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growth variability with temperature and oxygen 
draws attention to the adverse effects this might have 
on many fish biological characteristics in a warming 
future.
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Introduction

Climate change combined with fishing pressure and 
other environmental and anthropogenic stresses 
affects the life-history characteristics (Olsen et  al. 
2004; Pankhurst & Munday 2011) and geographi-
cal distribution of marine populations (Harley et  al. 
2006). This should result in changes in the catches of 
exploited marine species and likely economic losses 
(Sumaila et  al. 2011) as the fisheries catch poten-
tial is expected to decline in many areas around the 
world, including the Mediterranean Sea (Cheung 
et  al. 2010). Sea warming and deoxygenation were 
initially perceived to affect mainly the geographical 
distribution of marine species (Hughes 2000) and, for 
exploited populations, to cause changes in catch com-
position and somatic sizes (Tsikliras 2008). Indeed, 
sea warming has been shown to cause shifts in species 
distribution ranges towards higher latitudes (Lenoir & 
Svenning 2015) as species follow their thermal pref-
erences at local and broader scales (Cheung et  al. 
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totic length was negatively related to sea temperature 
and more strongly positively related to oxygen levels, 
indicating that sardines grow to larger body size in 
cooler waters that are more oxygenated. Within the 
context of climate change, the link of intraspecific 
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2009; Sunday et al 2012). Thus, increasing sea tem-
peratures are driving the poleward spread of thermo-
philous (= warm-water) species (Sabatés et al. 2006) 
and have facilitated the invasion and spread of non-
indigenous species such as the silver-cheeked toad-
fish Lagocephalus sceleratus in the Mediterranean 
Sea (Coro et al. 2018; Ulman et al. 2021). In contrast, 
species that prefer lower temperatures ranges (= psy-
chrophilous or cold-water species) experience shrink-
ing habitable ranges (Sabatés et al. 2006).

An increasing number of warm-water species of 
Indo-Pacific origin have entered the Mediterranean 
Sea through the Suez Canal (Golani et al. 2021) and 
are spreading towards northern areas (Vergés et  al. 
2014) leading to the tropicalisation of the Mediter-
ranean fauna (Bianchi & Morri 2003). The semi-
enclosed Mediterranean Sea is among the areas 
where local species extinctions and range shifts were 
predicted to be more common (Cheung et al. 2009). 
Besides distribution shifts and local declines in fish 
biomass, future projection scenarios suggest that 
marine resources in the Mediterranean Sea will suffer 
increasing stress if sea temperature rises more than 
2 °C above preindustrial levels (Gattuso et al. 2015). 
The mean temperature of the catch (MTC), a new 
index that assesses the effect of ocean warming on 
marine populations, at the community level, through 
fisheries catches or abundance/biomass (Cheung 
et  al. 2013a), has been increasing across the Medi-
terranean showing that the ratio of thermophilous to 
psychrophilous marine species has been changing in 
favour of the former, indicating either an increase in 
the relative proportion of thermophilous species or 
a decrease in the relative proportion of the psychro-
philous ones (Tsikliras & Stergiou 2014). Similar 
community response and tropicalisation has been 
reported in other sub-tropical and temperate areas of 
the world, while the response of tropical communities 
differs (Dimarchopoulou et al. 2021).

Although the effect of sea warming on species 
geographical range is well studied, even with future 
projections according to climate change scenarios 
(Coro et  al. 2018), the effect of climate change on 
life-history characteristics and the underlying eco-
logical mechanisms remain rather limited (Dau-
fresne et al. 2009). The gill-oxygen limitation theory 
(GOLT) predicts that fish individuals are expected 
to shrink in size due to their inability to compensate, 
via their gill surface area, for the increased metabolic 

rate that results from higher sea temperatures and 
lower dissolved oxygen levels (Cheung et al. 2013b; 
Pauly  2021). The GOLT may also explain the pole-
ward shift of marine organisms (Cheung et al. 2013b) 
and their bathymetric expansion to deeper, colder 
waters (Perry et al. 2005) both of which occur in the 
Mediterranean Sea (Tsikliras & Stergiou 2014). The 
GOLT also provides the underlying mechanism to the 
James’ Rule (James 1970), according to which within 
a species, populations with smaller body size are gen-
erally found in warmer environments (see Fig.  3 in 
Pauly 1998).

Natural populations of the European sardine (Sar-
dina pilchardus), also known as European pilchard, 
provide a model system for studying the effect of cli-
mate change as they are extended throughout the sub-
tropical and temperate zone of the Atlantic Ocean and 
the entire Mediterranean Sea (Froese & Pauly 2021). 
The geographical range of the species extends to eco-
systems with different temperature and oxygen levels 
from the warm eastern Mediterranean Sea to the cool 
waters of the NE Atlantic Ocean. European sardine 
is a small pelagic species, mainly exploited by purse-
seine fleets and accounts for around 15–20% of the 
total marine catch in the Mediterranean Sea (Tsikliras 
& Koutrakis 2013).

The aim of the present work was to compare the 
body size of the European sardine populations in sev-
eral areas of its distribution and to examine whether 
intraspecific variation in growth can be linked to oxy-
gen limitation in warmer waters (i.e., smaller body 
size in higher temperature/lower oxygen level popula-
tions vs. larger body size in lower temperature/higher 
oxygen level populations).

Materials and methods

The von Bertalanffy growth parameters asymptotic 
total length  L∞ (the length a population would reach 
if they were to grow infinitely, in cm) and growth 
coefficient K (the rate at which  L∞ is approached, in 
 year−1) and the maximum reported age of 47 Euro-
pean sardine populations from various  Atlantic and 
Mediterranean locations were extracted from pub-
lished sources. These populations represent the entire 
geographical range of sardine’s distribution (Fig. 1), 
which includes ecosystems with variable environmen-
tal characteristics ranging from the warmer eastern 
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Mediterranean Sea (average annual sea surface tem-
perature of 19.4 °C) to the cooler North Sea (average 
annual sea surface temperature of 16.1 °C).

The growth parameters extracted from the litera-
ture were converted to the same unit using the growth 
equations reported by the authors and length-length 
and length-weight relationships for each area or for 
neighbouring populations. The growth curves of each 
population were re-constructed based on the growth 
parameters and the corresponding lifespan reported in 
the original study (Table 1).

The growth parameters of all sardine populations 
were used to construct an auximetric double loga-
rithmic plot (Pauly 1994) of the growth coefficient 
(logK) against the corresponding asymptotic length 
 (logL∞). The auximetric plot was used to compare 
intra-specific growth performances (Cury & Pauly 
2000) and group the sardine populations into clus-
ters based on their growth pattern. The relationships 

between the growth coefficient (logK) and asymp-
totic length  (logL∞) were tested for differences 
among clusters by comparing the intercepts of the 
corresponding regression lines using analysis of 
covariance. The slope of populations belonging into 
the same group pattern is expected to be close to − 2 
(Cury & Pauly 2000); hence the comparison among 
slopes is meaningless.

Mean present sea surface temperature (oC) and 
dissolved molecular oxygen (mol/m3) data were 
acquired from the global environmental dataset for 
marine species distribution modelling, Bio-ORACLE 
(Tyberghein et al. 2012; Assis et al. 2017) for all loca-
tions where the growth of sardine populations was 
studied. The Pearson’s product moment correlation 
coefficient was used to measure the degree of linear 
dependence of the asymptotic total length  (L∞) and 
the growth coefficient (K) on temperature and dis-
solved oxygen.
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Fig. 1  Map of the NE Atlantic and Mediterranean Sea showing the location of the European sardine populations listed in Table 1
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Table 1  Growth 
parameters of European 
sardine populations 
across its Atlantic Ocean 
and Mediterranean 
Sea distribution  (L∞: 
asymptotic length, cm; K: 
growth coefficient,  y−1). 
EA: eastern Atlantic, WM: 
western Mediterranean, 
CM: central Mediterranean, 
EM: eastern Mediterranean

No Area Subarea Country L∞ K Reference

1 Atlantic EA UK 25.0 0.50 Bougis (1952)
2 Atlantic EA France 25.0 0.25 D’Ancona (1937)
3 Atlantic EA France 22.0 0.40 Bougis (1952)
4 Atlantic EA Spain 24.1 0.34 Perez et al. (1985)
5 Atlantic EA Spain 24.3 0.43 Porteiro & Alvarez (1985)
6 Atlantic EA Portugal 22.4 0.67 Barraca & Pestana (1985)
7 Atlantic EA Morocco 21.6 0.82 Delgado et al. (1981)
Atlantic mean values 23.5 0.48
8 Mediterranean WM Morocco 21.8 0.27 Idrissi (1987)
9 Mediterranean WM Spain 16.6 0.56 Andreu et al. (1950)
10 Mediterranean WM Spain 17.0 0.60 Bougis (1952)
11 Mediterranean WM Spain 17.4 0.84 Alemany & Álvarez (1993)
12 Mediterranean WM Spain 18.0 0.65 Alemany & Álvarez (1993)
13 Mediterranean WM Spain 19.1 0.35 Bouchereau et al. (1985)
14 Mediterranean WM Spain 19.4 0.31 Penas Lado (1978)
15 Mediterranean WM Spain 19.6 0.31 Larrañeta & Lopez (1958)
16 Mediterranean WM Spain 19.9 0.93 Alemany & Álvarez (1993)
17 Mediterranean WM Spain 20.1 0.41 Rodriguez-Roda & Larrañeta (1955)
18 Mediterranean WM Spain 20.3 0.31 Larrañeta (1965)
19 Mediterranean WM Spain 20.4 0.27 Lopez (1963)
20 Mediterranean WM Spain 20.7 0.69 Alemany & Álvarez (1993)
21 Mediterranean WM Spain 20.9 0.53 Rodriguez-Roda & Larrañeta (1955)
22 Mediterranean WM Spain 21.2 0.39 GFCM (1981)
23 Mediterranean WM Spain 22.1 0.26 Bouchereau et al. (1985)
24 Mediterranean WM France 16.4 0.56 Apostolidis & Stergiou (2014)
25 Mediterranean WM France 18.2 0.70 Bouchereau et al. (1985)
26 Mediterranean WM France 18.9 0.34 Bouchereau et al. (1985)
27 Mediterranean WM France 19.9 0.36 Mouhoub (1986)
28 Mediterranean WM France 20.4 0.31 Brahmi et al. (1998)
29 Mediterranean WM Algeria 16.1 0.71 Djabali et al. (1990)
30 Mediterranean WM Algeria 17.6 0.26 Fage (1920)
31 Mediterranean WM Algeria 18.3 0.38 Alemany & Álvarez (1993)
32 Mediterranean WM Algeria 18.7 0.28 Campillo (1992)
33 Mediterranean WM Algeria 18.9 0.46 Lee (1961)
34 Mediterranean WM Algeria 19.2 0.28 Campillo (1992)
35 Mediterranean WM Tunisia 19.4 0.43 Kartas (1981)
36 Mediterranean CM Italy 17.0 0.70 Mozzi & Duo (1958)
37 Mediterranean CM Italy 18.8 0.38 Colloca et al. (2013)
38 Mediterranean CM Italy 20.5 0.46 Sinovcic (1983)
39 Mediterranean CM Croatia 17.0 0.40 Muzinic (1957)
40 Mediterranean CM Italy 21.4 0.40 STECF (2013)
41 Mediterranean EM Greece 20.8 0.86 Voulgaridou & Stergiou (2003)
42 Mediterranean EM Greece 19.5 0.39 Antonakakis et al. (2011)
43 Mediterranean EM Greece 16.9 0.59 Tsikliras & Koutrakis (2013)
44 Mediterranean EM Greece 16.6 0.40 Laskaridis (1948)
45 Mediterranean EM Greece 16.7 0.48 Laskaridis (1948)
46 Mediterranean EM Turkey 15.0 0.59 Akyol et al. (1996)
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Results

Overall, 47 sardine populations were included in 
the analysis ranging from the North Sea to the NW 
African coasts in the Atlantic and covering the entire 
Mediterranean Sea (Table  1, Fig.  1). Their asymp-
totic length  (L∞) ranged between 21.6 and 25.0  cm 
for the Atlantic populations (mean = 23.5  cm) 
and between 15.0 and 22.1 for the Mediterranean 
ones (mean = 18.9  cm), while their growth coef-
ficient (K) ranged between 0.25 and 0.82  y−1 
(mean = 0.48  year−1) for the Atlantic populations and 
between 0.27 and 0.84   year−1 (mean = 0.47   year−1) 
for the Mediterranean ones (Table  1). Maximum 

reported age  (tmax) reached 14  years in the Atlantic 
and ranged between 4 (eastern Mediterranean) and 7 
(western Mediterranean) for the Mediterranean popu-
lations (Fig. 2).

A clear Atlantic to Mediterranean gradient was 
apparent with larger body sizes and longer lifespans 
observed in the NE Atlantic but also a western to 
eastern intra-Mediterranean gradient with the western 
Mediterranean populations being generally larger and 
longer-lived, suggesting that there is at least one inter-
mediate growth pattern between the two extremes. 
These differences and gradients were very clearly vis-
ible when the growth curves of all populations were 
plotted together (Fig. 2).

Table 1  (continued) No Area Subarea Country L∞ K Reference

47 Mediterranean EM Greece 18.1 0.30 Tserpes & Tsimenides (1991)
Mediterranean mean values 18.9 0.47

Fig. 2  Growth curves 
of the European sardine 
populations listed in 
Table 1. The growth curves 
are marked with different 
colours on an area basis 
(Atlantic Ocean: blue; 
eastern Mediterranean: 
red; central Mediterranean: 
green; western Mediterra-
nean: dark purple for north-
ern coastline, light purple 
for southern coastline). The 
inside panel shows the aver-
aged growth curves per area
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The sardine populations were grouped into two 
separate clusters based on their asymptotic length and 
growth coefficient using an auximetric plot (Fig. 3): 
the Atlantic cluster (large-sized and long-lived) and 
the Mediterranean cluster (small-sized and short-
lived). The intercepts of the two regression lines 
that correspond to the populations included in the 
two ellipses (black and blue:  Fig.  3) were statisti-
cally different (ANCOVA, F = 6.89, P = 0.012). The 
Mediterranean cluster included populations from the 
eastern Mediterranean, which were the smallest and 
shorter-lived, as well as from the central and the west-
ern Mediterranean with intermediate body size and 
lifespan (Figs. 2 and 3). Within the western Mediter-
ranean, the populations of the southern and the north-
ern coastline also exhibited differences in growth 
with the southern populations reaching smaller sizes 
and lower lifespan (Figs.  2 and 3). However, none 
of the differences among Mediterranean populations 
were statistically significant (ANCOVA, P > 0.05 in 
all cases).

Asymptotic length was positively related to 
oxygen levels (Pearson’s product-moment cor-
relation = 0.63, P < 0.001, n = 47) indicating that 
sardines grow to larger body size in higher oxy-
gen levels (Fig.  4a) and negatively related to sea 
temperature (Pearson’s product-moment correla-
tion =  − 0.56, P < 0.001, n = 47) indicating that sar-
dines grow to larger body size at lower temperature 
(Fig.  4c). The relationship of asymptotic length 
with oxygen was stronger than with to tempera-
ture and became even stronger (Pearson’s product-
moment correlation = 0.67, P < 0.001, n = 46) when 
the single outlier was removed from the analysis. 
Growth coefficient (K) was not related to oxygen 
(Pearson’s product-moment correlation =  − 0.17, 
P = 0.86, n = 45) or temperature (Pearson’s product-
moment correlation = 0.30, P = 0.76, n = 45) indi-
cating that the rate at which asymptotic length is 
approached is not oxygen (Fig.  4b) or temperature 
(Fig. 4d) driven.

Fig. 3  Auximetric plot of 
the growth coefficient K 
 (year−1, log) with asymp-
totic total length (cm, 
log) showing the growth 
clusters of the European 
sardine populations listed in 
Table 1. The growth cluster 
ellipses are marked with 
different colours (Atlan-
tic Ocean cluster: blue; 
Mediterranean Sea cluster: 
black; the Mediterranean 
cluster includes eastern 
Mediterranean: red; central 
Mediterranean: green; west-
ern Mediterranean: purple). 
A single outlier of eastern 
Mediterranean is marked 
with a red triangle
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Discussion

Because of their fast life history strategy (rapid 
growth, short lifespan, early maturation) and their 
relatively high resilience to overexploitation, small 
pelagic fishes have been widely used to examine 

environmental forcing on their biological characteris-
tics (spawning: Sabatés et al. 2006; early life stages: 
Pankhurst & Munday 2011; recruitment: Brosset 
et al. 2017; condition: Saraux et al. 2019), as well as 
climate change and variability on their catches and 
biomass (Alheit et al. 2014; Tsikliras et al. 2019). The 

Fig. 4  The relationship of the asymptotic total length (a) and 
the growth coefficient (b) with the dissolved oxygen concen-
tration (mol/m3) and the relationship of the asymptotic total 

length (c) and the growth coefficient (d) with the sea surface 
temperature (oC) for the European sardine populations in the 
Atlantic Ocean and the Mediterranean Sea

Environ Biol Fish (2022) 105:1335–1345 1341
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geographic variability of sardine growth across the 
Atlantic and Mediterranean Sea populations has been 
previously reported especially for comparing western 
Mediterranean and Atlantic growth patterns (Silva 
et al. 2008), as well as historical variability in growth 
in the eastern Mediterranean (Tsikliras & Koutrakis 
2013). The growth clusters that were identified here 
and correspond to asymptotic length and lifespan 
patterns appear to capture quite well what has been 
previously reported on the growth of sardine. Indeed, 
previous research has identified variable growth pat-
terns among the populations of sardine with a declin-
ing growth performance in the Atlantic Ocean from 
north to south and in the Mediterranean Sea from 
west to east (Silva et al. 2008). These differences have 
been attributed to the different trophic status among 
these areas and the general oligotrophy of the east-
ern Mediterranean Sea, but also to genetic distance 
among the populations (Silva et al. 2008; Tsikliras & 
Koutrakis 2013).

However, the strong positive relationship of 
asymptotic length with oxygen concentration and the 
moderately strong negative relationship with sea tem-
perature clearly indicates that the populations living 
in the cooler and fresher waters of the NE Atlantic 
attain larger body sizes and longer lifespans, whereas 
those of the warmer and less oxygenated eastern 
Mediterranean remain smaller and attain shorter 
lifespan. An intermediate group, that of the western 
and central Mediterranean, does exist because inter-
mediate oxygen and temperature conditions also 
occur between the two extremes. The growth curves 
(Fig.  2), growth clusters (Fig.  3), and their correla-
tion with oxygen and temperature (Fig. 4) may sup-
port the gill-oxygen limitation theory (GOLT), which 
proposes that oxygen limitation in warming waters is 
the mechanism that best explains intraspecific varia-
tion in growth of water breathing ectotherms (Pauly 
2021). The results of the present work also support 
the James’ Rule (James 1970), according to which, 
within a species, populations with smaller body size 
are generally found in warmer environments (Audzi-
joynte et al. 2019). Similar intraspecific growth vari-
ability linked to sea temperature has been reported for 
the Atlantic cod (Gadus morhua) in the North Atlan-
tic (see Fig. 5 in Pauly 2021 and references therein) 
and eelpout (Zoarces viviparous) in the North Sea 
compared to colder areas (Pörtner & Knust 2007). 
Besides sea temperature and oxygen limitation, 

growth variability may be the result of fisheries over-
exploitation, local trophodynamics and environmental 
parameters or a combination of these factors (Tsikli-
ras & Koutrakis 2013).

According to the GOLT, sea warming as a result 
of climate change and the associated oxygen limita-
tion will result in fishes of smaller sizes; this, in turn, 
should reduce many biological characteristics that 
are linked to growth, such as size at sexual maturity 
(Meyer & Schill 2021) and fecundity (Pauly  2021), 
while natural mortality should increase (Levangie 
et  al. 2021). Apart from its obvious link to specific 
biological characteristics at the individual or popu-
lation level, body size scales with a number of eco-
logical properties including population growth rate, 
trophic level, and competitive interactions (Arendt 
2007). Therefore, the reduced potential for somatic 
growth is one of the severe and universal effects of 
climate change, which together with distribution 
shifts, the migration of alien species, and seasonal 
shifts in life cycle events (Daufresne et al. 2009) will 
have to be dealt with in the next decades (or years if 
climate change is not halted). A reduction in the aver-
age individual body size may also have economic 
implications for local fisheries given the positive rela-
tionship of fish market price with body size (Tsikliras 
& Polymeros 2014).

Besides resolving the long-standing ichthyology 
issue of what limits fish growth (Pauly 2010), the 
GOLT has numerous practical implications in aqua-
culture and fisheries (Pauly 2019) that are particu-
larly important for the fast warming eastern Medi-
terranean Sea (Tsikliras et  al. 2015). The two main 
areas of the eastern Mediterranean, the Aegean and 
Levantine Seas, host the majority of marine aquacul-
ture operations in the Mediterranean Sea (Stergiou 
et al. 2009) and are hot spots of non-indigenous spe-
cies (Galil et al. 2018). The incoming non-indigenous 
species are usually species able to tolerate higher 
temperatures and lower oxygen levels compared to 
the indigenous species that will be oxygen limited 
and grow to smaller sizes if sea warming continues. 
This will create a competitive advantage in favour of 
non-indigenous species and is expected to affect local 
ecosystems and fisheries catch composition (Tsikliras 
et al. 2015) as well as yield-per-recruit (Baudron et al. 
2014). Near future scientific efforts are suggested to 
focus on determining thermal performance curves for 
many marine populations, especially in the eastern 
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Mediterranean Sea, aiming to assess the effects of 
climate-induced changes and habitat loss on marine 
populations and potential risk for fisheries (Butzin & 
Pörtner 2016).
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