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ABSTRACT. Selecting suitable species is a critical and complex decision in aquaculture development, 

requiring the integration of uncertain biological and economic variables. This study demonstrates the application 

of a Mamdani-type fuzzy inference system as a generalizable decision-support tool, using the farming suitability 

of two lobster species (Panulirus inflatus and P. gracilis) as a case study. The parameters considered were the 

growth performance index (phi prime), the abdominal-to-total weight ratio, the natural mortality rate (M), and 

mean fecundity. Gaussian membership functions were used for inputs and triangular for outputs, with 15 fuzzy 

rules. A Monte Carlo simulation estimated 95% uncertainty intervals. Based on the selected biological criteria, 

membership functions, and fuzzy rule base, P. gracilis obtained a higher preliminary suitability score than P. 

inflatus. The model proved robust to uncertainty, supporting its use as a flexible, adaptable framework for 

species selection in diverse aquaculture contexts under data-limited conditions. However, further validation 

under farming conditions is required before making definitive recommendations for aquaculture. 
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INTRODUCTION 

Traditional binary models (suitable/not suitable) often 

fail to capture the continuous and interrelated nature of 

biological and economic parameters in aquaculture. 

Fuzzy logic, introduced by Zadeh (1965), provides a 

mathematical framework for handling such imprecision 

and gradation, enabling nuanced decision-making 

under uncertainty. While fuzzy logic has been applied 

in aquaculture for environmental monitoring and 

control systems (Nagothu et al. 2025), this study fills 

that gap by presenting a fuzzy inference system 

designed to evaluate species viability, using two spiny 

lobster species as a case study, but with a framework 

readily transferable to other aquatic species. 

 

______________ 

Associate Editor: Fernando Vega-Villasante 

Global production of aquatic resources has 

continued to grow, reaching a new high of 235 million 

tons in 2024, including both aquatic animals and algae, 

with aquaculture driving the growth. World aquaculture 

production reached a new record in 2024 at 142 million 

tons, with an estimated first-sale value of US$391 

billion (FAO 2026). Sustainable aquaculture is 

essential to meet the growing demand for aquatic foods 

(FAO 2022). Notably, lobsters, along with shrimp, cod, 

and crabs, are the most imported aquatic products in 

China, accounting for 51% of the total value of its 

aquatic animal product imports in 2022. The primary 

target species for lobster fishing in the Mexican Pacific 

are the red spiny lobster (Panulirus interruptus), the 

green  spiny  lobster  (P.  gracilis),  and  the  blue  spiny  
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lobster (P. inflatus) (Sharma et al. 2025). Most of the 

catch is sourced from small-scale fisheries. The red 

lobster was excluded from this analysis to promote a 

potential increase in the production of less abundant 

lobsters (green and blue) in the Mexican Pacific, 

particularly in areas where this expansion would have 

social and economic benefits. 

In Mexico, the spiny lobster market experienced 

strong growth due to high demand in cities such as 

Mexico City, Guadalajara, and Monterrey. Wild 

catches of spiny lobster (Panulirus spp.) in Mexico in 

2022/2023 totaled just over 3,000 t, of which 2,204 t 

were exported, generating US$114 million in revenue 

and representing an essential source of income for 

small-scale coastal fishing communities. Given the 

increasing global demand for lobster, better manage-

ment of fish stocks and growth in aquaculture 

production are necessary (Azra et al. 2022). Although 

lobster is a globally prized delicacy, its aquaculture is 

in its early stages. Given its high market value, 

significant efforts are underway to optimize live lobster 

production (FAO 2017).  

Aquaculture is essential to meet the global demand 

for seafood; selecting suitable species involves 

evaluating complex biological factors, such as growth 

rates, mortality, and fecundity, which are often 

uncertain (FAO 2022). There are various criteria for 

evaluating an aquaculture project or program, such as 

infrastructure costs, farming costs at a particular size or 

weight, and payback time, among others. This paper 

aims to illustrate a process for evaluating biological 

selection criteria for suitability, particularly for the 

culture of two spiny lobster species, including growth 

rate, the abdominal/total weight ratio, natural mortality 

(M), and fecundity.  

An important factor in deciding whether to cultivate 

a given lobster species is its feasibility, assessed based 

on biological traits and market demand. Decision 

matrices and statistical models are often used (Xu et al. 

2009, Devi et al. 2020), but traditional approaches 

struggle with uncertainty and vague criteria. This study 

applies fuzzy logic to evaluate species viability under 

uncertain, incomplete, or contradictory data, enabling 

more rational decision-making in aquaculture. 

Fuzzy logic has been effectively employed in 

aquaculture decision-making, including in adaptive 

systems that manage uncertain environmental and 

biological variables to support species viability and 

optimize production (Nagothu et al. 2025). This 

approach enables nuanced evaluations beyond binary 

thresholds, as demonstrated by fuzzy-based frameworks 

that integrate real-time data to support precise control 

and informed decision-making. The present study 

applies this methodology to biological suitability criteria. 

To be considered feasible for aquaculture, a species 

must meet fundamental biological and technological 

requirements. These systems allow for the integration 

of both uncertainty and expert knowledge into decision-

making processes. The study develops a Mamdani-type 

fuzzy inference system (FIS) to assess the suitability of 

P. inflatus and P. gracilis. The model integrates four 

input variables: 1) phi prime (growth performance 

index, ϕ′), used as a criterion for comparing interan-

nual growth (Pauly & Munro 1984); 2) abdominal/total 

weight ratio, having to do with the edible portion of the 

species; 3) annual rate of M; and 4) mean fecundity. 

Objective 

Present a preliminary assessment of the suitability for 

farming purposes of P. inflatus and P. gracilis through 

a fuzzy inference system, based on available biological 

variables information. Suitability scores and their 

corresponding 95% uncertainty intervals are calculated, 

and membership functions are envisaged to support 

species selection for aquaculture. 

MATERIALS AND METHODS 

Software and hardware 

The analysis was carried out in R 4.3.x using the 

FuzzyR package (Chen et al. 2020). Rtools 4.3 was 

used to compile the packages. 

Fuzzy inference system (FIS) 

A Mamdani-type FIS was designed (Pop et al. 2023) to 

calculate crisp (non-fuzzified) values of the response 

variable (farming feasibility) through defuzzification 

(Yager & Filev 1993) using the centroid method. 

Although the analysis is based on selected biological 

traits, it does not represent a complete aquaculture 

feasibility assessment. Other relevant factors include 

larval survival, seed availability, feed acceptance, 

disease resistance, tolerance to stocking density, 

production costs, market value, environmental impact, 

and regulatory constraints. The input parameter values 

included in this work (Table 1) and their rationale are 

defined as follows: growth performance index (phi 

prime). This index was proposed by Pauly & Munro 

(1984), who noted that the covariation between the 

instantaneous growth coefficient (k) and the asymptotic 

length (L∞), ϕ′could be derived. The index is used to 

compare interannual growth of fish and invertebrates 

when  their  growth  follows  the  von Bertalanffy model  
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Table 1. Input and output variables used in the fuzzy inference system. 

 

Type Variable Range Description 

Input Phi prime [1.5, 3.7] Growth performance 

Input Abdominal/total weight [40, 60] Percentage of abdominal biomass 

Input Mortality rate (M) [0.08, 1.2] Annual mortality rate 

Input Fecundity [0, 1'500,000] Number of eggs per female 

Output Suitability [0, 100] Percent suitability for cultivation 

 

 

(ϕ′ = logk +  2 logL∞), where k is the von Bertalanffy 

growth constant, and L∞ is the species' asymptotic 

length. Is an index for comparing the growth perfor-

mance of fish, measuring how efficiently food is 

converted into body biomass. 

The abdominal-to-total weight ratio typically shows 

isometry, with limited phenotypic variability. When 

measured at the same ontogenetic stage (i.e. the adult 

stage), this ratio provides a value associated with 

economic and commercial yield (Émond et al. 2010).  

M rate is a critical parameter in population 

dynamics models and stock assessments (Hoenig et al. 

2025). It is not static and is likely to vary over time due 

to ecological and habitat conditions (Cao & Chen 

2022). After reaching maturity, the mortality rate tends 

to stabilize, although it may increase again in older 

individuals due to senescence or increased vulnerability 

(Caddy 1996). For this study, a single representative 

value of M was considered. The rationale for using the 

M rate as an input variable in this study is as follows. 

M has been considered to reflect intrinsic or extrinsic 

factors (McCoy & Gillooly 2008). Intrinsic factors are 

life span, metabolic rate, and its two primary 

determinants: body size and temperature. Extrinsic 

factors, such as disease, predation, or accidents, can 

occur before a species reaches its maximum life span. 

The general agreement of the data with our model 

predictions is consistent with the hypothesis that 

mortality is under intrinsic control. 

Fecundity refers to the number of offspring per 

brood, per breeding season, or across a female's lifetime 

(Pincheira-Donoso & Hunt 2015). In this study, 

fecundity data are drawn from sources that report the 

average number of offspring per brood in ovigerous 

females. Fecundity correlates with female body length 

or total weight (Goldstein et al. 2025). 

Fuzzy membership functions 

Input variables employed Gaussian membership 

functions (with mean and standard deviation σ), 

selected for their effectiveness in modeling smooth 

transitions within continuous biological parameters 

(Ross 2010). Parameter values for the input member-

ship functions were sourced from published literature 

on the two lobster species. The standard deviations, 

however, were not derived from empirical distributions 

but were assigned heuristically (i.e. via an ad-hoc 

process). This approach is standard practice in fuzzy 

logic modeling when the goal is to create a transparent 

and interpretable system, and it is explicitly docu-

mented in standard references on the topic (Ross 2017). 

Arabshahi et al. (1993) recommend that, when 

empirical data on dispersion are unavailable, initial 

parameter selection should rely on designer judgment 

or heuristics before any adaptive tuning occurs. For the 

output variable (suitability), triangular membership 

functions were utilized due to their simplicity and ease 

of interpretation when representing fitness categories. 

The parameter values used in each of the three 

components of the membership functions are: 

Phi prime: low (σ = 0.15, μ = 1.75), medium (σ = 0.20, 

μ = 2.3), high (σ = 0.25, μ = 3.15). 

Abdominal/total weight ratio: low (σ = 1.0, μ = 41.5), 

medium (σ = 2.0, μ = 46.0), high (σ = 2.5, μ = 54.5). 

M: low (σ = 0.01, μ = 0.095), medium (σ = 0.03, μ = 

0.18), high (σ = 0.20, μ = 0.50). 

Fecundity: low (σ = 30,000, μ = 100,000), medium (σ 

= 80,000, μ = 350,000), high (σ = 200,000, μ = 

900,000). 

Suitability: low (0, 20, 40), medium (30, 50, 70), high 

(60, 80, 100). 

Gaussian membership functions were selected to 

represent continuous biological distributions because 

they can model gradual transitions. Triangular member-

ship functions represent the output variable to facilitate 

the interpretation of discrete suitability categories (low, 

medium, and high) (Kosheleva et al. 2019). 

Fuzzy rules 

Fifteen fuzzy rules were established using the AND 

operator and unit weights. These rules were designed to 

capture logical biological relationships, with a focus on 

selecting combinations of reduced mortality, high 
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fertility, and high growth performance index and 

abdominal/total weight. The rules are: 

1) If the ϕ′ and the abdominal/total weight ratio is high, 

M is low, and fecundity is high, then suitability is high. 

Justification: optimal biological conditions maximize 

cultivation suitability. 

2) If the ϕ′, the abdominal/total weight ratio, M and 

fecundity are medium, then suitability is medium. 

Justification: intermediate conditions produce moderate 

suitability. 

3) If the ϕ′, and the abdominal/total weight ratio is low, 

M is high, and fecundity is low, then suitability is low. 

Justification: unfavorable conditions make cultivation 

unadvisable. 

4) If the ϕ′, and the abdominal/total weight ratio is 

medium, M is low, and fecundity is high, then 

suitability is high. Justification: low mortality and high 

fecundity compensate for moderate growth performance. 

5) If the ϕ′, and the abdominal/total weight ratio is low, 

M is high, and fecundity is medium, then suitability is 

low. Justification: high mortality rates dominate, 

limiting cultivation options. 

6) If the ϕ′, and the abdominal/total weight ratio is 

high, M and fecundity is medium, then suitability is 

medium. Justification: high mortality reduces suitability. 

7) If the ϕ′is low, and the abdominal/total weight ratio 

is medium, M is high, and fecundity is low, then 

suitability is low. Justification: high mortality and low 

fecundity are limiting factors. 

8) If the ϕ′ is medium and the abdominal/total weight 

is high, M is low, and fecundity is medium, then 

suitability is high. Justification: low mortality and a 

high abdominal/total weight proportion favor cultivation. 

9) If the ϕ′ is low and the abdominal/total weight ratio 

is high, M is high, and fecundity is medium, then 

suitability is low. Justification: high mortality is a 

penalizing factor. 

10) If the ϕ′ is low, and the abdominal/total weight 

ratio is high, M is medium, and fecundity is medium, 

then suitability is medium. Justification: medium 

mortality produces moderate suitability. 

11) If the ϕ′ is low, and the abdominal/total weight 

ratio is high, M is medium, and fecundity is high, then 

suitability is high. Justification: high fecundity 

compensates for medium mortality. 

12) If the ϕ′ is medium and the abdominal/total weight 

is high, and M is medium, and fecundity is high, then 

suitability is high. Justification: high fecundity and 

abdominal/total weight proportion favor cultivation. 

13) If the ϕ′ is low, and the abdominal/total weight 

ratio is medium, M is medium, and fecundity is 

medium, then suitability is medium. Justification: 

intermediate conditions justify moderate suitability. 

14) If the ϕ′is medium, and the abdominal/total weight 

ratio is high, M is high, and fecundity is medium, then 

suitability is medium. Justification: high mortality is 

mitigated by abdominal/total weight ratio and fecundity. 

15) If the ϕ′ is medium, and the abdominal/total weight 

proportion is high, M is medium, and fecundity is 

medium, then suitability is medium. Justification: 

balanced conditions produce moderate suitability. 

Overall justification: the rules cover key combina-

tions, balancing the influence of the M rate (limiting 

factor) and fecundity, and the abdominal/total weight 

proportion (productivity), with ϕ′as a modifier. 

Input data 

P. inflatus: ϕ′,= 2. Average of Juárez-Carrillo et al. 

(2006), Ramos-Santiago et al. (2020), Ramírez-Félix et 

al. (2024). Abdominal/total weight rate = 55%, M = 0.7 

(Castro-Gutiérrez 2014, Ramírez-Félix et al. 2023). 

Fecundity = 410,000 (Gracia 1985). 

P. gracilis: ϕ′,= 1.8. Average of Cabrera-Mancilla & 

Gutiérrez-Zavala (2010), Ramos-Santiago et al. (2020), 

and Ramírez-Félix et al. (2023). Abdominal/total 

weight rate = 58%, M = 0.25 (Castro-Gutiérrez 2014). 

Fecundity = 568,000 (Pérez-González 2008). 

In summary, during fuzzy logic, each input variable 

was assigned to a Gaussian membership function. In 

contrast, the output variable used a triangular 

membership function to define three fuzzy sets: low, 

medium, and high. Fuzzy rules were then designed and 

activated using the AND (minimum) operator to 

combine the outputs to yield a suitability value. By 

fuzzifying the input values with the Gaussian function, 

the degree of membership (low, medium, or high) was 

calculated for each input variable for both lobster 

species. Inference was implemented by activating the 

corresponding fuzzy rules. Defuzzification was then 

performed using the centroid method to compute the 

aggregated output, yielding an estimated suitability 

score (Fig. 1). 

Uncertainty intervals for suitability 

A Monte Carlo simulation was conducted with 10,000 

iterations, using the mean and standard deviation of the 

Gaussian distributions for the input parameters. 

Simulated values were constrained within valid ranges 

(e.g. phi prime [1.5, 3.7]). The resulting intervals (e.g. 

P.  inflatus:  [26.5,  44.8]%;  P.  gracilis:  [45.3, 68.3]%)  
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Figure 1. Fuzzy logic diagram for lobster species selection in aquaculture using Mamdani architecture. 

 

 

should not be interpreted as conventional statistical 

confidence intervals in the frequentist sense (i.e. they 

do not represent a range that contains the true mean 

suitability with 95% probability in repeated sampling 

from a biological population). Rather, they are 

uncertainty intervals that reflect the propagation of the 

fuzziness inherent in the membership function 

definitions under the assumption that each input 

variable is normally distributed around its reported 

mean with a spread equal to the membership function's 

σ. This interpretation aligns with common practice in 

fuzzy-logic modeling when combined with Monte 

Carlo methods: the intervals quantify the sensitivity of 

the output to gradual transitions encoded by the 

Gaussian membership functions, not sampling error. 

For a true frequentist confidence interval, empirical 

standard deviations derived from repeated biological 

measurements would be required. The present intervals 

are therefore best described as fuzzy-propagated 

uncertainty ranges or membership-derived intervals 

rather than classical confidence intervals. Suitability 

was computed using the evalfis function, and 95% 

confidence intervals were derived from the 2.5 and 

97.5% percentiles of the 10,000 random suitability 

values obtained for each lobster species. 

Membership function visualization 

The membership functions were visualized using 

FuzzyR's plotmf function, arranged in a 2×3 grid. Each 

plot illustrates the membership levels (low, medium, 

and high) against the corresponding variable values, 

with clearly labeled axes and categories. 

Statistical analysis 

Means, standard deviations, and ranges were computed 

for both the simulated input variables and the resulting 

suitability scores. Histograms of the suitability distri-

butions were generated to assess variability and 

distribution characteristics. 

To compare the farming suitability of the two 

lobster species based on the 10,000 simulated 

suitability values generated by the Monte Carlo 

procedure, a non-parametric statistical approach was 

employed. The Wilcoxon rank-sum test (also known as 

the Mann-Whitney U test) was selected for the 

following reasons: 1) normality assessment: Shapiro-

Wilk tests performed on both simulated suitability 

distributions indicated significant deviations from 

normality (P. inflatus: W = 0.982, P < 0.001; P. 

gracilis: W = 0.976, P < 0.001), violating the normality 

assumption required for parametric tests such as the t-

test, 2) ordinal interpretation: suitability scores, while 

numeric, are derived from a fuzzy inference system that 

produces values on an arbitrary 0-100 scale. The 

Wilcoxon test compares the relative ranking (median) 

of the two distributions rather than assuming equal 

intervals or specific distributional forms, and 3) 

robustness to outliers: the test is less sensitive to 

extreme values than parametric alternatives, which is 

advantageous given the bounded nature of suitability 

scores (0-100) and the presence of potential boundary 

effects. 

The resulting P-value from the Wilcoxon test 

indicates the probability of observing the observed 

difference in median suitability between the two 

species (or a more extreme difference) if the null 

hypothesis -that the two distributions are identical- 

were true. A small P-value (here, P < 2.2×10-16) 

provides strong evidence against the null hypothesis, 

supporting the conclusion that the suitability 

distributions differ systematically between species. 

Crucially, the P-value should not be interpreted as the 

probability that one species is "better" than the other; 

rather, it provides evidence against the null hypothesis 

of equal distributions.  
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RESULTS 

The model evaluated crisp suitability, generating 

average simulation results and 95% uncertainty 

intervals. The results are as follows: 

P. inflatus. Mean suitability: 35.4%; 95% 

uncertainty interval: [26.5-44.8]%. 

P. gracilis. Mean suitability: 54.3%; 95% 

uncertainty interval: [45.3-68.3]%. 

P. gracilis showed a higher mean suitability score 

than P. inflatus, with a difference of 18.9%. Figure 2 

shows the membership functions, confirming that the 

Gaussian membership functions for the inputs capture 

smooth transitions, and the triangular membership 

functions for suitability define clear categories. 

Results of the Monte Carlo process to compute 

suitability values for both species are shown in Figure 

3. The distribution of values for P. inflatus is narrower 

and centered at ca. 35%, while the distribution for P. 

gracilis is wider, with the mode centered at ca. 55%. 

The non-parametric test, the Wilcoxon Rank-Sum 

test, for equality of medians indicated that the median 

farming suitability of P. gracilis is significantly greater 

than that of P. inflatus (W = 294,798; P = < 2.2e-16). 

To exemplify the use of the method to obtain crisp 

suitability values, a graphical depiction of the 

calculation of the centroid for P. gracilis is shown (Fig. 

4). Note that the input values used to generate this 

example were the original, while the fifteen rules were 

the same. The difference between the crisp value shown 

in the figure (53.56%) and the value provided above 

(54.3%) is because the former represents one 

realization of the crisp value. In contrast, the latter is 

the mean of 10,000 randomly generated crisp values. 

DISCUSSION 

The fuzzy logic approach applied here (input variables, 

membership functions, and rule sets) can be adapted to 

other species and farming contexts. It aligns with 

broader applications of fuzzy logic in aquaculture, such 

as water quality management (Sarala & Bhuvana 2025) 

and feeding optimization (Nagothu et al. 2025), 

underscoring its versatility as a decision-support tool. 

The application of fuzzy logic can be an effective 

tool for decision-making and for identifying the most 

suitable species for farming. In this study, the criteria 

for selecting both lobster species were defined based on 

readily available information. While the approach 

provides a basic framework for evaluating species 

suitability, it can be adjusted. The criteria used in this 

study are relevant but reflect only a portion of the 

variables that could be included in the fuzzy system. 

The higher suitability of P. gracilis was primarily 

driven by its lower natural mortality and greater 

fecundity. Nevertheless, several limitations should be 

acknowledged. First, the high mortality of P. inflatus 

dominates the fuzzy rules, triggering low-suitability 

outputs even when other inputs are favorable. Second, 

partial overlap of the 95% simulation intervals (up to 

44.8% for P. inflatus vs. 45.3% for P. gracilis) indicates 

that ranking reversals are possible, although they 

occurred in only 1.2% of simulations. The current 

model relies on biological information from wild 

populations, excludes relevant economic and 

environmental variables, and assumes equal 

importance among input criteria. Future versions 

should incorporate factors such as water quality, 

disease resistance, stocking density, production costs, 

and market value, and assign weights that better reflect 

each variable's relative importance. Such refinements 

would improve model calibration, enhance predictive 

performance, and enable the framework to evolve as 

new biological and production data become available. 

Because we assume that lobster cultivation is based 

on collecting early stages from the field, to enhance 

future assessments, additional factors should be 

incorporated, such as water quality, population density, 

disease resistance, production costs, market price per 

species, and environmental tolerance. These variables 

introduce layers of complexity that are usually charac-

terized by uncertainty and subjectivity, conditions 

under which fuzzy logic proves particularly valuable. 

By integrating a broader range of ecological, economic, 

and biological parameters, decision-making processes 

can become more nuanced and adaptive, ultimately 

leading to more sustainable and context-sensitive 

strategies. 

Incorporating new variables would enable a more 

comprehensive analysis, and, given their relevance, it 

would be advisable to assign them appropriate weights. 

Differentiating the weights of input variables would 

help prevent less significant factors from distorting the 

outcome, more accurately reflect each criterion's real 

impact, and support more informed decision-making. 

Furthermore, it would allow for a more finely tuned 

calibration of the fuzzy logic system. Additionally, this 

analysis can be updated as more evidence becomes 

available regarding the importance of each variable or 

in response to changes in environmental conditions. 

Similar approaches have been successfully used in 

other sectors of aquaculture. For instance, fuzzy logic 

has been applied to monitor and optimize water quality
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Figure 2. Membership functions of the fuzzy input variables: a) phi prime, b) abdominal proportion, c) natural mortality, 

d) fecundity, and the output variable, e) suitability. 

 

 

 

 

 

 

 

 

 

Figure 3. Frequency distribution of model-generated cultivation suitability scores for the two lobster species obtained from 

10,000 Monte Carlo simulations. a) P. inflatus, b) P. gracilis. Suitability scores range from 0 to 100%, and each histogram 

reflects the propagation of uncertainty defined by the Gaussian membership function parameters (standard deviations) for 

each input variable.  

 

 

parameters such as temperature, pH, dissolved oxygen, 

and salinity in fishponds, demonstrating high accuracy 

and adaptability in dynamic environments (Nagothu et 

al. 2025). Studies have also shown its effectiveness in 

controlling ammonia levels and predicting stress 

factors in aquatic species (Sarala & Bhuvana 2025). 

In the context of fuzzy logic modeling, the precise 

definition of membership functions and the rules that 

relate input variables to output variables (Guzmán & 

Castaño 2006) integrate expert knowledge and 

experience as linguistic rules for decision-making 

(Mendoza-López et al. 2023). In this study, such 

expertise was expressed through 15 fuzzy rules 

combining logical postulates derived from experience 

along with information analysis, resulting in the conclu-

sion  that  the  species  P.  gracilis  is  the  more  suitable 

 

 

 

 

 

 

 

Figure 4. Exemplification of the estimate of a crisp value 

of suitability for P. gracilis. 

 

option -a hypothesis confirmed through the applied 

methodology. The only logical operator used in the 

control rules was the minimum AND, resulting in a 

high fecundity requirement. Consequently, high 
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suitability in most cases implies high fecundity (except 

in rule 8) and low mortality. Medium suitability was 

proposed with moderate fecundity and mortality levels 

(except for rule 14, which involves high mortality). 

Low suitability, on the other hand, is characterized by 

high mortality, at best moderate fecundity, and low 

growth. 

This analysis used Monte Carlo simulations for 

calculating confidence intervals for farming suitability. 

The fact that the upper limit of suitability for P. gracilis 

is higher than that of P. inflatus, with slight overlap 

between the two, adds greater certainty and robustness 

to the results obtained, which is particularly relevant 

because, while fuzzy logic uses degrees of truth to 

represent imprecision and approximate reasoning 

(Zadeh 2008), Monte Carlo simulation allows for 

estimating uncertainty and computes the probability of 

different outcomes in the presence of random variables. 

In this case, those variables correspond to the input data 

for: phi prime, abdominal proportion, natural mortality, 

and fecundity. 

The selection of P. gracilis as the better cultivation 

option is further supported by its commercial presence 

in Sinaloa (Pérez-González 2004, Ramírez-Félix et al. 

2024), its higher specific fecundity relative to body size 

(Briones-Fourzán 2014), and its broad tolerance to 

diverse habitats including turbid areas near river 

mouths (Pérez-González et al. 1992, Pérez-González 

2011). Additionally, P. inflatus exhibits a dispropor-

tionately large cephalothorax, whereas P. gracilis 

displays a more "balanced" ratio (Holthuis 1991). 

Briones-Fourzán & Lozano-Álvarez (2003) reported 

that P. gracilis has a weekly growth rate nearly twice 

that of P. inflatus. However, the fuzzy model uses the 

phi prime index (φ′) rather than the short-term growth 

rate as the growth criterion. Phi prime integrates both K 

and L∞ from the von Bertalanffy model (φ′ = log K + 2 

log L∞). This index was selected because (1) it captures 

long-term growth potential, (2) it is stable and 

comparable across species, and (3) available φ′ values 

(P. inflatus: ~2.0; P. gracilis: ~1.8) show that P. 

inflatus reaches a larger asymptotic size, partially 

offsetting its slower weekly growth. Therefore, the 

model prioritizes integrated lifetime growth perfor-

mance over short-term juvenile increments, which is 

more relevant for assessing long-term farming 

suitability. Furthermore, ovigerous females of P. 

gracilis reach slightly greater minimum and average 

lengths compared to those of P. inflatus (Weinborn 

1977, Gracia 1985, Briones-Fourzán & Lozano-

Álvarez 1992). Carapace length (CL), a key indicator 

of body size, is closely linked to physiological and 

ecological processes. In Homarus americanus, for 

example, males exhibit a greater CL than females 

(MacCormack & DeMont 2003). Trials under 

cultivation conditions could confirm the viability of P. 

gracilis in aquaculture.  

Although lobster farming in Sinaloa still faces 

various challenges, fuzzy logic emerges as a powerful 

tool for addressing scenarios marked by uncertainty and 

ambiguity, optimizing the use of economic resources 

within a short timeframe. When combined with 

sensitivity analysis, it enables a deeper understanding 

of the system. Moreover, its integration with techniques 

and algorithms for solving complex problems -such as 

metaheuristics- could guide the identification of viable 

strategic pathways from the early stages of the process. 

The fuzzy inference system presented can be 

adapted to diverse aquaculture species, enabling 

broader applications in selection processes where 

uncertainty prevails, as evidenced by fuzzy logic 

models that handle dynamic conditions and support 

sustainable management decisions (Nagothu et al. 

2025). This flexibility enhances decision robustness 

across taxa, promoting adaptable strategies without 

rigid boundaries.  

Several limitations merit consideration. First, input 

data derived from wild populations and culture 

conditions may alter key biological parameters. 

Second, the model lacks validation against empirical 

farming trials; suitability scores are relative indices, not 

absolute predictions. Third, the standard deviations of 

the Gaussian membership functions were assigned 

heuristically, and alternative choices could affect the 

outputs. Fourth, the 15 fuzzy rules are inherently 

subjective; different rule sets that emphasize alternative 

trade-offs could yield different rankings. Fifth, 

economic variables (feed costs, market prices) and 

environmental tolerances are omitted, limiting real-

world applicability. Finally, the Monte Carlo intervals 

reflect the propagation of fuzziness rather than 

biological sampling variability and should not be 

interpreted as conventional confidence intervals. Future 

validation and model expansion are necessary before 

operational use in aquaculture decision-making. 

This study considered four key biological variables, 

yet other factors, such as water-quality requirements, 

disease resistance, market-price volatility, and 

environmental impact, could further refine suitability 

assessments. Future implementations could incorporate 

these variables using weighted fuzzy rules or hybrid 

systems combining fuzzy logic with machine learning 

techniques (Cordón et al. 2004). Fuzzy models require 

calibration with empirical data, including pilot culti-

vation trials (Shahana et al. 2023, Haobijam et al. 2024) 
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as part of the technical foundation, in line with 

standards of transparency and reproducibility, among 

others. Simulations must be contrasted with productive 

outcomes -such as growth and survival- obtained in 

real-world conditions, thereby ensuring the validity and 

applicability of the model. The use of genetic 

algorithms to automate the optimization of membership 

functions and rule sets could enhance model accuracy 

and adaptability across different taxa and regions. 

CONCLUSION 

This study demonstrates that a FIS combined with 

Monte Carlo uncertainty propagation provides a 

practical framework for comparing the suitability of 

lobster species for aquaculture under uncertain biolog-

ical information. Within the evaluated conditions, P. 

gracilis consistently exhibited greater farming suitability 

than P. inflatus. Beyond the specific comparison 

presented here, the proposed framework offers a 

transparent and adaptable methodology that can be 

extended to incorporate additional biological, environ-

mental, and economic criteria to support future 

aquaculture decision-making. 
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