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ABSTRACT: The warming of the Mediterranean Sea surface is currently estimated to have been
0.4°C per decade for the period 1985-2006, and the increase in water temperature may have neg-
atively affected marine aquaculture, e.g. by decreasing productivity. Development of aquaculture
without adequate planning can lead to unsustainable economic feasibility due to future climate
stressors. In this sense, offshore mariculture could be an alternative for mitigating the effect of
coastal warming. The purpose of this study was to evaluate the suitability of the coastline in terms
of global warming and sea surface temperature trends in locations where fish aquaculture is cur-
rently being developed, as well as the spatial changes of thermal anomalies up to 30 km from the
coast, during the last 31 yr in the western Mediterranean (Spanish coast). This study was con-
ducted using EU Copernicus Marine Service Information, covering the period 1981-2018, with a
spatial resolution of 4 x 4 km. The results show that, over the last decade, the Mediterranean
coastal environment off the Iberian Peninsula has experienced an increase in temperature of
around 1°C due to global change, with a clear latitudinal pattern modified by mesoscale oceano-
graphic processes. The development of offshore aquaculture at some latitudes mitigates the
extreme aestival effects on surface water temperatures. Strategic plans for aquaculture develop-
ment should be able to forecast and incorporate future climate projections and local oceano-
graphic conditions, and offshore aquaculture may provide an alternative in some regions,
depending on local oceanographic conditions.

KEY WORDS: Climate change - Marine aquaculture - Offshore aquaculture - Marine spatial
planning

1. INTRODUCTION

In 2001, the Third Assessment Report from the In-
tergovernmental Panel on Climate Change warned
that the climate within the Mediterranean Basin may
become warmer and drier in the 215 century (Joos et
al. 2001). More recently, a report published by
MedECC (Cramer et al. 2019) indicated that acceler-
ated climate change has exacerbated the existing en-
vironmental problems in the Mediterranean Basin,
caused by a combination of land use changes, in-
creasing pollution, and declining biodiversity. This re-
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port indicates that the warming of the Mediterranean
Sea surface is currently estimated to have been 0.4°C
per decade for the period 1985-2006, with the main
rises occurring primarily during May, June, and July.

Due to the importance of temperature in many bio-
logical and ecological processes, this warming is af-
fecting marine ecosystem services, including the sup-
port for aquaculture (FAO 2018). Oceanographic
conditions will probably play a large role in deter-
mining which locations and species could be used by
the expanding aquaculture sector, as ambient water
temperature is a primary determinant of the growth
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rates of ectothermic fish and therefore the overall
production efficiency of farms (Klinger et al. 2017).
Nonetheless, the potential effects of increased surface
temperature on coastal aquaculture are somewhat
controversial, as they can be both negative and posi-
tive. Overall, the biological response to the increased
water temperature affecting marine aquaculture, at
the organism level, is likely to involve aerobic cap-
acity, reproduction, maturation and development,
growth rate, nutrition, immune function, and the tim-
ing of seasonal activities (Barange et al. 2018, Reid et
al. 2019). Diseases of cultured fish and shellfish will
be affected by a changing thermal regime, but in a
largely unpredictable manner. However, when ex-
posed to thermal stress, cultured species are likely to
be more susceptible to disease (Rosa et al. 2012).
Warmer conditions may also allow the establishment
of exotic diseases (Gubbins 2006). Despite these neg-
ative side effects, increased growth rates due to
warmer temperatures have also been predicted, par-
ticularly for molluscs (Reid et al. 2019, Hu et al. 2021).
Increased temperatures could also generate the pos-
sibility of rearing warmer-water species at higher lat-
itudes (Callaway et al. 2012), but that could involve
the introduction of exotic species with potentially
negative effects on native fauna. From a general per-
spective, the marine aquaculture production poten-
tial, based on thermal tolerance and growth data,
shows an overall greater probability of decline world-
wide over the coming decades. Finfish appear more
resilient than bivalves in the changing climate, but
other factors could limit growth and production
for both taxonomic groups in the future, such as
the higher frequency, extent and magnitude of harm-
ful algal blooms, disease outbreaks, and hypoxia
(Froehlich et al. 2018).

Currently, most of the intensive marine finfish
aquaculture production in the Mediterranean takes
place in floating cages, at depths of between 15 and
50 m, and within 10 km of the shore (Trujillo et al.
2012). These floating circular structures are an open-
sea system, fully connected with the surrounding
environment, and the same type is used throughout
the Mediterranean (Rosa et al. 2012). Gilthead sea
bream Sparus aurata and European sea bass Dicen-
trarchus labrax are the most important species pro-
duced in these systems along the Mediterranean
coast. The total 2018 production of sea bream and
sea bass in Europe and the rest of the Mediterranean
was 246 839 and 196 573 t, respectively (FAO 2020).

The main fish-fattening cage facilities in the Medi-
terranean were developed at the end of the 20" and
beginning of the 21 centuries. These semi-offshore

aquaculture systems were positioned according to
the prevailing environmental conditions at that time,
including temperature range, as this facilitated
greater and more profitable production (Ferreira et
al. 2007). However, in terms of average temperature,
seasonality, and variability of surface temperature os-
cillation in coastal environments, this environmental
scenario has been altered. Due to climate change
and competition for space with other activities in
coastal waters, the development of new mariculture
in coastal zones could be greatly limited (Dempster &
Sanchez-Jerez 2008). If mariculture is to play a major
role in meeting the rising demand for fish, it is essen-
tial that, in the near future, this sector identifies ade-
quate localities for fish production in terms of thermal
stability. With respect to coastal spatial planning and
the definition of allocated zones for aquaculture, it is
therefore key to consider climate change as part of
the multi-criteria decision-making process (Sanchez-
Jerez et al. 2016), making a prior analysis of the
vulnerability of aquaculture to climate change at dif-
ferent scales (Soto et al. 2018). In the 21% century,
considering the effect of climate change on physical
and environmental factors will be central in fish farm-
ing site selection in addition to the efficiency and
economy of the aquaculture operations. However, in
general terms, marine spatial planning procedures
are lacking legal tools for continuing adaptation and
there is a need for flexibility in the legal conditions for
the relocation of aquaculture facilities in the context
of climate change. A regular review of marine spatial
plans is therefore necessary to promote the adapt-
ability of marine aquaculture to climate change,
which in turn requires adaptive governance (Craig
2019). It will also be necessary to adapt the environ-
mental management of aquaculture, since climate
change may synergistically produce an increase in
the ecological footprint of this activity on the sur-
rounding ecosystems (Sara et al. 2018a).

Therefore, haphazard development of aquaculture
without adequate planning can lead to unsustain-
able environmental and economic feasibility due to
future climate stressors, and thermal stability will
be a determining factor in future aquaculture pro-
duction. To date, coastal waters have been the most
desirable location for marine aquaculture, but off-
shore mariculture could be an alternative for de-
creasing the competition for space and is also likely
to mitigate the effect of coastal warming (Marra
2005, Gentry et al. 2017).

The purpose of this study was to analyse sea sur-
face temperature (SST) trends in the period 1988-
2018 in the western Mediterranean (Spanish coast),
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focusing on the suitability of the coastline fish aqua-
culture facilities with regard to global warming. For
this purpose, the climatic mean, thermal variability,
and thermal anomalies over the last 2 decades
(1999-2008 and 2009-2018) were compared against
the mean temperature from 1988 to 1998 along the
Spanish Mediterranean coast. This period was when
most of the marine aquaculture projects were imple-
mented and the temperature range of the different
water bodies was initially considered. The complex
interactions between users of coastal areas often
leave little space for aquaculture, particularly since
this production method requires coastal waters with
specific environmental and water-quality character-
istics. Indeed, areas with a higher probability of ther-
mal instability are a major barrier to sustainable pro-
duction. As offshore mariculture may be a viable
alternative (Lester et al. 2018), we investigated the
spatial changes of thermal anomalies up to 30 km
from the coast in each of the areas housing existing
aquaculture facilities along the latitudinal gradient of
the Spanish Mediterranean coast. To date, this
aspect has not been analysed in depth.

2. MATERIALS AND METHODS

This was a large-scale study that encompassed
the entire Mediterranean coastline of the Iberian
Peninsula. The study area was situated between lat-
itudes 42.5 and 36° N and longitudes 6°W to 5.7°E
(Fig. 1). Using the aquaculture industry

grafia da Satellite, Italy (CNR-ISAC-GOS) has re-
processed Pathfinder V5.3 (PFV53) AVHRR data
(Walker & Wilkin 1998) covering the period 1981-
2018 and combined this information with a bias-cor-
rected version of the CMEMS NRT L4 data up to 2017
to provide a full time series of consistent daily gap-
free maps (L4) at the original PFV53 resolution
(0.0417° x 0.0417°, i.e. 4 km x 4 km). The data are in-
terpolated using an optimal interpolation algorithm
applied on the original Pathfinder grid at 0.0417° x
0.0417° spatial resolution and are representative of
night-time SST values (00:00 UTC). Further details
can be found in Pisano et al. (2016) and Buongiorno
Nardelli et al. (2013).

The selected data set ranges from 1988 to 2018, con-
stituting a 31 yr time series, which is large enough for
anomaly analysis. The 4 km x 4 km spatial resolution
is also suitable for performing the analysis at the fish
farm scale. Employing the Matlab program, a matrix
of surface temperature data was processed for which
the thermal anomaly was calculated. In order to holis-
tically visualise the results of the anomaly analyses, a
geospatial representation system was used to produce
several different maps to display the data. First, 3 time
periods were differentiated: 1988-1998 (11 yr), 1999-
2008 (10 yr), and 2009-2018 (10 yr). For each period,
the mean and standard deviation (SD) of the SST
were calculated. The different period lengths (i.e. 11
vs. 10 yr) did not affect the statistical behaviour, as we
found negligible differences in both SD and mean
values for the whole region when comparing the sta-

database of the Spanish Ministry of Agri-
culture, Fisheries and Food (https://servi-
cio.pesca.mapama.es/acuivisor/), the fish
farms along the Mediterranean were
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tistics of both an 11 and a 10 yr reference period. The
data were represented using the Mercator projection
to assess the geographical variation of those statistics
for each particular period and the thermal stability of
the periods. From this information, 2 maps of thermal
anomalies were also obtained, using the period 1988—
1998 as a reference for comparing to 1999-2008 and
2008-2018. By doing so, we provide a first insight into
the overall dynamics of SST during these 31 yr. In par-
ticular, our purpose is to show the increasing trend of
SST at a regional scale, also highlighting the transi-
tional thermal behaviour from 1999 to 2008 where the
SST increase started to be more noticeable. Addition-
ally, we also computed the SST SD maps for all 3 peri-
ods considered. These spatial patterns exhibit the SST
variability either over 11 or 10 yr, respectively, and
the increasing trend observed in this parameter was a
noticeable feature to be linked to our analysis of ther-
mal instability within the region.

To be able to make an in-depth analysis of the tem-
poral changes in temperature, and to compare latitu-
dinal changes, farms at sites A, D, I, M, and R were
selected (see Fig. 1 for locations). Once the data had
been extracted, seasonally adjusted time series were
run for each data set taken from 1988 to 2018 and
the linear fit was obtained. A 10-sample (i.e. 10 d)
median filter was applied on the time series to min-
imise the noise effect on SST values. The locations
were selected on the basis of their relevance as sea
bream and sea bass production areas and their distri-
bution along a latitudinal gradient wide enough to
be able to compare changes in mean temperature
trends along the Spanish Mediterranean coastline
over the time series analysed.

As offshore aquaculture represents an alternative
scenario, we also tested the effect that distance from
the coast had on the temperature along the longitu-
dinal gradient. To do this, the thermal anomalies
from 18 aquaculture facilities distributed throughout
our study area were analysed for the period 2009-
2018, using the period 1988-2008 as a reference.
From the coast, a straight line was drawn in the di-
rection of the open sea, passing through the location
of the cages and extending a total of 6 pixels (i.e. an
average distance of 30 km). The thermal anomaly
gradient was analysed as an annual mean and ac-
cording to seasons: summer (July—September) and
winter (January—March). The R Studio software
package was used to perform linear regression ad-
justments using the ‘Im()’ function (https://www.
rdocumentation.org/packages/stats/versions/3.6.2/
topics/Ilm), and the data were represented using GG-
PLOT2 (Wickham 2016).

3. RESULTS

3.1. Latitudinal gradient:
a comparison between decades

Overall, the thermal anomaly trend along the
Mediterranean coastline of the Iberian Peninsula is
positive. Between 1999 and 2008 (Fig. 2a), the sur-
face thermal anomaly was around 0.4°C, although
there was an elevated thermal anomaly in the area of
the Gulf of Valencia (39°N) and along the coast of
Tarragona (41°N). In the second period, from 2009 to

Anomaly between 1988-1998 & 1999-2008 (avg.°C)

5.0°W 2.5° 0.0° 2.5° 5.0°E

Anomaly between 1988-1998 & 2009-2018 (avg.°C)

5.0°W

2.5° 0.0° 2.5° 5.0°E

Fig. 2. Thermal anomaly for the period (a) 1999-2008 com-
pared to 1988-1998 and (b) 2009-2018 compared to 1988—
1998. Generated and provided by Copernicus Marine Serv-
ice and Consiglio Nazionale delle Ricerche-Gruppo di
Oceanografia da Satellite (CNR-GOS), Rome
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2018 (Fig. 2b), the thermal anomalies were more pro-
nounced. The warming intensified along the Medi-
terranean coastline, with the exception of the Ebro
estuary area (40.8°N), where the value of the anom-
aly decreased. Additionally, another important hot
point appeared to the south, along the coast of Mur-
cia (37°-38°N). In general, over only 10 yr, the ther-
mal anomaly increased along the entire coast by
almost 0.5°C. The SD has a marked gradient from
north to south, with higher values of up to 5°C on the
Catalan coasts. It can be seen that as the decades
pass, the SD is increasing southward, reaching the
isoline of 4.5°C from being above Cape San Antonio
to Cape of Palos on the Murcian coasts, and the iso-
line of 4°C to Cape of Gata on the Andalusian coasts
(Fig. 3).

1988-1998 temperature std. dev. (°C)

5.0°W 2.5° 0.0° 2.5° 5.0°E

2009-2018 temperature std. dev. (°C)

The temporal trend at 5 locations, i.e. A, D, I, M,
and R, confirmed this intense increase in water tem-
perature (Fig. 4). The location with the fastest in-
creasing mean temperature was D, followed by
installations M and I, A in the north and R in the
south. The facilities with the highest mean tempera-
ture to date are I and M; furthermore, the trends at
these facilities show very similar gradients, present-
ing an equivalent temporal evolution. If the temporal
trend is analysed for extreme events, several episodes
of climatic anomaly can be seen, which affect each
facility differently. From 1991 to 1994 (Fig. 4), there
were 3 sudden drops in temperature that were more
pronounced at R and M than at the other locations.
Three temperature peaks were observed in 1997,
1999, and 2003, which were very well differentiated

1999-2008 temperature std. dev. (°C)

40.0°N

37.5°

35.0°

5.0°W 2.5° 0.0° 2.5° 5.0°E

1 3.5

Fig. 3. Standard deviation of the superficial
sea water temperature (°C) for the periods (a)
1988-1998, (b) 1999-2008, and (c) 2009-2018.
Generated and provided by Copernicus Marine
Service and CNR-GOS, Rome




520 Aquacult Environ Interact 13: 515-526, 2021
2 Site A LAT,LON :42.2438, 3.1611 55 Site D LAT,LON :39.6447, -0.16917
Linear: y = 8.459e-05*x - 45.18
21 R%=0.1024 21
o RMSE = 87.11
< 2 20| 1 i
- ' ' | 1\[ ! “J” "
g " “ HL I.h il i |w ﬂ ﬂ
g ‘ il ]
s 18 l 18 !
R TR T e
2 ‘
g | nJm ‘w'|' 1 i Tl V" ! ”] |
- 16 I l \ 16|
7
15 15} Linear: y = 0.000107*x - 59.38
— SST R2=0.1575
14 . ) I I —— linear . RMSE = 86.1
1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015
- Site | LAT,LON :38.1281, -0.59917 Site M LAT,LON :37.4128, -1.5333
21 21|
o
20 ”J Il 20} \' Ll l“‘l l
g H n ] [k } l il i it |
o . H l |* \ | LI f "l
U AT L AR
8_ “l ‘ “ Al "l \ "
T L
€ 18 18
[$)
2 17 17}
o
— 16| 16}
7
15} Linear: y = 9.801e-05*x - 52.56 15} Linear: y =0.0001049*x - 57.68
R?=0.1342 R?=0.1286
14 ‘ ‘ RMSE = 86.59 | | | RMSE = 94.96
1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015
Year
- Site R LAT,LON :36.7053, -4.3607
Linear: y = 7.378e-05*x - 36.23
21| R? = 0.04759
RMSE = 114.8

SST trend component (°C)

1995 2000

1990

2005 2010 2015

Year

Fig. 4. Time series of sea surface temperatures (SSTs)
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at A and D, but not noticeable south of Cap de la
Nau, at I and M. At R, only 2 of these events were
recorded, in 1997 and 2003. Finally, a last remark-
able event was an abrupt temperature peak between
2015 and 2016 that was only recorded at A and R.

3.2. Thermal anomalies from coastal to
offshore aquaculture

The values of the regression lines and their signif-
icance for the mean, summer, and winter values in
the distance-to-shore gradient for thermal anomalies
are provided in Tables S1-S3 in the Supplement at
www.int-res.com/articles/suppl/q013p515_supp.pdf.
In terms of thermal anomaly means (Fig. 5), all fish
farms except R showed a similar pattern, with an
increase of between 0.4 and 0.6°C towards the
south, and with no important variations with respect
to distance from the coast. L, M, and N presented a
steeper slope with a significant adjustment in the
anomaly increase as the distance from the coast
increased. Location R showed a somewhat different
trend, with a lower anomaly relative to its latitudinal
position and a higher increase in the anomaly with
respect to distance from the coast.

When considering the thermal anomalies in the
summer months, the latitudinal change was very pro-
nounced (Fig. 5), with an increase from 0.4°C at A to
about 1.2°C at Q. In certain locations (C, D, I, and O),
there was a negative and significant trend; again L,
M, and N showed a significant slope increase with
respect to distance from the coast, with the change
varying between 0.8 and 1°C. R showed a smaller
anomaly with a sharp gradient increase as distance
from the coast increased (Table S1).

The winter anomalies showed an opposite latitudi-
nal pattern, with a decreasing trend from 0.4°C at A
to anomalies close to 0°C at Q. In this period, a cer-
tain increasing trend was noted with respect to dis-
tance from the coast, especially at E, I, and J. Again,
R showed the largest negative anomaly (0.2°C) in the
winter, with a more evident increase farther from the
coast.

4. DISCUSSION

The results of our work show that over the last de-
cade, the Mediterranean coastal environment of
the Iberian Peninsula has suffered an important in-
crease in both average temperature and the SD due
to global warming. This trend shows a clear latitudi-

nal pattern, modified by mesoscale processes such
as the effect of estuaries or coastal upwelling. The
development of offshore aquaculture further than
30 km from the coast could, in some circumstances,
mitigate the extreme aestival effects on surface
water temperatures. All of these processes may be
extremely pertinent to the marine aquaculture
industry and should be taken into consideration in
the future for spatial planning and production man-
agement.

4.1. Global warming in the Mediterranean:
effects on aquaculture

The warming pattern for this Mediterranean area
detected in our work is coincident with the spatial
and temporal trends reported in other scientific stud-
ies, such as that by Pastor et al. (2019). Many studies
have validated the effects of climate change in differ-
ent regions of the Mediterranean Sea (Vargas-Yahez
et al. 2008, 2010, Coma et al. 2009, Vallis 2017). It can
be confirmed that the coastal areas where aquacul-
ture facilities are located have already experienced
temperature changes in recent decades, and this
may have positively or negatively influenced fish
production and the management of marine aquacul-
ture. The effects of a mean temperature increase on
the growth of species such as seabream and seabass
have been previously analysed. An increase in tem-
perature could have a positive effect on the harvest
size of these species (Hernandez et al. 2007, Besson
et al. 2016) and could also reduce the negative effects
of chronic exposure to low temperatures. For sea-
bream, 12°C seems to be the lower limit for growth
(Hernandez et al. 2003). The environmental occur-
rence of this 12°C limit appears to decrease as the
mean temperature increases, with warmer winters
and fewer episodes of excessive surface water cool-
ing. In this sense, climate change could reduce
episodes of heat stress due to low temperatures.

In addition to the changes in average SSTs, the
effects of fluctuating temperature regimes on the
temperature tolerance, thermal stress accumulation
and recovery, and growth of many fish species could
be quite relevant, but they are still largely unknown
(Bevelhimer & Bennett 2000). In this sense, it seems
that temperature variability could negatively influ-
ence production. For example, sea bass has a low
thermal resistance and a low capacity to survive in
aquatic systems characterised by wide temperature
fluctuations (Kir & Demirci 2018). The production of
this species in certain regions, such as along the
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coast of Murcia or in the Gulf of Valencia, may be
compromised if this species of commercial interest
does not become acclimated to thermal fluctuations
involving high summer temperatures. A similar prob-
lem could occur with sea bream, since this species
also tolerates a relatively narrow temperature range,
and consequently has a low acclimatisation capacity
in terms of aquatic systems characterised by temper-
ature variations (Kir 2020). Bioeconomic models of
sea bass considering changes in mean temperature
and dissolved oxygen also indicate that economic
income increases when the SD of temperature
decreases (Besson et al. 2016), as a lower amplitude
reduces the periods where fish are exposed to
extreme temperatures (higher or lower than 24°C).

For sea bream, the risk related to unpredictable
variations in water temperature may have an impor-
tant effect on the dispersion of the optimal harvesting
size. Estimates of the mean harvest size for seabream
in the face of increases in the SD of daily seawater
temperature predict significant reduction in weight
as the SD increases, and farmers would also face a
high risk due to the lower likelihood of implementing
the optimal management strategy (Hernéndez et al.
2007). The amplitude of water temperature also
seems to have an effect on fish growth rate, a small
amplitude being apparently more favourable to
growth, which makes sense if the growth function is
concave downwards (Seginer 2016). For this reason,
it is not only the increase in mean temperature that is
important, its temporal variability may play a rele-
vant role in coastal aquaculture. Therefore, in order
to predict the effect of changes in SST on aquacul-
ture production, it is highly advisable to model
changes in the growth of target species with respect
to thermal anomalies. It is possible that fluctuating
temperature regimes could increase the tolerance of
fish to higher temperatures, but in addition to bioeco-
nomic modelling, it is necessary to experimentally
research the effect these fluctuating temperature
regimes may have on fish health and the potential
future acclimation of sensitive species.

It is worth indicating that future sustainable aqua-
culture development will have to take into account
interaction among multiple stressors, including rising
average temperatures and SDs, changes in oceanic
circulation and mixing, eutrophication, oceanic acid-
ification, oceanic deoxygenation (i.e. the global trend
of decreasing oxygen as a result of oceanic warming
and increasing stratification), coastal hypoxia (i.e.
low dissolved oxygen environments due to increased
nutrient levels or organic enrichment), and pollution
(Sara et al. 2018b). Future research should consider

the synergistic effects that different stressors could
have on marine aquaculture, considering the effect
of several stressors working at various spatial and
temporal scales. For example, increases in SSTs
could lead to augmented fish growth (Herndndez et
al. 2007) but could also impact the occurrence and
severity of diseases caused by parasites, bacteria,
viruses, and biotoxins (Rosa et al. 2012). In addition,
a temperature increase may simultaneously affect
oxygen demand, stressing the farmed fish (Besson et
al. 2016).

4.2. Mesoscale and regional oceanographic
processes that modify thermal anomalies

As demonstrated in this study, the thermal latitudi-
nal gradient along the Spanish Mediterranean coast
is affected by mesoscale oceanographic processes,
which are also relevant for understanding the water
mass circulation in the Mediterranean Sea (Pinardi &
Masetti 2000). Aquaculture facilities along the Span-
ish Mediterranean coast may be affected by 2 main
processes: the circulation in the Gulf of Lion to the
north and the entry of Atlantic water through the
Strait of Gibraltar in the south. In general, it can be
hypothesised that aquaculture facilities will suffer
greater thermal stress the farther south they are lo-
cated from the Iberian Mediterranean coasts, where
they are dominated by stable conditions, such as the
Ligurian-Provencal current and the Lion Gyre. How-
ever, to the south of the Iberian Mediterranean coast,
the water masses are affected by the Modified
Atlantic Water, which is able to buffer extreme sum-
mer temperatures as far into the Mediterranean as
Cabo de Gata. In our study, the aquaculture facility
located off the Malaga coast is clearly affected by the
Alboran upwelling. The Alboran Sea has seasonal
circulation, generating upwelling and consequent
cooling of the surface water in winter and recircula-
tion and heating of the coastal water in summer by
displacing more surface water mass (Renault et al.
2012). The Atlantic water in the Alboran Sea de-
scribes a quasi-permanent anticyclonic gyre in the
west and a more variable circuit in the east, reducing
the effect of global warming in near-coastal loca-
tions. This pattern is coupled with the regime in the
Strait of Gibraltar, the general pattern of the Atlantic
flow in the Alboran Sea, and the circulation of the
underlying Mediterranean water (Millot 1999). Addi-
tionally, the western circulation of the Mediterran-
ean Sea is affected by eddies that modify the mean
climatological circulation and mix properties within
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the different sub-basins, with mesoscale eddies
ranging from 10s to 100s of km in size (Millot 1999).
At a smaller scale, the Ebro River plume, the largest
delta in the Mediterranean (Rodriguez-Santalla &
Somoza 2019), seems to drive thermal stability, an
aspect that could be very important for the mollusc
production industry in this area. For this reason, any
action or infrastructure that modifies the flow of the
river would be counterproductive, as this would
decrease thermal damping, thereby increasing eco-
system stress and affecting the viability of aquacul-
ture companies.

4.3. Management recommendations and
offshore aquaculture as a solution to the effects
of global warming

The basic goal of marine aquaculture spatial plan-
ning is to determine which areas are likely to be the
most productive and profitable not only at the pres-
ent, but also in the short-term future, which is partic-
ularly relevant at this time of accelerated global
warming. One of the options for mitigating the
effects of temperature increase is to relocate fish
farms to areas less sensitive to climate change. Off-
shore aquaculture may be a solution, although there
is no clear consensus on the definition of what this
term really means (Froehlich et al. 2017). In our
study, we identified some locations where the effect
of aestival thermal anomalies could be mitigated if
the farms were relocated farther from the coast, up to
30 km offshore. It is remarkable how, in the coastal
area of the Murcia region, offshore aquaculture
worsens the summer conditions of thermal anom-
alies, whereas on the coast of the Valencian region,
the opposite occurs, as offshore aquaculture seems to
improve conditions. In this sense, offshore aquacul-
ture could be considered key in mitigating the effects
of global warming, also linked to a reduced environ-
mental impact and decreased negative interactions
with other coastal users. In other locations, however,
offshore aquaculture does not appear to be a solution
for minimising the impact of thermal stress on culti-
vated species, and it may even be counterproductive
as the coastal area remains more thermally stable
than the open waters.

It may be very useful to develop 3-D models that
predict temperature changes in certain regions of
interest in a gradient from the coast, as developed by
Shettigar et al. (2020) for the Aegean Sea, as changes
in aquaculture depth using closed cage systems to
mitigate the effect of temperature increases in the

water column could be a useful tool, and such models
may help predict the necessary changes in depth. At
the global scale, some studies have analysed the re-
lationship between growth and temperature for sev-
eral species (e.g. Klinger et al. 2017), indicating that
biophysical spatial models can be a powerful tool for
understanding and optimising the development of
natural-resource-based economic sectors in the face
of current and future environmental conditions.
However, it is quite important to consider the ad-
verse impact that translocating exotic species might
have on the local biodiversity, as the expected in-
crease in extreme weather events resulting from cli-
mate change raises the likelihood of a greater num-
ber of escapees from aquaculture farms (Beveridge
et al. 2018).

It is therefore crucial that future spatial planning
for marine aquaculture takes into account local fore-
casts of global warming. Marine spatial planning
seeks to reduce conflict and environmental impact as
well as promote the sustainable use of marine eco-
systems (Lester et al. 2018). Optimal spatial marine
plans have minimal impact on wild fisheries, view-
shed quality, and the health of the benthic environ-
ment, and they also minimise the risk of disease out-
breaks while generating significant revenue and
seafood supply from marine aquaculture facilities. In
addition to these goals, marine spatial planning
should ensure, in the near future and in a scenario of
rapid climate change, thermal stability for the spe-
cies being cultivated. To maximise the use of mar-
itime space and its resources, spatial planning of
marine offshore aquaculture should incorporate cli-
mate change regimes in the oceanic environment,
which are characterised by fluctuations of high inter-
annual and decadal amplitude (Sainz et al. 2019). It is
essential that, for the future placement of allocated
zones for aquaculture (Sanchez-Jerez et al. 2016),
mesoscale oceanographic processes and the thermal
anomaly forecasts for different locations must be
taken into account at a scale of 10s to 100s of km.

In conclusion, in the present scenario of acceler-
ated climate change, the future of aquaculture will
be closely linked to adequate marine spatial plan-
ning, considering the relocation of farms which are
already being affected by high thermal anomalies.
Strategic plans for aquaculture development should
be able to forecast and incorporate future climate
projections and local oceanographic conditions, and
offshore aquaculture may provide an alternative de-
pending on local oceanographic conditions. The lati-
tudinal analysis of the SD of temperature carried out
in this study showed that temperature oscillation is
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greater at higher latitudes, but the variability of
the largest magnitude is shifted southward when
comparing the decades 1999-2008 and 2009-2018.
At the local scale, the temporal trends in the areas
where aquaculture is already operating present sig-
nificant thermal fluctuations, with extreme thermal
anomaly events. This pattern is corroborated by the
trend obtained from the Marine Copernicus service,
whose data encompass the entire Mediterranean Sea
(Von Schuckmann et al. 2018) and which demon-
strates considerable thermal fluctuation, such as in
2003 and 2015. This aspect of thermal instability
must be incorporated into the management of aqua-
culture facilities, which, linked to adequate spatial
planning, must be adjusted to a future with relevant
changes in average temperatures, the maximum and
minimum temperature peaks, and the oscillation
regime. It should not be forgotten that other extreme
events, including heavy storms or torrential rain, can
act synergistically with global warming, as can
small-scale local stressors (e.g. sewage pollution).
These complex interactions of stressors affecting
coastal aquaculture at different temporal and spatial
scales (Sara et al. 2018b) must be considered in the
spatial planning and environmental management of
this activity.
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