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Knowledge of the population dynamics and changes in the abundance of Pacific sardine fishery is relevant for fishery management. In this study, an integrated catch-at-age model (ASAP) was performed on 47 fishing seasons (1971−2018) of Sardinops sagax in the Gulf of California, including five indices of relative abundance (survey catch rate, acoustic surveys, egg and larvae, spawning probability, and bird diet index). The ASAP model showed the importance of age group 0 (recruits); this is the most important age group in the Pacific sardine fishery, and its abundance has consequences for the variability of the total abundance of the species. In this study, the spawning and acoustic indices denoted the changes in abundance of Pacific sardine population better than the survey catch rate and bird diet ratio. Historically, the total biomass is estimated to have varied from 461 thousand to 4.82 million t. In the 1970s and 1980s, a peak biomass close to three million tons was reached, and in the second peak from the mid-1990s to the late 2000s, the total biomass varied between 3.26 and 4.82 million t. When the spawning biomass was at least 750 x 103 t, the recruitment (age group 0) showed high values, promoting high catches in the subsequent years. The annual fishing mortality estimates did not show a rise related to the periods of high harvestable biomass; therefore, the catch records were low in comparison to the harvestable biomass estimated from ASAP, and the annual fishing mortalities were less than 0.22 during periods of high abundance. The changes in biomass and the variability observed in the Pacific sardine fishery were validated for the model diagnostics; the retrospective patterns did not identify poor fits to data, therefore the robustness of the model can be used for management purposes. According to the Kobe phase plot, the Pacific sardine fishery in the Gulf of California has been fully exploited with an apparent stable level of harvest.
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Introduction

The Pacific sardine Sardinops sagax is distributed from Alaska, USA to Gulf of California, Mexico; and exhibits temporal variability depending on the environmental conditions, mainly the sea surface temperature (Lluch-Belda et al., 1989). In the Gulf of California, the population may be susceptible to two environmental mechanisms that could affect the fishery; the first may be continuous modification of habitat, and the second may be caused by episodic environmental events that trigger changes in populations and ecosystem (e.g. El Niño, La Niña) (Nevárez-Martínez et al., 2001). Consequently, the species has showed dramatic and sudden changes in distribution, abundance, and availability for the fishing fleets of Canada, USA and Mexico. The species plays a key ecological role in coastal ecosystems, transferring energy from plankton to upper trophic levels.

Since 1929, the Pacific sardine fishery began off the west coast of Ensenada, Baja California, Mexico. The fishing fleet was limited with a reduced number of purse seine vessels and a low harvest rate (Murphy, 1966). Later, in the mid-1960s the sardine population in the region suffered a collapse; therefore, a new core of distribution of Pacific sardine was located around Isla Cedros, Baja California and Bahía Magdalena, Baja California Sur (Quiñonez-Velázquez et al., 2002). However, the low yield of Pacific sardine obtained in these new areas caused the movement of the fishing fleet toward the Gulf of California, this new region offered new opportunities for developing the Pacific sardine fishery, such that the ports of Guaymas and Yavaros, Sonora, Mexico are actually the most important landing sites, with processing plants and the largest fishing fleet (Figure 1) (Cisneros-Mata et al., 1995). In Mexican waters, there are several hypotheses about its core of distribution, the first hypothesis indicates that the species is located in the north-central part of the Gulf of California and known as The Great Islands region, including from Isla Ángel de la Guarda to Isla San Pedro Mártir and including Isla Tiburón (the largest island in the Gulf of California). The second hypothesis indicates to Punta Eugenia located in the west coast of the Baja California Peninsula (DOF, 2012). Recently, the hypothesis of three stocks on the west coast of the Baja California Peninsula has been accepted, the stocks can be overlapped, since all stocks move toward the north or the south synchronically, with slight exchange among them; and their abundance and distribution depend of the sea surface temperature (Félix-Uraga et al., 2004; Félix-Uraga et al., 2005).




Figure 1 | Study area for Pacific sardine (Sardinops sagax) caught in the Gulf of California, Mexico (blue area). The main fishing ground is located off Sonora and Sinaloa states. 1. Isla Cedros, 2. Punta Eugenia, 3. Bahía Magdalena, 4. Isla Ángel de la Guarda, 5. Isla Tiburón.



According to Nevárez-Martínez et al. (2001), the small pelagic fishery in the Gulf of California is multispecific; the target species is Pacific sardine. On average, the species accounts for 80% of the total landings, although eight other small pelagic species are also harvested in minor proportions, with a predominance of Pacific thread herring (Opisthonema libertate), chub mackerel (Scomber japonicus), northern anchovy (Engraulis mordax), round herring (Etrumeus teres), Pacific anchovy (Cetengraulis mysticetus), and leatherjacket (Oligoplites sp). The size structure of the Pacific sardine in the catch varies from a standard length of 83 to 213 mm, with an average standard length of 156 mm (  12 mm); the species shows short longevity (7 years) and inhabits the pelagic ecosystem in the Gulf of California, mainly distributed into shoreline areas of the states of Sonora, the Baja California Peninsula, and Sinaloa. Between 1972 and 2006, the fishing season was implemented with annual cycles beginning in October and finishing in September; during 2007 the fishing season was modified from October to July (DOF, 2012).

The Pacific sardine in the Gulf of California is assumed as one stock without interactions with the stocks documented in the eastern North Mexican Pacific Ocean, where three subpopulations of Pacific sardine were identified as warm, temperate and cold stocks (Félix-Uraga et al., 2004; Félix-Uraga et al., 2005). In the Gulf of California, the species spawns mainly between autumn and early spring, with peaks from November to February. The spawning occurs along Sonora coasts, although the presence of eggs is also evident in the Central Gulf of California (Nevárez-Martínez, 1990; Hammann et al., 1998; Martínez-Zavala et al., 2010). The length at maturity is 130 mm standard length, the length at first reproduction was 120 mm standard length, and the mean length at first capture is 150 mm. In the Gulf of California, the recruitment to the fishery is defined by age class 0, it is commonly observed during June and July, although during some years the recruitment period has changed its temporality from May to June, or between July and August (DOF, 2012). The growth pattern for Pacific sardine has been modeled using the von Bertalanffy equation (Nevárez-Martínez et al., 2019).

The high variability in small pelagic species has been widely documented; possibly the iconic paper about this issue was reported by Baumgartner et al. (1992). They analyzed the anaerobic sediments of the Santa Barbara Basin off southern California, and spectral analysis of the scale-deposition series indicated that sardines and anchovies both tend to vary over a period of approximately 60 years. The scale-deposition record exhibited nine major recoveries and subsequent collapses of the sardine population over 1,700 years. In the Gulf of California, the variability observed in the catches of Pacific sardine indicated four falls followed by four recoveries (Figure 2). Thus, the sardine fishery began its growth phase from 1969 to 1989 recording the first catch record with almost 300,000 t. Later, from 1990 to 1992-1993 the catch fell dramatically (  7,500 t); however, a new recovery was observed between 1994 and 1997 where the catch increased by   200,000 t. Unfortunately, for 1998 a new fall close to 50,000 t was recorded; over the course of two years the catch increased, such that for 2001 the catch was   200,000 t; the cycle between 1993 and 2000 was particularly anomalous because two recovery events were observed within a short time From 2004 to 2005 the catch again fell with a value of approximately 100,000 t. During the following four years (2006-2009) an abrupt increase in the catch was recorded, the highest peak in the time series was harvested (  520,000 t), while for 2014-2015 the catch suffered its fourth decline (it was less than 5,000 t). Finally, from 2016 to 2020 a slow recovery in the catch is been recorded, the most recent year has indicated a yield of   170,000 t (Figure 2). The mechanisms of these fluctuations have been attributable to the environmental variability in the Gulf of California, density dependence, and failures in recruitment (Cisneros-Mata et al., 1995; Cisneros-Mata et al., 1996a); however, these changes in availability are still studied and analyzed, for having a more comprehensive background about the sudden responses of the sardine population.




Figure 2 | Historical catch records for Pacific sardine (Sardinops sagax) caught in the Gulf of California, Mexico.



Over the past 30 years, several studies have been published analyzing the changes in population dynamics and abundance of Pacific sardine fishery in the Gulf of California, Mexico. Thus, the variability in biomass and availability of the Pacific sardine population in the region have been explained through environmental stochasticity or density-dependent processes (Cisneros-Mata et al., 1995; Cisneros-Mata et al., 1996a; Nevárez-Martínez et al., 1999; Nevárez-Martínez et al., 2001). For both cases, the application of stock assessment models is key because they provide information on demographic processes, such as birth, natural and fishing mortality, growth, maturation, and movement. In summary, the fishery stock assessment models are demographic analyses designed to determine the effects of fishing on fish populations and to evaluate the potential consequences of alternative harvest policies. However, these studies have been based upon virtual population analysis or sequential population analysis (Cisneros-Mata et al., 1995; Nevárez-Martínez et al., 1999; Morales-Bojórquez and Nevárez-Martínez, 2005). These analyses have limitations because only one data source can be used as input (catch-at-age data), and it may not be sufficient in itself to provide a complete picture of the changes in biomass and the impact of fishing on the Pacific sardine stock. Conversely, integrated analysis must be preferred; it differs from the past practice of analyzing each data set separately and comparing the results. When integrated stock assessment models are used, different kinds of data can be included, providing complementary information about the status of the stock; even the use of environmental data could improve the population dynamics model (Methot and Wetzel, 2013).

Specific stock assessment models can vary by region depending on data availability; however, when the data are analyzed separately, some information on the stock condition can be ignored. Specifically, for Pacific sardine in the study area, the changes in biomass explaining the rise and fall of Pacific sardine were estimated from the catch-at-age data (Cisneros-Mata et al., 1995), and a pattern of hyperstability was also identified for the population (Martínez-Aguilar et al., 2009). Both outputs are valuable information for stakeholders, and the conclusions derived from these studies improve the Pacific sardine fishery management; unfortunately, where one data source is continuously used, the biological information from the stock will be partial and incomplete for fishery management purposes. An advantage of integrated analysis for fisheries’ stock assessment is that it can make full use of both age- and size-specific information, including factors important for describing population dynamics, such as maturity, fecundity, natural mortality, and gear selectivity, and all of them may be functions of age or size for the species in question (Savereide and Quinn, 2004; Cope, 2013; Maunder and Punt, 2013). When integrated analysis are used, they provide estimates of population parameters based on processes like recruitment, catchability, the adult stock–recruitment relationship, and fishing and natural mortality. Deriso et al. (1985) showed that the addition of auxiliary information (e.g., fishing effort) is typically required to constrain the analysis; therefore, the inclusion of fishery-dependent and fishery-independent data can be used for obtaining reliable population parameter estimates. The stock assessment is relevant for management purposes, because in Mexico, the Small Pelagic Species Fishery Management Plan establishes as reference point the maximum sustainable yield for Pacific sardine, and the control rule is defined according to this management quantity (DOF, 2012).

Recognizing the high variability in biomass and availability of the Pacific sardine in the Gulf of California, continuous updates on the stock condition are necessary (Lluch-Belda et al., 1989; Gaughan et al., 2004). In this study, an integrated stock assessment model for Pacific sardine fishery was applied. There are sufficient biological and statistical data for representing the population dynamics; additionally, the data are available over the time period during which a fishery has affected the stock. In this approach, relevant biological information was jointly used with fishery data, improving the biomass, recruitment, and mortality estimations. Thus, the objective in this paper is to improve Pacific sardine stock assessment by increasing biological realism in analyzing key life history and fishery processes.





Material and methods




Statistical and biological data

We used monthly catch at age data during 47 fishing seasons, the sampling design included two opposite landing sites where Pacific sardine is harvested, this allowed to collect the biological samples through the entire distribution area for this species; in contrast, the fishery-independent data were temporally limited during the survey research, consequently, the age composition and biological samples could be biased or skewed (e.g., large or small individuals). For avoiding this situation, biological data were obtained from two fishery ports known as Yavaros (South region) Guaymas (North Central region), Sonora; both are the most important ports for the sardine industry in the Gulf of California. The biological data were collected every month during fishing seasons. Systematic random sampling was carried out in both ports where different purse seines of the commercial fleet were sampled, and approximately 100 individuals were taken in the holds. The length frequency distribution data were collected using a length class of 5 mm. These individuals were also used for collecting data about weight (g), sex, saggita otoliths, and maturity stage based on the maturity scale proposed by Cisneros-Mata et al. (1988); the maturity curve was modeled using a logistic model and maturity data of females (DOF, 2012). The annual catch records were obtained from the commercial fisheries statistics provided by Comisión Nacional de Pesca y Acuacultura (https://www.gob.mx/conapesca). The stock assessment for the Pacific sardine was implemented with an annual time step for age classes from 0 to 6 years; within this age range, the otolith readings were available, therefore the catch-at-age data (by one fleet) were used. The mean standard length (mm) and standard deviation (sd) by age of the Pacific sardine were reported as follows: i) Age 0, 101.2 mm (3.2); ii) Age 1, 138.9 mm (8.7); iii) Age 2, 159.7 (9.0); iv) Age 3, 179.5 (7.3); v) Age 4, 189.2 (5.4); vi) Age 5, 196.8 mm (4.3); and vii) Age 6, 200.7 mm (3.8) (Nevárez-Martínez et al., 2019).

Readings were repeated at least two times with a reasonable time lapse and compared later on, using a stereomicroscope. According to Campana et al. (1995) the coefficient of variation (CV), and the index of average percent error (IAPE) must be calculated to assess the reliability of the counts, the CV values varied between 6% and 7%, and IAPE was less than 4.5%; these values were assumed as plausible, therefore ageing error or bias were not included in the stock assessment. The age compositions were available across the entire modeling time period (1971−2018); such that the otholits were collected and read per year. The maturity and growth data were used as input data in the integrated catch-at-age model.

The time series involved an extensive statistical and biological database over 47 fishing seasons (1971−2018). This analysis included five fishery-independent abundance indices; they consisted of indices of relative abundance covering a subset of recent years, as well as biological sampling. According to Hilborn and Walters (1992), there is proportionality between the index of relative abundance   and abundance   therefore, the model of proportionality was assumed as  , where   is the catchability. The stock assessment requires indices of relative abundance for estimating biomass and other management quantities. For small pelagic fisheries, several indices have been evaluated, e.g., CalCOFI egg and larvae, spawning area, aerial spotter, and spawning biomass (daily egg production method). They are used frequently in the catch-at-age analysis for small pelagic species in the California Current; additionally, other indices of relative abundance were used and later discarded, mainly due to their low statistical contribution to catch-at-age model (e.g., the number of positive stations, indicating the presence of sardines in the marine station sampled during survey research) (Jacobson et al., 1994a; Jacobson et al., 1994b; Deriso et al., 1996). Details about input data used for maturity at age, and selectivity at age are included in Supplementary Material (Table S1).

The indices of relative abundance used in this study were estimated from different methodologies, and these are included in the citation for each index as follows: (i) survey catch rate between 1990 and 2018 was estimated during May every year, in this study the catch rate values were expressed as the average annual catch rate by survey (Nevárez-Martínez et al., 2001), the coefficient of variation for this index was 0.5; (ii) indices from acoustic surveys from 2008 to 2017 were estimated during May every year, expressed as annual tons (Simmonds and MacLennan, 2005), the coefficient of variation for this index was 0.2; (iii) indices from egg and larvae between 1972 and 1988 were estimated during winter every year, indicating the number of Pacific sardine eggs and larvae standardize to 10 m2 of sea surface (Hernández-Vázquez, 1994; Lo et al., 1996; Hammann et al., 1998; Lluch-Cota et al., 1999) the coefficient of variation for this index was 0.3; (iv) index of spawning probability from 1979 to 1996 was estimated during winter every year (Hammann et al., 1998; Lluch-Cota et al., 1999), the coefficient of variation for this index was 0.3; and (v) index based on feeding of marine birds between 1990 and 2012, the data were collected between March and June every year, representing the proportion of Pacific sardine in the diet of Heermann’s gulls (Larus heermanni) and Elegant terns (Thalasseus elegans) estimated from seabird regurgitations (expressed as percentage), thus each bird was assumed to be a sample unit; the coefficient of variation for this index was 0.8. However, this index of relative abundance was spatially limited to a few km2 around Isla Rasa, in the Gulf of California (28° 49′ 22″ N, 112° 58′ 47″ W) (Velarde et al., 1994; Velarde et al., 2013). Table 1 shows specific details on the temporality of the fishery-independent abundance indices. The Figure F1 (Supplementary Material) indicates the spatial coverage of the study area, where the catch rate, acoustic surveys, indices from egg and larvae, and index of spawning probability were collected.


Table 1 | Indices of relative abundance used by ASAP for modeling abundance of Pacific sardine (Sardinops sagax) from the Gulf of California.



According to Legault and Restrepo (1998), the predicted indices of relative abundance   are associated with the abundance  , catchability coefficients   and selectivity at age  , such that each index of relative abundance was estimated as follows:

	

where a = age, y = year, and u = time series of the indices of relative abundance. Finally, the catchability coefficients were estimated as  , assuming that   follows a random walk, where  . This means that the catchability coefficient is variable among years, avoiding assumptions of average catchability for the time series analyzed (NOAA, 2012).





Model description

Stock assessment of the Pacific sardine was performed using the age-structured assessment program (ASAP); this package is correctly coded and documented, therefore its use is highly recommended (Dichmont et al., 2016a; Dichmont et al., 2016b). It is a likelihood-based statistical catch-at-age modeling environment allowing multiple data sources to be used to characterize population dynamics over time (Legault and Restrepo, 1998; Moustahfid et al., 2009; Guan et al., 2013). ASAP has been used as a stock assessment tool for some marine species, such as the Pacific sardine and mackerel (Conser et al., 2002; Hill et al., 2006; Crone et al., 2019), the Atlantic herring (Deroba, 2015), and the summer flounder (Terceiro, 2016). ASAP is available through the NOAA Fisheries Toolbox Project (https://nmfs-fish-tools.github.io/ASAP/). ASAP is an integrated analysis that offers an excellent option, using a framework of biologically plausible simplified equations, with both fixed and estimated parameters.





Population dynamics

ASAP is a forward-projection method following the standard and known equations of population dynamics proposed by Fournier and Archibald (1982); Deriso et al. (1985), and Methot (1989) for statistical catch-at-age analysis. The basic equations describing the population dynamics implemented in ASAP are contained in Table 2. ASAP is a multi-fleet stock assessment model; therefore, the catches and fishing mortalities can be fleet-specific. In this study, only one fleet was modeled, therefore the subindex “g” denoting the number of fishing fleets (g =1) was included in the nomenclature. The selectivity was estimated for the age classes observed in the Pacific sardine population. The fishing mortality is separable, such that it was computed as the product of selectivity-at-age and a year- and fleet-specific multiplier; therefore, the total fishing mortality (F) is the sum of fleet-specific fishing mortalities (Megrey, 1989; MacCall and Teo, 2013). The natural mortality (M) can be age-specific, although in this study M = 0.7 was expressed as rate per year (Nevárez-Martínez et al., 1999); the total mortality (Z) was the summation of F and M. Catch is then calculated using Baranov’s equation (number by age-year-fleet, if required) (Fournier and Archibald, 1982). ASAP assumes a Beverton−Holt spawner−recruitment relationship. Finally, biomass is the product of abundance- and weight at age (Legault and Restrepo, 1998; NOAA, 2012).


Table 2 | Basic equations representing the population dynamics implemented in ASAP.







Objective function

Parameter estimation occurs via the maximum likelihood method (Legault and Restrepo, 1998; Cao et al., 2014); given that ASAP includes the final estimation of several parameters, the objective function is the joint negative log likelihood of nine components indicating the population dynamics ( ), and two optional penalty functions can be used to determine the amount of curvature allowed in the fleet selectivity pattern, both at age   and over time   (Legault and Restrepo, 1998; NOAA, 2012; Francis, 2017). The joint objective function   was expressed as follows:

	

where   represents the weight assigned to each partial negative log likelihood function (  it was estimated as the inverse of the variance associated with each component. According to NOAA (2012), the basic equations contained in ASAP are expressed as follows:

	

where   is the objective function for catch-at-age proportions assuming a multinomial distribution. The following partial negative log likelihood functions (eqns. 14−21) associated with the joint negative log likelihood were assumed with log normal distribution and multiplicative residuals (NOAA, 2012). The mathematical expression used for these components was as follows:

	

where   denotes observed data,   indicates predicted data, and   is the standard deviation for each data set  . Therefore, the negative log likelihood components, assuming the previous distribution, were the total catch in weight by fleet (14), indices of relative abundance (subindex g indicates number of fleets, in this study g = 1) (Moustahfid et al., 2009) (15), selectivity (16), catchability (17), F-multiplier (18), numbers at age (age-zero abundance) (19), N-at-age in year 1 (20), and stock−recruitment relationship (21). They were expressed in a simplified way as follows:

	

	

	

	

	

	

	

	

where quadratic multiplicative residuals contained in Equation 13 were expressed as  ,  ,  ,  , and  ,   is the spawning stock biomass at time  ,   denotes the number of recruits at time  ,   and   are parameters in the stock−recruitment relationship. The α and β parameters estimated as follows:

	

	

where   is unexploited spawning stock biomass and   represents steepness. Thus,   , where   is unexploited recruitment (NOAA, 2012).





Parameter estimation

The parameters were estimated when the joint negative log likelihood (Eqn. 11) was minimized; the optimization was conducted using AD Model Builder (NOAA, 2012). The process is based on “model sculpting” (Fournier et al., 2012); given that the number of parameters can be large and highly nonlinear, it can be difficult to estimate all parameters simultaneously in one run of the model. Therefore, the minimization occurs in phases, where groups of parameters are estimated simultaneously, while the remaining parameters are maintained at their initially assigned values. Once the joint negative log likelihood is minimized for a particular phase, more parameters are added, including those from previous phases, so they are all included and evaluated progressively. The estimation within additional phases continues until all parameters are estimated. The variance of the parameters was estimated through the Hessian matrix; if some parameters were fixed, then the delta method was preferred (MacCall, 2013). Thus, the parameterization approach used in ASAP is a flexible forward simulation that allows for an efficient and reliable estimation of a large number of parameters (Legault and Restrepo, 1998; NOAA, 2012; Dichmont et al., 2016a).





Model diagnostics

According to Perreault et al. (2020) and Perretti et al. (2020), the model diagnostics can be analyzed from the analysis of retrospective patterns. These indicate systematic inconsistency among a series of estimates of population size or other assessment variables when years of data are removed from the stock assessment model (Mohn, 1999). The retrospective patterns are usually quantified using the Mohn’s ρ statistic (Hurtado-Ferro et al., 2015), which measures the relative difference between an estimated quantity from an assessment based on the full time series and the same quantity estimated from a reduced time series. The appearance of a retrospective pattern suggests that an assessment will over- or under-estimate spawning stock biomass or fishing mortality in the terminal year of the stock assessment and could provide unsustainable or sub-optimal harvesting advice (Deroba, 2014; Hurtado-Ferro et al., 2015; Szuwalski et al., 2018). The Mohn’s ρ statistic is not a goodness-of-fit; therefore, there are not criteria based on statistical significance, thus the relative difference expressed through Mohn’s ρ statistic for small pelagic should be in the range from -0.22<   < 0.30, indicating an acceptable stock assessment for Pacific sardine fishery in the Gulf of California (Hurtado-Ferro et al., 2015). The model diagnostics were based on the trajectories of spawning stock biomass, recruitment, and fishing mortality (Miller et al., 2016; Miller and Legault, 2017; Huynh et al., 2022; Legault et al., 2023). These outcomes estimated through the ASAP model are commonly reported by the management agencies, and they are useful for providing information on the uncertainty in these management quantities to the stakeholders. Therefore, the trajectories of these outcomes are typically reported in the literature whether an integrated stock assessment model is used (e.g. ASAP, WHAM, SSM). In this way, the three most important outcomes for fishery management are expressed through ASAP: i) stock size (the number of fish by age group at a particular point in time), ii) stock productivity (usually defined by the number of recruits), and iii) stock mortality (frequently referred through fishing mortality). The Mohn’s   statistic was estimated as follows:

	

where   indicates the terminal year of the data time series;   is the number of years peeled off from the terminal year;   is the number of total years peeled off from terminal year, in this study   = 6;   indicates the estimate of a parameter for year   from fitting the ASAP model to data with terminal year.





Sensitivity analysis

A sensitivity analysis was performed for ASAP model using four scenarios, they changed assuming different time periods and natural mortality, such that the scenarios were configured as follows: a) From 1979 to 2018 and M = 0.7; b) From 1990 to 2018 and M = 0.7; c) From 1972 to 2018 and M = 0.6; and d) From 1972 to 2018 and M = 0.8. The modification in the time series for each scenario influenced in the use of the data (indices of relative abundance, Table 1), assumptions, and structural uncertainty on important model results, mainly recruitment, spawning biomass and fishing mortality (Conser et al., 2002; Crone et al., 2019). In this way, the sensitivity analysis provided a measure of the uncertainty associated with results obtained from final base model (defined from 1972 to 2018 and M = 0.7).





Status of the Pacific sardine in the Gulf of California

The historical status of the Pacific sardine in the Gulf of California was shown using the Kobe phase plot (Carvalho et al., 2018). In this study, the reference points (RP) used were: the FMSY and BMSY. The FMSY is an RP that indicates the fishing mortality corresponding to the maximum sustainable yield, and BMSY indicates the biomass at maximum sustainable yield (Hilborn and Walters, 1992). The Kobe phase plot provides four zones where the status stock can be identified: i) the green panel showing the target zone for Pacific sardine fishery management (Bt/BMSY > 1, Ft/FMSY< 1); ii) the orange panel indicating a threshold zone, where the stock was exposed to overfishing (not-overfished) (Bt/BMSY > 1, Ft/FMSY > 1); iii) the yellow panel indicating the stock was overfished (not-overfishing) outside safe biological limits (Bt/BMSY< 1, Ft/FMSY< 1); and iv) the red panel representing the risk zone (Bt/BMSY< 1, Ft/FMSY > 1) (Echazabal-Salazar et al., 2021).






Results

ASAP requires indices of relative abundance for estimating different outputs, therefore these data were useful in determining the trajectories of abundance, biomass, and fishing mortality. The indices showed different temporal scales, and the most extensive time series was the survey catch rate (1990−2018). Comparatively, the indices of spawning probability and acoustic survey showed a better fit to the data (Figure 3); the index of survey catch rate showed an acceptable fit, while the egg and larvae index and the bird diet ratio showed a poor fit to the observed data. The bird data ratio could even be assumed to be non-informative regarding the abundance of the Pacific sardine. Commonly, several data sources exhibit different tendencies over time, and the information contained in the indices of relative abundance could even be contradictory. For example, between 2000 and 2004, the survey catch rate showed high values with an increasing trend, varying between 446 and 1,027 t, whilst the bird diet ratio showed low values (13.2% and 18.4%), with this index falling dramatically during 1996 and 1997 (Figure 3). Between 2000 and 2004, the catch of Pacific sardine increased with a significant peak in the catch time series. The discrepancy in both indices can be explained by the spatial scale covering birds during feeding, limited to a few nautical miles around Isla Rasa, in comparison to a catch rate survey covering the extensive fishing ground in the Gulf of California where Pacific sardine is distributed and harvested. Finally, the indices of relative abundance of the survey catch rate and spawning probability, coincided with low values from 1990 to 1993, and the acoustic survey and survey catch rate also coincided with low values during the period of 2012−2016 (Figure 3).




Figure 3 | Indices of relative abundance used for tuning the integrated catch-at-age model (ASAP). The continuous line shows the model fitted to the observed data (gray points).



The abundance-at-age estimates are shown in Figure 4. Thus, age classes 0 (recruits) and 1 were the most abundant. From 1972 to 2018, the recruits varied between 5 x 109 and 61 x 109 individuals, and two periods with high abundance were identified. The first was from 1979 to 1998, where the recruits increase up to a peak of 33.2 x 109 individuals. A second period was observed during the period of 1995−2008, where recruitment fluctuated between 29.7 x 109 and 61 x 109 individuals, and a temporal peak of 52.6 x 109 individuals was observed during 2017. The lowest recruitments were estimated during the time periods of 1990−1992 and 2012−2016, and in 2018 (Figure 4). A similar pattern of abundance was observed for age classes 1 and 2, although the abundance-at-age in the time series was less than those estimated for recruits, with the variation being between 0.53 x 109 and 29.4 x 109 individuals for age class 1 and 0.21 x 109 and 11.9 x 109 individuals for age class 2. Finally, the abundance-at-age for individuals aged from 3 to 6 years was less than 6 x 109 individuals, and the changes in abundance for these age classes were not as dramatic as the abundance of recruits for age class 1 (Figure 4). The variability in abundance of spawners was expressed as the summation of individuals estimated for age classes 1 to 6, and the interannual variability showed a similar pattern to the previous description of changes in recruitment. Thus, the abundance of spawners also fell during 1992 and from 2013 to 2015, and over 12 years (1998−2009), the abundance of spawners was relatively stable, showing a slight increase from 28.6 x 109 to 44.3 x 109 individuals. The abundances of recruits and spawners changed noticeably in a similar phase, influencing the interannual variability in total abundance (Figure 5).




Figure 4 | Abundance at age estimated from ASAP for Pacific sardine (Sardinops sagax) from the Gulf of California, Mexico. The shaded area indicates the confidence interval (P< 0.05).






Figure 5 | Interannual variability for spawning stock abundance and total abundance of Pacific sardine (Sardinops sagax) from the Gulf of California, Mexico. The shaded area indicates the confidence interval (P< 0.05).



The spawning stock-recruitment relationship fitted to the data of the Pacific sardine fishery in the Gulf of California is shown in Figure 6. The highest recruitment in the Pacific sardine fishery was estimated during 2007 with a value of 606 x 108 individuals; this recruitment was produced when the spawning stock biomass (SSB) was almost 1.8 million t. The spawning stock-recruitment relationship suggested the that highest recruitments were associated with an SSB exceeding 1.0 million t, and recruitments greater than 23 x 108 individuals occurred when the SSB varied between 0.8 and 1.0 million t (Figure 6). However, during 2012, the variability in the spawning stock-recruitment relationship estimated low recruitment associated to an SSB of 0.91 million t. When the SSB was in low biomasses, in general, any up-growth in SSB was also reflected in an increase in recruitment (Figure 6) (Supplementary Material, Table S2).




Figure 6 | Spawning stock biomass−recruitment relationship for Pacific sardine (Sardinops sagax) from the Gulf of California, Mexico. The solid line represents the stock−recruitment model fitted to the observed data (black points).



The changes in fishing mortality have shown low variability since the 1970s. Its value was estimated to have remained below 0.25 over time. During the 1970s, the fishing mortality was less than 0.1, except in 1972 when the Pacific sardine fishery began the harvest (0.18). Later, in the mid-1980s, the fishing mortality increased from 0.07 to 0.23, with values falling below 0.11 from 1992 to 2007 (Figure 7A). The next peak in fishing mortality occurred in 2010, when it was about 0.14 then below 0.10 afterwards, with a minimum from 2014–2016. Finally, the last peak with fishing mortalities of 0.09 and 0.08 were estimated for 2017 and 2018, respectively (Figure 7A). The results of F at age over time series indicated that highest fishing mortalities occurred for age groups 1, 2 and 3, with averages values of 0.11 (SD = 0.11), 0.16 (SD = 0.11) and 0.10 (SD = 0.07); respectively (Supplementary Material, Table S3).




Figure 7 | Outcomes estimated from ASAP for Pacific sardine (Sardinops sagax) from the Gulf of California, Mexico. (A) Interannual variability in fishing mortality, (B) Interannual variability of total biomass, (C) Interannual variability of vulnerable biomass, and (D) Interannual variability of spawning biomass. The shaded areas indicate the confidence interval (P< 0.05).



The changes in total biomass from 1972 to 2018 are shown in Figure 7B. Historically, the total biomass varied from 461 thousand to 4.82 million t during 1972 and 2008, respectively. In the 1970s and 1980s, a maximum biomass close to 2.9 million t was reached, and the second peak from the mid-1990s to the late 2000s showed that the total biomass varied between 2.9 and 4.8 x 103 t. Only two declines were estimated in the time series of total biomass, the first during the early 1990s and the second during the early 2010s. The changes in vulnerable biomass (Figure 7C) and spawning biomass (Figure 7D) followed a similar trend in variability. Age classes from 1 to 6 years structured the spawning biomass; therefore, these annual classes were completely recruited to the fishery and harvested. Thus, the vulnerable biomass depends on the abundance of spawners and the recruits during each year (Supplementary Material, Table S4).

In this study, a 6-year retrospective analysis was performed on recruitment (ρ = 0.115), spawning stock biomass (ρ = -0.015), and fishing mortality (ρ = 0.017). In general, the retrospective patterns assessed through   were acceptable, with low values inside its previously established range ( ) (Figure 8). These results indicated a low risk of model misspecification; therefore, the stock assessment model for the Pacific sardine in the Gulf of California is suitable for management advice. The historical status of the Pacific sardine over the years showed only trajectories into the zones identified as outside safe biological limits (Bt/BMSY< 1, Ft/FMSY< 1) and the target zone for fishery management (Bt/BMSY > 1, Ft/FMSY< 1). The time periods indicating that the Pacific sardine fishery was outside safe biological limits were 1972–1978, 1991–1993, 2015–2016. Comparatively, the Pacific sardine fishery has mainly remained in the target zone for fishery management without temporal incursions toward the overfishing (Bt/BMSY > 1, Ft/FMSY > 1) or risk zones (Bt/BMSY< 1, Ft/FMSY > 1) (Figure 9).




Figure 8 | Relative difference for retrospective patterns analysis (Mohn’s   values) for the recruitment, spawning stock biomass, and fully-selected F of Pacific sardine (Sardinops sagax) from the Gulf of California, Mexico; their corresponding Mohn’s ρ values using the ASAP model are included.






Figure 9 | Kobe phases plot for Pacific sardine (Sardinops sagax) from the Gulf of California, Mexico. The time series of annual estimates of biomass (Bt) and fishing mortality (Ft) relative to the reference points of BMSY and FMSY are shown.



The sensitivity analysis for the four scenarios analyzed showed differences in the magnitude of the spawning stock biomass, the highest values were estimated for the time series from 1972 to 2018 and M = 0.8; conversely the lower biomass was computed using the time series from 1990 to 2018 and M = 0.7; this indicated the spawning stock biomass outcomes provided from ASAP are influenced through the survey time series, and the M values assumed in the model. Comparatively, the times series from 1979 to 2018 and 1972 to 2018, using M = 0.7 and 0.6; respectively, both analyses indicated similar trajectories of spawning stock biomass. Although the changes in spawning stock biomass were evident for each combination of time series and natural mortality; the different analyses showed similar trend in the rise and fall of biomass; highlighting the peaks of 1986, 1998, 2003, 2008 and 2018; while the lower values of spawning stock biomass were estimated during 1972-1974, 1992, and 2016 (Figure 10A). The changes in recruitment were also evident when the time series and M were modified. The highest recruitments were computed using M = 0.8, while the number of recruits estimated using M = 0.6 and 0.7 were lower, exhibiting similar trajectories and closer among them. Despite, the differences previously described in the magnitude of the number of recruits, the four scenarios analyzed indicated the same peaks of abundance of recruits in the time series, a similar pattern was also observed for the declines in recruitment (Figure 10C). Finally, along time series, similar outputs were estimated for the values of annual fishing mortality. In this case, the time series from 1972 to 2018 and 1979 to 2018 exhibited similar and closer values of fishing mortality. Comparatively, the times series from 1990 to 2018 using M = 0.7 provided high values of fishing mortality, even during 1990-1992 and 2009-2010 were higher than 0.3. In contrast, the time series from 1972 to 2018 using M = 0.8 computed low values of fishing mortality, predominating along time series values lower than 0.1 (Figure 10B). The configurations of uncertainty derived from sensitivity analysis and values estimated for the analysis of retrospective patterns, including recruitment parameters and management quantities are shown in Table 3. Specifically, the values of Mohn’s ρ statistic ranged from -0.22<   < 0.30, indicating an acceptable stock assessment for Pacific sardine fishery in the Gulf of California for each scenario where the sensitivity analysis was computed.




Figure 10 | (A) Spawning stock biomass (SSB), (B) fishing mortality, and (C) recruits estimated from the sensitivity analysis of Pacific sardine fishery in the Gulf of California. The configurations in the sensitivity analysis were as follows: i) 1972-2018, M = 0.8 (black line); ii) 1972-2018, M = 0.6 (orange line); iii) 1979-2018, M = 0.7 (blue line); and iv) 1990-2018, M = 0.7 (red line).




Table 3 | Configurations of uncertainty for the sensitivity analysis of Pacific sardine fishery in the Gulf of California, including values estimated for the analysis of retrospective patterns, recruitment parameters and management quantities.







Discussion

Twenty-five years ago, the first attempts to explain the interannual variability in catches and availability of biomass of the Pacific sardine in the Gulf of California were analyzed and documented (Cisneros-Mata et al., 1995; Cisneros-Mata et al., 1996b; Nevárez-Martínez et al., 1999; Nevárez-Martínez et al., 2001). The high and sudden fluctuations in Pacific sardine abundance are a challenge, and the hypotheses studied indicate two possibilities: the environmental stochasticity affected the abundance (Nevárez-Martínez et al., 2001) or density-dependent effects, where a mechanism of overcompensation in the Pacific sardine population could be operating (e.g., increasing cannibalism) (Cisneros-Mata et al., 1995). Since 1972, the Pacific sardine has suffered four declines, including an unusual recovery with a historic Pacific sardine catch record (2008−2009). This periodicity in the apparent productivity of the stock was identified in the estimates of the indices of relative abundance used in this study (survey catch rate index); the data indicated that during the periods of 1990−1993 and 2012−2015, the indices of relative abundance of the survey catch rate, acoustic survey, and spawning probability were coincident, suggesting a fall in the abundance of the Pacific sardine. The estimates of the bird diet index showed a tendency to stay relatively stable; only a slight decline during 2012 was computed, indicating a potential change in Pacific sardine abundance, while the estimated egg and larvae index values showed the changes in Pacific sardine abundance between 1972 and 1988, mainly from 1984 to 1986 when the Pacific sardine fishery reached its first historic peak of abundance and catch.

The harvest of Pacific sardine occurs with annual cycles excepting August and September; therefore the indices of relative abundance used in this study were estimated in-season. In this way, there was not availability of information preseason for obtaining biological knowledge on the Pacific sardine stock condition before harvest. Given that this study is the first to analyze the changes in the abundance of Pacific sardine based on an integrated stock assessment model, the inclusion of different data sources was necessary, particularly five available indices of relative abundance. The main assumption is that each index of relative abundance is proportional to the abundance (Hilborn and Walters, 1992). However, the statistical methods for the tuning of catch-at-age analysis using indices of relative abundance are particularly sensitive to observation error; consequently, when several indices of relative abundance are used, all of the available indices are prone to this statistical error (Shepherd, 1999; Linton and Bence, 2008). Therefore, the observed indices of relative abundance analyzed through ASAP are typically assumed to have multiplicative errors that are lognormally distributed; this assumption is used because theoretically, the logarithm transformation can transform the data to a normal distribution and stabilize the variances, and therefore the indices make an improved contribution to the stock assessment (Quinn and Deriso, 1999; Dichmont et al., 2016a). Thus, the expectation is that the indices can be informative about Pacific sardine abundance; however, the bird diet ratio index showed a contradictory tendency to those indicated by the survey catch rate index, with the main difference being between 2000 and 2004, where the bird diet ratio index had low values in comparison to the high values of the survey catch rate. Given that Heermann’s gulls and Elegant terns have a spatial range limited to a few km2 around Isla Rasa, in the Gulf of California, there is a possibility that this index reflects changes in the spatial distribution of Pacific sardine fishery during the study period rather than changes in stock abundance. So, the bird diet ratio index has not consistently indexed the entire Pacific sardine stock, resulting in biased annual indices. Conversely, survey catch rate, acoustic survey, spawning, and egg and larvae indices had a wide spatial coverage in the Gulf of California, and they were more informative about changes in Pacific sardine abundance in the region.

The changes in abundance of Pacific sardine could be influenced by the variability in the age structure over time. During 1970s the population exhibited seven age classes, with the highest abundance for age classes of 3 and 4 years (Sokolov and Wong, l972). During early 1980s, the presence of recruits (age class 0) was drastically diminished, and the age composition showed only 4 age classes, where age classes 2 and 3 were the most abundant; however during late 1980s the age composition showed 7 age classes (from 0 to 6 years), with high abundance for age classes 1, 2, and 3. Recently, the age structure has remained relatively stable with presence of age classes between 0 and 5 years, where the age classes most abundant were 0, 1, and 2, conversely the age classes 3, 4, and 5 were less abundant (Nevárez-Martínez et al., 2019). This condition in the sardine population could suggest a potential failure in the productivity of the spawning stock; comparatively during 1972-1997 the spawning biomass declines did not affect the population dynamics of Pacific sardine and the minimum spawning stock size was not reached (  287 million spawning adults) (Morales-Bojórquez and Nevárez-Martínez, 2005). However, from 1998 to 2020 dramatic changes occurred in abundance, mainly from 2006 to 2014, therefore to analyze if the spawning stock has been affected by fishing pressure, environmental variability or both is necessary for understanding the responses of the sardine stock in the Gulf of California.

In this way, one sensitivity analysis was performed with the model starting in 1979, when the spawning probability data began, such that the impacts on recruitment, spawning biomass, and fishing mortality were assessed through the influence and contrast in the temporal change of this index. Additionally, an alternative scenario was analyzed with the model starting in 1990, in this way, the egg and larvae index was excluded, therefore the influence in the long-term (1990-2018) of the survey catch rate and bird diet ratio was assessed. These scenarios and comparisons allowed us to observe changes in the magnitude of recruits, spawning biomass, and fishing mortality, such that their comparison with the final base model provided cues about the uncertainty in the stock assessment results. In this way, the three most important outcomes for fishery management are expressed through ASAP: i) stock size (the number of fish by age group at a particular point in time), ii) stock productivity (usually defined by the number of recruits), and iii) stock mortality (frequently the fishing mortality).

The use of different indices of relative abundance to investigate the current sardine abundance has been a recurrent issue in the stock assessment of Pacific sardine fishery (Barnes et al., 1992; Deriso et al., 1996; Simmonds, 2003). Depending on the stock analyzed, the indices have exhibited different results in estimating the changes in biomass. For small pelagic species, the ichthyoplankton survey provides important data on daily egg production and spawning sardine biomass supported by the daily egg production method (Bentley et al., 1994; Lo et al., 1996). Although these estimates can be compared with outputs derived from conventional stock assessment models, the comparison cannot be strictly valid, unless an integrated method of stock assessment that combines fishery-dependent and fishery-independent data was used (Maunder, 2003). For Pacific sardine fishery in the California Current, the data from the ichthyoplankton survey were sufficiently informative on the stock status; however, historically several indices of relative abundance have been included, analyzed, and discarded (e.g. reproduction area, number of marine stations with presence of egg or larvae), therefore the update on the indices is conditional on spatial coverage reflecting the Pacific sardine stock distribution, the availability in the time series, and the accuracy of the indices, mainly associated with random and systematic errors (Jacobson and MacCall, 1995; Lo et al., 1996; Richards and Schnute, 1998; Simmonds and MacLennan, 2005). Another index of relative abundance that is sufficiently informative on the stock condition of small pelagic populations is the acoustic survey, which was found to be the most reliable for the North Sea herring (Simmonds, 2003). Similarly, Hampton (1996) compared 10-year time series of acoustic and egg surveys of the anchovy Engraulis capensis, and both data sources reflected the same major changes in abundance. In this study, the spawning and acoustic indices denoted the changes in abundance of Pacific sardine better than the survey catch rate and bird diet ratio.

The ASAP model showed the importance of age group 0 (recruits); this was the most important age group in the Pacific sardine fishery, and the contribution to abundance in this age group has consequences for the variability of the total abundance of the species. Thus, the importance of the recruitment in this fishery is widely recognized (Jacobson and MacCall, 1995; Morales-Bojórquez and Nevárez-Martínez, 2005). The contribution to the abundance of age group 1 was relatively important, but individuals older than 2 years were low in abundance; thus, the Pacific sardine fishery depends mainly on the abundance of recruits. The total abundance showed two peaks of high availability, the first during the 1980s and the second from the mid-1990s to 2009, with the second peak being even more abundant and temporally more extended. Similarly, the Pacific sardine of California showed an early recovery between 1986 and 1991 (Wolf, 1992), and a period of stock recovery was observed from 1994 to 2010 (Hill et al., 2006; Dorval et al., 2015). This pattern in variability is the same observed in our analysis. The fall in abundance estimated from 2009 to 2015 in the sardine population in the Gulf of California was also forecasted off California; the change was inferred from indices of the sardine spawning stock biomass, the daily egg production method, annual survey reports, and acoustic-trawl surveys, all indicators indicating that the northern Pacific sardine stock off the west coast of North America was declining (Zwolinski and Demer, 2012). Quantitatively, the spawning stock biomass for the Pacific sardine in the Gulf of California has been managed based on a biological reference point able to identify depensation in the Pacific sardine population, thus depensation could occur when a spawning biomass of less than 287 million individuals is reached (Morales-Bojórquez and Nevárez-Martínez, 2005). Although this reference point is useful for indicating failures in recruitment, it does not allow definition of a spawning biomass that positively influences high recruitments and harvest.

Finally, the changes in vulnerable biomass indicated that the Pacific sardine could be harvested along time series. The apparent high biomass levels during the periods of 1982−1989 and 1994−2011 and in 2018 suggested sufficient annual harvestable biomass; however, the yields were low. The annual fishing mortality estimates did not show increments related to the periods of high harvestable biomass; therefore, the catch records were low in comparison to the harvestable biomass estimated from ASAP. According to Nevárez-Martínez et al. (1999), the fishing mortality reduces the spawning biomass, causing very strong density dependence, in turn increasing the risk of low recruitment. This could occur with an annual fishing mortality close to 0.47 or greater; however, this study estimated annual fishing mortalities were less than 0.22 during periods of high abundance. Consequently, the variability in the annual fishing mortality does not completely explain the changes in biomass. An explanation of this could be associated with the availability of the Pacific sardine to the fishing fleet; the environmental stochasticity plays an important role in the spatial distribution of the Pacific sardine, affecting its abundance, survival, growth, and spawning success (Huato-Soberanis and Lluch-Belda, 1987; Cisneros-Mata et al., 1996b; Lluch-Cota et al., 1999; Nevárez-Martínez et al., 2001; Dorval et al., 2015). Although this issue is particularly relevant, the environment−sardine population relationship is beyond the scope of this study, which is based on an integrated catch-at-age analysis for modeling the temporal changes in abundance, biomass, and recruitment. Further analyses are necessary to understand jointly the effects of fishing mortality and the environment on the population dynamics of the Pacific sardine.

The changes in biomass and the variability observed in the Pacific sardine fishery were validated for the model diagnostics; the retrospective patterns did not identify poor fits to data and determine the robustness of estimates for management purposes. Mohn’s   values were estimated in the expected range (-0.22<   < 0.30) (Hurtado-Ferro et al., 2015). According to previous background, the current status of the Pacific sardine fishery in the Gulf of California is in the target zone. This condition has occurred 75% of the time throughout the time series (1972–2018), while the fishery has been outside safe biological limits (Bt/BMSY< 1, Ft/FMSY< 1) during 12 years. The time period 1972–1978 could be identified as the pre-development phase in the Pacific sardine fishery, therefore the catches were relatively low impact for the biomass estimates. The time period from 1991 to 1993 is known due to the fall in recruitment and adult stock influenced by the El Ninão event in the California Current (Hayward, 1993; Hayward et al., 1994; Morales-Bojórquez and Nevárez-Martínez, 2005); when the California Current returned to a typical circulation pattern during 1994 (Hayward et al., 1995), the Pacific sardine population had a rapid recovery (Morales-Bojórquez and Nevárez-Martínez, 2005). Additionally, during 2015–2016, the Pacific sardine fishery was also outside the safe biological limits (although with values very close to unity); and in these years the marine ecosystem was also influenced by the 2015/2016 El Niño event, in addition to the abundance of other pelagic species is observed, mainly Pacific thread herring (Opisthonema spp.), chub mackerel (Scomber japonicus), and Pacific anchovy (Cetengraulis mysticetus).

The Pacific sardine fishery in the Gulf of California has been fully exploited with an apparent stable level of harvest (Bt/BMSY > 1, Ft/FMSY< 1), excluding years where the environment is clearly identified as a force factor causing changes in biomass and availability of the Pacific sardine. This study suggested that the implementation of the strategies used in the fishery have avoided the risk of overharvest in the Pacific sardine population, mainly the application of a low effort level (limited to 60 fishing vessels as the maximum number of vessels registered in the fishery), minimum legal size of 150 mm standard length, and closure fishing season in the summer months (Mexican Official Standard NOM-003-SAG/PESC-2018). Currently, the Pacific sardine fishery is sustainable, and historically with a relatively low possibility to belong to the risk zone (Bt/BMSY< 1, Ft/FMSY > 1), although this situation must be constantly analyzed for the stock assessment group and the Mexican stakeholders.

The variability observed in the management quantities were influenced of two main factors; the first, the changes in natural mortality, which had effect on the values of abundance and/or biomass, where the increasing in M caused overestimation of abundance, and viceversa; such as was observed for the sensitivity analysis from 1972 to 2018 using M = 0.8 providing the highest spawning stock biomass along time series. In this study, for the single base model a value of M = 0.7 was used, this estimation was supported by previous reports, where the natural mortality for recruits and adults of Pacific sardine varied between 0.6 and 0.8 (Murphy, 1966; Smith et al., 1992; Cisneros-Mata et al., 1997; Morales-Bojórquez et al., 2003; Martínez-Aguilar et al., 2005).

The second factor was associated with the influence of the indices of relative abundance used in this study, the single base model used five indices, and this configuration was used for two options of natural mortality (0.6 and 0.8); while the configuration from 1979 to 2018 and M = 0.7 mainly used four indices of relative abundance, partially excluding the values of egg and larvae, therefore the variance weightings were estimated for the indices of survey catch rate, acoustic survey, spawning probability, and feeding of marine birds. The time series did not show changes in recruits, spawning stock biomass or fishing mortality in comparison to the estimates provided through single base model. However, when the sensitivity analysis was computed for the time series from 1990 to 2018 and M = 0.7, the spawning stock biomass and recruits showed underestimation; in contrast the fishing mortality exhibited overestimation along time series, such that the results were different to the single base model. The configuration of the ASAP model for the time series 1990-2018 partially used the spawning probability, excluding the values of egg and larvae, and used the indices of relative abundance of survey catch rate, acoustic survey, and feeding of marine birds.

The sensitivity analysis for the four scenarios indicated different levels of spawning stock biomass, recruitment and fishing mortality, therefore these management quantities and their variability are associated with the uncertainty for Pacific sardine fishery management, recognizing that a single base model does not explicitly account for alternative assumptions for Pacific sardine population dynamics and fishery processes (i.e. time series from 1972 to 2018 and M = 0.7); jointly these included the error estimate as a measure of statistical uncertainty within ASAP that is conditioned on all the structural assumptions embedded within the model. Therefore, the accuracy of the parameterization depends on how well the joint negative log-likelihood surface at its maximum can be numerically approximated, considering the proper specification of the partial negative log-likelihood components, including appropriate probabilistic density functions, the error distributions, and variance weightings. For Pacific sardine in the Gulf of California, the final base model is including the best available scientific information with almost half century of data, the assumptions about the Pacific sardine biology are plausible from the configuration used in the ASAP model. In this way, a reasonable parameterization was computed and the management quantities were statistically robust, such as was exhibited from the analysis of retrospective patterns. In this sense, although the of retrospective patterns were estimated as -0.22<   < 0.30 for the four configurations in the sensitivity analysis (Hurtado-Ferro et al., 2015); the configuration using the time series from 1990 to 2018 and M = 0.7 could not be feasible, because the comparison with the fishery independent data (acoustic survey) showed that the Pacific sardine biomass has varied between 407 thousand and 3.29 million t, while the configuration using the time series from 1990 to 2018 and M = 0.7 provided biomass values slightly higher that 500 thousand t, with SSBMSY = 181,042 t; this scenario is not realistic; Cisneros-Mata et al. (1996a) and Morales-Bojórquez and Nevárez-Martínez (2005) showed the Pacific sardine biomass in the Gulf of California was during several years greater than 500 thousand t.

The results showed that Pacific sardine fishery in the Gulf of California has had changes and transitions in its abundance, biomass, recruitment and fishing mortality, although the natural variability in the Pacific sardine population is unavoidable (Baumgartner et al., 1992); this study indicated that the Pacific sardine fishery has been managed for long-term sustainability, the results of the analysis of retrospective patterns, Kobe plot, and sensitivity analysis provided evidences about the best scientific management, and provided a perspective of the uncertainty around of the final base model. Nonetheless, future scenarios of sensitivity evaluations for final base model could be included, mainly for analyzing the effects of the survey catchability uncertainty, and assumptions of recruitment variability. The purpose is to provide the best scientific advice to the stakeholders for maintaining the long-term sustainability of Pacific sardine fishery in the region.
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Supplementary Figure 1 | Study area for Pacific sardine (Sardinops sagax) where surveys were conducted for obtaining the indices of relative abundance used in this study (i.e., catch rate, acoustic data, egg and larvae data, and spawning data). The zigzag transects are indicated in the Gulf of California, Mexico.
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