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Abstract: This study compares the farm management model used in the Mediterranean gilthead sea-
bream (GHSB; Sparus aurata) industry (S51)—stepped entry of juveniles throughout the year with sev-
eral production cycles and fish ages overlapping in a single farm —with that used in the salmon indus-
try (52)—the whole is farm filled with fish that are the same age at once with a fallowing period be-
tween rearing cycles—in terms of waste production by coupling digestibility coefficients with growth,
feeding, and eating behavior models into a mass balance model. We considered the total C, N, and P
content in the different waste fractions (particulate and dissolved wastes). The model, which simulated
real farming conditions, showed relevant quantitative and qualitative differences between both strat-
egies, with stocked biomass and water temperature as the main drivers, the amount of feed wasted by
chewing as the most relevant fraction differentiating both strategies, and the fallowing period as the
main distinguishing management feature. We discuss the influence of both farming strategies on some
key performance and environmental aspects, such as benthic recovery, the breakdown of the life cycle
of pathogens, and adaptability to climate change. Our results suggest that changing the GHSB indus-
try’s production model is necessary for its sustainability.

Keywords: fallowing; modelling; production strategy; recovery; Sparus aurata; waste output

1. Introduction

Aquaculture has achieved a prominent role in the provisioning of seafood for a grow-
ing and demanding human population in a scenario where most fishing resources are
exploited to their maximum capacity or are overexploited [1,2]. Globally, major efforts are
being made for the sustainable development of aquaculture under the Blue Growth Initi-
ative [3] and the 2030 Agenda [4]. In developed countries, aquaculture works according
to an economies of scale model [5], namely production costs are reduced by increasing
the production scale to widen the profit margin. EU governments have implemented dif-
ferent initiatives for aquaculture promotion and, after several years of decreasing produc-
tion, a moderate but encouraging increase has recently been experienced [1]. However, in
the EU, aquaculture accounts for only 20% of the total aquatic production [6], and there-
fore, the current demand for aquatic products still relies on imports and fisheries. Hence,
the EU not only needs to reduce its dependence on fisheries and imports, but it should
also encourage aquaculture at the farm level to achieve a strong and competitive industry.

In the Mediterranean basin, fish farming is the main aquaculture practice, both in
terms of biomass production and economic profit [6]. Most fish production takes place in
floating cage facilities in the open sea [7], with gilthead seabream (Sparus aurata) and
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European seabass (Dicentrarchus labrax) as the main reared species [8]. The most common
fish stock management method in Mediterranean farms entails a stepped input of fish
batches throughout the year so that batches of fish of different ages overlap, market-sized
fish are harvested throughout the year, and farms are never empty. This strategy implies
an increased risk of disease transmission and environmental impact [9-12] and forces
farmers to manage several types of feed and feeding schemes simultaneously and to com-
bine the diverse maintenance and husbandry tasks that are typical of different rearing
stages, thus hindering the organization of work. In the current global scenario, this pro-
ductive model is evolving towards the one used by the salmon industry [13]: large com-
panies with several farms (licenses), wherein each single farm works as a big batch. The
rearing method used in this model entails filling all the cages with fish of the same age at
once, carrying out the harvest in a shorter period of time—as the commercial size/s is/are
reached —and completing a mandatory fallowing period of variable length prior to the
introduction of a new generation of fish [13]. This allows for the biological cycle of many
pathogens to be broken [11] and a total or partial recovery of the environment [8,14,15].
This rearing strategy is commonly known as “all in/all out.” The Mediterranean fish farm-
ing industry is expected to evolve towards the salmon model to enhance production while
adapting the business model to a blue economy scenario, which would also enable effi-
cient sanitary and environmental management.

The Mediterranean fish farming industry employs feed-based aquaculture practices,
with carnivorous fish based far from the shore. This results in the consumption of a con-
siderable amount of resources—mainly raw materials for feed manufacturing and fuel
[16,17] —and the generation of huge amounts of waste of biological and dietary origin
[18] —mainly in the form of dissolved organic and inorganic nutrients (urinary and bran-
chial excretion) and particulate organic matter (feces and uneaten feed). How effectively
aquaculture companies manage their waste has a considerable influence on long-term sus-
tainability [19]. Waste output and environmental impact can be minimized through on-
farm feeding management [20,21] and site selection [22]. The Mediterranean fish farming
industry is in the process of changing its production strategy. In such a scenario, an im-
portant part of the planning phase is the prediction of waste output over time as a first
step for subsequent environmental management actions, namely risk, carrying capacity,
and environmental impact assessment and monitoring [23].

The expansion of aquaculture over the next few years should be accompanied by
technical and management improvements to minimize environmental and social concerns
[21,24]. Over the past few decades, several models have been developed to deal with dif-
ferent aspects related to the environmental management of aquaculture. In feed-based
aquaculture, waste output models are based on the mass balance between feed input and
fish feed consumption [19,25-28]. Because of their impact on fish metabolism, oceano-
graphic and environmental conditions and welfare also influence waste production [29].
In the present study, we explore how the farming strategy can influence the amount of
feed-derived waste that is delivered to the environment and its temporal pattern. We de-
veloped a series of simulations by coupling growth, feeding, and waste models. We used
gilthead seabream (hereafter GHSB) as the model species because this is one of the most
widely farmed fish in the Mediterranean, and it displays a particular eating behavior that
involves some degree of feed waste. Simulations were carried out for both the classical
Mediterranean stepped fish input and the forthcoming all in/all out strategy for the same
annual harvest. These were then compared in terms of gross waste production and tem-
poral variability.
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2. Materials and Methods
2.1. Waste Output Modelling

Waste output from a fish culture can be estimated through a mass balance equation
[19,25,28]. A fraction of the nutrients—carbon (C), nitrogen (N), and phosphorus (P)—
included in the feed supplied to the fish (Fs) is retained as they grow (G), and the remain-
ing nutrients are wasted in two ways: via dissolved waste (DW) as fish metabolism by-
products (mainly urinary and branchial excretion) and as solid waste via, undigested feed,
namely feces (F). In GHSB, a portion of Fs is wasted as a result of this type of fish’s peculiar
eating behavior: how it chews and crushes its food results in fragments of feed being
wasted before swallowing [30,31]. We denominate this fraction as feed wasted by chewing
(Fen). Another portion of the Fs can be wasted due to inefficient control when dispensing
the feed (feed supplied but unused: Fu). This is normally the consequence of inaccurate
feed distribution over the cage surface or a feed delivery rate that is too rapid for the fish
to ingest the feed properly [20,21]. The actual ingested feed (Fi) is equal to the difference
between Fs and the sum of the feed wasted in both ways (Fc + Fu). Fen can be estimated as
the function of pellet size and fish size, according to the method described by Ballester
Molto et al. [32]. Conversely, Fu cannot be predicted because this depends on feeding prac-
tices, which vary from farm to farm [18]; therefore, Fu was not considered in our model.

The general model used in the present work is as follows:

F,=F,—F,=G+DW+F (1)

All of the terms in Equation (1) were calculated from specific submodels on a daily
basis. Fs—the daily ration—was determined according to the specific feeding rate (SFR =
% BWi day) equation developed by Aguado-Giménez [21] through multiple regression
analysis from a feeding chart provided by a prominent GHSB feed manufacturer:

SFR = e(—4.954—0.289 ‘LnBW;+2.034 -LnT) (Ad] R2= 090) (2)

where BWi is the mean initial fish weight in g, and T is the water temperature in °C.

The SFR was recalculated daily according to growth predictions (G in Equation (1)).
We used the thermal growth coefficients (TGC) [26] and the GHSB growth model devel-
oped by Mayer et al. [33]. This is the only GHSB model developed under real commercial
conditions that is available. The authors showed that TGC varies over time and identified
two growth stages, with 117 g acting as a critical value for fish weight. Therefore, the two
following separate equations were used to estimate GHSB growth:

BW, = [BW* + TGC, - 5(t, — )], when BW< 117 g; TGCi = 0.001646 -
(Adj. R2=0.97),
BW, = [BW + TGC, - 5(t, — )], when BW > 117 g; TGC: = 0.016095

: 4)
(Adj. R2=0.98)

where BW: and weight BWi are the mean final and initial fish weight in g, respectively, and
L(to— t) is the effective temperature in °C—summation of the temperature during a given
time interval minus the temperature below which growth is zero: 12 °C for GHSB [34].

Fen (as a % of Fs) was estimated as a function of the fish body weight (BW, in g) and
pellet size (Ps, in mm) according to the model of Ballester-Molté et al. [32], as follows:

F., = —3.9074 + 1.3869 - P, + 0.0029 - BW - P, (Adj. R2=0.89) (5)

This model can provide negative values when pellets and/or fish are too small. In this
case, Fen is assumed to be zero [32].

Fishould be digested before the fish utilize it for G and maintenance. The undigested
fraction is eliminated as feces (F) and can be estimated using the method of Cho and Bu-
reau [26], as follows:
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F=F, - (100 — ADC %) (6)

where ADC is the apparent digestibility coefficient. The digestibility of nutrients is spe-
cies-specific and depends on their content in the diet and the bioavailability of said nutri-
ents [19]. The digestibility of fish diets of different origins can therefore provide different
digestibility values. In addition, for some fish species, digestibility tends to increase
slightly as the fish grow [35]. However, Ballester-Molto et al. did not find significant
changes in the digestibility of elemental nutrients (C, N, and P) throughout the develop-
ment of GHSB fed with commercial feeds [36]; therefore, we used the total C, N, and P
ADC coefficients from these authors (Table 1) for the F estimates.
DW was solved from Equation (1) as follows:

DW =F;— (G +F) 7)

Table 1. Simulation conditions to estimate the gross waste output and temporal pattern in GHSB
farming. (BWi: mean initial weight; BWs: mean final weight; TN, TC, and TP: total nitrogen, carbon,
and phosphorus content, respectively; d.m.: dry matter; ADC: apparent digestibility coefficient).

BW: BW: Annual Num. Fish Num. Fish Per Pel.let Size.s Per Feed Composition GHSB Ce}r.cass ADC
Harvest Inputs Per Fish Weight o . Composition o\ wx
® (@ (Tons) Year Input Range * (o dm) (% d.m.) ** (%)
TC TN TP TC TN TP TC TN TP
555 84 17 887 959 714
20 500 1500 S1: 4 S§1:750,000 20-70g:2mm 486 87 0.8
20 500 1500 t52:1 $2:3,000,000 71-220g:4mm 501 89 0.7

221-500 g: 6 mm 522 8.4 0.8

* As provided in commercial feeding charts. ** Data from Ballester-Moltd et al. [36]. * Because of
fallowing in S2, fish input and harvests occur every two years.

2.2. Simulation Conditions

We performed simulations of the gross and temporal pattern waste output produced
by GHSB farming in the form of total carbon (TC), total nitrogen (TN), and total phospho-
rus (TP) under two scenarios: (S1), stepped fish input, and (52), all in/all out with a fal-
lowing period of 8 months. We performed simulations for an annual production of around
1500 tons over a 4-year time period. The sizes of feed pellets based on the weight range of
the fish are presented in Table 1, as are their content in TC, TN, and TP, ADC values, fish
carcass composition [36], and other simulation conditions. To compare both strategies,
gross waste output was estimated on a yearly basis for the duration of a full production
cycle starting in April once production was stabilized. In S1, four fish inputs are carried
out sequentially throughout the year. Fish of different ages (size) are therefore present
within the farm at any given time. The dates of fish entry—four per year —were set ac-
cording to a schedule resembling the Mediterranean GHSB stock management farming
conditions [37]—i.e., in April, June, August, and September for a culture length of 16, 15,
15, and 17 months, respectively —predicted according to Mayer et al. [33]. The tempera-
ture regime is shown in Figure 1. In this system, the fish are harvested sequentially as
different batches reach commercial size (500 g mean final weight). In S2, all of the fish
needed to reach the required production quota enter the farm on the same date (in April).
A fallowing period of 8 months was set between harvest and the following entry in April
and was set within 2 years from the previous input date. At the end of each production
cycle, all of the fish are harvested upon reaching commercial size.
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Figure 1. Water temperature regime used for simulations.

3. Results
3.1. Feed Supplied and Stocked Biomass

The simulations of both strategies started at the beginning of the farming period
(April year 1). Table S1 (in Supplementary Materials) shows the evolution of the biomass
of the different batches, the biomass harvested at the end of each production cycle, and
the cumulative biomass of both strategies. These simulations show that the Fs and stocked
biomass (Figure 2A,B) increase gradually in both strategies. However, both the Fs and
stocked biomass are higher in 52 up until the end of the first production cycle (end of July
year 2). At this point, all of the stock is harvested in 52, while only a quarter of the stock
is harvested in S1. In the following 8 months (August year 2 to April year 3), the Fs and
fish biomass equal zero in S2 because of fallowing; In S1, the Fs and fish biomass ranges
are 70-465 and 570-1150 tons/month, respectively, with ups and downs resulting from the
successive fish inputs and harvests that are characteristic of this strategy during this pe-
riod. Once production stabilizes in S1 (from year 2), Fs remains within the range of 70-470
tons month™ indefinitely, and stocked biomass stays within the range of 570-1260 tons
month, provided that the fish input and harvesting schedule are maintained within the
simulation conditions. In S2, the stocked biomass increases from 60 tons on the fish-input
date to a final biomass production of 1500 tons 16 months later; the Fs increases from 25
to 517 tons/month and follows the temporal patterns shown in Figure 2A,B.

600+

A

_ 5004 — s1
£ — 52
S 400
£
£ 3004
£
. 2004
L

100

cI T T T T L) ] T T T L) T
= 17501
§1500 B
E1250 -
1) B
5 -— 82
= 1000
2
g 7501
S
S 500
©
£ 250
o
o
& 0 l\ T T T 1 T 1\ T lk I\ T T
& & & F & FELIEE
¥ P IR IS TS
AT AR 2 A R N JAR R R, 4
AP vof » »
~ N » ™

Figure 2. (A) Variation in the feed supplied (Fs) and (B) stocked biomass over time for both produc-
tion strategies according to simulation conditions. S1: stepped inputs and harvests; S2: all in/all out.
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In line with the simulation conditions, the temporal pattern shows that that the max-
imum Fs and stocked biomass occur in July in both strategies. In S1, minimum Fs and
stocked biomass occur in January, while in 52, both equal zero for 8 months. In both strat-
egies, Fs decreases during the winter months, and then gradually increases as the water
temperature does.

3.2. Gross Waste Output

The annual gross waste production for the first year is higher in S2 than it is in S1 for
all waste fractions and nutrients (Table 2). Thereafter, the waste discharge becomes higher
in S1 for all waste fractions and nutrients and continues to be higher provided that the
same farming conditions are maintained (Figure 3A-C). In the years in which fallowing
takes place in S2 (even years for the simulation conditions), the gross annual waste pro-
duction decreases for all nutrients and waste fractions. Then, during the first year of each
production cycle (odd years for the simulation conditions), the differences between S1 and
52 become more marked, namely 12-16% higher in S1 than in S2.

Table 2. Differences in % between S1 and S2 regarding gross annual waste output for each waste
fraction and nutrient.

Feed Lost by Chewing Dissolved Waste
(Fen) (DW)

C N P C N P C N P
S1<S2  Year1l 3817 3752 3851 5889 5812 5865 3881 37.85 4215
S51>52 Year2 5590 5723 56.07 3530 3596 3532 5447 5637 49.74
S1>S2  Year3 43.89 4152 4318 6198 6145 6207 4480 4171 46.31
51>52 Year4 5590 5723 56.07 3530 3596 3532 5447 5637 49.74
S1>52 43.89 4152 4318 6198 6145 62.07 4480 4171 46.31

Feces (F)
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Figure 3. Annual gross C, N, and P waste production in different waste fractions for both production
strategies (S1: stepped inputs and harvests; S2: all in/all out). (A) feces (F); (B) feed lost by chewing
(Fen); (C) dissolved wastes (DW).

In both strategies, DW is the greatest waste fraction (Figure 3C). In S1, once husbandry
stabilizes (midsecond year), the annual gross DW output is 863, 163, and 6 tons year for C,
N, and P, respectively. In 52, the maximum DW download is 476, 95, and 3 tons year™ for
C, N, and P, respectively. This occurs during the first year of each production cycle.

Regarding particulate waste, the most abundant waste fraction differs depending on
the nutrient, but regardless of the farming strategy (Figure 3A,B), there is more C and P
waste in F (S1: 141 and 7 tons/year of C and P, respectively; 52: 79 and 3 tons/year of C
and P, respectively) than in Fen (S1: 111 and 2 tons/year of C and P, respectively; S2: 71 and
1 tons/year of C and P, respectively), whereas the opposite is true for N waste, with Fe
experiencing more N waste (S1: 18 tons/year of N; S2: 11 tons/year of N) than F (S1: 8
tons/year of N; 52: 5 tons/year of N). In year 1, the differences between S1 and S2 are par-
ticularly noticeable for the three nutrients in Fa, with S2 having concentrations that are
about 60% higher (Figure 3B; Table 1).

3.3. Waste Output Temporal Pattern

The Simulations revealed a temporal pattern in the waste output (Figure 4A—C) that
was related to fluctuations in Fs and in the stocked biomass (Figure 2A,B). Quantitatively,
nutrient release was lower in S1 than it was in S2 for all of the waste fractions throughout
the first production cycle. The waste output is only higher in 51 than in 52 at the beginning
of the fallowing period and at the end of the winter period before the next production
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cycle in S2. From then on, and during the rest of the second part of the production cycle,
waste production is higher in S2 than it is in 51 (Figure 4A-C).
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Figure 4. Temporal waste output pattern of C, N, and P in different waste fractions for both produc-
tion strategies (S1: stepped inputs and harvests; S2: all in/all out). (A) feces (F); (B) feed lost by chew-
ing (Fen); (C) dissolved wastes (DW).

The range of nutrient release per waste fraction for both farming strategies is pre-
sented in Table 3. According to the simulation conditions, maximum waste discharge oc-
curs during the summer months for all waste fractions and nutrients in both strategies. In
S1, waste output is also relevant during early autumn (Figure 4A-C); during the winter
months, the waste discharge experiences a significant reduction until minimum values
are reached (Figure 4A-C). In 52, minimum waste release occurs during the fallowing
periods, as expected. Modelling showed the most obvious differences between both farm-
ing strategies in Fa, which were noticeably higher (about 30%) for S2 at the end of its
production cycle (in the summers of even years during the simulation; Figure 4B).
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Table 3. Range of nutrient release (kg/month™) and month in which minimum and maximum output
were reached for different waste fractions in both farming strategies once production stabilized. For
S2, minimum and maximum nutrient release occurred in even years under simulation conditions.

Feces (F) Feed Lost by Chewing (F)  Dissolved Wastes (DW)
Min. (February) Max. (July) Min. (February) Max. (July) Min. (February) Max. (July)
C 3.460 22.846 2.230 20.525 24.352 138.528
S1 N 209 1.343 368 3.335 4.528 25.620
P 137 914 35 322 251 961
Mm;:;::ﬁ““ Max. (July) Mln;;;?gust Max. (July) me;‘;gu“ Max. (July)
C 0 24.461 0 31.163 0 154.740
S2 N 0 1.418 0 5.046 0 27.942
P 0 971 0 489 0 1.217

4. Discussion

By coupling growth, feeding, and chewing models with digestibility coefficients into
a mass balance model, we resolved gross waste production and temporal pattern issues
and compared GHSB farming strategies. The simulations revealed noteworthy differences
in waste output in relation to production planning, which should be considered for the
environmental management of the Mediterranean aquaculture industry, particularly in
scenarios adapting to more efficient commercial strategies and climate change. Once
again, modelling has proven itself as a useful tool that can be implemented to understand
aquaculture processes [38]. Waste outputs largely depend on the nutrient composition of
the feed, fish requirements, feed utilization, husbandry practices, and stock management
[19,28,39,40]. New parameters of these variables that are more adjusted to particular farm-
ing conditions or that are related to new feed formulations can shift the final output of the
different waste fractions; however, the usefulness of the model employed in the present
work to make comparisons remains intact.

Our simulations revealed that the main driver of gross waste output estimation and to
determine its temporal pattern is the stocked biomass at any time. Fish biomass varies over
time because of fish growth; thus, changes in the stocked biomass also vary depending on
the fish-size distribution frequency in the farm, which was different between the two farm-
ing strategies compared herein. Moreover, fish growth strongly depends on water temper-
ature; therefore, the water temperature regime at a given location indirectly influences the
waste output temporal pattern, with minimum and maximum discharge occurring during
the coldest and warmest months, respectively. Differences among S1 and S2 in relation to
the stocked biomass over time mirror their differences in terms of gross waste production
and their temporal pattern. However, other issues related to farming strategy not only
strongly influence waste output quantitatively, but also qualitatively; this is the case for the
Fen fraction and the differences caused by the fallowing period.

For GHSB, the amount of Fe is directly related to the fish size and the pellet size [32].
Our results show that Fen is always larger in S2, especially during the last 3-4 months of
the growing cycle, when all of the growing fish are larger in size and fed with larger pel-
lets. Conversely, in S1, the portion of the population composed of large fish fed with large
pellets is considerably smaller, resulting in the Fe fraction being smaller, too. The most
relevant environmental consequence of cage fish farming is the organic enrichment of the
seabed in the vicinity of the farm, which is mostly caused by accumulation of supplied
but uneaten feed and feces [41,42], especially below the cages [43]. In the case of GHSB,
the fraction corresponding to Fe should be added to the solid waste budget [18]. The un-
eaten feed fraction is difficult to estimate since this depends on the on-farm feeding meth-
ods [16]. On the one hand, this fraction of solid wastes can only be reduced by improving
feeding control through precision fish farming [44]. On the other hand, the Fe fraction in
GHSB cultures can only be minimized by changing the pellet size management, which
was previously suggested by Ballester-Molto et al. [32]. Both precision farming—
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emerging technologies and automated systems—and alternative feeding regimes—
smaller pellets for the largest fish—are strongly recommended for GHSB farming to min-
imize its environmental footprint [20,21], and are recommended even more so if S2-type
stock management is planned.

In the present work, the S2 strategy included a fallowing period of 8 months. A farm
using this strategy would produce no waste during this time. Conversely, a farm employ-
ing an S1-type strategy would discharge waste during those 8 months. Fallowing is a man-
agement action with a dual objective: (i) to prevent/reduce the impact on the receiving
environment [9,14,15] and (ii) to break the life cycle of diseases and parasites [11,12,45].
Both potential benefits can increase long-term farm productivity and sustainability [46].
From an environmental impact point of view, a full recovery of the receiving environment
(the seabed being the main compartment that is affected) after the complete abatement of
farming activity would be expected after some time—from months to years—although
this process is not regularly monitored [14]. From a sustainability perspective, a periodic
abatement between farming cycles would ensure the assimilation capacity of the environ-
ment, supporting long-term farming operations [15]; full environmental recovery, how-
ever, would not be expected. Moreover, cumulative deterioration could occur, and a loss
of the functional capacity to assimilate the waste could put the continuity aquacultural
activity at risk [47], regardless of the farming strategy. Because of the absence of produc-
tion breaks in the S1-type farming strategy and the consequent continuous supply of or-
ganic matter and nutrients, the risk of the ecological capacity of the system collapsing
could be higher compared to S2.

Regarding fish health, fallowing has been proven to be a useful tool that can be im-
plemented to manage the spread of infections and diseases [11]. However, implementing
this procedure is complex in areas where cage aquaculture has expanded since disease
propagation can easily occur at the local level [48-50], making synchronization necessary
among farms [11]. In Mediterranean countries, no fallowing period has been set, and vir-
tually all GHSB farms operate under an S1-type strategy. This is probably the reason why
general health status of the fish produced in Mediterranean cage fish farms, and that of
the GHSB in particular, has deteriorated over the last decade [51], with sustained out-
breaks of parasitic infestations of Sparycotyle chrysophrii and a high incidence of nodavirus
(VER-VNN) infections [52]. These pathologies, which could actually be considered as
chronic, lead to a considerable decrease in the performance and profitability of aquacul-
ture farms. The management of fish health is a matter of concern for the Mediterranean
aquaculture industry, as losses due to diseases are increasing [51]. Consequently, S2-type
strategies with synchronized fallowing periods should be encouraged.

The fallowing duration depends on its goal. For Norwich pisciculture, Black et al.
suggested a period of a few weeks between rearing cycles when the intention was to break
the life cycle of pathogens, and much longer stops (one or more years) when the aim was
to reduce the impact on the seabed to allow it to recover [10]. In Scotland, a routine sani-
tary fallowing of 4 weeks was recommended between successive rearing cycles, and
longer periods (up to 6 months) were recommended if a notifiable disease was detected
[12]. In Australia, a fallowing length of 3 months is regularly used [47] despite the lack of
legislative requirements. Given that both the recovery capacity of the environment and
disease transmission are site-specific [11,14], determining an effective duration for the fal-
lowing period is challenging and can result in a period of time that is either too risky or
too cautious. In many cases, the fallowing duration is largely at the discretion of the farm
manager [47].

The chosen production strategy can also serve as a mechanism through which fish
farms can adapt to the effects of climate change. In the case of GHSB growing in cage
farms in the Mediterranean, sea water warming will enhance the growth rate, and the fish
will reach commercial size faster, provided that the upper temperature tolerance thresh-
old is not exceeded [37,53]. However, the increased temperature is expected to favor the
spread of parasites and diseases and may even result in the emergence of new ones. This
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would have a strong negative effect on farming performance, forcing producers to use
more chemotherapeutants to alleviate these detrimental effects. Hence, the adoption of
farming strategies that include fallowing periods—such as S2-type strategies—would al-
low for better adaptation to global warming.

Wherever a marine farm is placed, the seabed will experience an impact. The seabed
will never return to its original condition unless the activity ceases definitively; even so,
the unpredictability of ecological succession phenomena makes it impossible to guarantee
that the exact same state that existed before will be reached. Production strategies and
husbandry practices must contribute to minimizing any affection in the environment, pre-
serving its functionality and capacity to assimilate to the impacts for a long period while
maintaining fish welfare and obtaining profitability. To achieve this, the carrying capacity
of the farming area must be estimated with certainty in advance, and the producers must
commit to the best aquaculture practices. Carrying capacity is site-specific and depends
on a variety of physical, production, environmental, and social variables [54], and cou-
pling it with our modelling would be very useful.

An S2-type strategy is in line with the salmon business model. The trend of this in-
dustry has been to reduce the number of companies while increasing production [12]. As
a consequence, most of the remaining companies are growing, resulting in a greater num-
ber of farms. The Mediterranean fish industry is experiencing a similar evolution [55]. This
type of business structure allows for the undertaking of a global S1-type strategy in which
each separate farm follows an S2-type strategy: each single farm completely fills its facili-
ties on a different date, so the company has products available throughout the year. Thus,
the fallowing period at each individual farm can be longer —from the complete emptying
of fish to the next input on the same date as the previous cycle—so that companies can
satisfy both environmental and health requirements, becoming more sustainable.

In conclusion, a change is needed in the business model of the Mediterranean fish
farming industry, adopting production strategies that enable better environmental and
fish health management. This can be achieved with S2-type strategies, which will help to
improve both profitability and sustainability.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w14050788/s1, Table S1: Changes in the biomass each fish
batch over time according to the input date, biomass harvested at the end of each production cycle
(in red), and cumulative stocked biomass. Biomass in tons. Fish input dates are at the beginning of
the months in red.
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