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River Runoff as a Major Driver of Anchovy (Engraulis ringens) Recruitment but Not of Common Sardine (Strangomera bentincki) in Central-South Chile
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River runoff to the coastal zone is one of the most important environmental variables that influences the structure and functioning of the neritic trophic web and modulates temporal fluctuations of coastal fishery production in many ecosystems worldwide. The relationship between recruitment of anchovy (Engraulis ringens) and common sardine (Strangomera bentincki) in central-south Chile (34°–40°S) and fluctuations in river runoff was analyzed during the last two decades (1999–2018) using linear and nonlinear regression models. River runoff was also incorporated as a co-variate in Beverton-Holt (BH) stock-recruitment models. Anchovy recruitment was found to be positive and significantly associated with river runoff for all analyzed rivers both for the runoff calculated during its main reproductive period (July–October) and for each single month during this period. This detected nonlinear relationship remained significant when runoff was analyzed for the central macrozone (CMZ) and southern macrozone (SMZ). In contrast, no relationship between runoff and recruitment was detected for the common sardine in any river or macrozone (CMZ, SMZ), for each month of the main reproductive season or for the whole reproductive period (July–October). No density-dependent regulation was detected using BH stock-recruitment models for either species, with or without total freshwater input (i.e., the joint discharge of all rivers; RIVSUM index) as a covariate. Our results highlight the relevance of river runoff as a major driving factor in anchovy recruitment variability, suggesting that high (low) monthly runoff anomalies during the main reproductive period of anchovy populations markedly affect the survival of its early stages, altering recruitment success. For common sardine the runoff effect was not significant, which suggests that other oceanographic/climatic factors (wind-driven upwelling, sea surface temperature, El Niño) are more relevant in driving the variability of its recruitment than river runoff.
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INTRODUCTION

Several factors are drivers of fluctuations in marine fish populations, which may be due to a combination of climate variability, population dynamics and trophic interactions with other species (Lehodey et al., 2006). Fluctuations in environmental conditions at different time and space scales affect the dynamics of fishery resources. Most fishery production worldwide occurs in coastal regions, which are largely associated with coastal upwelling, wind stress and tidal mixing, and land-based runoff including major river flows (Caddy and Bakun, 1994). River discharge appears to be one of the most important environmental variables in this regard (Drinkwater and Frank, 1994; Palomera et al., 2007; Sabates et al., 2007; Reinfelds et al., 2013); it may produce significant fluctuations in nutrient transport, primary production and fish recruitment (Quiñones and Montes, 2001; Soto-Mendoza et al., 2010; Parada et al., 2013; Bonanno et al., 2016), and consequently in the biomass of fish stocks in central-south Chile.

Variability in river runoff is associated with changes in circulation patterns and vertical stability, modifying mixing and exchange processes of nutrients in the coastal zone and accordingly modulating primary production (Anabalón et al., 2016; Gómez-Canchong et al., 2017; Jacob et al., 2018; Testa et al., 2018). Changes in freshwater flow have been linked to fishery production (e.g., Drinkwater and Frank, 1994; Quiñones and Montes, 2001; Lloret et al., 2004; Díaz-Ochoa and Quiñones, 2008; Gillson, 2011). River runoff plays a main role in physical, chemical and biological processes in coastal regions (Masotti et al., 2018; Testa et al., 2018; Saldías and Lara, 2020). Many studies report relationships between river runoff and subsequent fish landings (Quiñones and Montes, 2001; Lloret et al., 2004; Gillson et al., 2012; Meynecke et al., 2012), reproductive migrations, spawning and recruitment success (Gillson, 2011; Reinfelds et al., 2013; Walsh et al., 2013).

Small pelagic fish that inhabit coastal upwelling systems are especially sensitive to the variability of the environment during all stages of their life cycle (Cubillos et al., 2007a; Gomez et al., 2012; Checkley et al., 2017; Canales et al., 2020). Two small pelagic fish, anchovy (Engraulis ringens) and common sardine (Strangomera bentincki), are important species for both industrial and small-scale purse-seine fleets in central-south Chile (Castro and Hernández, 2000; Cubillos and Arcos, 2002; Arteaga and Cubillos, 2008). Inter-annual changes in spring upwelling intensity affect the abundance and availability of planktonic food for small pelagic fish in central-south Chile, regulating the recruitment of common sardine (Gomez et al., 2012; Parada et al., 2013). El Niño and La Niña significantly modify the neritic environment; in cold years (La Niña) there is an increase in common sardine recruitment as a result of an increase in biological production (Parada et al., 2013; Jacob et al., 2018). Variations in river discharge among years are correlated with El Niño Southern Oscillations (ENSO), since an increase in precipitation in central Chile during El Niño years leads to high river flows (Montecinos et al., 2011; Garreaud et al., 2017). Conversely, La Niña is often associated with a decrease in precipitation and low river discharge (Montecinos et al., 2011; Parada et al., 2013). During El Niño periods, the recruitment levels of common sardine decrease consistent with a decline in the availability of food for the pre-recruits and changes in the vertical structure of the oxygen concentration, generating a decrease in survival (Cubillos et al., 2001; Gomez et al., 2012).

This scenario could lead to an increase in the abundance of anchovy as a result of interaction with the less abundant cohorts of common sardine (Cubillos and Arcos, 2002; Gatica et al., 2007). However, few studies have explored the possible role of freshwater input on the dynamics of common sardine and anchovy in central-south Chile, and without conclusive results (Soto-Mendoza et al., 2010; Saavedra et al., 2014). The maximum reproductive activity of both species occurs mainly in the second semester, beginning between July and August and extending until October (Cubillos and Arcos, 2002; Cubillos et al., 2007a; Claramunt et al., 2014); this is the period when the highest river flows as well as rainfall take place in central-south Chile (Montecinos et al., 2011; Valenzuela and Garreaud, 2019).

The occurrence of large concentrations of anchovy and common sardine near the mouth of the rivers of central-south Chile was highlighted in several studies (Castro and Hernández, 2000; Cubillos et al., 2001, 2007a; Quiñones et al., 2009; Soto-Mendoza et al., 2010; Saavedra et al., 2018). Hydroacoustic assessments of both species carried out by the Chilean Institute for Fisheries Development (IFOP) also reported high acoustic densities of both resources that may be related to productivity generated by the discharge of nutrients through the rivers (Saavedra et al., 2014, 2018). Furthermore, it has been shown that changes produced by freshwater inflow into the coastal zone off central-south Chile can modify the composition of phytoplankton (Anabalón et al., 2016; Masotti et al., 2018; Testa et al., 2018), as well as primary productivity and plankton metabolism (Jacob et al., 2018), which consequently could have a cascading effect on higher trophic levels (Anabalón et al., 2016).

River runoff and precipitation in central-south Chile have a marked effect on physical, chemical and biological processes of marine ecosystems, maintaining high primary productivity rates in coastal waters (Masotti et al., 2018; Testa et al., 2018). Considering the Mega Drought (MD) that affected central-south Chile and significantly altered the spatial and temporal dynamics of runoff and precipitation levels during the 2010–2018 period (Garreaud et al., 2017, 2019; Grez et al., 2020), it is of great relevance to understand how river runoff fluctuations can influence recruitment dynamics of anchovy and common sardine, which are especially sensitive to environmental variability at all stages of their life cycle (Cubillos et al., 2007b; Yáñez et al., 2008; Gomez et al., 2012). The hypothesis of this study was formulated based on the premise that changes in freshwater input to the coastal zone at different time/spatial scales may be contributing to the triggering of marked changes in anchovy and common sardine population dynamics in central-south Chile. In consequence, we tested the hypothesis that river runoff fluctuations could affect early stages of anchovy and common sardine life cycles, especially during their main reproductive periods, resulting in significant variation in their recruitment.



MATERIALS AND METHODS


Study Area

This study is focused on the coastal zone of central-south Chile (Figure 1; 33°–40°S). High abundances of anchovy and common sardine eggs have been observed in four areas within the spawning areas of this zone: (i) Punta Nugurne to Constitución (35°30′S), (ii) mouth of the Itata River to Concepción Bay (36°30′S), (iii) Arauco Gulf (37°S), and (iv) Lebú to Corral (38°20′ to 39°40′S) (Cubillos et al., 2007a; Claramunt et al., 2014; Bustos et al., 2020). The study area (SA) was separated into two macrozones: the central macrozone (CMZ) and the southern macrozone (SMZ) (Figure 1). The annual mean river discharge varied from ∼105.91 to 915.16 m3s–1 in the central macrozone, and from ∼17.42 to 522.37 m3s–1 in the southern macrozone during the study period (1999–2018; Table 1).
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FIGURE 1. Map of the study area showing the geographic location of main rivers in the central and southern macrozones including river mouths (yellow triangles), selected gauging stations (blue circles) and gauging stations used to fill in missing observations (black circles). High abundance areas of anchovy and common sardine eggs are indicated with sky blue polygons from north to south as: I (Punta Nugurne to Constitución, 35°30′S), II (mouth of the Itata River to Concepcion Bay, 36°30′S), III (Arauco Gulf, 37°S), and IV (Lebú, 38°20′ to Corral, 39°40′S).



TABLE 1. Locations of rivers and their gauging stations for the total study area including the central and southern macrozones.
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River Runoff Data

Gauging stations in the Maipo, Mataquito, Maule, Itata, Bio-Bio, Carampangue, Lleu-Lleu, Cautín, Toltén, Calle-Calle and Bueno rivers (Figure 1) located close to the coast (ca. ∼22 km on average; Table 1) were selected for further analysis. Daily runoff data from selected stations were provided by the Chilean General Water Directorate (DGA1) and the Center of Climate and Resilience Research2. Missing observations for the 1999–2018 study period (Supplementary Table 1) were filled in using linear regressions incorporating all coincident non-missing monthly data of the gauge of interest and its closest gauging station (Harvey et al., 2012; Arriagada et al., 2021; Supplementary Table 2). The consistency between the filled time series and the data obtained from the nearby gauging station was tested using double mass curve analysis (Gao et al., 2017; Pirnia et al., 2019; Supplementary Figure 1).

The seasonal dynamics of runoff of each river was determined using monthly means calculated over 20 years (1999–2018, Figure 2). Monthly means of runoff show similar behavior for all rivers, with major/minor peaks during the winter/summer seasons (Figure 2). The joint discharge of all rivers was calculated and is operationally called RIVSUM. Since analyzed rivers correspond to more than 90% of the total runoff of the study area (Alvarez-Garreton et al., 2018), RIVSUM is an indicator of total river freshwater input to the coastal zone of central-south Chile. Runoff data was analyzed monthly (i.e., period of selected months) and annually using data from each river individually (local scale) and using the RIVSUM indicator (global scale). The effect of runoff from the central macrozone (CMZ) and the southern macrozone (SMZ) on the recruitment dynamics of both species was also analyzed. Based on the life cycle of both species in central-south Chile, we selected two periods of river runoff (using RIVSUM) to determine the influence of runoff on anchovy and common sardine annual recruitment. The first period (P1) covers from July to August, which is historically considered as the main spawning period (Cubillos and Arcos, 2002); the second period (P2) extends from July to October, because marked inter-annual changes in spawning extent and intensity, showing high reproductive indicators within this second period, were detected in acoustic surveys conducted annually by the Chilean Institute for Fisheries Development (IFOP) (Supplementary Table 3).
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FIGURE 2. Seasonal signal of runoff (m3/s) for each river calculated over 20 years (1999–2018).




Fishery Data

Acoustic surveys carried out by the Chilean Institute for Fisheries Development (IFOP) were conducted every summer season during the 2000–2019 period (N = 20) to estimate the biomass of recruits (in weight) and abundance (in number) of anchovy and common sardine (Supplementary Material Acoustic Surveys, Supplementary Table 3) in the central-south zone of Chile (Saavedra et al., 2014, 2018). Annual estimates of both species’ recruits and abundances were used later to determine their relationship with runoff variability. Estimates of the spawning stock biomass obtained by applying the Daily Egg Production Method (DEPM) were also available for 2002–2019 (Grendi et al., 2020). The DEPM biomass for anchovy and common sardine were used to analyze stock-recruitment relationships, incorporating river runoff variability into classical stock-recruitment (SR) Beverton-Holt (BH) models.



Effect of River Runoff on Recruitment

Regression analyses were conducted to detect the relationship (if any) between recruitment of both species and river runoff. Based on the premise that river runoff may affect early stages of fish life cycles (i.e., main spawning period), its effects would be observed later during the recruitment period. Hence regressions were always carried out lagging the recruitment time series by 1 year, because both fish species recruit to the fishery at the end of the first year of life (Arteaga and Cubillos, 2008; Claramunt et al., 2014; Saavedra et al., 2018). Recruit values for year t (Rt) were related to annual or monthly (selected months) runoff values of year t–1 (Qt–1). Bonferroni correction was used to account for multiple testing and to decrease the probability of incorrectly rejecting a null hypothesis (i.e., of making a Type I error). Adjusted p-values were calculated according to the number of hypotheses tested (Bretz et al., 2011). For example, when linear regressions between anchovy recruitment and runoff for eleven rivers were conducted (m = 11, one regression for each analyzed river), p-values were adjusted according to m.



Effect of River Runoff and Spawning Stock Biomass on Fish Recruitment

Linear and multiple linear regression analyses, with river runoff and spawning biomass as predictor variables, were conducted as exploratory analyses. Then nonlinear regression models (Seber and Wild, 2003) were used to detect any improvement in model fit over simpler linear models. An asymptotic exponential curve (Crawley, 2007), similar to the well-known Michaelis-Menten function (Ritz and Streibig, 2008) was selected in nonlinear regression models when only runoff was used to detect any effect on anchovy recruitment, because as in the Beverton-Holt fishery model, an upper limit for the dependent variable (recruitment) exists. As runoff increases, we expect a nonlinear increase in anchovy recruitment up to a maximum level, beyond which it remains constant. For common sardine, a negative exponential function (Bolker, 2008) was used because preliminary analyses revealed a slight decrease in common sardine recruitment as runoff increases. Bonferroni correction to account for multiple testing was used as applied in the previous section. Previous studies suggest that density-dependence plays a role in the regulation of the temporal dynamics of both species (Pedraza-Garcia and Cubillos, 2008; Canales et al., 2020) and for that reason, Beverton-Holt (BH) models (Beverton and Holt, 1993) were included in our analyses. BH models use a form of density-dependent compensation, which may cause the recruitment to level out (compensation) at high spawning-stock biomass. They rely on the assumption that there is competition for food and space among juveniles, and that the mortality rate of juveniles (i.e., recruitment) is thus density dependent (Hilborn and Waiters, 1992; Chen and Irvine, 2001). BH models were used to fit stock-recruitment (SR) relationships without (Eq. 1) and with (Eq. 2) river runoff as an explanatory variable, as:
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where R and S correspond to recruitment (number) and spawning stock biomass (tons), respectively, a and b are the parameters of the stock-recruitment model, a being the estimated maximum number of recruits, parameter q accounts for runoff effect, and the term eε is the lognormal distribution of the errors ε. Q corresponds to river runoff (m3s–1) and is expressed in Eq. (2) as an anomaly, which is the deviation from the mean calculated for the whole time series as in Santojanni et al. (2006).

River runoff was incorporated into SR models using the P2 (July–October) period. However, analyses were also conducted that take into account monthly runoff (i.e., July, August, September, October, November, December). The months of November and December were also analyzed due the fact that it has been verified that the maximum reproductive indicators of both species can be observed until December in some years (Saavedra et al., 2018). Performance of each fitted model was estimated by model comparison using the Akaike Information Criterion (AIC) (Burnham and Anderson, 2002).

Analyses were conducted using the R statistical and programming software (R Development Core Team, 2017, version 3.5.0); the pseudo-R-squared (pR2) from non-linear models were calculated using the Nagelkerke function included in the R package “rcompanion” (Mangiafico, 2015). Stock-recruitment models without the incorporation of river runoff as a covariate were used as a comparison (null) model. Pseudo-R-squared was estimated as:
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Where [image: image] = log[image: image] and l(0) = logL(0) correspond to the log likelihoods of fitted and null models, respectively (Nagelkerke, 1991).




RESULTS


Effect of Single Rivers on Anchovy and Common Sardine Recruitment Using Linear and Non-linear Models

When the effect of runoff during the main reproductive period (P2) on anchovy recruitment was analyzed for each river individually using linear regression models, significant associations (p < 0.05) were detected for the Mataquito, Carampangue and Lleu-Lleu rivers (Supplementary Table 4). For common sardine, no significant associations between recruitment and runoff were found for any river (Supplementary Table 4). When this effect was analyzed for anchovy using non-linear models, parameter a was found to be significant for all rivers of the study area, and b was detected as significant for all except for the Cautín, Calle-Calle and Bueno rivers. Marked improvements over linear models were detected using pR2, which increased between 11.8 and 41.7% for the Bueno and Maule rivers, respectively (Supplementary Table 5). For common sardine, nonlinear regression models show that for all rivers parameter a was significant (p < 0.001) but b was non-significant. This means that a significant decrease in recruitment could not be detected. Improvements in model fits using pR2 were not as marked as for anchovy; their values varied between 0.002% for the Cautín River and 16% for the Itata and Carampangue rivers (Supplementary Table 6).



Effect of Total Freshwater Input (RIVSUM) on Anchovy and Common Sardine Recruitment Using Linear and Non-Linear Models

Positive/negative relationships between river runoff and recruitment of anchovy/sardine were found at different time scales when runoff was analyzed for the total study area (SA) using linear regression models. Marked and significant associations (p < 0.05) between anchovy recruitment at year t (Rt) and RIVSUMt–1 were found at monthly scales (July–August, p = 0.05, r2 = 30.4%; July–October, p < 0.05, r2 = 39.9%) (Figure 3 and Supplementary Figure 2), and also for the central macrozone (CMZ; r2 = 32.6%, p < 0.05) and southern macrozone (SMZ; r2 = 47.5%, p < 0.01). Non-significant associations were found at an annual scale (p > 0.05, r2 = 41.61%).
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FIGURE 3. Linear (A1, A2) and nonlinear (A3, A4) regressions between log recruits of anchovy at year t and RIVSUMt–1 during P1 (July–August) for the total study area (left side panels) and P2 (July–October) (right side panels). For model A1 p = 0.05, and for models A2, A3 and A4 p < 0.01.


For common sardine no significant associations (p > 0.05) were found at any time or spatial scale using linear regression models (Figure 4 and Supplementary Figure 3). Further analyses using nonlinear regression models showed that anchovy recruitment was significantly associated (p < 0.01 for a, p < 0.05 for b) with RIVSUMt–1 at a monthly scale (July–December, Table 2), and during the main reproductive periods (P1, P2) for the total study area (Figure 3, Table 2, and Supplementary Figure 4).
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FIGURE 4. Linear (S1, S2) and nonlinear (S3, S4) regressions between log recruits of sardine at year t and RIVSUMt–1 during P1 (July–August) for the total study area (left side panels) and P2 (July–October) (right side panels). For all models, parameters were non-significant (p > 0.05), except for S3 and S4 for which a was significant.



TABLE 2. Asymptotic exponential regression model results between anchovy recruitment and total river runoff (RIVSUMt–1) calculated for the total study area (SA), central macrozone (CMZ) and southern macrozone (SMZ) during single months or selected critical periods P1 (July–August) or P2 (July–October).
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Anchovy recruitment was also significantly associated with total runoff (RIVSUMt–1) during the main reproductive period (P2) for the central (CMZ; pR2 = 36%, p < 0.001) and southern macrozones (SMZ, pR2 = 52%, p < 0.001) (Figure 5 and Table 2): a major improvement over linear regression models. Out-of-sample prediction from nonlinear models shows that as runoff increases, anchovy recruitment tends to asymptotic levels (Figures 3, 5). On the contrary, a decrease in runoff produced a marked and accelerated reduction in recruitment, especially for runoff from the central macrozone (Figure 5). This result is in agreement with those who found that environmental factors, but not density-dependence, are more relevant for the prediction of anchovy recruitment in central-south Chile (Canales et al., 2020). For common sardine, nonlinear regression parameter b was not significant (p > 0.05) for RIVSUMt–1 at a monthly and aggregated scale (P1, P2; Supplementary Figure 5) for all spatial scales (SA, CMZ, SMZ; Figure 6 and Table 3). This means that a significant decrease in common sardine recruitment cannot be detected as river runoff increases. Accordingly, small improvements in pR2 were detected (no greater than 14%) comparing nonlinear to linear regression models (Table 3). Among all nonlinear models tested for anchovy recruitment, those fitted using total runoff from the southern macrozone (SMZ) and total study area (SA) calculated during the main reproductive period (P2) show the lowest root mean square error (RMSE) (Table 2). For sardine, as expected, all nonlinear models show higher values than those obtained for anchovy (Table 3). No significant patterns are visible in autocorrelation plots of residuals from linear and nonlinear models between anchovy/sardine recruitment and RIVSUMt–1 during P1 and P2 (Supplementary Figures 6, 7), respectively. Residuals from linear and nonlinear models between anchovy/sardine recruitment and RIVSUMt–1 during P2 for the central and southern macrozones behaves as white noise. For the models applied to sardine recruitment only one coefficient at lag 7 is outside the 95% confidence intervals (Supplementary Figures 8, 9).
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FIGURE 5. Linear (A1-CM, A2-SM) and nonlinear (A3-CM, A4-SM) regressions between log recruits of anchovy at year t and RIVSUMt–1 for the central macrozone (left side panels) and south macrozone (right side panels) during the main reproductive period P2 (July–October). For models A1-CM and A2-SM p < 0.01, and for models A3-CM and A4-SM p < 0.001.
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FIGURE 6. Linear (S1-CM, S2-SM) and nonlinear (S3-CM, S4-SM) regressions between log recruits of sardine at year t and RIVSUMt–1 for the central macrozone (left side panels) and south macrozone (right side panels) during the main reproductive period P2 (July–October). For all models p > 0.05.



TABLE 3. Negative exponential regression model results between sardine recruitment and river runoff (RIVSUMt–1) calculated for the study area (SA), central macrozone (CMZ) and southern macrozone (SMZ) during single months or selected critical periods P1 (July–August) or P2 (July–October).
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Linear Regression and Stock Recruitment Models With and Without Runoff as a Covariate

At a macroscale (total study area), anchovy spawning stock biomass at year t−1 (SSBt–1) was not associated (p > 0.05) with recruitment at year t (Rt) using a simple linear regression model. Spawning stock biomass was still non-significant after including it into a multiple linear regression model, and only RIVSUM at year t−1 (RIVSUMt–1) was found to be statistically significant (p < 0.05). This latter model that includes RIVSUMt–1 explains over 70% of recruitment variability (r2 = 72.41%). For common sardine, SSBt–1 and RIVSUMt–1 were not associated (p > 0.05) with recruitment (Rt) using simple and multiple linear regression models.

For anchovy and sardine, the Beverton-Holt (BH) stock-recruitment model showed non-significant (p > 0.05) parameters (a, b). Marked improvements in model fits (pR2) were detected for both species when q (associated with runoff, RIVSUMt–1) calculated during the main reproductive period P2 (July–October) was included as a covariate in the BH model; however, non-significant coefficients associated with runoff were detected (Table 4). The lowest root mean square error (RMSE) was obtained for the anchovy BH stock-recruitment model using RIVSUMt–1 as a covariate (Table 4).


TABLE 4. Beverton-Holt (BH) stock-recruitment model parameters with and without runoff as a covariable for anchovy (P2, July–October runoff) and sardine (October runoff).
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Observed trends in anchovy recruitment are better tracked when RIVSUMt–1 was incorporated as a covariate in the stock-recruitment (SR) model for the July–October period (P2) in comparison with fitted recruitment using the BH model (Figure 7). For common sardine, fitted recruitment using the BH model with runoff as a covariate is much closer to observed recruitment than observations fitted using only the BH model. This improvement can also be observed, for example, when RIVSUMt–1 during the month of October was included in the BH model (Figure 7). Pseudo-R2 for those models were 35% and 31% for anchovy and common sardine, respectively (Table 4). However, non-significant q associated with RIVSUMt–1 were detected at a monthly scale during the July–December period when the relationship between monthly total runoff and recruitment of both species was analyzed using the BH model with covariates (Supplementary Tables 7, 8). The incorporation of runoff in SR models led to a decrease in AIC values and consequently to an increase in model support (Table 4). These results indicate that the relationship between recruitment for anchovy and common sardine and total freshwater input is better described by a nonlinear rather than a linear model. Our results also suggest that freshwater input plays a major role for anchovy and sardine recruitment; however, BH stock recruitment models with runoff as a covariate, in the form that were parametrized in this study, are not able to detect the significant effect of runoff on recruitment.
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FIGURE 7. Observed recruits (filled black circles) and fitted observations using the Beverton-Holt stock recruitment model (dotted line) for (A) Engraulis ringens (upper panel) and (B) Strangomera bentincki (lower panel) during the 2003–2019 period. The fitted curves for stock recruitment models including lagged runoff (RIVSUMt–1) as a covariate during P2 (July–October) for anchovy and during October for sardine are indicated with a continuous line. Missing observations (empty white circles) correspond to years t for which recruitment estimates were available (2004, 2007, 2018) but spawning stock biomass (SSB) at year t–1 were not (2003, 2006, 2017). For all models Bonferroni adjusted p-values >0.05.





DISCUSSION

Our study not only confirms but also quantifies for the first time the magnitude of the relationship between anchovy/common sardine recruitment and runoff variability in central-south Chile. Anchovy recruitment was positively affected by river runoff, whereas common sardine recruitment was not associated to freshwater input. Previous studies suggested a possible link between recruitment of both species and runoff in this area (Soto-Mendoza et al., 2010; Saavedra et al., 2014, 2018), but the effect of runoff on recruitment was not quantified. Since common sardine and anchovy are similar in size, their growth and reproduction strategies are similar; they tend to form mixed schools (Cubillos et al., 2001; Arteaga and Cubillos, 2008; Claramunt et al., 2014). Some similarities could be expected in terms of the effect of climatic or oceanographic factors on recruitment, however, our results indicate contrasting effects of freshwater input on the recruitment dynamics of these species.

Anchovy recruitment was markedly affected by runoff variability for almost all rivers of the study area, especially during its main reproductive period (July–October), while common sardine recruitment was not affected by freshwater input at this scale. The same results were obtained for both species when the effect of total freshwater input (RIVSUM) on recruitment dynamics was quantified. Anchovy recruitment was markedly affected by total freshwater input during its main reproductive period (July–August, July–October) for both macrozones (central and southern macrozones). This effect became clearer when a nonlinear asymptotic exponential curve was used to quantify the effect of runoff on recruitment (Figures 3, 5), especially for the southern macrozone (SMZ), for which a much better fit was obtained compared to a linear model (SMZ, pR2 = 52%, p < 0.001). For common sardine, no association between total freshwater input and recruitment could be detected at any spatial or temporal scale.


Effect of Individual River Runoff During Anchovy and Sardine Reproductive Periods on Recruitment

Each river makes a different contribution to recruitment variability for anchovy and common sardine. When considering runoff during the main reproductive period (P2, July–October) for the whole study area using nonlinear regression models (Supplementary Tables 5, 6), the effect was always positive for anchovy, whereas no effect was detected for common sardine.

Specifically, as in the applied nonlinear regression model approach, the asymptotic parameter a (Bolker, 2008) represents the maximum level of recruitment, and its estimate for anchovy fluctuates around 12 on a logarithmic scale; a maximum recruitment biomass close to 163,000 t could be expected when rivers of the study area reach their maximum historical runoff levels. Other factors that can influence recruitment (e.g., wind-driven upwelling) were not considered in this study, and therefore these results should be interpreted with caution, because recruitment is also affected by other multiple factors that can vary over time. Consequently, we believe that runoff can be used as a broad indicator of recruitment variability for anchovy for the whole study area, but not for common sardine.



Effect of Aggregate Runoff (RIVSUM) During Anchovy and Common Sardine Reproductive Periods on Recruitment

Our results show a marked association between anchovy recruitment and fluctuations in total river runoff (RIVSUM) during the main reproductive activity period (P2, July–October), extending also until December (Table 2). Those results support our hypothesis that river runoff is a key factor in the dynamics of anchovy recruitment, promoting optimal environmental conditions that improve development and growth of early stages of anchovy, enhancing recruitment success. A recent study found that changes in salinity have an effect on hatching and hatching enzyme expression in anchovy off central Chile, suggesting that decreases in seawater salinity (due to increased rainfall and/or river runoff) during the spawning period may increase hatching success (Castro et al., 2021). The Mega Drought (MD) that has affected central-south Chile since 2010 produced a consistent decrease in runoff (30–60% relative to historical values) and plume areas (35 to 60%) of all rivers within the central macrozone (Boisier et al., 2016; Garreaud et al., 2017; Alvarez-Garreton et al., 2018); a reduction in phytoplankton biomass was also observed in coastal areas influenced by the Maipo and Mataquito rivers (Masotti et al., 2018). Under this scenario, we hypothesize that decreased runoff values, reduced plume area and the reduction of phytoplankton biomass may have contributed to the reduction of food availability for anchovy due to a lower nutrient supply. At the same time, enhanced salinity levels (due to reduced runoff) may have contributed to reduce the hatching success of anchovy eggs.

One main mechanism that has been proposed to explain the effect of runoff on anchovy recruitment in other parts of the world is that an increase (decrease) in river runoff levels could contribute to an increase (decrease) in the spawning area and the area favorable to post-larval recruitment (Lloret et al., 2004; Santojanni et al., 2006; Martín et al., 2008). Periods of marked decrease in runoff levels could be detrimental to anchovy recruitment. Therefore, considering the current reduction of river runoff and freshwater input to the coastal zone in central-south Chile due to climate change and water use for anthropogenic activities (Garreaud et al., 2017, 2019; Grez et al., 2020), a decrease in recruitment level of anchovy is likely to occur during years of reduced runoff. Many studies have shown a relationship between freshwater input to the coastal system (through river runoff and/or precipitation) and recruitment variability of neritic fish populations (Quiñones and Montes, 2001; Lloret et al., 2004; Santojanni et al., 2006; Martín et al., 2008; Gillson, 2011; Meynecke et al., 2012). For anchovy populations, a strong correlation was detected between Ebro river runoff (Mediterranean Sea) in spring and anchovy landings 1 year later (Lloret et al., 2004), suggesting that river runoff influences spawning and the survival rate of early stages of this species. There is also evidence that an increase in runoff levels of the Po River in the Adriatic Sea (Santojanni et al., 2006) and the Rhône River in the Gulf of Lions (Catalan Coast of the northwestern Mediterranean Sea) are associated with an increase in anchovy (Engraulis encrasicolus) recruitment (Lloret et al., 2001) and landings (Martín et al., 2008), respectively.

No association was found between recruitment and river runoff during the main reproductive period for the common sardine. This does not mean that runoff plays no role in the dynamics of common sardine recruitment, but it may be more affected by other factors like sea surface temperature and density-dependent (endogenous) mechanisms (Pedraza-Garcia and Cubillos, 2008; Canales et al., 2020).



Stock Recruitment Models With and Without Runoff as a Covariate

A non-significant effect of the spawning biomass was observed on anchovy recruitment variability using a Beverton-Holt stock-recruitment (SR) model (Table 4). A positive but non-significant effect of runoff on anchovy recruitment was detected when RIVSUM for the July–October period was included as a covariate in the SR model, being the effect of SSBt–1 still non-significant (Table 4), which suggests that SSBt–1 is not a dominant factor in the regulation of anchovy recruitment. These latter results agree with the weak influence of density-dependent regulation detected for anchovy populations in central-south Chile (Pedraza-Garcia and Cubillos, 2008; Canales et al., 2020). These authors reported an explained variance of the per capita population growth rate that varied between 23% and 15%. According to Canales et al. (2021), an anchovy model with a climate effect (Southern Oscillation Index, SOI) performed better than a model using the endogenous effect alone. Considering the weak density dependence effect in anchovy populations detected in previous studies and similar results obtained in this study, we believe that river runoff plays a key role in the dynamics of anchovy recruitment variability, but we note that it is not the only factor involved in the regulation of its recruitment.

No effect of SSBt–1 on recruitment was detected for common sardine with or without RIVSUMt–1 as a covariate. It has been found that density dependence only explains 27% of common sardine biomass variability (Canales et al., 2020). Our results are generally consistent with previous studies that reported weak or absence of SR relationships in small pelagic fishes in different ecosystems as a consequence of climatic fluctuations that affect survival from hatching to recruitment, so that recruitment is largely uncoupled from spawning biomass (Szuwalski et al., 2015; Checkley et al., 2017; Hilborn et al., 2017; Canales et al., 2020). In consequence, our results support the hypothesis that fluctuations in river runoff during the main reproductive period for anchovy (P2, July–October) have an effect on the variability of its recruitment.

A fitted SR model that includes runoff as a covariate performed well in tracking anchovy recruitment variability over time except for 2016 (Figure 7). The year 2016 is the only year for the whole study period that shows an observed recruit level that is far from fitted model; in this case, observed recruits are remarkably higher than fitted recruits (Figure 7). The anchovy recruitment success for 2016 can be explained by the presence of less abundant cohorts of common sardine the same year through a biological mechanism of interaction (Cubillos and Arcos, 2002; Cubillos et al., 2006). Recruitment of common sardine appears to be negatively associated with sea surface temperature (SST) anomalies observed during its pre-recruitment period (August–December; Cubillos and Arcos, 2002) and with the SST in the El Niño 3.4 region (Gomez et al., 2012), which means that a warm (cold) habitat is unfavorable (favorable) for common sardine recruitment. A strong El Niño event that started by mid-2015 characterized by an El Niño 3.4 index that reached +2.1°C during the austral summer of 2016 (the second highest value since 1948), affected the southeast Pacific down to Patagonia (Santoso et al., 2017; León-Muñoz et al., 2018; Garreaud et al., 2019). In addition, the Southern Annular Mode (SAM) reached its highest value during the summer of 2016, producing extreme dry conditions over this area. These anomalous warm habitat conditions could have been detrimental to the survival of common sardine offspring during the pre-recruit period of 2015, as appears to have occurred during El Niño 1997–1998 (Cubillos and Arcos, 2002). Extreme positive SST anomalies could reflect changes in food availability for common sardine during its pre-recruitment period, and a small year-class of common sardine favors the offspring survival of anchovy through an opportunistic competitive advantage mechanism (Cubillos and Arcos, 2002). This scenario could explain the difference between fitted and observed values of anchovy recruitment for 2016 (Figure 7). The marked decrease in anchovy recruitment (recruitment failure) that started in 2010 and lasted for several years coincides with the beginning of the Mega Drought (MD). The MD has triggered important changes in primary productivity in the coastal zone off central-south Chile. Rivers located in the central macrozone reduce their runoff, plume areas and nutrient export by about 50% in comparison to values observed before 2010, which translates into a marked reduction in the chlorophyll pool within their plumes (Masotti et al., 2018). Drought events or reduced river runoff are commonly accompanied by changes in the abundance of neritic fisheries, which in some cases can lead to recruitment failure (e.g., Gillson et al., 2012; Costalago et al., 2018). Our results reinforce the idea that fluctuations of freshwater entry to the coastal zone due to decreased river runoff is a significant factor that affects the recruitment of anchovy.

It is important to remark that a SR model that incorporates RIVSUMt–1 performed much better than a linear multiple regression model (pR2 = 35% for anchovy), which means that a nonlinear model should be used to quantify the dynamics of anchovy recruitment, which increases and tend to an asymptote at high levels of runoff considering or not considering its spawning stock biomass.

It was found for the common sardine that positive anomalies of river runoff during October are associated with a small decrease in annual recruitment using the BH stock recruitment model. Among the mechanisms that can lead to reduced recruitment due to a marked increase in runoff in central-south Chile, Quiñones and Montes (2001) suggested that excessively high flow rates could be detrimental to the recruitment of species inhabiting estuaries (the rock cod, Eleginops maclovinus), because eggs and larvae could be transported offshore to less favorable environments. Fitted Beverton-Holt stock-recruitment models that included RIVSUMt–1 during October as a covariate performed relatively well in tracking common sardine recruitment variability at the beginning (2003–2009) and at the end (2016–2019) of the analyzed time period, but clearly runoff between 2009 and 2014 was not the main factor controlling common sardine recruitment between 2010 and 2015 (Figure 7), which can explain a p-value > 0.05 for this latter model. Abnormal large-scale climate conditions due to a combined Pacific Decadal Oscillation Index (PDO) and Regional Precipitation Index (RPI) that reached its lowest historical value since 1948 during a similar time period between 2010 and 2014 produced an extended cold and dry period that affected central-south Chile (Garreaud et al., 2019). During this period the PDO (calculated from May to September) was in a cold phase (mean PDO = −0.45), and the RPI also fluctuated around its lowest values (RPI < 0.6), which meant a rainfall deficit of 30% (Garreaud et al., 2019). This scenario, low PDO/low RPI, indicates one of the most extreme periods of the MD that manifested as an uninterrupted sequence of dry years that started in 2010, severely affecting central-south Chile (Figure 8).


[image: image]

FIGURE 8. Annual changes in recruit abundance for anchovy (left upper plot) and common sardine (right upper plot). Total annual freshwater input (RIVSUM) for the whole study area (left bottom plot) and during the main reproductive period (P2, July to October) (right bottom plot). The red vertical bars indicate the beginning of the Mega-Drought (MD).


According to our results, the reduced runoff during this period should enhance an increase in common sardine recruitment. This tendency was generally observed in the trajectory of fitted recruitment observations using the BH model with runoff as a covariate, however, it is also clear that extremely high observed recruitment levels of common sardine (e.g., 2012) cannot be explained using only total freshwater input (Figure 7). The dynamics of common sardine may have been mostly affected by sea surface temperature (SST) associated with upwelling favorable winds during 2010–2015, and not by river runoff. There is evidence that cold (hot) habitat conditions during the pre-recruitment period are favorable (unfavorable) for common sardine growth rates (Canales et al., 2020) and recruitment (Cubillos and Arcos, 2002; Gomez et al., 2012). Under this scenario, the strong and weak La Niña of 2010 and 2011, respectively (Santoso et al., 2017) would have contributed most to the two highest common sardine recruitment observations in 2011 and 2012 (Figure 7). In contrast, the strong El Niño that started by mid-2015 (Santoso et al., 2017), and the abnormally high sea water temperatures recorded in central-south Chile during the spring of 2015 and summer of 2016 (León-Muñoz et al., 2018) would be the main cause of the low sardine recruitment observed during 2016 (Figure 7), as was reported for El Niño years of 1997 and 2002 (Gomez et al., 2012).

The MegaDrought, 25% of which has been attributed to anthropogenic climate change (Boisier et al., 2016), produced a marked reduction in rainfall/runoff levels in central-south Chile. The reduction in freshwater discharge of major rivers like the Bio-Bio and Itata rivers produced a 25–75% decrease of nitrate and phosphate export to the coastal zone–nutrients which are essential for phytoplankton growth, larval development and feeding of sardine and anchovies (Grez et al., 2020). The high rainfall variability in the study area and climate model uncertainties make it difficult to predict the response of local rainfall to anthropogenic climate forcing (Boisier et al., 2016). In this context, state-of-the-art general circulation models forced with a high emission scenario project to year 2050 a deficit of 15–20% in precipitation levels in central Chile (Collins et al., 2013). Obviously, this reduction in rainfall will reduce runoff levels accordingly, due to the strong association between annual rainfall and runoff (RIVSUM) in the study area, in which rainfall explains 84% of runoff variance. According to our results, anchovy recruitment will be reduced independently from high levels of spawning stock biomass. However, the runoff/anchovy recruitment association found in this study is only valid for the historical (1999–2018) runoff range detected for the central macrozone (∼5,900–21,380 m3/s) and southern macrozone (∼7,000–13,270 m3/s). According to out-of-sample predictions of anchovy recruitment based on runoff (Figures 3, 5), anchovy recruitment tends to decrease markedly (below these runoff levels) or to reach an asymptote (above these runoff levels), but other factors can interact with runoff or play a more relevant role than runoff in modulating recruitment outside these ranges. For sardine, spawning stock biomass and runoff levels are not relevant factors in the modulation of recruitment, and coastal chlorophyll, spring upwelling intensity and sea surface temperature appear to be determinant for the prediction of recruitment scenarios (Gomez et al., 2012).

Our results show that the magnitude of the association between anchovy recruitment and river runoff tended to be more marked for rivers whose mouths are located close to historically high egg abundance areas detected for anchovy and common sardine populations (Figure 1). This means that runoff models from rivers located at the extremes of the study area, which are the Maipo River at the northern edge of the central macrozone and the Bueno and Calle-Calle rivers at the southern edge of the southern macrozone, performed poorer (larger AIC) than models fitted to their closest rivers (smaller AIC) (Supplementary Table 5). The Maipo River mouth is located far from its closest historically high egg abundance area detected for anchovy, which extends from Punta Nugurne to Constitución (35°30′S) (Figure 1), which is probably the main cause of its reduced influence on anchovy recruitment. The Calle-Calle and Bueno river mouths are located at the southern edge of the study area, close to the end and out of the most southerly high egg abundance area that extends from Lebú to Corral (38°20′S to 39°40′S) (Figure1). Again, the distance of river mouths to high egg abundance areas detected for anchovy plays a role when trying to evaluate the magnitude of anchovy recruitment based on river runoff input to the coastal zone. There is evidence that small rivers (small runoff levels) can produce large plumes (Saldías et al., 2012, 2016), and therefore the location of their mouths in relation to high egg abundance areas could be more relevant than their runoff levels for evaluating their effect on anchovy recruitment. This could be the case for the Carampangue, Mataquito and Lleu-Lleu rivers, whose mouths are located close to high egg abundance areas of anchovy (Figure 1); their runoff levels do not exceed ca. 33% of the Itata runoff or ca. 13% of the Bio-Bio runoff (Figure 2), but their regression models performed as well or better than those applied to the Itata or Bio-Bio rivers to explain anchovy recruitment variability (Supplementary Tables 4, 5).

Early life stages of anchovy and common sardine in central-south Chile are markedly influenced by wind-driven upwelling, ENSO events, sea surface temperature and by the coastal morphology that favors the retention of their eggs and larvae (Castro and Hernández, 2000; Cubillos et al., 2001, 2006; Gomez et al., 2012). Therefore, future studies should be focused on analyzing the interaction of those factors with river runoff and also on quantifying their joint impact on anchovy recruitment variability. If the reduced runoff observed during the last decade (2010–2020) in rivers of central Chile (Alvarez-Garreton et al., 2021) persist, recruitment of anchovy populations will probably remain at low levels, stressing the health status of these populations even more.
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PR2 corresponds to the Pseudo-R-squared statistics from Nagelkerke (1991).
RMSE, Root mean square error.

Parameter b is a scale parameter and its inverse (1/b) is known as the characteristic scale of the function.

Bonferroni adjusted p-values: **p < 0.001.
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Bonferroni adjusted p-values: **p < 0.001, *p < 0.05.
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