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Abstract

Aquaculture of gilthead seabream, arguably the most important finfish aquaculture species in

the Mediterranean, faces changing environmental conditions due to faster-than-average climate

change in the region. We utilize physiological modelling to estimate effects of moderate and

severe climate change on key indices of aquaculture production for all coastal regions of the

Mediterranean. Two publicly available global climate change scenarios with daily sea temper-

ature projections serve as forcing for the physiological model during two-year farming cycles

representing: (i) reference scenario starting in 2021, (ii) mid-term effects starting in 2051, and

(iii) long-term effects starting in 2091.

We investigate effects of climate change by analyzing changes in time to fish reaching a market

size, feed conversion ratio at the market size, and the weight of the fish and the associated feed

conversion ratio after two years of farming. Additionally, we track the number of days with

sea-water temperatures equal to or greater than 28 °C during the two-year period, when gilthead

seabream starts experiencing temperature stress. Time to market size generally decreases with

climate change from the initial average of 450 days for the reference period by up to 36 %.

Feed conversion ratio at market size does not appreciably change with climate change, but it

does change for the two-year culturing period for up to 10 %, primarily due to faster growth in

warmer sea water, and the correspondingly greater weight achieved over the two-year growth

cycle.

While the outlook for aquaculture is positive in the mid-term, some indicators show a negative

trend in the long-term. The long-term effects of climate change will be greatest in the currently

most productive farming regions of the Mediterranean: Levantine, Aegean, and Adriatic seas,

and coastal waters of Tunisia. Our analysis focuses on basin-level features, but we provide

geospatially referenced simulation results that can be used to analyze effects of climate change

in a particular region of interest.

Keywords

Dynamic Energy Budget, gilthead seabream Sparus aurata, Copernicus climate projection sce-

narios, feed conversion ratio, time to market
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1 Introduction

Mediterranean region is the largest climate change hot-spot where warming up to 20 % higher

than the global-average (Cherif et al., 2020), more frequent heatwave occurrence (Dayan et al.,

2023), and substantial drying (Giorgi & Lionello, 2008; IPCC, 2021) modify marine ecosystems

and jeopardize natural habitat suitability for many native species (Cavraro et al., 2022; Coma

et al., 2009). The overall warming of the Mediterranean Sea and the increase in frequency of

extreme events pose a risk to aquaculture production (FAO, 2022b) and related industries, thus

endangering food security and sustainability of the blue economy. Given that the Mediterranean

is also one of the 19 FAO major world fishing and aquaculture areas (Area 37; FAO 2023a),

these risks also have global implications. Eastern Mediterranean in particular, where almost 93

% of the total regional aquaculture production takes place, is expected to suffer from severe and

more frequent (marine) heat-waves, droughts, cold spells, extreme precipitations, and stronger

winds (Dayan et al., 2023; Hochman et al., 2022; Makris et al., 2023). Related uncertainties

of aquaculture performance decrease investor confidence, thus endangering ambitious plans for

expanding aquaculture production integrated into global and regional sustainability initiatives,

such as the United Nations (UN) Sustainable Development Goals, FAO Blue Transformation,

and European Union (EU) Green Deal (EU Council, 2021; FAO, 2022a; Hambrey, 2017).

UN and EU strategies and directives prescribe a number of actions for mitigating impacts

of climate change on aquaculture and boosting investor confidence. In particular, they advocate

improved governance and regulations that foster implementation of best practices, development

of new technologies through related scientific research, and optimization of cultivation practices

to new environmental conditions (FAO, 2022b).

Selection of location and species plays an important role in aquaculture production: suc-

cess depends on how well a particular species performs in environmental conditions dictated

by the location. European sea bass (Dicentrarchus labrax, Moronidae) and gilthead seabream

(Sparus aurata, Sparidae) constitute vast majority of Mediterranean finfish aquaculture (79 % in

2021; FAO 2023b). Gilthead seabream aquaculture reportedly poses lower environmental impact

compared to the E. sea bass aquaculture (Zoli et al., 2023), while also being adapted to more

temperate waters, as opposed to the cold thermal affinity of the E. sea bass (Adri.SmArtFish,

2020; Cavraro et al., 2022). These features favor gilthead seabream as a more suitable species

when considering cultivation under global warming conditions. Quantifying effects of climate

change on gilthead seabream aquaculture is therefore crucial for its future sustainable growth

across the Mediterranean.
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We use mechanistic modelling based on Dynamic Energy Budget (DEB) theory to quantify

effects of future conditions on gilthead seabream aquaculture in the Mediterranean. In our

approach, the DEB model predicts growth of fish as a function of local temperature predictions

(C3S, 2020) based on the two representative climate change scenarios following IPCC RCP 4.5

and RCP 8.5 emission projections (IPCC, 2013). The growth curves are then used to estimate

key aquaculture performance indicators:

1. Time to market: cultivation time when the fish reach 400 grams, the average weight of

gilthead seabream typically sold at markets (Seginer & Ben-Asher, 2011). The indicator

is important because it affects infrastructure and personnel costs needed to bring fish to

marketable size for a given yearly production capacity.

2. Feed conversion ratio (FCR) at 400 g: since food constitutes up to 60 % of aquaculture

production costs, changes in FCR can significantly impact production costs.

3. Weight at 2 years: because large fish is increasing in popularity, and a growth cycle

rounded to a full year helps efficient use of infrastructure.

4. FCR at 2 years: to help estimate production costs of a two-year growth cycle.

Additionally, we look at two aggregate environmental indicators determining suitability for aqua-

culture production of gilthead seabream, and potentially other species:

1. average temperature as a proxy for warming, and

2. number of days with water temperature equal to or above 28 °C, the critical

temperature above which gilthead seabream experiences increased stress and decreased

growth.

We compare the key aquaculture performance and environmental indicators of gilthead seabream

cohorts stocked in years 2021, 2051, and 2091 throughout the Mediterranean for moderate and

worst-case warming scenarios, and discuss the implications.

2 Materials and Methods

2.1 Species

We focus our study on the gilthead seabream (Sparus aurata), one of the most important aqua-

cultured species across the Mediterranean, and showing increased rearing potential in the Black

Sea aquaculture (FAO, 2022b; Kaya Öztürk et al., 2020). Since the 1980s, gilthead seabream has
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been cultivated primarily in intensive cage mariculture, which has almost completely replaced

the traditional cultivation related to coastal sea pools and lagoons as natural fish trap systems

(FAO, 2023c; Ravagnan, 1992). Due to the extremely high adaptability of this species to the

conditions of intensive cultivation, its full breeding cycle can be entirely carried out ex-situ, i.e.

within artificial facilities. Spawning and rearing of larvae and juveniles, up to a size of about

6.5 cm and weight of 3-5 grams, takes place under strictly controlled conditions, considering

that these are the most sensitive life stages (Cardia & Lovatelli, 2015; FAO, 2023c). Thereafter,

supplementary feeding and growth of larger juveniles and young adults up to the market size of

about 400 g takes place in open cages (FAO, 2023c). Gilthead seabream performs best within

its optimal thermal range of 20 to 25 °C and salinity of 25 to 40 PSU (Kaya Öztürk et al., 2020).

Regardless of its eurithermal and eurisaline characteristics, significant increase in stress and re-

duction of growth occurs above 28 °C (Seginer & Ben-Asher, 2011), with reduction, or complete

absence of feeding below 12 °C (Ibarz et al., 2003) and above 32 °C, and lethal temperatures of

5 °C and 34 °C (EFSA 2008a,b and references therein). Total production of gilthead seabream

in the Mediterranean increased over 2.3 times in the last decade to over 300,000 tonnes in 2021,

with a total production value of around 1.68 billion USD (FAO, 2023b).

2.2 Fish growth model

We use the principles of the Dynamic Energy Budget (DEB) theory to model the growth of

cultivated fish. DEB describes flow of energy through an organism by mathematically describing

its physiological processes - starting with the ingestion and assimilation of food from the environ-

ment to the processes of growth, maintenance, maturation and reproduction (Kooijman, 2010).

The theory also accounts for organisms’ responses to the environmental conditions, specifically

temperature and food. Temperature (T ) dictates the growth and other metabolic rates, and its

impact on the rate k(T ) is integrated through the extended Arrhenius formulation (Kooijman,

2010), similar in form to the model of Schoolfield et al. (1981):

k(T ) =


k1 · sA(T ) , if T < T1

k1 · sA(T ) · sH(T ) , if T ≥ T1 ,

(1)

where k1 is metabolic rate at reference temperature T1, relationship

sA(T ) = e
TA

(
1
T1

− 1
T

)
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represents classical Arrhenius formulation for correction of rate k1 at temperature T , and rela-

tionship

sH(T ) =

(
1 + e

TAH

(
1

TH
− 1

T1

))
·
(
1 + e

TAH

(
1

TH
− 1

T

))−1

accounts for the upper limit of the thermal tolerance range (TA - Arrhenius temperature (K);

TH - upper boundary of the temperature tolerance range (K); TAH - Arrhenius temperatures for

the rate of decrease at upper boundary (K), see Table A.2).

Feed, as a source of energy, is given through a functional response f , a saturating function

representing the feed density corresponding to starvation (f = 0) up to ad libitum feeding

(f = 1). The functional response determines the actual feeding rate of the individual as a

fraction of the size-specific maximal feeding rate. The model has the ability to simulate and

track standard biometric measurements, length and weight, throughout the rearing process, thus

allowing for determination of time-to-market. Weight, together with the information on ingested

energy, also serves as a determinant of the FCR, where - in both terms of energy and weight

- amount of input (feed) divided by the gain (produced fish) indicates conversion efficiency.

Although a standard gilthead seabream harvest size (400 g) is usually reached before spawning,

the rearing period may (depending on the rearing conditions) implicate reproduction events.

DEB model explicitly captures the amount of energy invested into reproduction, and associated

loss of weight due to spawning. The DEB parameter set for the model has been fitted based on

the growth data obtained from the aquaculture, using the DEBtool software (DEBtool, 2023)

with gilthead seabream AmP collection entry (Lika & Kooijman, 2016) as an initial parameter

set. For a detailed description of the growth model and parameterization, see Supplement A.

2.3 Environmental variables

The simulations were performed for territorial coastal waters of Mediterranean countries ex-

tracted from Maritime Boundaries Geodatabase: Territorial Seas (12NM), Version 3. (Flanders

Marine Institute, 2019, Belgium).

Daily average temperature projections were downloaded from Copernicus Climate Change

Service (2020) for two Intergovernmental Panel for Climate Change (IPCC) Representative Con-

centration Pathway (RCP) emission scenarios: (i) RCP 4.5 as the moderate scenario, and (ii)

RCP 8.5 as the worst-case scenario (IPCC, 2013). The IPCC RCP scenarios reflect the additional

radiation (expressed in W/m2) in the year 2100 as a result of the greenhouse gases emission and

other factors, compared to the pre-industrial era, causing changes in environmental temperature.

Accordingly, a global average increase of 1.8°C and 3.7°C are expected for the RCP 4.5 and RCP

8.5, respectively (IPCC, 2014).
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We assumed fish were fed slightly below ad libitum, a feeding strategy commonly used in

aquaculture that avoids both under- and over-feeding while optimizing costs (Bonaldo et al.,

2010; White, 2013). In DEB theory, this is represented by a constant functional response close

to the maximum (f = 1), typically f = 0.9. Using a constant f implies amount of ingested (and

given) feed depends on the size of the organism, and the environmental temperature.

2.4 Simulations

We ran the simulations for three two-year rearing cycles (starting on April 1st in years 2021, 2051,

and 2091), and two climate change scenarios (based on RCP 4.5 and 8.5), i.e. six simulation

runs in total. Considering standard aquaculture practices, we assume the stocking fry was of

adequate health with the common stocking size for gilthead seabream, 6.5 cm (EFSA, 2008a;

Ökte, 2002), resulting in initial wet weight (Wwinit) of 4.78 g. The stocking period (initial time for

the simulation) and stocking size are also important factors affecting farming success. Modifying

those is, however, out of the scope of our paper because we focus on the whole Mediterranean

basin where optimal stocking time and size can vary wildly. The wide variability would reduce

the ability to cross-compare results between regions and scenarios. Since we focus on differences

rather than absolute values, we expect any locality bias to be (effectively) the same for all

simulations, thus only marginally affecting the differences.

Simulations of the recent time period (starting in 2021) were used as a reference. Simulations

starting in 2051 represent mid-term impact of climate change, while simulations for 2091

represent long-term impact of climate change. For consistency, Copernicus projection data

were used for all simulations, including those of the recent time period (starting in 2021). Since

temperature projections for RCP 4.5 and RCP 8.5 scenarios for the period 2021-2023 differ, the

simulations starting in 2021 yield different results.

For each scenario, six indices were recorded at every spatial coordinate:

1. Average temperature as the average of all temperatures during the simulation period

of two years.

2. Number of days outside of the tolerance range as the number of days with water

temperature equal to or above 28 °C, the upper temperature limit beyond which gilthead

seabream experiences stress and decreased growth (Kaya Öztürk et al., 2020). All days

with daily average sea surface temperature equal or above 28 °C were counted.

3. Time to market, time at which the total fish weight reaches 400 grams, the typical

market size used in Seginer & Ben-Asher (2011).
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4. FCR at 400 g was calculated from feed ingestion recorded during simulations, using the

ratio FCR = total ingested energy (J)
fish energy gain (J) .

5. Total weight of fish at 2 years, i.e. at the end of the simulation.

6. FCR at 2 years using the same approach as for FCR at 400 g, but for the full duration

of the simulation.

Since the model tracks the dynamics of energy, we calculate the FCR as the ratio of ingested

energy to energy within the fish gained during rearing. When the functional response (f) is

constant (as is the case in our simulations), the values of energy-based FCR is proportional to

the commonly used FCR based on actual weights of feed and fish. The energy-based definition,

however, offers a more universal measure of feed conversion because it assesses the ratio between

ingested energy and the energy contained in the marketed fish directly, avoiding biases due to

variable energy or water content of the feed. Details are presented in Supplement A.

To facilitate comparison with the commonly used FCR calculated from actual weights of feed

and fish, we present effects of climate change on FCR in terms of ratios between expected future

FCR and the FCR during the reference period (2021-2023). Since the constant of proportionality

cancels out, the ratios are the same for all definitions of FCR, so the presented values are directly

applicable to the commonly used weight-based FCR as well.

Mid-term effects of climate change on the indices were calculated as the difference in indices

for each location between simulations starting in 2051, and simulations starting in 2021. Long-

term effects of climate change on the indices were calculated as the difference in indices for each

location between simulations starting in 2091, and simulations starting in 2021. Effects were

calculated as differences in absolute values of indices, except for the FCR, which is presented

relative to the reference period as described above. To help place the differences in context, we

provide simulations of all indices, for all periods and scenarios, in the Supplementary Information,

accompanied with basic statistics across all locations (mean, median, and 95th percentile) for

each simulation. Spatially, simulations were run on a European Environmental Agency’s (EEA)

standard 10 km x 10 km grid of the Mediterranean Sea in territorial waters.

Simulations were coded in Python v3.10 programming language, using libraries for scientific

computing, Numpy (Harris et al., 2020) and SciPy (Virtanen et al., 2020) as well as libraries

for data analysis and manipulation Pandas (McKinney, 2010) and GeoPandas (Jordahl et al.,

2020). Data analysis and visualization of the results were performed using the open source QGIS

software (QGIS.org, 2023) and Matlab R2011b software (MATLAB, 2011).
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3 Results

Simulations of all six scenarios are presented in the Supplementary Information (SI); comparisons

are presented here. The overall increase in temperature due to climate change in the long-term

is evident for both RCP scenarios, with the worst-case (RCP 8.5) having considerably warmer

coastal waters than the moderate (RCP 4.5) scenario (Fig. 1, right panels). Mid-term simulations

predict a lower overall increase in temperature for the worst-case (average of 0.33 °C), than the

moderate (average of 0.55 °C) scenario; this is an artifact of using projections as a baseline (see

discussion and Supplement C).

While sea temperatures are expected to rise throughout the Mediterranean, greatest sea

warming, and therefore potential impacts of climate change on the performance indicators, are

expected in the Northern Adriatic, Aegean and Levantine seas, and coasts of Tunisia and Libya

(Figs. 1-4). In the long-term, the temperatures are expected to increase 2.39 °C on average for

the RCP 8.5, 78 % more than the 1.34 °C increase expected for the RCP 4.5. Highest increases

can be expected in the Northern Adriatic, for which the estimates for the long-term in RCP 8.5

range up to 3.79 °C. Areas of the Aegean Sea, Marmara Sea, Ligurian Sea, and Gulf of Lion also

experience significant temperature increase (Fig. 1), but other indicators - particularly days with

temperature above 28 °C - indicate continued suitability for gilthead seabream aquaculture.

Figure 1: Differences in absolute values of average sea water temperature during a two-
year rearing process in 2021 and 2051 (left), and 2021 and 2091 (right), for the IPCC RCP
4.5 (top) and 8.5 (bottom) scenarios. Red and blue colours indicate increase and decrease,
respectively; white colour indicates no change. Mean, median, and 95th percentile change
are indicated in the lower left corner of each plot.

The Levantine Sea, the Gulf of Gabes, and the Syrtis area alongside the coast of Libya will

experience a marked increase in days of reduced suitability for gilthead seabream aquaculture

(≥ 28 °C; Fig. 2). The number of such days is greater for the RCP 8.5 than the RCP 4.5 in
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both the mid- and long-term, despite the lower average temperature changes in the mid-term

suggesting the contrary. Northern Adriatic may be experiencing the largest increases in average

temperatures, but the number of days of reduced suitability for gilthead seabream cultivation

will increase the most in the Gulf of Gabes, followed by the coastal waters of Libya. The

absolute maximum of reduced suitability days is, however, predicted to remain in the North-

East Levantine Sea, where it is expected to increase from a maximum of 129 in 2021, to 243 in

2091, for the RCP 8.5.

Figure 2: Differences in absolute values of number of days with temperature exceeding
the upper thermal limit for non-stressed gilthead seabream growth (28 °C) within a two-
year rearing period, between 2021 and 2051 (left), and 2021 and 2091 (right), for the
IPCC RCP 4.5 (top) and 8.5 (bottom) scenarios. Red and blue colours indicate increase
and decrease, respectively; white colour indicates no change. Mean, median, and 95th
percentile change are indicated in the lower left corner of each plot.

In the long-term, the average time to market (Fig. 3) will decrease from 453 to 433 days

for RCP 4.5, and from 443 to 418 days for the RCP 8.5. The greatest decreases are expected

for the RCP 8.5, by the maximum of 161 days in the Gulf of Lion, followed by the Aegean,

Adriatic and the Alboran Sea. Unexpectedly, the time to market will increase in the mid-term

RCP 8.5 scenario in the areas of the central Mediterranean. However, this is compensated by

the increased warming that will occur in the long-term, with the exception of the Levantine Sea,

where time to market will remain prolonged for up to 66 days despite the warming. On average,

a general decrease in time to market is expected to be cca. 21 and 25 days for the long-term

RCP 4.5 and 8.5 simulation, respectively.

FCR at time-to-market shows very small changes between periods, with the maximum in-

crease of approximately 0.24 % across all locations and scenarios (Fig. 4). The two-year FCR,

however, shows a significant and varied response. Generally, the two-year FCR slightly increases,

but there is a decrease in coastal areas of Tunisia and Libya, and the Levantine Sea (Fig. 5). The
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Figure 3: Differences in absolute values of time-to-market for gilthead seabream between
rearing periods in 2021 and 2051 (left), and 2021 and 2091 (right), for the IPCC RCP 4.5
(top) and 8.5 (bottom) scenarios. Red and blue colours indicate increase and decrease,
respectively; white colour indicates no change. Mean, median, and 95th percentile change
are indicated in the lower left corner of each plot.

maximum increase relative to the baseline two-year FCR (Figures B.1 and B.4, bottom right)

is 9.7 % and 10 % for the RCP 4.5 and the RCP 8.5, respectively. Changes in weight attained

during two years of growth follows the same qualitative pattern; the average weight attained

during the reference period is 1038 grams for the RCP 4.5 (Figure B.1, bottom left) and 1064

grams for the RCP 8.5 (Figure B.4, bottom left) with the increases by 9 % and 13% for the RCP

4.5 and RCP 8.5 in the long-term (Fig. 6), respectively.

Figure 4: FCR relative to the reference period (2021-2023) at time-to-market (400 g) for
gilthead seabream, for rearing starting in 2051 (left), and 2091 (right), for the IPCC RCP
4.5 (top) and 8.5 (bottom) scenarios. Red and blue colours indicate increase and decrease,
respectively; white colour indicates no change. Mean, median, and 95th percentile change
are indicated in the lower left corner of each plot.

.
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Figure 5: FCR at 2 years relative to the reference period (2021-2023) for gilthead seabream
within a two-year rearing period starting in 2051 (left), and 2091 (right), for the IPCC
RCP 4.5 (top), and 8.5 (bottom) scenarios. Red and blue colours indicate increase and
decrease, respectively; white colour indicates no change. Mean, median, and 95th per-
centile change are indicated in the lower left corner of each plot.

.

Figure 6: Differences in absolute values of weight after two years for gilthead seabream
between rearing periods in 2021 and 2051 (left), and 2021 and 2091 (right), for the IPCC
RCP 4.5 (top) and 8.5 (bottom) scenarios. Red and blue colours indicate increase and de-
crease, respectively; white colour indicates no change. Mean, median, and 95th percentile
change are indicated in the lower left corner of each plot.

12



Haberle, Hackenberger et al. Aquaculture, 578: 740052

4 Discussion

We used physiological modelling and climate change projections to quantify the expected mid-

and long-term effects of climate change on key performance indicators for gilthead seabream

aquaculture in coastal areas of the Mediterranean. Here we focus on key features of the mid-

and long-term effects of climate change to identify areas where environmental conditions are

expected to significantly worsen. Simulation results included in the Supplemental Information

enable further analysis.

Critically, most productive gilthead seabream aquaculture areas can expect the greatest im-

pacts of climate change. Levantine, Aegean, the northern coast of the Adriatic Sea, and Gulf of

Gabes account for majority of gilthead seabream aquaculture in the Mediterranean, with Turkey,

Greece, Croatia, and Tunisia contributing with total of 71 % of global production (FAO, 2023b).

These areas can expect the highest increase in temperature and/or number of days above the

optimal range for gilthead seabream growth, implying that aquaculture in these regions might

suffer from decrease in productivity the most. Hence, the sector needs to take climate change

seriously.

Expectedly, stronger climate change will generally cause more pronounced effects. Surpris-

ingly, however, the mid-term effects of climate change seem to be more severe for the RCP 4.5

than the RCP 8.5 scenario. For example, the mid-term RCP 8.5 scenario predicts a stagnation

and even a decrease in the temperature and, consequently, an increase in time to market and

two-year fish weight; all other scenarios generally predict an increase in temperature, a decrease

in time to market, and an increase in weight of two-year old fish.

The apparent difference is an artifact of the reference scenario (simulations starting in 2021):

RCP 8.5 results in more pronounced climate change projections in 2021 than RCP 4.5, so even

though the climate change effects in 2051 are larger than for the RCP 4.5, the differences between

the 2021 and 2051 are smaller. When RCP 4.5 baseline is used for estimating mid-term changes

in RCP 8.5, the unexpected pattern disappears (Fig. C.1). The two scenarios (RCP 4.5 and RCP

8.5) differ quantitatively, but present the same qualitative results.

Weight and FCR over a two-year growth cycle have the same pattern: general increase as

the climate change progresses, but a decrease in some areas of the southern Mediterranean and

Levantine Sea. The increase in FCR is slight, mainly caused by the increase in the weight of the

fish: while within tolerance range for any given period, fish will grow larger when temperatures

are higher. Contrary to the rule, however, southern and Levantine Sea areas - experiencing the

largest increases in temperatures - show a decline in two-year FCR. Extremely high temperatures
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in those areas explain the discrepancy: temperature stress in those areas reduces fish growth

and, therefore, FCR. Hence, the apparent reduction in FCR may not be beneficial to farmers:

rearing cycles are longer, and temperature-stressed fish are more susceptible to diseases and other

pressures.

A study limited to Greek coastal water and focusing on a different species, the European sea

bass, showed similar trends in growth (Stavrakidis-Zachou et al., 2021) as presented in our study:

increased temperature resulted in faster growth. Authors further show that timing of stockings

may also play an important role, and that extreme weather events pose a threat to both cage

infrastructure and feeding regime integrity that could lead to significant losses in yields and

profit. Indeed, optimal timing of stockings plays an important role in aquaculture production,

and should be investigated in depth for any particular region of interest.

Our model assumes a constant functional response, i.e. level of feeding relative to the maxi-

mum feeding rate. Therefore, actual ingested energy (and feed) depends on the size of the fish,

and temperature. For example, a gilthead seabream of 200 g will at 12 °C ingest only 41 % of

the energy the same fish would ingest at 28 °C. We do not account for any additional changes

in feeding practices, which can vary wildly between farms. Assuming equal feeding practices

throughout the Mediterranean facilitates spatial comparisons by reducing bias due to specifics of

aquaculture facilities and their technology. This results in a more optimistic baseline FCR than

reality because farmers may reduce feeding during cold periods even further than assumed in our

model, e.g. to avoid the winter disease, or due to bad weather. If feeding were further reduced,

the fish would grow more slowly, thereby increasing the FCR. Warmer winters predicted by the

climate scenarios will reduce the problems related to cold seasons and should, at least in colder

regions, improve (reduce) FCR. Consequently, our predictions are conservative: in cold regions,

a greater positive effect of climate change is expected.

Even though FCR is usually calculated as the ratio of actual weights of spent feed and

produced fish, we based our calculations on the ratio of energies (ingested energy vs. energy

content of fish). Energy-based FCR (i) is consistent with the model because it uses state variables

directly, thus also (ii) avoiding bias due to water and/or energy content of the feed. Since feed

quality and water content varies between feed producers, we suggest energy-based FCR would

facilitate comparisons between feeds and even potentially species. Therefore, the energy-based

FCR might be a better standard for the aquaculture industry than the existing, weight-based one.

Since the effects of climate change are represented in terms of FCR ratios, the values reported

in Figs. 4 and 5 are directly applicable to all definitions of FCR.

Climate change also affects abiotic factors other than the temperature, such as salinity, pH,
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and oxygen levels. Current salinity in the Mediterranean can already be close to or above 38 PSU,

which causes a reduction in gilthead seabream growth (Lotfy et al., 2021). Increases in tempera-

ture and salinity also both decrease oxygen solubility in seawater (Song et al., 2019), thus limiting

oxygen availability. Together with increase of fish metabolism and oxygen demand at higher tem-

peratures (Remen et al., 2015), these parallel processes can lead to oxygen undersaturation, and

negatively affect both fish growth and their feed conversion efficiency.

Biotic factors such as algal blooms and pathogen outbreaks are also expected to increase

(Wells et al., 2015), thus posing additional risks to fish, and therefore aquaculture production

and profitability (Hoagland & Scatasta, 2006). Aquaculture production and the related Mediter-

ranean socio-ecological systems and governance is expected to suffer from these challenges (Bed-

narsek et al., 2023), so appropriate and timely actions are needed to ensure the sustainable

development of the sector. Unfortunately, comprehensive basin-wide quantitative mid- and long-

term predictions for the effects of aforementioned (a)biotic factors on aquaculture production in

the context of climate change do not yet exist.

In general, warming conditions show a beneficial effect for growth of gilthead seabream re-

sulting in shorter time-to-market, and larger fish sizes for a given culturing period. Therefore,

productivity of gilthead seabream aquaculture may actually increase, especially in the mid-term.

However, the increase in number of days with temperature outside of the tolerance range (≥28 °C)

indicates that some of the currently most productive regions may require a shift towards species

with even higher temperature tolerance, or a bio-engineered (e.g. through selection) gilthead

seabream stock. Alternatively, gilthead seabream aquaculture could shift to areas with more

suitable future conditions, such as the western Mediterranean. Due to the higher temperature

tolerance range of gilthead seabream compared to that of E. sea bass, farmers might consider

shifting production from E. sea bass to gilthead seabream, at least in the mid-term.

5 Conclusion

This study shows that climate change will have a significant impact on Mediterranean gilthead

seabream aquaculture, with the most productive regions today being the most affected. While

warming generally leads to shorter time-to-market, and larger fish sizes if the rearing time is fixed,

extreme temperatures can cause stress in certain areas, leading to lower growth and increased

susceptibility to disease. Adaptation to climate change is therefore crucial for the sustainable

development of aquaculture in the Mediterranean. Possible adaptation strategies include switch-

ing to species with higher temperature tolerance, using engineered seabream stocks, adapting

stocking timing to minimize the number of warm days, and/or relocating aquaculture to areas
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with more suitable future conditions such as the western Mediterranean. Furthermore, appro-

priate and timely measures to mitigate and adapt aquaculture production to changing climate

conditions are crucial for maintaining and management of socio-ecological systems/relationships

in the region.
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Dynamic Energy Budget model
DEB model equations Table A.1
DEB parameters Table A.2

Simulations of all indices (absolute values)

Scenario
Period

2021-2023 2051-2053 2091-2093
RCP 4.5 Fig. B.1 Fig. B.2 Fig. B.3
RCP 8.5 Fig. B.4 Fig. B.5 Fig. B.6

Change of indices in mid-term (2051-2021) and long-term (2091-2021) for
both RCP scenarios

Average two-year temperature Fig. 1
Number of days exceeding 28 °C Fig. 2
Time to market Fig. 3
FCR at time-to-market Fig. 4
FCR at two years Fig. 5
Weight at two years Fig. 6
Mid-term change between RCP 8.5 in relation to RCP 4.5 baseline Fig. C.1
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A Dynamic Energy Budget model of gilthead seabream (Sparus

aurata)

The fish growth model used in this study was developed using Dynamic Energy Budget

(DEB) theory. This theory describes how organisms acquire and use energy for main-

tenance, growth and reproduction throughout their whole life cycle, while accounting

for the environment conditions (Jusup et al., 2017; Kooijman, 2010; Sousa et al., 2008).

Conceptually, the DEB theory divides the organism into two parts, represented by two

state variables: structure (V ) and reserve (E). A structure is a part of an organism

that reflect its growth in size and requires energy expenditure for maintenance. Reserve

does not require energy for maintenance, and serves as a source of energy for all physi-

ological processes. Two additional state variables are introduced to correspond with the

increase in complexity of the organism, i.e. maturation (EH), and energy invested to-

wards reproduction, i.e. reproduction buffer (ER). The dynamics of state variables is

defined by the energy fluxes: ingestion, assimilation, growth, maturation, maintenance,

and reproduction. Model equations are given in the Table A.1. The fluxes depend on

the species-specific DEB primary parameters that can be determined based on empirical

data through a parameterization process, using freely available DEBtool software package

(DEBtool, 2023; Lika et al., 2011; Marques et al., 2018). We used the typified abj DEB

model designed for organisms undergoing metamorphosis, including fish (Kooijman et al.,

2011; Marques et al., 2018). This model account for a metabolic acceleration during the

larval phase, accounted for by an additional parameter, acceleration factor (Kooijman,

2014). This factor increases from birth up to metamorphosis, and stays constant after-

wards, multiplying the rates of assimilation and energy conductivity throughout the life

cycle. Further details on DEB theory and models are available in the corresponding lit-

erature (Jusup et al., 2017; Kooijman, 2010, 2014; Lika et al., 2011; Marques et al., 2018;

Sousa et al., 2008).

The initial parameter set for the gilthead seabream was taken from the Add-my-

Pet collection of DEB parameters (AmP, 2023; Lika & Kooijman, 2016), and was further

refined using the gilthead seabream growth data provided confidentially by an aquaculture

farm in Croatia. The final parameter set used for the simulations is given in Table A.2.

In addition to primary parameters, a set of auxiliary parameters was used to relate DEB
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quantities to the observable metrics such as physical weight of the organism.

We calculated FCR in terms of energy. In common, actual weight-based, FCR calcu-

lation, difference in energy and water content of feed used by aquaculture facilities can

decrease comparability of the calculated FCR values. Although not recognized yet, FCR

in terms of energy (FCRen) offers more universal approach than one calculated from

weight - it does not depend on water content of feed, and can give more realistic insights

into how much feed energy is actually converted into energy contained in the produced

fish biomass.

By assuming that the fish is given all the feed it requires to achieve the modelled energy

intake, and not more (to avoid waste), the amount of total ingested feed throughout the

rearing process (X) was calculated by adding up daily ingestion, pX (Joules). The fish

energy gain (Fishen) was calculated by subtracting the energy of the stocking fish from

the energy of the harvested fish, i.e. sum of the energy contained in structure (V ), reserve

(E), and reproductive buffer (ER), at time-to-market, and after two years:

Fishen = (dV V
µV

ωV

+ E + ER)− (dV Vinit
µV

ωV

+ Einit + ERinit
) (A.1)

where Vinit, Einit, ERinit
, and V , E, ER, are the structure, reserve, and reproduction

buffer of stocking and harvested fish, respectively; dV , µV , and ωV are volume-mass-

energy couplers to convert structural volume into energy. The FCR in terms of energy

was then calculated as:

FCRen =
X

Fishen

. (A.2)
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Table A.1: General equations of the Dynamic Energy Budget (DEB) model describing
energy fluxes, dynamics of state variables, and translation into physical weight.
Parameters are defined in Table A.2.

DEB energy flux
Ingestion ṗX = f 1

κX

{
ṗAm

}
sMV 2/3 (A.3)

Assimilation ṗA = f
{
ṗAm

}
sMV 2/3 (A.4)

Mobilization1 ṗC = [E] · v̇sM [EG]V
2/3+ṗS

κ[E]+[EG]
(A.5)

Somatic maintenance ṗS = [ṗM ]V (A.6)
Maturity maintenance ṗJ = k̇JEH (A.7)
Growth ṗG = κṗC − ṗS (A.8)
Maturation/Reproduction ṗR = (1− κ)ṗC − ṗJ (A.9)
1 [E] stands for energy density, E/V .

Dynamics of the DEB state variables
Reserve energy d

dt
E = ṗA − ṗC (A.10)

Structural body volume d
dt
V = ṗG

[EG]
(A.11)

Energy invested into maturation d
dt
EH = ṗR while EH < Ep

H (A.12)
Energy invested into reproduction d

dt
ER = ṗR when EH = Ep

H (A.13)

Temperature correction
Correction below reference temperature (T < T1) k1 · sA(T ) (A.14)
Correction above the reference temperature (T ≥ T1) k1 · sA(T ) · sH(T ) (A.15)
where

sA(T ) = e
TA

(
1
T1

− 1
T

)
(A.16)

sH(T ) =

(
1 + e

TAH

(
1

TH
− 1

T1

))
·
(
1 + e

TAH

(
1

TH
− 1

T

))−1

(A.17)

Calculation of physical wet weight Ww = w
(
dV V + ωE

µE
(E + ER)

)
(A.18)
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Table A.2: Dynamic Energy Budget (DEB) model parameters for gilthead seabream. The
parameters were obtained by refining the initial parameter set taken from Add-my-Pet
collection (AmP, 2023; Lika & Kooijman, 2016), through a parameterisation routine using
growth data. The dots above the letters denote rates, while square and curly brackets
relate to volume- and surface-specific quantities, respectively. The parameters indicated
in bold were fixed, i.e. were not estimated from the data. Upper temperature limit TH is
specific to gilthead seabream (Kaya Öztürk et al., 2020). The TAH determining the rate
of decrease in metabolic rates above TH has been taken from the European sea bass AmP
entry (Lika et al., 2018).

Primary DEB parameters Symbol Value Unit
Maximal surface-specific searching rate

{
Ḟm

}
6.73 l/d cm2

Maximal surface-specific assimilation rate
{
ṗAm

}
16.8191 J/d cm2

Fraction of food energy fixed in reserve κX 0.805 –
Allocation fraction to soma κ 0.9378 –
Fraction of reproduction energy fixed in eggs κR 0.95 –
Energy conductance v̇ 0.0453 cm/d

Volume-specific somatic maintenance rate [ṗM ] 12.5144 J/d cm3

Volume-specific costs of structure [EG] 5265.8 J/cm3

Maturity maintenance rate coefficient k̇J 0.002 /d

Maturation threshold for birth Eb
H 0.0589 J

Maturation threshold for metamorphosis Ej
H 385.9 J

Maturation threshold for sexual maturation Ep
H 184100 J

Temperature related parameters Symbol Value Unit
Arrhenius temperature TA 8414 K
Arrhenius temperature at the upper boundary TAH 84842 K
Upper boundary of the temperature tolerance range TH 301.15 (28) K (°C)
Reference temperature T1 293.15 (20) K (°C)

Auxiliary DEB parameters Symbol Value Unit
Shape coefficient δM 0.2525 -
Specific density of structure dV 0.2 g/cm3

Mass-energy-weight couplers†

ωE 23.9 g/mol

µE 550000 J/mol

ωV 23.9 g/mol

µV 500000 J/mol

Wet/dry weight coefficient of fish w 5 -
Acceleration factor¶ sM min( L

Lb
, Lj

Lb
) -

† The subscripts indicate correspondence of parameter to: E - reserve, V - structure.
¶ Acceleration factor changes with size up to metamorphosis, and is calculated as a ratio of current size L

to the size at birth Lb, L
Lb

. It stays equal to Lj

Lb
after metamorphosis, where Lj is size at metamorphosis.

Note that L∗ = V
1/3
∗ , where * corresponds to birth (b) or metamorphosis (j).

S5



Haberle, Hackenberger et al., Aquaculture, 578: 740052 Supplementary Information

B Model simulations

Model simulations were performed for two IPCC RCP scenarios, 4.5 and 8.5, for three

rearing periods starting in 2021, 2051, and 2091 - 6 simulations in total. For each simula-

tion we recorded six indices, specifically (i) two aggregate environmental indicators - mean

two-year temperature, and number of days exceeding 28 °C, and (ii) four aquaculture per-

formance indicators - time-to-market, weight at two years, FCR at time-to-market, and

FCR at two years. The results are presented in the Figs. B.1 to B.6. The results of these

simulations were used to calculate the differences presented in the main text.

As expected, maximal value of biennial, i.e. two-year, average temperature shows a

generally increasing trend as we move from reference to mid- and long-term projection

period. Minimum biennial average temperature also increases, but interestingly, the min-

imum average of the mid-term RCP 4.5 is greater comparing to the RCP 8.5 scenario in

the same period. This is however compensated by the subsequent warming in the long-

term, with simulations for the RCP 8.5 scenario showing 1.1 °C higher minimum biennial

average temperature compared to the long-term RCP 4.5 simulation. Number of days

exceeding 28 °C also shows increasing trend, both within, and between the scenarios, with

the RCP 8.5 simulations having more warmer days.

The maximal value for time-to-market decreases within the RCP 4.5 scenario from

reference period throughout the mid- and long-term, while this index increases in the

mid-term, but sharply decreases for the long-term RCP 8.5 simulations. The same is

observed for the lowest time-to-market value. As expected, the exact opposite trend is

obtained for weight after a two-year rearing process, i.e within the scenario, it increases

for the RCP 4.5 scenario (with the exception of long-term scenario which is slightly lower

compared to the mid-term), and decreases in the mid-term RCP 8.5, compensated by the

sharp increase in the long-term.

The minimal and maximal FCR values do not show any greater change between mid-

and long-term simulations, as well as between RCP scenarios, with the average value

staying at 2.13 for all simulations. The FCR at two-years for the RCP 4.5 scenario shows

a slight increase from reference period to long-term simulation, with higher minimum,

maximum, and average value for the latter. For the RCP 8.5 scenario, the minimum,

maximum, and average value of the two-year FCR decrease in the mid-term, but increase

in the long-term period.
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Figure B.1: Simulations of six indices for the rearing period 2021-2023 under the RCP
4.5 climate change scenario. Left: average two-year temperature, time-to-market, weight
at two-years; Right: number of days exceeding 28 °C, FCR at time-to-market, FCR at
two-years. Mean, median, and 95th percentile change are indicated in the lower left corner
of each plot.

Figure B.2: Simulations of six indices for the rearing period 2051-2053 under the RCP
4.5 climate change scenario. Left: average two-year temperature, time-to-market, weight
at two-years; Right: number of days exceeding 28 °C, FCR at time-to-market, FCR at
two-years. Mean, median, and 95th percentile change are indicated in the lower left corner
of each plot.

S7



Haberle, Hackenberger et al., Aquaculture, 578: 740052 Supplementary Information

Figure B.3: Simulations of six indices for the rearing period 2091-2093 under the RCP
4.5 climate change scenario. Left: average two-year temperature, time-to-market, weight
at two-years; Right: number of days exceeding 28 °C, FCR at time-to-market, FCR at
two-years. Mean, median, and 95th percentile change are indicated in the lower left corner
of each plot.

Figure B.4: Simulations of six indices for the rearing period 2021-2023 under the RCP
8.5 climate change scenario. Left: average two-year temperature, time-to-market, weight
at two-years; Right: number of days exceeding 28 °C, FCR at time-to-market, FCR at
two-years. Mean, median, and 95th percentile change are indicated in the lower left corner
of each plot.
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Figure B.5: Simulations of six indices for the rearing period 2051-2053 under the RCP
8.5 climate change scenario. Left: average two-year temperature, time-to-market, weight
at two-years; Right: number of days exceeding 28 °C, FCR at time-to-market, FCR at
two-years. Mean, median, and 95th percentile change are indicated in the lower left corner
of each plot.

Figure B.6: Simulations of six indices for the rearing period 2091-2093 under the RCP
8.5 climate change scenario. Left: average two-year temperature, time-to-market, weight
at two-years; Right: number of days exceeding 28 °C, FCR at time-to-market, FCR at
two-years. Mean, median, and 95th percentile change are indicated in the lower left corner
of each plot.
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C Impact of projections for baseline temperature

Note that temperature data of the reference time period (2021-2023) are projections

rather than actual measurements. Therefore, temperatures during the reference period

differ between the two RCP scenarios, i.e. baselines differ as well. Fig. C.1 illustrates

the point: when RCP 4.5 baseline is used for estimating mid-term changes in RCP 8.5,

climate change effects are indeed greater than those predicted for RCP 4.5 (top left panels

in Figs. 1 to 6 in the main text).

Figure C.1: Changes in six indices between the RCP 4.5 reference rearing period (2021-
2023) and the RCP 8.5 mid-term rearing period (2051-2053). Difference in FCR is ex-
pressed relative to the reference period; other indices are expressed as differences in ab-
solute values. Mean, median, and 95th percentile change are indicated in the lower left
corner of each plot.
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