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Abstract 

Sustainable fisheries management is of global importance, particularly for vulnerable small pelagic 

species like sardines, anchovies, and mackerel that require careful monitoring of biological parameters 

to ensure their long-term conservation. Our study of Atlantic chub mackerel (Scomber colias) in 

Madeira waters analyzed 50,896 specimens collected between 2002 and 2016, revealing significant 

changes in life history traits potentially linked to fishing pressure. We observed a concerning reduction 

in size and age at maturity, with L50 decreasing by 3.40 cm TL and A50 declining by 0.11 years over the 

study period. The 2016 data showed alarmingly high fishing mortality (1.22 year⁻¹) and exploitation 

rates (0.70 year⁻¹), with subsequent analysis of the 2014-2016 period confirming unsustainable fishing 

levels. While maximum yield per recruit was estimated at 23.84 g with corresponding biomass of 59.61 

g, the optimal fishing mortality (FMAX) was determined to be just 0.40 year⁻¹, significantly lower than 

current exploitation rates, estimated at 1.22 year-1. This substantial discrepancy between recommended 

and actual fishing pressure clearly demonstrates the stock is being overexploited. These findings 

highlight the urgent need for management intervention in Madeira's purse-seine fishery. Immediate 

action should focus on reducing fishing effort to sustainable levels, potentially through revised catch 

limits or seasonal closures. Such measures are crucial not only for stock recovery but also for 

maintaining the long-term viability of this economically important fishery. Continued monitoring of 

population parameters will be essential to assess the effectiveness of any management changes 

implemented. 

 

1. Introduction 

Global fisheries face significant challenges with overexploitation, particularly concerning pelagic fish 

stocks whose health status has become increasingly concerning (Hutchings & Reynolds, 2004). Pelagic 

species, including highly valuable tuna fisheries, constitute the majority of worldwide catches (FAO, 

2012). Small pelagic fishes, such as sardines, anchovies, herring, and mackerel, account for 

approximately 25% of annual global catches (Alheit et al., 2009), forming the economic foundation for 

numerous fisheries worldwide (Beare et al., 2004; Sabatés et al., 2006). These ecologically and 

commercially important species exhibit substantial population fluctuations driven by both fishing 

pressure and environmental factors that influence recruitment and mortality (Tičina et al., 2005). Their 
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rapid response to environmental changes stems from remarkable life-history plasticity in growth and 

survival traits (Alheit et al., 2012). Intensive exploitation has been shown to induce earlier maturation at 

smaller sizes (De Roos et al., 1992), with profound consequences for population dynamics (Feiner et al., 

2015). Environmental extremes may further accelerate this trend, selecting for life-history strategies 

characterized by early maturation, increased reproductive investment, and reduced lifespan (Winemiller 

& Rose, 1992). 

The Atlantic chub mackerel (Scomber colias Gmelin, 1789) represents a widely distributed medium-

sized pelagic species inhabiting temperate and subtropical Atlantic waters, including the Mediterranean 

and southern Black Sea (Collette, 1999). As typical of scombrids, S. colias exhibits extensive migratory 

patterns across continental shelf waters, ranging from surface waters to depths of 300 m (Collette & 

Nauen, 1983; Collette, 1986). In Madeira's NE Atlantic waters, this species forms part of the traditional 

"ruama" fishery, a small-scale purse-seine operation targeting mixed pelagic schools, primarily S. colias 

and Trachurus picturatus, along the island's southern coast (Vasconcelos et al., 2012). Despite landing 

334 tons (5.79% of total landings) in 2016 and maintaining considerable socioeconomic importance, 

critical knowledge gaps persist regarding the population structure and exploitation levels of S. colias in 

Madeiran waters. 

This study investigates fishery-induced impacts on life-history parameters of Atlantic chub mackerel in 

Madeira by analysing age and length composition of annual catches from 2002-2016. We specifically 

examine temporal changes in length (L50) and age (A50) at first maturity, while applying yield and 

biomass per recruit models to assess exploitation patterns throughout this period. These analyses aim to 

provide crucial baseline data for sustainable management of this ecologically and economically 

important fishery. 

 

2. Materials and methods 

2.1. Data sampling 

Specimens for this study were collected through weekly random sampling from one of three dedicated 

commercial purse-seine vessels operating in Funchal Port (Madeira) between 2002 and 2016 (Fig. 1). 

All sagittal otoliths were extracted ventrally, cleaned, and dry-stored in labeled vials for subsequent age 

determination. Gonadal examination using a five-stage macroscopic maturity scale (I: immature; II: 



4 
  

developing; III: spawning capable; IV: regressing; V: regenerating; following Brown-Peterson et al., 

2011) enabled sex and maturity stage assignment. Annual landing statistics were provided by the 

Regional Fisheries Department (DRP). 

 

Figure 1 - Map off the southern Atlantic Northeast showing were Atlantic chub mackerel were sampled between 2002 and 

2016 (gray spots) off the Madeira archipelago (Source: DRP - Regional Fisheries Department). 

 

 

2.2. Length and age composition of the landings 

Length and age compositions were reconstructed for four temporal periods (2002-2005, 2006-2009, 

2010-2013, and 2014-2016) through application of annual age-length keys to the corresponding length-

frequency distributions of landings (Holden & Raitt, 1974).  

 

2.3. Length and age at first maturity  

Length (L50) and age (A50) at first maturity were calculated using first-semester data (coinciding with 

the species' spawning season in Madeira; Vasconcelos et al., 2012) following the logistic model 

described by Jennings et al. (2001). 

𝑃 =
100

1+𝑒−𝑏(𝐿−𝐿50)   (1) 

𝑃 =
100

1+𝑒−𝑏(𝐴−𝐴50) (2) 

where P is the proportion of mature individuals in the size/age class, b is a constant, L the size class in TL (cm) and L50 is the 

size at which 50% of individuals are mature, A is the age group (year) and A50 is the age at which 50% of the individuals are 

mature. Fish classified in maturity stages II through V were considered mature individuals.  

 



5 
  

2.4. Beverton and Holt's Yield per Recruit and biomass-per-recruit Models 

Estimates of yield and biomass per recruit were obtained for the four-time periods using the Beverton 

and Holt's Yield (3, 4) per Recruit Model (Beverton and Holt, 1957): 

𝑌

𝑅
=  𝐹𝑒(−𝑀(𝑇𝐶−𝑇𝑟 ))𝑊∞ [

1

𝑍
−

3𝑆

𝑍+𝐾
+

3𝑆2

𝑍+2𝐾
−

𝑆3

𝑍+3𝐾
]  (3) 

  𝑆 = 𝑒(−𝑘(𝑡𝑐−𝑡0))  (4) 

where Y/R is the yield per recruit, W∞, K and t0 are the parameters from VBGF (estimated by Vasconcelos et al., 2011), Tc is 

the age at first capture (considered as the age of the lowest class landed), Tr is the age at recruitment (assuming as 0), F is the 

fishing mortality, M the natural mortality and Z the total mortality. 

 

 

The natural mortality (5) was estimated according to Pauly’s method (Pauly, 1980): 

Log 𝑀 =  0.0066 − 0.279 Log 𝐿∞ + 0.6543 Log 𝐾 + 0.4634 Log 𝑇  (5) 

where L∞ is the asymptotic length expressed in cm (TL) and K the body growth coefficient from the von Bertalanffy growth 

function (VBGF) and T the mean annual environmental (seawater) temperature (in °C) that was set at 18°C for the study 

area. The von Bertalanffy growth parameters used as reference in the estimation of natural mortality were obtained from 

Vasconcelos et al. (2011). 

 

 

The total instantaneous mortality rate (Z) was estimated through catch curve analysis (Beverton 

and Holt, 1957) of the age-structured commercial landings (2002-2016), considering only fully 

recruited age classes to minimize recruitment variation effects (Everhart et al., 1975; Ricker, 1975). The 

mortality coefficient was derived as the negative slope of the linear regression between ln-transformed 

catch numbers and corresponding age classes (Simpfendorfer et al., 2005), following the standard 

assumption of constant mortality post-recruitment.  

Fishing mortality (F) was estimated as the difference between total mortality (Z) and natural 

mortality (M) according to Beverton and Holt (1957). 

 

The exploitation rate (E) (6) was estimated according to Cushing (1968): 

𝐸 =
𝐹

𝑍
  (6) 

                        Where: F is the fishing mortality and Z the total instantaneous mortality rate. 
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2.5. Analysis 

The normality of size and age distributions was assessed using the Kolmogorov-Smirnov test, 

while homogeneity of variance was evaluated through Levene's statistics. For all subsequent analyses of 

variance, the Brown-Forsythe F-test was employed when data violated homogeneity assumptions. 

Differences in size and age structure of S. colias across study periods were examined using one-way 

ANOVA, with this parametric approach being implemented after verification of the underlying 

statistical assumptions.  

The length (L50) (1) and age (A50) (2) at first maturity along the periods were tested using a 

general linear model (GLM). Covariates examined were: period; number of individuals per age and 

length class; fishing mortality; and the relevant measure of temperature. Sea surface temperature (SST) 

for each period was estimated as the average of the 6 month prior to spawning. SST data was obtained 

from https://data.giss.nasa.gov/gistemp/. 

All statistical analyses were performed using SPSS v. 20.0 (IBM Corp., Armonk, NY). For all 

tests, statistical significance was considered when p < 0.05. 

 

3. Results 

The study analyzed 50,896 Atlantic chub mackerel (S. colias) specimens collected between 

January 2002 and December 2016, with sagittal otoliths from 8,611 individuals used for age 

determination. Landings revealed a total length range of 10.00-47.00 cm, showing a progressive 

decrease in mean size from 26.62 cm TL (2002-2005) to 24.54 cm TL (2014-2016). Biological 

sampling demonstrated greater size variability (13.50-49.60 cm TL), with the smallest specimen being a 

13.50 cm male and the largest a 49.60 cm female, both recorded during 2006-2009.  

The population exhibited a broad weight distribution (19.42-1,184.94 g) across seven age 

classes (0-6 years), reflecting the species' growth plasticity under fishing pressure. These morphometric 

patterns suggest potential fishery-induced changes in population structure over the 15-year study period.  

The size (Z= 4.02, p<0.05) and age (Z = 17.47, p < 0.05) frequency showed that the sampled 

data had a normal distribution. However, size (W = 662.93, p < 0.05) and age  

(W = 126.40, p < 0.05) did not exhibit homogeneous variance. Significant differences were found in the 

mean length (F = 586.72, p < 0.05) and in the mean age (F = 42.43, p < 0.05) along the four periods. 
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3.1. Length and age composition of landings 

The estimated annual length landings composition (in number), for the study period, is 

represented in Fig. 2a. A decreasing trend in the mean length can be observed from 2006-2009 to 2014-

2016 periods. 

From the application of the annual age-length keys, estimated by direct reading of otoliths, to the 

length compositions in number of the annual landings resulted the annual age compositions. The 

estimated age compositions in number per period are represented in Fig. 2b. Catches are based on very 

young individuals, aged between 0 and 3 years, being the modal age in the last period of 1 year. 

 

Figure 2 - Length (a) and age (b) composition of the annual catches of S. colias sampled in the four study periods (2002-

2005, 2006-2009, 2010-2013 and 2014-2016) off Madeira archipelago. 

 

3.2. Length and age at first maturity  

The length at first maturity decreased from 21.90 cm TL in 2002-2005 to 18.50 cm TL in 2014-

2016. The age at first maturity decreased from 0.95 in 2002-2005 to 0.84 for 2014-2016 (Table 1). 

Figures 3a and 3b represents length and age at maturity obtained for S. colias caught off Madeira 

between 2002 and 2016. 
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Table 1 – General linear models (GML) of size (L50) and age (A50) at first maturity for S. colias in Madeira by study periods 

(2002-2005, 2006-2009, 2010-2013, 2014-2016).  

-At-maturity Covariate F-value P-value 

Size Fishing mortality 47462.30 <0.05 

 Temperature 9185.38 <0.05 

 Number of individuals 12.25 <0.05 

Age Fishing mortality 1614.73 <0.05 

 Temperature 325.38 <0.05 

 Number of individuals 2.50 >0.05 

 

GLM analysis of the relationship between the length and age at first maturity of Atlantic chub 

mackerel in each period and identified covariates (period, number of fish by length and age class, 

fishing mortality and the relevant measure of temperature) showed a significant relationship between 

both length and age at maturity and all covariates, being positively related, except for number of fish by 

age class and age at maturity (Table 1). 

 

Figure 3 - Length (a) and age maturity (b) obtained for S. colias caught off Madeira archipelago for the study periods: a) 

2002-2005: P = 100/1+e-(-25.36)(L-21.90), 2006-2009: P = 100/1+e-(-22.25)(L-17.57), 2010-2013: P = 100/1+e-(-10.10)(L-

16.78), 2014-2016: P = 100/1+e-(-42.60)(L-18.50); b) 2002-2005: P = 100/1+e-(-2.10)(A-0.95), 2006-2009: P = 100/1+e-(-

2.70)(A-0.84), 2010-2013: P = 100/1+e-(-2.80)(A-0.79), 2014-2016: P = 100/1+e-(-4.32)(A-0.84). 
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GLM analysis also showed that the length (F = 5.25x1017, p < 0.05) and age  

(F = 7.65x1017, p < 0.05) at first maturity values have been steadily decreasing year by year throughout 

the study period (2002-2016). 

 

3.3. Beverton and Holt's yield-per-recruit model 

Figure 3 presents the results of the yield per recruit model applied to each of the four time-

periods. A decreasing trend in the maximum Y/R can be seen from the first (2002-2005) to the last 

period (2014-2016) with values of 26.61 g and 23.84 g respectively, corresponding to a FMAX of 0.4 

year–1. 

 

Figure 4. Curve of production (capture) and biomass per recruit for S. colias off Madeira archipelago. The parameters used: 

W∞ 2002-2005= 1320.20; g; W∞ 2006-2009 =1202.27 g; W∞ 2010-2013 = 1244.10 g; W∞ 2014-2016 = 1183.11 g; K = 

0.252 year -1; Tc = 0.8 year; T0 = -1.339 year; M = 0.52 year -1. The downward curve shows the decline of biomass per 

recruit (B/R) with increasing fishing mortality (F). 

 

According to Pauly’s equation, natural mortality was estimated at 0.52 year–1. In 2016, the 

estimated total mortality was 1.74 years-1. Fishing mortality and exploitation rate estimated values for 

2016 were 1.22 and 0.70 year-1, respectively. 

 

4. Discussion 

Biological data on growth and mortality are fundamental for effective stock assessment and 

fisheries management (Cadima, 2000). Prior to implementing management measures, fisheries 

managers must evaluate population dynamics to identify critical issues and prevent stock collapse (Pope 
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et al., 2010). Age-length key analysis of landing compositions is a widely used approach for assessing 

exploited fish populations, providing insights into the size and age structure underpinning fishery 

productivity (Bellido et al., 2000). 

The findings reveal a concerning trend in Madeira’s Atlantic chub mackerel (S. colias) fishery, 

with an increasing reliance on smaller, younger individuals. By 2014–2016, approximately 80% of 

landings consisted of fish under 25 cm total length (TL), predominantly from age groups 1 and 2. This 

shift toward smaller size classes has led to a decline in juvenile availability, raising significant 

conservation concerns. Furthermore, the proportion of mature individuals in landings has decreased 

steadily over the past two decades, with the current fishery dominated by immature specimens, 

highlighting unsustainable exploitation patterns.  

The observed reduction in adult body size aligns with global patterns reported in exploited fish 

stocks (Pauly et al., 1998; Levin et al., 2006). Such size-selective declines can trigger cascading 

ecological effects, including altered trophic interactions, increased predation mortality, reduced post-

fishing biomass, and ultimately diminished stock productivity, introducing substantial uncertainty in 

fisheries management (Audzijonyte et al., 2015). 

Fishing pressure typically depletes larger size classes (Conover & Munch, 2002), and in Madeira 

waters, the disappearance of bigger S. colias specimens (2002-2016) likely reflects either direct fishery 

depletion or behavioral shifts toward deeper waters or nearby seamounts. While no operational changes 

in fishing depth or location were documented, similar habitat shifts have been reported for T. picturatus 

in this region (Vasconcelos, 2017). 

Despite accounting for 15% and 9% of Madeira's total landings (by weight and value, 

respectively) over the past decade, this small pelagic fishery requires urgent management interventions. 

Sustainable exploitation demands precise knowledge of stock structure, mortality rates, and fishing 

effort, deficiencies in which may precipitate overfishing and stock collapse, particularly for less 

productive populations (Begg et al., 1999). 

Fishing mortality acts as a powerful evolutionary force, driving reductions in size-at-age and 

earlier maturation in exploited stocks (Heino & Gødo 2002; Trippel 1995). The Madeira population of 

S. colias demonstrated this phenomenon clearly between 2002-2016, with length at 50% maturity (L50) 

decreasing by 3.4 cm (21.9 to 18.5 cm TL) and age at maturity declining correspondingly (Hunter et al. 

2015). These changes likely represent either an adaptive response to maintain reproductive output in a 
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declining population or direct fisheries-induced evolution favoring smaller, earlier-maturing phenotypes 

(Trippel 1995). 

Mortality is essential to understand population dynamics (Lorenzen and Enberg, 2002). The 

optimal scenario for a population is when the fishing mortality equals natural mortality. In this case, 

fishery exploit the portion of the population which is lost anyway by natural mortality. With the 

knowledge of mortality rates, it is possible to model population dynamics, and estimate sustainable 

exploitation rates and permit the optimum catch whilst saving the reproductive proportion of the 

population (Simpfendorfer et al., 2005; Kec and Zorica, 2013). The natural mortality of 0.52 year–1 

herein estimated was much higher than the observed in Azores (0.19 year–1) (Carvalho et al. 2002), and 

in the Adriatic Sea (0.35 year–1) (Kec and Zorica, 2013). Observed differences on natural mortality 

could be influenced by age, sex, size, density, disease, parasites, predation, water temperature and 

fishing pressure (Vetter, 1998). 

According to Patterson (1992) fishing mortalities >2/3 M are mostly related to the decline of the 

stock while recovery stocks show lower mortality rates. The estimated value for S. colias in Madeira, 

for 2016 was much higher than 2/3 M (0.35) suggesting that this species is presently facing high levels 

of exploitation, probably is overexploited. This declining trend observed in fish length and weight of the 

landings is in agreement with Vasconcelos (2017) that states that current T. picturatus populations of 

Madeira are also being exploited above the optimum levels. In 2010 the local government made an 

adjustment plan to reduce fishing effort in the Madeira purse seine fleet that resulted in the definitive 

cessation of activity of 2 of the 5 purse seine vessels in the local fleet. This management measure lead 

to a decrease in the fishing mortality for S. colias and T. picturatus since 2011, but in 2016 there was an 

abrupt increase of this rate (1.22 year-1) that is not suitable with the management strategy of S. colias in 

Madeira.  

The yield per recruit model provides information on the biological and/or economic effects of 

the fishing activity on the stocks to the fishery resources managers (Sparre and Venema, 1997b), 

allowing exploitation at fishing levels in which maximum production is achieved on a sustainable basis, 

without compromising the stock and future catches. Considering the current value of maximum yield 

per recruit (Y/R = 23.84 g) and the corresponding fishing mortality (Fmax = 0.4 Year-1), obtained by the 

Beverton and Holt’s yield per recruit model, and the current exploitation rate of 0.70 per year, the stock 

is clearly being exploited beyond its optimal limit. As the current F value (1.22 year-1) is substantially 

higher than the Fmax, any increase in fishing effort should be discouraged in order to advert a stock 
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collapse. However, the yield per recruit results must be taken with caution since landings could reflect 

mainly the immature fraction of the population.  

Management measures should focus on effort reduction through fishing day limitations (20% 

reduction with 48-hour weekly closures), gear modifications (increased mesh size to 18mm and deeper 

fishing minimums), and spawning season protection (January-March closures) (DGRM 2012). Such 

measures mirror successful strategies implemented in Iberian small pelagic fisheries (Vasconcelos 

2017) and would help rebuild the stock while maintaining economic viability. The predominance of 

immature fish in landings (80%) underscores the urgency of these actions to prevent stock collapse and 

ensure long-term sustainability of this ecologically and economically important fishery (Begg et al. 

1999; Lorenzen & Enberg 2002). 
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