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Abstract

:

The totoaba (Totoaba macdonaldi) is a sciaenid (croaker) fish endemic to the Gulf of California with high commercial importance. Because it was considered at risk of extinction (since 2021 it was reclassified as vulnerable by the IUCN), and aquaculture procedures were developed for restocking and commercial purposes. The present study was conducted with the hypothesis that the early stages of totoaba present depensatory individual growth and an observed variance-at-age modelling approach is the best way to parametrize growth. Ten models were tested including asymptotic, non-asymptotic, exponential-like, and power-like curves including a new one that represents a modification of Schnute’s model. The model that best described the growth trajectory of larval and early juveniles of T. macdonaldi in a controlled environment is a sigmoid curve with two inflexions, related to changes in the feeding regime.
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Key Contribution: Researchers and entrepreneurs interested in cultivating totoaba will now have a good idea of how larvae grow and what to expect under the laboratory conditions similar to the ones we report. our work represents the first modelling exercise for totoaba larval growth using state-of-the-art statistical techniques based on information theory.










1. Introduction


The totoaba, Totoaba macdonaldi [1], is a sciaenid species (Teleostei: Sciaenidae) endemic to the Gulf of California. With a maximum length of 2 m, up to 100 kg total weight, and longevity of 27 y [2], it is the largest fish of its family. Totoaba sustained an important commercial fishery that started in the 1920s primarily to collect the swim bladder o maw. The swim bladder is locally named “buche” by Spanish speaking fishers, albeit the word is not an exact translation of swim bladder. Swimming bladders were dried and exported to China where it was considered a delicacy. Along with the swimming bladder market, a commercial meat trade to the United States also developed and became the primary driver of the legal fishery from the 1940s to the 1970s. The commercial fishery rapidly rose and in 1942 the catch peaked at 2261 metric tons. Fishers caught particularly large amounts of totoabas because annually the fish congregate to spawn in the Colorado River Delta and Upper Gulf of California. Catches declined by over 97% to less than 100 tons per year by the 1970s. Based on declining recorded catch, the totoaba commercial fishery was banned in 1975. In 1976 the totoaba was recorded as endangered in the Mexican federal list of species of interest [3]. Due to efforts of Mexican government and academic institutions to save the totoaba, in 2021 it was reclassified as vulnerable by the International Union for Conservation of Nature (IUCN) [4].



The full life cycle under laboratory conditions has been completed [5]. The original driver for producing totoaba larvae and juveniles was a restocking program. Since 1994, this program has operated through a hatchery working as Environmental Management Unit for Wildlife Conservation (UMA, Spanish acronym) at the Autonomous University of Baja California in Ensenada and San Felipe (Baja California). In 2014, the Aquaculture Institute of the State of Sonora in Kino Bay initiated the production and restocking of captive-bred totoaba, followed by Earth Ocean Farms, a private company in the year 2016. Procedures for brood stock capture, maturation, spawning, larval rearing and juvenile growth-out are completely controlled [6]. Since the early 1990s, institutions have released altogether over 400 thousand juveniles into the wild as part of the restocking program for totoaba conservation, but further study is needed to understand the impact of these releases. They have also provided totoaba juveniles to farming companies and research institutions.



Determining individual growth patterns (length or weight increase over time) allows to understand and improve juvenile fish performance in laboratory rearing operations. Observed size increments are used to parametrize a growth model usually through numerical techniques using regression, likelihood, or Bayesian methods. Likelihood-type fits generally assume normal or log-normal error distributions with constant variance, which has been questioned [7] because variability of length-at-age is commonly found in fish growth studies. Several fitting approaches using variability-at-age have been proposed both for wild [8] and cultured fishes [9].



In the mariculture of fishes, during post larval and early juvenile stages, size grading is a common practice to reduce effects of the common and significant size disparity among individuals of the same age [10]. This practice optimizes feeding rates and reduces cannibalism occasioned by size differences [11]. The term "growth depensation" is used when size variability-at-age increases with age [12]. The reasons why these differences in individual growth occur are not well known; they can be of genetic origin or result of differences in feeding efficiencies or sex-related differential growth [13,14]. In statistical analysis, increasing variability with increasing size is known as multiplicative error; the variance is large when size is large and vice versa [15]. In growth studies when variability-at-size increases with age, models can be parametrized assuming multiplicative errors. Currently, it is commonplace to fit and parametrize growth models considering variability-at-age rather than constant variance, using the growth depensation approach [12] or the observed variance approach [8,9].



It is now common practice to use several “competing” models to describe observed growth in fishes [16,17,18]. The best model is then selected using coefficient of determination, sum of squared errors or information theory. Reference [16] introduced the multi-model approach (MMA) using the Akaike Information Criterion (AIC) to select the most parsimonious and information-rich model given observed growth data; this approach is now wide-spread in growth studies of fishes, crustaceans, and mollusks. Reference [19] suggested using alternative statistical criteria in selecting individual growth models in fishes. Reference [20] used AIC and Bayesian Information Criterion (BIC) and found both criteria to yield the same hierarchal order in the set of competing models. The slight differences in AIC and BIC are in the penalizing factor of the number of parameters (see reference [21] for a comprehensive explanation).



Based on the behavior of the observed data, the present modelling study was conducted with the hypothesis that the early stages of laboratory reared totoaba exhibit a depensatory individual growth. The study has the following objectives: (1) show how laboratory-reared larvae of the marine fish T. macdonaldi exhibits evidence of growth depensation, (2) analyze the early growth performance of totoaba using a multi-model approach, and (3) introduce a modification in Schnute model to represent early stages of growth in fishes.




2. Materials and Methods


2.1. Ethical Statements


Our study followed the management and cultivation ethical statutes that are mandatory in the activities of the Center for the Reproduction of Marine Species of the State of Sonora (CREMES, Spanish acronym) on the protection of laboratory animals. The optimal conditions were used for the conservation and good care of fish larvae.




2.2. Obtaining the Stock and Culture Conditions


A total of 130,000 viable eggs of T. macdonaldi from a brood stock kept in captivity, were obtained through a donation by CREMES. Induction of maturation was achieved through thermal stimulation and photoperiod simulating the seasonal conditions for their reproduction. Spawning was induced by a hormonal implant of ethylamine acetate hydrated salt [des-Gly10, D-Ala6]-LHRH Fish Physiol Biochem 123 (SIGMA), placed in the post-dorsal fin area.



Fertilized eggs (positively buoyant) were collected and separated from the rest by decantation using plastic tubes with a capacity of 1 L, washed with filtered seawater and placed for incubation in a tank with a capacity of 3000 L, at a density of 65 eggs/L. The eggs were counted using the volumetric method described by reference [22]. The incubation was done at an average temperature of 22 °C while the rest of the rearing was conducted with rising temperatures according to the environmental conditions of the outdoor environment. Salinity remained constant at 36 psu. Feeding was provided according to laboratory protocols and consisted of live feed (microalgae, rotifers, Artemia nauplii) during the first 30 days post-hatching (DPH), and formulated feed (micro pellets) from 31 until 40 DPH. Temperature, salinity, and dissolved oxygen were recorded daily with a multiparameter YSI Mod 556 MPS.




2.3. Growth


For the egg stage, observations during the first 24 h after spawning were done at two-hour intervals. 24 h is the hatching time of totoaba eggs [23]. Two samples of at least 10 viable eggs were taken in each bi-hourly sample, fixed in 3% formalin and 90% alcohol for further analysis.



Once the larvae hatched, samplings were spread out every four hours during the first 23 days post-hatching (DPH). From 24 to 27 DPH, sampling was done every six hours, and from DPH 28, every 12 h until 40 DPH. In each sampling, at least 20 live organisms were collected; these were photographed fresh using a Motic NC 40 stereoscope with 6× magnification and an integrated camera. The larvae were fixed in equal parts in solutions of 3% formalin and alcohol at 90% for further analysis. The larval total length (TL) was obtained from electronic measurements in the photographs taken with the specialized software Mi Motic Plus 2.0 ML.




2.4. Database


For the formation of the data pairs (age-size), hatching size was the initial size at day zero of the culture. Considering that the sampling periodicity was not continuous, data were grouped per day. To complement the database and strengthen the analysis of larval totoaba growth during their early stages, an exhaustive search was done for information in the published literature that reported growth, preferably under different environmental conditions. The bibliographic data was obtained through digitization using software available online (WebPlotDigitizer 4.6).




2.5. Modelling


A set of ten models (Table 1) were tested using observed length-at-age data to determine which fitted best to growth data of the early stages of totoaba. The von Bertalanffy growth function (VBGF) is the most commonly used model, whereas the logistic has been considered effective to describe growth in farmed tilapia [24]. Both models display monotonic asymptotic size-at-age; however, fish larvae do not grow asymptotically. Therefore, in the present work, a power function, the Tanaka model [25], the persistence model [26] and the extended power models were considered candidates to describe growth [27]. The last two models behave as an age-dependent power function; the Tanaka model is quasi-sigmoid and does not have asymptotic limits [25]. The model of reference [28] was also considered in the set of candidate growth models. This versatile function includes shape parameters that can yield asymptotic, non-asymptotic and power curves. Four cases of the general Schnute model were considered, including a new version, the exponential of Schnute case 1 (Exp-Schnute):


   L t  =  e   L 1    b       ∗ e     [   (   L 2    b  −  L 1    b   )    1 −  e  − a  (  t −  τ 1   )      1 −  e  − a  (   τ 2  −  τ 1   )       ]     



(1)







Hence, the complete set of models includes the most likely forms in the early life stages of fish growth. The equations (except for the new one introduced in this paper) are all well-known and can be found in [8,18,27,29]. Growth was analysed assuming increasing variance-at-length. Models were fitted using the following objective function [12]:


  − L L  (   ∅ i  | d a t a  )  =   ∑  i   [    l n  (  2 π  σ i 2   )   2  +      (   l i  −    l i 2   ^   )   2    2  σ i 2     ]     



(2)







The observed variance-at-age was estimated as:


  σ =    1 n   ∑     (  L  t  o b s e r v e d   − L  t  c a l c u l a t e d    )   2       



(3)







For each model, parameter estimates were obtained minimizing the objective function using the Newton algorithm [30].




2.6. Model Selection


The most plausible model was selected using the Bayesian Information Criterion [20], BIC = 2-LL + ln(n)K, where -LL is the negative log-likelihood, n is the total pairs of age-length data used, and K is the number of parameters in each model. The model having the lowest BIC value was chosen as the most plausible. Differences in BIC values Δi = BICi -BICmin were estimated for all models tested and the weight of evidence in favour of each model was estimated using the following equation [21]:


     w i  =   e x p  (  −  1 2   ∆ i   )      ∑   i = 1   10   e x p  (  −  1 2   ∆ i   )       



(4)









3. Results


3.1. Growth


A total of 1390 individuals were measured in length over 40 days. The data showed how size disparity with age, both raw (Figure 1A) and daily averaged data (Figure 1B). The duration in days for each stage of the larval culture (Figure 1A) and the changes in the feeding regime throughout the culture (Figure 1B) are shown. These results support evidence of growth depensation in early stages of cultured totoaba and the increasing response of the growth rate and the variance in different stages of ontological development, as well as changes in food offered (Figure 1C).




3.2. Model Selection


The best model given the data was Exp-Schnute, which showed a sigmoid shape (Figure 2). We caution that even when this was the best model, data from the last two days (39- and 40-days post-hatching) could not be captured by this or any other model. The plausibility computed was 100% (Table 2); for comparison purposes, the most meaningful curves are presented (Figure 3). Only the Tanaka and Exp-Schnute fits showed sigmoid mean length-at age. Six models exhibited an exponential-like curve, and two models followed a power shape.




3.3. Growth from Literature


Figure 4 summarizes the growth data found in the literature; it shows the growth of early stages of totoaba under laboratory conditions with diverse objectives. The data are for different days post-hatching (DPH); the longest period was 45 DPH but started at 4 DPH [31]. One study was run only from 20 to 40 DPH [32] and growth resulted in a straight line. Larvae in three studies [31,33,34] and our data exhibited a similar growth until 14 DPH (Figure 4).





4. Discussion


Modelling growth of larval fish stages in culture conditions is not a common practice; most frequently, information used to record development is initial and final weight or length [34]. On occasions, studies show a graphic of growth (e.g., [35]). Reference [20] has shown that a more informative way to describe the growth patterns in cultivated organisms is to fit observed data to a model. This allows for accurate interpolation of size at any time in the observation range, not just when the data were obtained (interpolations are not recommended without fitting a model). However, selecting the adequate model remains a complicated issue for many biologist; this is discussed in more detail in subsequent paragraphs.



There is no single report in peer reviewed or grey literature where growth is modelled for the larval stage for totoaba or any other fish species. The study of reference [36] includes a curve of growth in length and adds an exponential equation to the figure. Reference [37] divided the growth curve into two separate periods, the first from 0 to 16 days-post hatching (DPH) and a second from 17 to 45 DPH and describe each period with linear regression; these two studies are not very helpful to understand totoaba larval growth because, as shown here, growth is a smooth, continuous process. Our results show that the raw data described a power-like growth; a closer look suggested a sigmoid curve with two inflection points. Reference [38] studied the meagre Argyrosomus regius over 32 DPH. They suggested a quasi-sigmoid curve with two inflection points, the second at 30 DPH, similar to what was found in the present work. Our study indicates that the early stages of totoaba are best described by a sigmoid curve; this result might apply for sciaenid fishes in general. Further, reference [37] conducted a study on Cursivas during 45 DPH; they established a first period from 0 to 16 DPH and a second from 17 to 45 DPH. Both linear regressions yielded an r2 over 0.95. In the present study with totoaba, we also studied these two periods separately, but we do not present the results. For the first period, from 1 to 16 DPH, a linear regression was obtained with r2 = 0.7425 (L = 0.2292 × DPH + 1.9668); for the second period, from 17 to 40 DPH, r2 = 0.9288 (L = 2.158 × DPH − 31.152). Results of reference [36] are similar to those in Figure 3 of the present study. Six models follow an exponential curve, but the best-fit model was the sigmoid shape Exp-Schnute.



Our results show that the early somatic growth of totoaba up to 38 days post-hatching (DPH) displays two inflexion points: between ca. 16–18 DPH, and ca. 31–33 DPH. These features were observed in the original data and are presented here for the first time and are also captured by the winning model (up to 38 DPH). The inflexion points may reflect the timing of a well-developed digestive tract in the larvae of fishes and as result the weaning success. Reference [35] conducted a study with totoaba that included the weaning at 17, 22 and 27 days-post-hatching (DPH). Between 3 and 5 DPH the totoaba larvae already have developed their digestive tract, and at 17 DPH larvae were weaned onto commercial diets. Furthermore, by 20–24 DPH larval totoaba have a completely functional and developed digestive system based on measured activity of the proteases trypsin, chymotrypsin, and pepsin [36]. In the present study, the formulated feed (weaning) started at 31 DPH; as result, the second inflection point was evident at 32–35 DPH. Empirical data suggests that at 36 DPH totoaba had completed weaning, whence larvae entered a new growth phase.



Sound model fit of empirical data is a desirable way to describe growth patterns in aquaculture [20]. This facilitates interpolation of growth at a given age within the observed range. Selecting the most plausible model is still challenging for some biologists. A single model such as von Bertalanffy growth function is most commonly used to estimate growth parameters of different cultivated fishes. However, contrasting multiple models has become common practice [9,17,24,27] addressing the question: which models must be considered, asymptotic, or non-asymptotic? For the spotted rose snapper (Lutjanus guttatus, Steindachner 1869) farmed in marine cages, [9] chose 10 models including asymptotic, non-asymptotic and bounded. To our knowledge, multiple growth models had not been tested for the early stages of any fish species.



Reference [28] introduced a generalized, versatile model to evaluate individual growth that can include many alternative equations and researchers further modified the Schnute model to describe a specific patterns of the species under study. In our case, only the Tanaka model was able to describe the growth data of totoaba larvae and juveniles. The new equation, called Exp-Schnute, not only improved the Tanaka model but also obtained the best performance. This modification captures the biological principle of growth acceleration: the equation resulted in a sigmoid-shaped growth curve with a larval period of accelerated development followed by reduced growth rate. As mentioned, this seems to be related to a change from live to formulated feed. Albeit the proposed equation might generate discussion, our main objective is to provide a simple example whereby changing an existing growth model might yield comprehensive understanding of growth drivers. We expect that in future studies of early fish stages the Exp-Schnute be confronted with other growth models.



Size variability within individual fish of the same age may result of genetic differences in growth potential, or differential food accessibility. Fish weaning is considered a bottleneck to completely control a rearing biotechnology [36]. Dominant (larger or more active) fish can control access to food for “subdued” individuals; the former will display a better growth performance than the latter. Such differences in growth rate usually either rise or fade with age. Growth depensation will occur when growth potential accumulates in some or several individuals, so that larger fish will do better than smaller ones. Growth compensation will ensue if larger individuals reach a size limit and smaller fish catch-up in size. Constant growth-at age variability will result if depensation and compensation processes balance each other [39].



Most growth studies for either wild or cultivated animals assume constant variation-at-age and a priori fail to consider growth depensation or compensation when this might be a pervasive feature. Individual variability-at-age should be accounted to parametrize models for a better result [12]. This approach has been used both for wild fishes [8] and cultivated fishes [9], concluding that this must be a common practice. In the present study we used such approach; further insights and discussions are provided in references [8,9]. References [10,11] reported a very significant size disparity among fishes of the same age under cultured conditions for early stages of L. guttatus. In the present study with totoaba, individual variability increased with age, supporting the hypothesis of growth depensation as described by reference [12]. This justifies the model parametrization considering multiplicative error, depensation approach or observed variance as proposed by reference [8]. Considering observed variance resulted in the best parametrization as compared to alternative assumptions [8,9]. It is recommended that, at least for sciaenid fish, the density of the culture be reduced to avoid depensatory individual growth and prevent cannibalism.



Our model is a heuristic tool useful as it captures the main features observed in early totoaba larval growth data under the specific conditions that we used in our culture setting, except for the last two days, for which further analysis is needed. Our model captured two inflection points which might be related to physiological aspects of the species under our cultivation conditions. Further investigation is needed to ascertain if the growth observed in controlled conditions reflects early growth in wild totoaba, and whether this is driven by genetics or environmental aspects.




5. Conclusions


We highlight three important results of the present work: (1) the best model to describe the growth trajectory in the earliest stages of Totoaba macdonaldi in a farmed environment is a sigmoid-shaped curve. (2) The results support evidence of growth depensation in early stages of cultured totoaba and growth depensation leads to the application of a very high-performance objective function to analyze individual length-at-age variability. (3) Our data and model fitting indicate that early larval totoaba up to 38 days post-hatching (DPH) displays increasing length-at age variance and two inflexion points: the first between 16 to 18 DPH and the second between 31 to 33 DPH. Although explanations for increasing variance and the two inflexion points need further research, our results have meaningful practical implications for researchers and people interested in cultivating totoaba.







Author Contributions


Conceptualization, M.V.C.-B. and E.A.A.-N.; methodology, M.V.C.-B., E.A.A.-N. and M.Á.C.-M.; software, E.A.A.-N. and M.Á.C.-M.; formal analysis, E.A.A.-N., M.V.C.-B., G.R.-D., and M.Á.C.-M.; data curation, M.V.C.-B., E.A.A.-N., G.R.-D. and M.Á.C.-M., original draft preparation, E.A.A.-N., M.Á.C.-M., L.S.-V., S.P.A.J.-R., A.P.-S.; writing—review and editing, E.A.A.-N., M.Á.C.-M., L.S.-V., S.P.A.J.-R., A.P.-S.; supervision, E.A.A.-N. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data unavailable due to privacy restrictions.




Acknowledgments


Thanks are due to CONACYT for the scholarship awarded to Marcelo V. Curiel-Bernal (CVU: 1000382). To the staff of the Marine Species Reproduction Center of Aquaculture Institute of Sonora State (CREMES for its Spanish acronym) for providing eggs and facilities to conduct the larval growth study. To the Taxonomy Laboratory of the Interdisciplinary Center for Marine Sciences for training in morphometry and support in measuring larvae. We also thank Edgar Alcantara Razo, from CIBNOR-Guaymas Applied Ecology and Fisheries lab for aid in data acquisition and curation.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gilbert, C.H. A preliminary report on the fishes collected by the streamer “Albatross” on the Pacific coast of North America during the year 1889, with descriptions of twelve new genera and ninety-two new species. Proc. US Natl. Mus. 1890, 13, 49–126. [Google Scholar] [CrossRef]

	



De Anda-Montañez, J.A.; García-de León, F.J.; Zenteno-Savín, T.; Balart-Páez, E.; Méndez-Rodríguez, L.C.; Bocanegra-Castillo, N.; Martínez-Delgado, M.E. Estado de Salud y Estatus de Conservación de La(s) Población(es) de Totoaba (Totoaba Macdonaldi) en el Golfo de California: Una Especie en Peligro de Extinción; Informe Final, SNIB-CONABIO. Proyecto Núm. hK050. Centro de Investigaciones Biológicas del Noroeste, S.C., Baja California Sur. 2013. Available online: http://www.conabio.gob.mx/institucion/proyectos/resultados/InfHK050.pdf (accessed on 1 February 2023).

	



Barrera-Guevara, J.C. The conservation of Totoaba macdonaldi (Gilbert), (Pisces: Sciaenidae), in the Gulf of California, Mexico. J. Fish Biol. 1990, 37, 201–202. [Google Scholar] [CrossRef]

	



Cisneros-Mata, M.A.; True, C.; Enriquez-Paredes, L.M.; Savody, Y.; Liu, M. Totoaba macdonaldi. The IUCN Red List Threatened Species 2021: e.T22003A2780880. Available online: https://dx.doi.org/10.2305/IUCN.UK.2021-2.RLTS.T22003A2780880.en (accessed on 1 February 2023).

	



Giffard-Mena, I.; Hernández-Montiel, A.H.; Pérez-Robles, J.; True, C.D. Effects of salinity on survival and plasma osmolarity of Totoaba macdonaldi eggs, larvae, and juveniles. J. Exp. Mar. Biol. Ecol. 2020, 526, 151339. [Google Scholar] [CrossRef]

	



True, D.C. Desarrollo de la Biotecnología de Totoaba macdonaldi. Ph.D. Thesis, Universidad Autónoma de Baja California, Ensenada, Mexico, 2012. [Google Scholar]

	



Chen, Y.; Fournier, D. Impacts of atypical data on Bayesian inference and robust Bayesian approach in fisheries. Can. J. Fish. Aquat. Sci. 1999, 56, 1525–1533. [Google Scholar] [CrossRef]

	



Curiel-Bernal, M.V.; Aragón-Noriega, E.A.; Cisneros-Mata, M.Á.; Sánchez-Velasco, L.; Jiménez-Rosenberg, S.P.A.; Parés-Sierra, A. Using Observed residual error structure yields the best estimates of individual growth parameters. Fishes 2021, 6, 35. [Google Scholar] [CrossRef]

	



Castillo-Vargasmachuca, S.G.; Aragón-Noriega, E.A.; Rodríguez-Domínguez, G.; Martínez-Cárdenas, L.; Arámbul-Muñoz, E.; Burgos Arcos, Á.J. The standard deviation structure as a new approach to growth analysis in weight and length data of farmed Lutjanus guttatus. Fishes 2021, 6, 60. [Google Scholar] [CrossRef]

	



Abdo-de la Parra, M.I.; Rodríguez-Ibarra, E.; Rodríguez-Montes de Oca, G.; Velasco-Blanco, G.; Ibarra-Casto, L. Estado actual del cultivo de larvas del pargo flamenco (Lutjanus guttatus). Lat. Am. J. Aquat. Res. 2015, 43, 415–423. [Google Scholar] [CrossRef]

	



Ibarra-Castro, L.; Ochoa-Bojórquez, M.O.; Sánchez-Téllez, J.L.; Rojo-Cebreros, A.H.; Alvarez-Lajonchere, L. A new efficient method for the mass production of juvenile spotted rose snapper. Lutjanus Guttatus. Aquac. Rep. 2020, 18, 100550. [Google Scholar] [CrossRef]

	



Restrepo, V.R.; Diaz, G.A.; Walter, J.F.; Neilson, J.D.; Campana, S.E.; Secor, D.; Wingate, R.L. Updated estimate of the growth curve of western Atlantic bluefin tuna. Aquat. Living Resour. 2010, 23, 335–342. [Google Scholar] [CrossRef]

	



Keast, A.; Eadie, J.M. Growth Depensation in Year-0 Largemouth Bass: The Influence of Diet. Trans. Am. Fish. Soc. 1985, 114, 204–213. [Google Scholar] [CrossRef]

	



Smith, M.E.; Fuiman, L.A. Causes of Growth Depensation in Red Drum, Sciaenops Ocellatus, Larvae. Environ. Biol. Fishes 2003, 66, 49–60. [Google Scholar] [CrossRef]

	



Ratkowsky, D.A. Handbook of Nonlinear Regression Models, 1st ed.; Marcel Dekker Inc: New York, NY, USA, 1990; pp. 1–241. [Google Scholar]

	



Katsanevakis, S. Modelling fish growth: Model selection, multi-model inference and model selection uncertainty. Fish. Res. 2006, 81, 229–235. [Google Scholar] [CrossRef]

	



Baer, A.; Schulz, C.; Traulsen, I.; Krieter, J. Analysing the growth of turbot (Psetta maxima) in a commercial recirculation system with the use of three different growth models. Aquacult. Int. 2010, 19, 497–511. [Google Scholar] [CrossRef]

	



Aragón-Noriega, E.A.; Alcántara-Razo, E.; Valenzuela-Quiñonez, W.; Rodríguez-Quiroz, G. Multi-model inference for growth parameter estimation of the Bigeye Croaker Micropogonias megalops in the Upper Gulf of California. Rev. Biol. Mar. Ocean. 2015, 50, 25–38. [Google Scholar] [CrossRef]

	



Zhu, L.; Li, L.; Liang, Z. Comparison of six statistical approaches in the selection of appropriate fish growth models. Chin. J. Oceanol. Limnol. 2009, 27, 457–467. [Google Scholar] [CrossRef]

	



Aragón-Noriega, E.A. Model selection to describe the growth of the squalid callista (Megapitaria squalida) from the eastern Gulf of California. J. Shellfish Res. 2016, 35, 747–755. [Google Scholar] [CrossRef]

	



Burnham, K.P.; Anderson, D.R. Model Selection and Multimodel Inference: A Practical Information-theoretic Approach, 2nd ed.; Springer: New York, NY, USA, 2002; pp. 1–488. [Google Scholar]

	



Alvarez-Lajonchere, L. Determinación de la edad y el crecimiento de Mugil liza, M. curema, M.hospes y M. trichodon (PISCES, MUGILIDAE) en aguas cubanas. Rev. Inves. Mar. 1981, 2, 142–162. [Google Scholar]

	



Morales-Ortiz, C. Descripción del Desarrollo Embrionario de Totoaba (Totoaba macdonaldi) Bajo Condiciones de Laboratorio. Master’s Thesis, Universidad Autónoma de Baja California, Ensenada, Mexico, 1999. [Google Scholar]

	



Ansah, Y.B.; Frimpong, E.A. Using model-based inference to select a predictive growth curve for farmed Tilapia. N. Am. J. Aquac. 2015, 77, 281–288. [Google Scholar] [CrossRef]

	



Tanaka, M. A new growth curve which expresses infinite increase. Publ. Amakusa Mar. Biol. Lab. 1982, 6, 166–177. [Google Scholar]

	



Tjorve, E. Shapes and functions of species-area curves (II): A review of new models and parameterizations. J. Biogeogr. 2009, 36, 1435–1445. [Google Scholar] [CrossRef]

	



Mercier, L.; Panfili, J.; Paillon, C.; N’diaye, A.; Mouillot, D.; Darnaude, A.M. Otolith reading and multi-model inference for improved estimation of age and growth in the gilthead seabream Sparus aurata (L.). Estuar. Coast. Shelf Sci. 2011, 92, 534–545. [Google Scholar] [CrossRef]

	



Schnute, J. A versatile growth model with statistically stable parameters. Can. J. Fish. Aquat. Res. 1981, 38, 1128–1140. [Google Scholar] [CrossRef]

	



Castillo-Vargasmachuca, S.G.; Ponce-Palafox, J.T.; Arambul-Muñoz, E.; Rodríguez-Domínguez, G.; Aragón-Noriega, E.A. The spotted rose snapper (Lutjanus guttatus Steindachner 1869) farmed in marine cages: Review of growth models. Rev. Aquac. 2018, 10, 376–384. [Google Scholar] [CrossRef]

	



Neter, J.; Kutner, M.H.; Nachtsheim, C.J.; Wasserman, W. Applied Linear Statistical Models, 4th ed.; McGraw-Hill: New York, NY, USA, 1996; pp. 1–720. [Google Scholar]

	



Neyra-Flores, A.E. Evaluación del desempeño de la progenie de familias de totoaba silvestre y F1 bajo crianza comunal. Master’s Thesis, Universidad Autónoma de Baja California Repositorio Institucional (CRIS), Ensenada, Mexico, 2016. Available online: https://repositorioinstitucional.uabc.mx/handle/20.500.12930/912 (accessed on 12 December 2022).

	



Cabrera-Lozano, R. Efecto de la Temperatura en la Proporción de Sexos de Totoaba macdonaldi. Master’s Thesis, Centro de Investigación Científica y de Educación Superior de Ensenada, Baja California, Ensenada, Mexico, 2019. Available online: http://cicese.repositorioinstitucional.mx/jspui/handle/1007/2827 (accessed on 12 December 2022).

	



Sandoval-Garibaldi, G. Desarrollo morfológico de Totoaba macdonaldi (Gilbert, 1890) durante su estadio larval. Master’s Thesis, Facultad de Ciencias Marinas, UABC, Ensenada, Mexico, 2002. Available online: https://repositorioinstitucional.uabc.mx/bitstream/20.500.12930/8676/1/ENS031207.pdf (accessed on 12 December 2022).

	



Segovia-Salas, J.C. Efecto del enriquecimiento de rotíferos (Brachionus plicatilis) y Artemia sp. con taurina sobre el crecimiento y sobrevivencia de larvas de Totoaba macdonaldi. Master’s Thesis, Repositorio Institucional (CRIS) Universidad Autónoma de Baja California, Ensenada, Mexico, 2019. Available online: https://repositorioinstitucional.uabc.mx/handle/20.500.12930/886 (accessed on 12 December 2022).

	



Mata-Sotres, J.A.; Lazo, J.P.; Baron-Sevilla, B. Effect of age on weaning success in totoaba (Totoaba macdonaldi) larval culture. Aquac. 2015, 437, 292–296. [Google Scholar] [CrossRef]

	



Galaviz, M.A.; López, L.M.; García-Gasca, A.; Álvarez-González, C.A.; True, C.D.; Gisbert, E. Digestive system development and study of acid and alkaline protease digestive capacities using biochemical and molecular approaches in totoaba (Totoaba macdonaldi) larvae. Fish Physiol Biochem. 2015, 41, 1117–1130. [Google Scholar] [CrossRef] [PubMed]

	



Papadakis, I.E.; Kentouri, M.; Divanach, P.; Mylonas, C.C. Ontogeny of the eye of meagre (Argyrosomus regius) from hatching to juvenile and implications to commercial larval rearing. Aquaculture 2018, 484, 32–43. [Google Scholar] [CrossRef]

	



Diken, G.; Demir, O.; Naz, M. The inhibitory situational analysis of some feed ingredients for meagre, Argyrosomus regius (Asso 1801) larvae and evaluation for diet formulations. Aquat. Res. 2019, 2, 41–52. [Google Scholar] [CrossRef]

	



Schnute, J.; Fournier, D. A new approach to length-frequency analysis: Growth structure. Can. J. Fish. Aquat. Res. 1980, 37, 1337–1351. [Google Scholar] [CrossRef]








[image: Fishes 08 00155 g001 550] 





Figure 1. Total length during hatchery production of Totoaba macdonaldi according to age. (A) Raw data and development stage, (B) Average variation and feeding regime, (C) Length variance and standard error-at age. 
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Figure 2. The best-fit model (Exp-Schnute) for observed growth of early stages of Totoaba macdonaldi. 
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Figure 3. Trajectories of the most biologically meaningful models used to describe the growth of the Totoaba macdonaldi under laboratory conditions. 
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Figure 4. Growth of Totoaba macdonaldi early stages under laboratory conditions reported in different studies. Dotted line: [31]; line and circles: [29]; solid line: this study; broken line: [30]; line and squares: [32]. 
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Table 1. The functions and descriptions for each of the ten models.
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	Models
	Function
	Parameter Description





	EXP-Schnute 1
	   Y  ( t )  = e    [   Y 1    b  +  (   Y 2    b  −  Y 1    b   )      1 −  e  − a  (  t −  τ 1   )      1 −  e  − a  (   τ 2  −  τ 1   )       ]     1 b      
	   τ 1    is the youngest age in the data set,       τ   2    is the oldest age in the data set



	Schnute 1
	   Y  ( t )  =    [   Y 1    b  +  (   Y 2    b  −  Y 1    b   )      1 −  e  − a  (  t −  τ 1   )      1 −  e  − a  (   τ 2  −  τ 1   )       ]     1 b      
	a: is the constant of the relative growth rate (units in time)



	Schnute 3
	   Y  ( t )  =    [   Y 1    b  +  (   Y 2    b  −  Y 1    b   )      t −  τ 1     τ 2  −  τ 1     ]     1 b      
	b: is the incremental relative rate of relative growth rate (dimensionless)



	Schnute 4
	   Y  ( t )  =  Y 1     e   [  log  (     Y 2     Y 1     )    t −  τ 1     τ 2  −  τ 1       ]    
	Y1 is the size at age    τ 1   



	Logistic
	   Y  ( t )  =    [   Y 1     − 1   +  (   Y 2     − 1   −  Y 1     − 1    )      1 −  e  − a  (  t −  τ 1   )      1 −  e  − a  (   τ 2  −  τ 1   )       ]    − 1     
	Y2 is the size at age    τ 2   



	Bertalanffy
	   Y  ( t )  =  [   Y 1  +  (   Y 2  −  Y 1   )      1 −  e  − a  (  t −  τ 1   )      1 −  e  − a  (   τ 2  −  τ 1   )       ]    
	Parameters a and b can be positive, negative or zero.



	Power
	   Y  ( t )  = a +  x b    
	a: is a proportionality constant and b is the power exponent



	Extended power
	   Y  ( t )  =    a ∗ x    b  c x      
	a, b, c: are constants determined by X



	Persistence
	   Y  ( t )  =    a ∗ x     b ∗ e   (    − c  x   )      
	a, b, c: are constants determined by X



	Tanaka
	   Y  ( t )  =  (   1   f     )  ln  (   |  2 f  (  t − c  )  + 2    f 2     (  t − c  )   2  + fa    |   )  + d   
	a: maximum growth rate, c: age at which the growth rate is maximum, d: the body size at which the growth rate reaches a maximum f: rate of change o growth rate.
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Table 2. The Bayesian information criterion (BIC) for each of the ten models. Δi, differences in BIC; Wi, Bayesian weights.
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	Models
	Parameters
	BIC
	Δi
	Wi
	Y1
	Y2
	A
	b
	c
	d
	F





	EXP-Schnute 1
	44
	5052
	0
	1
	0.88
	3.88
	0.37
	−7.01
	0
	0
	0



	Persistence
	43
	5814
	762
	0
	0
	0
	2.89
	1.53
	24.22
	0
	0



	Tanaka
	44
	5837
	785
	0
	0
	0
	0.02
	0
	25.08
	37.95
	0.04



	Schnute 1
	44
	6487
	1435
	0
	2.62
	70.04
	−0.42
	4.40
	0
	0
	0



	Logistic
	43
	6707
	1655
	0
	0.10
	−1.00
	1.82
	62.49
	0
	0
	0



	Bertalanffy
	43
	6724
	1672
	0
	2.14
	69.61
	−0.10
	1.00
	0
	0
	0



	Schnute 4
	42
	6783
	1753
	0
	1.94
	67.06
	0
	0
	0
	0
	0



	Schnute 3
	43
	6790
	1760
	0
	1.93
	66.95
	0
	1.78 × 10−3
	0
	0
	0



	Extended power
	43
	10,056
	5003
	0
	0
	0
	2.63
	0.53
	−22.51
	0
	0



	Power
	42
	16,743
	11,691
	0
	0
	0
	0.13
	1.52
	0
	0
	0
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