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Abstract: Different non-intrusive methods have been developed to estimate fish biomass, which is
a determinant factor for aquaculture farming management. Length–weight conversion is a crucial
parameter for accurate biomass estimation. However, the potential environmental and seasonal
variations in fish length–weight relationships are rarely considered. In this study, we examined
seasonal variation in length–weight relationships for European sea bass (Dicentrarchus labrax) from
two farming systems subject to different salinity and temperature conditions: inland ponds and
offshore cages. The results showed significant differences in intercept and slope between the two
types of facilities studied, as well as between the same seasons for both facilities. This highlights the
need to use specific length–weight equations to obtain accurate biomass estimation based on fish
length data.

Keywords: seasonal changes; length–weight relationship; Dicentrarchus labrax; biomass estimation;
aquaculture

Key Contribution: This study provides insights into the relevance of applying specific length–weight
relationships to estimate biomass in aquaculture.

1. Introduction

Aquaculture is already a very important industry worldwide. With its rapid develop-
ment and an average annual projected growth rate of 4.5% from 2010 to 2030, aquaculture
currently surpasses extractive fishing in terms of tons produced, and more researchers
are paying attention to this sector [1–5]. Efficient, precise, and intelligent aquaculture is
the future development direction for this industry [3,4]. In this sense, monitoring fish
production in aquaculture farms is essential for informed decision making and effective
management. Accurate biometric, behavioral, density, and biomass data from farmed fish
are crucial, especially in optimizing feed usage, which is a primary factor in determining
efficiency and cost [2,6–11].

Fish biomass is usually estimated from the total number of fish counted in a pond or
cage multiplied by the average weight of a fish sample [12]. Capture-dependent methods
are occasionally used to know the length and weight of the farmed fish, but the inaccuracy
of the results, along with the stress and the potential increase in fish mortality, has led
researchers to develop new non-intrusive estimation methods [5,13–15]. In this sense, two
techniques stand out in terms of remotely estimating the length and weight of fish in
offshore aquaculture. The first is hydroacoustics, which is a widely used technique for
fish detection in all kinds of aquatic environments [16–19]. This technology establishes a
relationship between the intensity of the sound backscattering from fish, which is known
as target strength (TS dB), and fish variables such as length or weight [20,21]. Specific

Fishes 2023, 8, 227. https://doi.org/10.3390/fishes8050227 https://www.mdpi.com/journal/fishes

https://doi.org/10.3390/fishes8050227
https://doi.org/10.3390/fishes8050227
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fishes
https://www.mdpi.com
https://orcid.org/0000-0002-4984-7777
https://orcid.org/0000-0003-1433-2017
https://doi.org/10.3390/fishes8050227
https://www.mdpi.com/journal/fishes
https://www.mdpi.com/article/10.3390/fishes8050227?type=check_update&version=2


Fishes 2023, 8, 227 2 of 10

TS–length equations for most of the farmed fish species have been developed, such as At-
lantic salmon (Salmo salar), brown trout (Salmo trutta), perch (Perca fluviatilis), carp (Cyprinus
carpio), gilt-head seabream (Sparus aurata), or sea bass (Dicentrarchus labrax) [22–24]. These
equations allow us to use hydroacoustics to know the size of fish in a non-intrusive way.
The second approach involves computer vision, which is rapidly developing as a system
for obtaining fish measurements without any kind of manipulation, using stereo vision
underwater cameras. This technology uses images to measure the fish size in aquaculture
facilities through computer image analysis [3,12,25–29]. These two techniques have proven
to be a good adjustment in fish size measures, but both usually need to use a previously
calculated length–weight relationship to provide weight estimates from TS or stereoscopic
images [11,30]. This length–weight relationship can vary with fish growth rate, due to
different external or intrinsic factors [31].

The European sea bass represents one of the most important farmed fish species in
southern Europe [32]. However, the potential effects of seasonal variation on length–weight
equations and their implication for biomass estimation are largely unexplored. Water
temperature and its significant seasonal differences are critical external factors that affect
most biochemical and physiological processes in aquatic organisms, resulting in one of
the most important environmental–physical factors. Increasing water temperature has
a significant influence on fish growth, determining higher food intake and growth rates
within the non-stressful thermal range for each species [33–39]. In this sense, adult sea
bass species migrate to estuaries and coastal lagoons for spawning, where larvae can find
optimal growth conditions and plankton prey due to the early warming of these shallow
waters in spring [40]. Variation in salinity is a disturbing factor influencing the metabolism
and growth of the European sea bass. Despite being a euryhaline fish, acute changes in
water salinity can cause complex metabolic changes in sea bass. On the one hand, a decrease
in salinity suggests a reduction in the costs associated with osmoregulation. However,
salinity changes in the environment involve more than just osmoregulation costs. The gills
are the main osmoregulation organ, but because of their involvement in respiration, they
are at the same time the main site of water and ion leakage. Thus, as osmoregulatory costs
are linked to metabolic activity through ventilation, the portion of energy necessary to
compensate for the ventilation-related osmotic and ionic loss will increase, as fish metabolic
expenditure rises [37,40–46]. Dissolved oxygen is another crucial factor for fish survival and
growth in aquaculture farms. However, significant inputs of nitrogen and phosphorus due
to the decomposition of uneaten feed, feces, and metabolic excretion by cultured animals
can lead to substantial variation in oxygen levels. This leads to the production of oxygen
by photosynthetic organisms. Furthermore, substantial amounts of oxygen are consumed
in plankton and fish respiration. Therefore, dissolved oxygen concentration is a parameter
closely monitored in aquaculture farms, as sudden drops in its concentration, especially at
night, could result in significant fish mortality rates [35,36,40,47,48].

The aim of this study is to compare the seasonal length–weight relationships of sea
bass (Dicentrarchus labrax) between two farming systems presenting different environmental
conditions, to assess the benefits of using specific equations for each facility and season of
the year.

2. Materials and Methods
2.1. Samplings

Two different sea bass farming facilities were selected for this study (Figure 1). The
first one was located in the Guadalquivir River estuary, with brackish water, in Seville,
Spain. This farm system was based on rectangular inland ponds, with a surface area of
2.700 m2 and a volume of 3150 m3. The second farming facility was in the Atlantic Ocean,
in the Setúbal district, Portugal. This farm consisted of cylindrical offshore cages, of an
approximate volume of 6.500 m3. In both cases, the fish farm managers set the seeding and
management of the facilities aiming at obtaining a density of around 5 fish/m3. Moreover,
fish were fed until they were satiated during the whole breeding process. Samples were
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obtained seasonally for one year. About 200 sea bass were measured for each sampling.
Fish were measured in the field for standard length (SL) to the nearest millimeter, and
weighed (W, wet weight) to the nearest gram. All the specimens were measured during
the harvest process before sales, with all of them being approximately the same age. Daily
records of temperature and salinity were provided by the managers of the facilities, except
for offshore salinity due to its low variation. Previous studies monitoring water quality in
the study area where the offshore facilities were located reported average salinity values
of 36 PSU, with little inter- and intra-annual variability [49,50]. Thus, we considered this
parameter as constant.

Figure 1. Location of the sea bass farming facilities.

2.2. Data Analysis

All statistical analyses were conducted in the statistical package R [51]. The power
function W = aSLb is commonly used to predict fish weight from the fish length, where
W is the total body weight of the fish in grams, SL is the standard length in millimeters, a
is the regression intercept, and b is the regression slope. This length–weight model was
transformed into a linear model by applying a log10 transformation to both sides, resulting
in the equation log(W) = log(a) + b log(SL). Using the logarithmic form of the equation,
length–weight relationships were estimated for each season in each farming facility. The
values of the regression slope indicate isometric (b = 3) or allometric (positive if b > 3,
negative if b < 3) growth. In order to investigate the seasonal growth pattern in each
farming facility, a Student’s t-test was performed to evaluate if the mean b value was
significantly different from 3 and to identify the type of growth. Moreover, significant
differences in the intercept and slope were analyzed among seasons within each facility
using analysis of covariance (ANCOVA) with log(W) as the response variable, log(L) as
the continuous covariate, and “season” as the categorical variable. Seasonal differences
were also tested in length–weight relationships between facilities by fitting an ANCOVA
separately for each season with “facility” as the categorical variable. The assumptions
of normality and homoscedasticity were verified through the inspection of the quantile–
quantile plot and the residual-against-fit plot, respectively.
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In order to verify the actual differences that may result from using different equations,
a practical case was performed to estimate fish biomass through their application. Length–
frequency distribution was simulated for an inland pond and an offshore cage of the two
studied farming facilities. Fish length–frequency distribution was obtained by simulating
random length values for each size interval of the target strength (TS) frequency distribution
from previously collected acoustic data, specifying the length range and the number
of individuals for each range [5,10]. The predictions of individual weight values and
confidence intervals given the length values were achieved by fitting the specific regression
for each season using the predict function from the “stats” R package. The predicted weights
were then back-transformed to the original scale and corrected for bias using the logbtcf
function from the “FSA” R package [52].

3. Results

The seasonal sea bass length–weight regressions of the two studied farming facilities
are shown in Table 1 and Figure 2. The r2 values ranged from 0.844 for the inland farm in
winter to 0.957 for the offshore farm in autumn and were all highly significant (p ≤ 0.001).

Table 1. Seasonal seas bass length–weight regressions for the offshore and inland farms.

Facility Season n SL (mm) W (g) log(a) 95% C.I. log(a) b 95% C.I. b r2 Growth

Offshore Winter 196 308 ± 28 345 ± 92 −4.740 −4.990; −4.490 2.920 2.820–3.021 0.944 * Isometric
Offshore Spring 197 303 ± 35 470 ± 179 −5.292 −5.564; −5.019 3.201 3.091–3.311 0.944 * Allometric (+)
Offshore Summer 200 300 ± 30 426 ± 120 −4.262 −4.528; −3.996 2.777 2.700–2.884 0.929 * Allometric (−)
Offshore Autumn 197 309 ± 37 397 ± 148 −5.193 −5.424; −4.961 3.121 3.028–3.214 0.957 * Allometric (+)
Inland Winter 198 346 ± 22 678 ± 120 −3.736 −4.132; −3.340 2.585 2.429–2.742 0.844 * Allometric (−)
Inland Spring 200 331 ± 22 575 ± 107 −3.940 −4.305; −3.576 2.656 2.512–2.801 0.868 * Allometric (−)
Inland Summer 166 336 ± 34 526 ± 149 −5.087 −5.366; −4.809 3.085 2.975–3.196 0.949 * Isometric
Inland Autumn 200 364 ± 32 587 ± 157 −4.763 −5.057; −4.470 2.937 2.823–3.052 0.928 * Isometric

Number of specimens (n); mean ± standard deviation; standard length (SL) and weight (W); intercept of regression
line (a); slope of regression line (b); confidence interval (C.I.); regression coefficient (r2); * significant p ≤ 0.001.

Sea bass presented different growth types within each facility. Fish from the inland
facility showed isometric growth (b = 3) in summer and autumn and negative allometric
growth (b < 3) in winter and spring. On the other hand, sea bass from the offshore facility
presented isometric growth (b = 3) in winter, negative allometric growth (b < 3) in summer,
and positive allometric growth (b > 3) in spring and autumn (Table 1).

Significant differences were found in the intercept and slope among seasons for the
inland (ANCOVA, F12.791; p < 0.001) and offshore (ANCOVA, F13.414; p < 0.001) facilities.

Seasonal differences test in the length–weight relationships between facilities for
each season also showed significant differences for all of them: autumn (ANCOVA, F5.772;
p < 0.001), spring (ANCOVA, F30.658; p < 0.001), summer (ANCOVA, F15.642; p < 0.001) and
winter (ANCOVA, F12.881; p < 0.001).

The results of the total biomass simulation for two cases of both studied facilities, i.e.,
an inland pond and an offshore cage, are shown in Figure 3.
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Figure 2. Seasonal seas bass length–weight relationship for the offshore and inland farms. Green area
indicates the 95% confidence interval.
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Figure 3. Biomass simulation for the two studied facilities: an inland pond (a) and an offshore cage
(b). Error bars represent the estimated 95% confidence intervals.

4. Discussion

In this study, we compared two different aquaculture facilities located only 250 km
apart but presenting significant differences in water temperature and salinity. This is mainly
because the offshore cages are situated in the ocean, while the ponds are located inland,
specifically in an estuary area.

In aquaculture facilities, such as those selected for this study, food and oxygen con-
centration in the water are not limiting factors. In offshore cages, automatic feeders and
a camera system controlled by an operator stop feeding when leftover food is detected.
While this system does not allow for the precise dosing of feed and results in significant
feed waste, it ensures that the fish are fed until they are fully satiated. In inland ponds, fish
have feeders that release food on demand when fish approach the feeding area and activate
a floating ball. Workers also provide extra feed during times of high demand, ensuring
that fish are fully satiated, although with little precision and significant waste. Moreover,
the oxygen concentration was monitored in both types of facilities studied, with particular
attention paid to the inland ponds, where compressed oxygen systems were available to
inject oxygen into the ponds in case of a sudden drop that could have caused fish mortality.

Temperature and salinity are the two most influential environmental factors on the
growth and metabolism of farmed fish since they are hard to control [34–36,53,54]. In this
regard, the water in offshore cages primarily consisted of coastal water from the Atlantic
Ocean that was constantly renewed through the cage’s net wall. As a result, the annual
average temperature remained around 15.9 ◦C with a low fluctuation of 7.6 ◦C, and the
salinity remained constant at around 36 ppt (Figure 4), which is similar to the natural
habitat of these fish. By contrast, estuaries are complex aquatic systems where river and sea
dynamics interact, creating unique conditions that evolve in space and time across various
scales [55]. This interaction varies continuously throughout the estuary with each tidal cycle,
neap, and spring tides, and it is drastically altered during brief periods associated with
the occurrence of river floods [56]. This environmental variation, combined with the fact
that inland ponds have much lower water renewal rates (just through a channel that runs
across the pond) and much shallower depths, can cause great fluctuations in temperature
and salinity, as they lack the buffering effect of the ocean, even though the climates of
both facilities are similar. In inland ponds, water temperature ranged from 10 ◦C in winter
to 30 ◦C in summer, with an average temperature of 20.7 ◦C, while salinity averaged
18 ppt and reached a maximum of 25 ppt in autumn (Figure 4), always being lower than
in offshore cages. Previous experimental studies suggest that the preferred temperatures
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for this species range between 20 and 25 ◦C [37,40]. Under experimental conditions, the
sea bass growth rate increased with increasing salinity, reaching a maximum at 33 ppt [47].
However, acute changes in water salinity can rapidly increase fish metabolic rate due
to osmoregulation and respiration [37,40,57]. In addition, sea bass presented different
growth types within each facility, showing the important effect of seasonal variation on
fish growth patterns. Positive allometric values, defined as cases in which fish became
stouter with increasing body length, were only observed for offshore cages in spring and
autumn, while fish from inland ponds presented isometric or negative allometric growth.
Fish growth in offshore cages may be favored by relatively stable water temperatures
around the preferred range and constant salinity conditions. Environmental conditions
experienced in early life can also play an important role in the morphology and growth
trajectories of sea bass [58], suggesting that seeding season might be an important factor to
consider in farm management.

Figure 4. Daily temperature (a) and salinity (b) variation in the two studied locations: inland ponds
(red lines) and offshore cages (blue lines).

Assuming that temperature and salinity variations are responsible for the observed
differences in the length–weight relationship of fish among different facilities and seasons,
it is crucial to account for such variations when estimating biomass based on length. In
this regard, the practical case presented in Figure 3 shows the variations in the estimated
biomass for a cultivation unit in the two kinds of studied facilities. The data reveal
significant differences, with variations reaching up to 31.5% between winter and autumn
in inland ponds, and 28.5% in offshore cages between winter and spring, which are the
seasons that exhibit the greatest differences, respectively. These substantial differences
should be taken into consideration when estimating fish biomass. Increasingly precise
methods are being developed to remotely estimate the length of fish, and the same precision
should be the goal for the length–weight conversion, as the total biomass is the estimated
value that really matters to fish farmers for the management of their companies.

5. Conclusions

Our research highlights the need to use specific length–weight equations for aqua-
culture facilities that take into account seasonal environmental variations. Many studies
aim to establish the most accurate possible length estimates of fish using remote detection
methods, such as techniques involving digital imaging or hydroacoustics [59–62]. Avoiding
capture-dependent methods that cause high levels of stress to fish can prevent potential
increases in mortality [5,13–15]. However, it should not be assumed that the length–weight
conversion is a minor issue, as the selection of a specific equation can cause significant
variations in biomass estimates. This is particularly important in aquaculture, as having
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accurate estimates of density and biomass in these farms allows managers to obtain im-
portant information for optimizing feed dosage [5,6] (a major production cost for these
companies) or managing stocks and sales, all of which are crucial aspects for the sector.
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