.3 8.4±0.2 8.3±0.2 8.9±0.1

Min-max 8.8-10 7.8–8.2 8.2–8.5 8.2–8.6 8.2–8.5 8.7–9.0

TDS 105.8±1.9 106.4±2.3 109.9±3.5 107.7±1.4 107.0±1.4 106.0±2.6

Min-max 104.8–108.3 104.2–108.9 107.6–115.3 105.8–109.2 105.9–109.0 103.4–109.8

Cond 141.7±3.9 143.9 5.7 155.2±9.8 143.5±4.2 135.9±1.7 146.1±6.2

Min-max 136.7–145.7 138.9–151.0 145.4–167.8 138.8–148.8 134.21–138.2 141.1–154.6
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a conspicuous distal edge yellow band in males, may increase predation risk (Moyaho 
et al., 2004). Species with the bright yellow band suffer more damage in this area, and 
consequently, as more tissues must be regenerated, they gain mass more slowly (Macías-
García, Ramírez, 2005). 

The observed proportion of females was greater for most studied species from Lake 
Zacapu. Sex ratio generally favors females in wild populations to ensure the offspring 
(Wootton, Smith, 2014). These sexual differences have frequently been attributed to 
foraging behavior and male-biased high predation mortality (Rodd, Reznick, 1997). 
In goodeines, which show strong sexual dimorphism in appearance (males more 
colorful or/and ornamented than females) and behaviour (with the males undertaking 
an elaborate courtship to persuade the female to copulate), males are more prone to 
predation (Macías-García et al., 1994; Macías-García, Valero, 2010), all these features 
are similar to poeciliids (Magalhães, Jacobi, 2017). It has been demonstrated that 
individuals with more secondary sexual traits may be at an increased risk of predation, 
especially in clear waters where prey fish can be easily identified by predatory fish, 
reptiles, and wading birds (Macías-García et al., 1994; Moyaho et al., 2004). The sexual 
dimorphism and courtship behavior of goodeines in combination with the high-water 
transparency of Lake Zacapu (> 120 cm), could promote male-biased predation and 
consequently observed sex ratio biased to females in the seven studied species, as have 
been previously explained for Girardinichthys multiradiatus (Macías-García et al., 1998), 
and poeciliid species, such as the guppy Poecilia reticulata, black molly Poecilia sphenops, 
Yucatan molly Poecilia velifera, green swordtail Xiphophorus hellerii, southern platyfish 
Xiphophorus maculatus, variable platyfish Xiphophorus variatus (Rodd, Reznick, 1997; 
Magalhães, Jacobi, 2017) and Gambusia holbrooki (Kahn et al., 2013). 

An important factor that could be related to reproductive success is food availability. If 
food availability is limited or environmental conditions are unfavorable for reproduction, 
females animals have lower fertility rates than predicted and/or reproduce at smaller 
sizes (Lombardi, Wourms, 1988; Hollenberg, Wourms, 1994; Wootton, Smith, 2014; 
Magalhães, Jacobi, 2017). Food availability is especially important in viviparous fishes 
(Trexler, DeAngelis, 2003; Tobler, Culumber, 2018). Goodeines are matrotrophic, 
with the embryos growing up to 38,700% after yolk absorption (Hollenberg, Wourms, 
1995), nourished through a placenta-like structure connecting the embryo lower gut 
to the mother’s ovarian cavity (Macías-García, Valero, 2010). Therefore, the nutrition 
condition of the female (related to food availability; Reznick et al., 1996; Wourms, 2005; 
Trexler, DeAngelis, 2003), is closely linked to the quality and quantity of embryos 
(Blackburn, 2005; Uribe et al., 2018). An indicator of the nutrition condition of a species 
is the Fulton factor (Hutchings, Gerber, 2002). We found that developing embryos 
increased more in mass and volume in the most robust individuals (highest Fulton factor), 
leading to an increase in the female reproductive allocation (Fig. 4). In Lake Zacapu, 
fishes reach sexual maturity at larger sizes and have higher fertility rates compared to 
fish in other aquatic systems (Mendoza, 1962; Navarrete-Salgado et al., 2007; Ramírez-
Herrejón et al., 2007; Cruz-Gómez et al., 2011; Gómez-Márquez et al., 2013; Ramírez-
García et al., 2020). The higher food availability and stable habitat conditions in Lake 
Zacapu (Valencia-Vargas, Escalera-Vázquez, 2021) may lead to an increased rate of 
development of individuals, compared to the members of the same species in other 
habitats. For example, Lake Patzcuaro is a eutrophic lake with low transparency, high 
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wastewater discharges, and low food availability (Mendoza, 1962; Ramírez-Herrejón 
et al., 2014), and Teuchitlán river, is a system with high dominance of exotic species, 
completely modified by human settlements, highly polluted and with low availability 
of food (Ramírez-García et al., 2020; Hernández-Morales et al., 2020; Mar-Silva et al., 
2021). In Lake Zacapu relative to in other habitats, goodeines could use more energy 
for growth and offspring nutrition (Wootton, 1998), resulting in higher fertility rates. 
Previous studies in the Teuchitlan River, a system with high anthropic pressures (e.g., 
pollution, introduction of non-native species and habitat modification), and low food 
availability, (Herrerías-Diego et al., 2018; Hernández-Morales et al., 2020; Mar-Silva 
et al., 2021) show that species of goodeines, including G. atripinnis and Z. purhepechus, 
mature at lower size and present lower fertility rate relative to Lake Zacapu (Ramírez-
García et al., 2018, 2020). Consequently, the unfavorable conditions of Teuchitlan River 
could be causing the species to produce offspring early in life but in low numbers 
(Ramírez-García et al., 2020).

It has been frequently found that hydrologic variability and environmental variables 
affect reproduction in fish in different aquatic ecosystems (Mims, Olden, 2012). 
Temperature, pH, and dissolved oxygen are closely linked to reproductive periods in 
different species of viviparous fishes, such as poeciliids (Gómez-Márquez et al., 1999, 200, 
2016; Ramírez-García et al., 2018) and goodeines (Mendoza, 1962; Moncayo-Estrada, 
1996, 2012; Ramírez-García et al., 2020). Although in the species studied, we found the 
same two reproductive peaks, one in spring (April to June) and other in fall (September to 
November) as have been found for other goodein species (Ramírez-Herrejón et al., 2007; 
Cruz-Gómez et al., 2013; Silva-Santos et al., 2016; Ramírez-García et al., 2020), in general, 
our results did not find a relationship between the reproductive peaks and environmental 
variables, except for G. atripinnis and A. robustus (Fig. 3). The lack of correlation between 
environmental variables and reproduction could be explained to a variety of factors: In the 
past, the wider Zacapu region (Fig. 1) was a swamp area of 15,000 ha fed by several springs. 
At the beginning of the 20th century Zacapu was dried out for agricultural purposes, 
and currently the remaining wetland constitutes 15 ha of lake (Lake Zacapu) fed by 12 
springs, which promote high water turnover (Zubieta-Rojas et al., 2005) which give to 
the waterbody more stable and homogenous physicochemical conditions in space and 
time than other aquatic ecosystems (Tab. 4) (Moncayo-Estrada, 1996; Ayala-Ramírez et 
al., 2007; Domínguez-Domínguez et al., 2008; Valencia-Vargas, Escalera-Vázquez, 2021). 
In this case, there is the possibility of reproductive resilience of the fish species (Lowerre-
Barbieri et al., 2015), to adapt to changing conditions to maintain the level of reproductive 
success needed to result in long-term population stability in abundance but not changing 
its key traits, such as reproductive periods, despite the desiccation of the wider Zacapu 
wetland and the expected homogenization of the physicochemical parameters given the 
high water exchange resulting from the contribution of the 12 springs that feed the lake. 
Another possibility to explain the lack of correlation between environmental variables 
and reproduction may be linked to viviparity, a common reproductive strategy of the 
studied species. Since eggs and embryos develop inside the female’s body, they are less 
influenced by several external environmental conditions. Also, the physiological and 
energetic cost associated with the gestation period (Wourms, 1981; Lombardi, Wourms, 
1988) could force females to undertake a period of rest or recovery before becoming 
pregnant again, leading to the appearance of two reproductive peaks. This hypothesis is 
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supported by controlled experiments, whereby two reproductive periods with a consistent 
time between them have been found in matrotrophic species in captivity (Mendoza, 1962; 
Silva-Santos et al., 2016). One final possibility is that we simply have not included in our 
study the environmental variables that may be related to the reproductive periods of the 
studied species.

Goodeines or splitfins from Lake Zacapu show high reproductive effort, and 
favorable reproductive tactics: Female biased sex ratios, early maturity at small sizes, and 
females reach larger sizes than males, thus increasing their fertility with a large number 
of embryos. Additionally, the reproductive strategy (viviparity-matrotrophy) of the 
goodein species helps to promote this reproductive success together with the favorable 
conditions that Lake Zacapu offers to the species. Although Zacapu Lake is a protected 
area (Zubieta-Rojas et al., 2005), the conservation strategies included in the management 
plan must be implemented. We recommend some conservation management strategies 
to protect aquatic biota in Lake Zacapu: regulate the water extraction from the lake 
and recharge basin; urban development plan on the shore of the lake that prioritizes 
the conservation of the lake system, lakeshore restoration program, cessation of water 
pollution in Lake Zacapu, and through environmental restoration, increase the wetland 
areas in Lake Zacapu, cessation of the reintroduction of non-native species, including 
translocation from neighbor areas.
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