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Abstract :

Robust and accurate prediction of fish farm waste is a first and crucial step in managing the cause-effect
chain that leads to local environmental impacts of aquaculture. Since aquatic production is diversifying
with new fish species and extending to new areas for which data can be scarce, it is important to develop
parsimonious approaches with fewer data requirements and less scientific complexity. We developed the
Farm productlon and Nutrient emiSsions (FINS) model, which simulates fish farm operation and estimates
fish biomass, feed inputs, and waste emissions from sea cages using simple modeling approaches and
a variety of data sources. We applied FINS to red drum (Sciaenops ocellatus) culture in Mayotte by
collecting relevant input data (growth, digestibility) from experimental trials. Three explorative farming
scenariossmall, medium, and largewere defined from field survey data to examine and compare
emissions of a range of potential commercial culture conditions and production scales (23, 299, and
2079tyear(-1), respectively). Comparison of the three scenarios showed that waste emissions per ton of
fish harvested during routine operations, and thus environmental impacts, were higher for longer culture
cycles (medium farm) because of lower feed conversion efficiency. The FINS model is a simple alternative
tool to assess and compare environmental impacts of different farming systems and practices for new
aquaculture species and regions. It provides important drivers to assess local environmental impacts of
fish farms and can therefore facilitate the process of licensing new farming systems for decision-makers.

Keywords : Aquaculture waste modeling, CNP mass balance, Farming scenarios, Feed digestibility,
Individual-based growth model, Red drum
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Introduction

Agquaculture is the world’s fastest-growing food production sector and most diverse farming system
in terms of the number of species, methods and environments in which the farms are located (Harvey
et al. 2017; FAO 2018). In 2016, global production was 110.2 million t from 598 farmed species, of
which 369 were finfishes (FAO 2018). Diversification of species, production systems and spatial
distribution of production could provide economic, social and ecological resilience to aquaculture
systems in the context of a changing climate, diminishing natural stocks of capture fisheries and other
external drivers (Harvey et al. 2017). Diversification will come with development costs, however,
including evaluation and mitigation of environmental and social impacts, since future growth needs to
be planned in a responsible manner that minimizes these impacts, as claimed for other human activities
in international and national directives such as European Water and Marine Strategy Framework
directives, the Canadian Oceans Act and the United States National Ocean Policy. In this context, there
is increasing adoption of principles of the ecosystem approach to aquaculture (EAA), which provides
an holistic planning and management framework, integrating agquaculture activity into its wider socio-
ecosystem (Soto et al. 2008). Implementation of EAA is not straightforward, however, requiring the
use of a range of methods and tools, including environmental impact assessment (EIA) (Ferreira et al.
2012a; Byron and Costa-pierce 2013), to help define the type and size of fish farms that can be supported
by the environment without leading to unacceptable impact on ecosystem functions and services (i.e.
without exceeding ecosystem’s ecological carrying capacity).

In environmental sciences, the cause-effect chain of human activities leading to environmental
impacts is commonly structured as emission, fate, exposure and effect (Heijungs and Sleeswijk 1999).
In marine aquaculture, effluent loads from cages are the emissions of most concern, primarily
Abbreviations:

ADC: Apparent digestibility coefficients

C, N and P: Carbon, Nitrogen and Phosphorus

DEB: Dynamic energy budget

DFR: Daily feeding rate

EAA: Ecosystem approach to aquaculture

EIA: Environmental impact assessment

FCR: Feed conversion ratio

FINS model: Farm production and nutrient emissions model

SGR: Specific growth rate
VBGM: Von Bertalanffy growth model



containing solid organic particles (feces and uneaten feed) and dissolved inorganic compounds (NH.4",
PO.*, CO,). A combination of factors at the farm level (e.g. scale, technology used, feeding, stocking
density) and species level (e.g. feed digestibility, feed conversion ratio (FCR)) influences the quantity
and quality of wastes. The spatial fate of solid material and its accumulation on the seabed, as well as
the transport and dilution of dissolved substances in the ecosystem, are site specific and influenced by
local hydrodynamic conditions (i.e. currents and bathymetry). Ultimately, the ecosystem’s abiotic
characteristics (e.g. water currents, turbulence, temperature, dissolved oxygen, salinity), trophic status
(Fernandes et al. 2001) and benthic community ecology will influence the degradation and assimilation
of solid and dissolved waste and its associated effects on ecosystem components.

Given the multifactorial nature of these processes, the ecosystem’s carrying capacity for aquaculture
is usually estimated using complementary tools and models (e.g. growth, farm-scale, hydrological,
hydrographic) to provide drivers, boundary conditions or fluxes for larger-scale ecological models
(Corner and Aguilar-Manjarrez 2017). In this framework, robust and accurate prediction of fish farm
waste using individual growth models and local farm-scale models is a first crucial step. Several farm-
scale models such as BREAMOD (Brigolin 2007; Brigolin et al. 2010), MOM (Ervik et al. 1997; Kupka
Hansen et al. 2001; Stigebrandt et al. 2004) and FARM (Ferreira et al. 2012b) have been developed to
simulate species growth and environmental loads to assess site carrying capacity and support
management decision. Most of studies and model developments have occurred in Europe and North
America and have focused on well-known and commonly produced species such as salmon (Salmo
salar), seabream (Sparus aurata) and seabass (Dicentrarchus labrax) (Corner and Aguilar-Manjarrez
2017). Although useful, these modeling approaches require large amounts of high-quality data (i.e.
accurate, reliable, up to date and relevant to the context) on species biology, farm configuration, rearing
practices and environmental conditions, limiting their application to areas or cases with limited
information (Gentry et al. 2017). Indeed, scientific knowledge can remain scarce for newly cultured
species, and farm-level and environmental information can be difficult to obtain in data-scarce areas
where the aquaculture sector is just emerging.

When data are scarce, a mixed approach combining commercial farm-level data, published studies

of biological models and new experimental trials can lead in robust empirical models (Chowdhury et



al. 2013). Moreover, in regions where the aquaculture sector remains in its infancy, scenario-based
investigation, i.e. defining predictive or explorative scenarios (Borjeson et al. 2006) and combining
them with a model, can explore a range of waste emissions of potential commercial farming systems
and truly support decisions to guide aquaculture development. This kind of ex-ante approach is relevant
in developing projects such as red drum (Sciaenops ocellatus) farming in the French overseas
department of Mayotte.

Red drum is a euryhaline and eurythermal sciaenid distributed along the Atlantic coast and Gulf of
Mexico (Chamberlain et al. 1990). It is popular for fishing activities and has been reared since the late
1970s, but at a small scale. This fast-growing, hardy and disease-resistant species (Sandifer et al. 1993;
Lazo et al. 2010) is particularly suitable for marine aquaculture since it can reach a large commercial
size. For several French overseas departments in the Caribbean Sea (Martinique and Guadeloupe) and
Indian Ocean (Mayotte), red drum has a special importance because it is currently the only finfish
species farmed there at a commercial scale.

In 2008, fish from aquaculture was the main product exported from Mayotte. Given Mayotte’s high
demographic growth (+8% per year), the aquaculture sector was expected to expand, with a production
objective of 550 t by 2020 (Conseil Départemental de Mayotte 2016). Fish farming there is developed
within a Marine Nature Park that covers the whole exclusive economic zone and its management plan
integrates the development of sustainable aquaculture. However, scientific, technical and economic data
on red drum culture, particularly in sea cages and in the tropics, remain scarce. Few relevant data on
the fish farms are available since the sector contains only four farms, with total annual production
ranging from 30-100 t from 2012-2015. Falguiére (2011) summarized knowledge about red drum and
recent data obtained in tropical and sub-tropical environments. To our knowledge, only one study has
estimated waste emissions of red drum under commercial culture conditions (Xu et al. 2007), and no
farm-scale model had been applied to this species until now.

The main objective of this study was to develop a framework to collect and integrate key data in
waste simulation models from explorative fish farming scenarios to help in EIA of aquaculture. With
this aim, we (1) developed the Farm productlon and Nutrient emiSsions model (FINS), which combines

farm production and waste emission modules to predict on-farm biomass dynamics, farm yields and



waste output (solid, dissolved and C, N, P); (2) applied FINS to red drum culture in the tropics using
data (growth, digestibility) from experimental trials; (3) described existing farms through field surveys
and built explorative farming scenarios and (4) used FINS to simulate waste emissions of three farming

scenarios.

Materials and methods

Description of the FINS model
Conceptually, the FINS model is composed of two modules (Figure 1):

(1) Farm production: an individual growth submodel is integrated into a population dynamics
framework at cohort and farm levels using data about farm-management practices and cage
layout to estimate farm production and feed intake.

(2) Waste emission: A mass-balance submodel of macromolecules is used to predict C, N and P
fluxes between feed, fish and waste compartments (uneaten feed, feces, dissolved emissions),
and cumulative total solid and dissolved waste emissions during a routine year of production.

The set of equations and parameters used in each module and their units are summarized in Table 1.

< Insert Figure 1 around here >

Farm production module

We applied the generalized Von Bertalanffy growth model (VBGM) to red drum in warm water
conditions. The generalized VBGM (Pauly 1979), like other similar analytical models, does not
explicitly consider variations in growth due to fluctuation in limiting (dissolved oxygen) and
determining environmental parameters (temperature, salinity, photoperiod), which are generally known
to influence fish metabolism greatly (Dumas et al. 2010) and thus growth rates. However, in Mayotte
and more generally in the tropics, water temperature is warm and usually varies little among seasons
(Jeffs 2013), which can result in high growth rates in species suited to these conditions. For these
reasons, and because of the inability to apply a more detailed and complex model due to the scarcity of

in-situ environmental data, we chose this simple analytical approach. Furthermore, preliminary analysis



showed that the VBGM predicted growth more accurately than other analytical models, required few
input parameters and is one of the models used most often for fish growth (Katsanevakis 2006; Dumas
et al. 2010). In the VBGM, daily fish growth, as a weight-at-age function, is predicted by a nonlinear
function with four parameters (Eq. 1 in Table 1). The underlying principles of the VBGM are that
growth results from the difference between net anabolism and catabolism, and that growth rate tends to
decrease linearly with weight (or length) (von Bertalanffy 1957).

Individual fish growth was integrated into a population dynamic framework that defines fish cohorts
whose members have an individual mean weight predicted by the VBGM and are located in the same
cage in the cage layout (the latter defined by the number, dimensions and locations of cages). The
number of individuals per cohort varies on a daily time step as a function of (1) seeding intensity, (2)
natural mortality (7,,,,¢), (3) cultivation loss (t;,ss) and (4) the harvesting regime (Tpgrvest)- LOSSES
due to natural mortality are based on a previous survival model developed for red drum in marine cages
(Falguiere 2011). Cultivation losses account for supplementary losses due to escape, predation and theft,
and are a farm-specific factor related to farm scale and rearing practices. Harvesting regime, which is
also farm-specific, is null except on the last day of month in which harvest occurs. The number of fish
seeded per cage (initial condition) is set to achieve a maximum stocking density of 20 kg m= in cages
during the culture cycle. During a culture cycle, a cohort can be transferred from one cage to a larger
one to respect maximum stocking density.

Simultaneous culture of multiple fish cohorts on the same farm is simulated for a routine year of
production of a given farm, i.e. using its full nominal capacity with all cages occupied and the maximum
number of simultaneous cohorts in production (Figure 2). FINS simulates farm functioning via cohort
dynamics and transfers among cages, following a detailed management schedule that describes culture
time per cage type and intervals between successive fish cohorts. Routine year of production began
after the last cohort was seeded. By summing fish harvests for each cohort over the routine year of
production, the model predicts fish biomass production at the farm level. Feed inputs per cage are
calculated from daily feeding rate (DFR) and expressed as a percentage of the cage’s biomass. The use
of DFR to calculate feed inputs allows for dynamic estimation of the total amount of feed distributed to

the cages and thus the loss fraction of uneaten feed (dy).



< Insert Figure 2 around here >

< Insert Table 1 around here >

Waste emission module

Quantities of total solid waste and solid and dissolved C, N and P waste from red drum farming are
calculated using nutrient mass-balance equations (Table 1). Solid waste estimates include the uneaten
fraction of feed and undigested nutrients, while dissolved waste estimates equal the difference between
digested nutrients and those retained in fish biomass gain (Cho and Kaushik 1990). Feed inputs are
described according to their contents of dry matter, P and macromolecules (i.e. protein, lipids,
carbohydrates (sugars and starch), fiber, ash) based on the proximate composition of each feed in the
diet (method described in appendix B). Feed C and N contents are estimated using standard
stochiometric biochemical equations (Strain and Hargrave 2005) (Eg. 10 in Table 1). Fecal emissions
are calculated from apparent digestibility coefficients (ADCs) according to two approaches: (1) the sum
of non-digestible macromolecule fractions and (2) non-digestible dry matter in feed (by assuming that
total dry weight is the sum of macromolecule fractions). The former calculation approach is more
detailed but requires more data than the latter, thus the results obtained with both approaches were
compared to determine the value of using a more detailed approach in context of data scarcity.
Macromolecules and P retained by fish (harvested, dead or lost) are calculated from fish proximate

composition.

Calibration of FINS

Individual growth submodel calibration and validation
The VBGM was calibrated using an existing dataset of individual body weight (n = 308) of captive
red drum broodstock reared for up to 700 days in Martinique from 2004-2008 (Falguiere 2011). Fish
were reared at a stocking density of 15-20 kg m™ and fed manually with extruded pellets (47% protein
and 13% lipid). Data collected during Water Framework Directive monitoring programs showed that

temperature and dissolved oxygen levels in Martinique and Mayotte waters varied little (Figure 3), from



25-31°C (corresponding to the temperature preference of red drum) and 5.9-7.0 mg It (non-limiting for
red drum), respectively (Neill 1990; Falguiere 2011).

The four VBGM parameters were estimated by minimizing the residual sum of squares between
calibration data and predicted weights using the “optim” function of R software (R Core Team 2018).
Performance of the calibrated VBGM for Mayotte case study was evaluated by estimating and testing
linear regression coefficients (Mesplé et al. 1996) between on farm weight data obtained in Mayotte
and predicted weights. The significance of differences of the intercept, slope and coefficient of
determination (R2) from 1, 0 and 1 respectively, were tested with the Student’s t-test. Goodness-of-fit
of the submodel was then assessed as “very good”, “good”, “fair” or “poor” following the classification

of Jusup et al. (2009).

< Insert Figure 3 around here >

Determination of nutrient ADCs

We measured digestibility coefficients experimentally for red drum fed a commercial feed
commonly used on farms in Mayotte using an indirect method: coating feed with a indigestible and
inert tracer (yttrium oxide) and then measuring tracer and nutrient contents in feed and feces to estimate
the digested fraction of nutrients (Hillestad et al. 1999; Austreng et al. 2000). Digestibility trials were
performed at the Ifremer Experimental Aquaculture facilities (Le Robert, Martinique, France) with
NUTRImarine 6.0mm pellets, included in the range of Nutrima® feed (2.2, 3.2, 4.5, 6.0 and 9.0 mm)
that covers the needs of the whole life-cycle for red drum species. The experiment is detailed in
Appendix A. ADCs were calculated (Eq. 12 in Table 1) (Maynard and Loosli 1969) for fractions of
total dry matter, macromolecules and elemental P. ADCs and were considered constant during the

whole life-cycle of the species.



Feed and fish body compositions

Fish body composition was assumed to remain constant during fish growth and thus be identical for
seeded, dead, lost and harvested fish even if ontogenic variation in fish body nutrient content has been
found in some studies (Pilati and Vanni 2007). Input data used in FINS were mean values over the
digestibility trial (Table B.2) using the same commercial feed as that used in FINS. Thus, FINS assumed
consistency between fish body composition and feed composition, as recommended by Cho and Bureau
(1998). Feed composition data used in FINS were obtained from supplementary analysis of the 5 pellet
diameters (2.2, 3.2, 4.5, 6.0 and 9.0 mm) of Nutrima® feeds, following the standard methods described

in the Appendix A.

From field surveys to farming scenarios

Surveys were conducted on 8 farms in three French overseas departments having a common
regulatory context for aquaculture development — Mayotte (4), Martinique (3) and Guadeloupe (1) — to
investigate commercial culture conditions on existing farms and potentially relevant farms for this
context so as to characterize and categorize them in a typology. The field surveys, conducted from
2016-2018, provided information about (1) cage layout (humber and dimensions) and farm facilities
and (2) feeding and rearing practices (e.g. (Lazard et al. 2010)). These data were used to distinguish
Small-, Medium- and Large-scale farms in a typology, which was used to build exploratory farming
scenarios for FINS (Small, Medium and Large) representing the range of possible commercial farming
conditions for red drum in Mayotte. Since French overseas departments do not have Large farms yet,
Large farm data were based on an application document for a license to set up a Large farm in Mayotte.
Values of key variables retained for each scenario and used in FINS are reported in Table B.3. Given
the non-homogeneity of surveys data and its variability in quality, values used for the construction of

the three scenarios were determined by expert knowledge based on the range of values collected.



General setup

DFRs were obtained from surveys of farms using Nutrima® feed (Table B.1). Values varied monthly
and were used to calculate the daily feed inputs during the culture cycle. Uneaten feed was set at 5% of
total feed input (Cromey et al. 2002; Bureau et al. 2003; Hills et al. 2005) in the absence of reliable data
for red drum farming. Seeds were introduced in cages at age 40 days (6g according to the VBGM
predictions).We calculated mortality rates from the survival model of Falguiére (2011), based on 21 red
drum genetic families raised for up to 1000 days. Cohort return rates (i.e. percentage of seeded fish that
were later harvested) obtained from the surveys were used to set the fish loss rate in each farming

scenario.

Sensitivity analysis

Sensitivity analysis was performed using a one-at-a-time approach to examine the response of FINS
output to change in the following input parameters: relative growth rate (k, Eq. 1 in Table 1), 7y,
maximum stocking density, DFR, &,, feed macromolecule contents, feed P and fish P contents (Table
1). For feed macromolecule contents, we only simulated changes in the composition of the
NUTRImarine 9.0 mm pellets, since they were preponderate quantitatively (64-88% of annual feed
input in Figure B.1) and thus would have more influence on emission predictions than other pellets.
After varying default values of each input parameter by +5% or £10% (depending on the parameter), a
normalized sensitivity index (S) was calculated to quantify the change in two model outputs: total solid
waste emissions and dissolved P emissions. S equaled the relative change in model output divided by
the relative change in the input parameter (Gan et al. 2014; Mateus and Franz 2015). The degree of
model output sensitivity to each parameter was then classified as “insensitive” (S < 0.1), “sensitive”

(0.1 <S<1), “highly sensitive” (1 < S < 10) or “extremely sensitive” (S > 10) (Mateus and Franz 2015).



Results

FINS inputs
Individual growth submodel calibration
Values of the VBGM parameters with the smallest residual sum of squares were w,, = 4906.3 g, to
=15 days, k = 2.71x102 days™, and p = 2.493, respectively. The calibrated VBGM simulated well the
weights observed on farms in Mayotte (Figure 4). Linear regression between Mayotte farms data vs
predicted weights yielded a slope (0.966), intercept (78.03) and R2 (0.93) that did not differ significantly
from 1 (Student’s t-test, t =0.40, p = 0.70), 0 (t=-0.49, p=0.64) and 1 (t = 1.00, p = 0.39), respectively,

making the VBGM a “very good” predictor.

< Insert Figure 4 around here >

Nutrient ADCs, feed and fish body composition

The ADCs for NUTRImarine 6.0 pellets (Table 2) were used to calculate fecal emissions for all
feeds parameterized in FINS. Feeds varied little in macromolecule composition (Table B.2) and had the
same ingredient formulation. During the digestibility experiment, red drum had relatively low FCRs
(1.21 £ 0.02) and high specific growth rates (0.82 + 0.03%) with the tested diet, as well as high ADCs
for dry matter, protein and lipids (78.0 + 1.1%, 93.8 + 0.7% and 94.0 = 1.5%, respectively). The mean
weight of individuals doubled during the 86-day trial, and survival was high (97 £ 6%). Initial and final
fish body compositions (Table 2) varied little for all macromolecule fractions analyzed, except for
sugars (ranging 0.03 + 0.03% - 0.13 + 0.06%); thus, mean composition data (Table B.2) were used in

FINS to predict nutrient retention as fish grew.

< Insert Table 2 around here >



Farming surveys and scenarios

The three production types (Small, Medium and Large farms) differed mainly in scale, farm facilities
and fish commercialization sizes. According to this typology, Small farms aimed to supply less
expensive products and reduce economic risks for farmers. They had inexpensive floating cages adapted
for coastal sites (< 500 m from the coast), a short culture cycle (< 15 months) and annual production <
50 t. Their return rates ranged from 50-80%. Medium farms had larger but similar rearing facilities as
Small ones and aimed to market products from portion-size to 3000 g per individual, with annual
production ranging from 200-1000 t and return rates ranging from 70-85%. Large farms used circular
cages and floating feed storage vessels adapted to offshore aquaculture and aimed to produce > 1500 t
of medium-sized fish (about 15009 individuals) per year. On the three types of farms, maximum
stocking density varied from 10-20 kg m™. These three types agree with previous descriptions of red
drum farms in the Caribbean (Paquotte 1998) and more generally differentiate coastal, off-the-coast and

offshore aquaculture farms (Angel and Edelist 2013).

Sensitivity analysis

Predicted solid waste emission was highly sensitive (1 < S < 10) to ADCprotein and relative growth
rate, and sensitive (0.1 < S <1) to DFR and stocking density (Figure 5). In contrast, predicted dissolved
P emission was highly sensitive to changes in DFR, ADCs, relative growth rate, P content in feed (N,

teed) @Nd fish (Np fish).

< Insert Figure 5 around here >

Model use
Predicted farm performance
Since we did not simulate extreme events (disease, accidents or ecological pulse disturbance), mean
biomass during annual routine farm operations on Small, Medium and Large farms varied little

throughout the year (around 8, 218 and 756 t of fish respectively), yielding annual production of 23,



299 and 2079 t of red drum, respectively (Table 3). Based on the simulated DFRs, annual feed inputs
were 40, 677 and 3691 t for Small, Medium and Large farms, respectively, leading to FCRs that ranged
from 1.54-1.91. The Small farm had a return rate of only 66%, compared to 73% and 81% on Medium

and Large farms, respectively.

< Insert Table 3 around here >

Solid waste emissions and C, N and P balances

Predicted annual C, N and P fluxes between feed, fish and waste compartments were calculated per
t of fish harvested per year for the three scenarios (Figure 6). Total C, N and P input from feeding was
16-1477, 3-266 and 0.5-41.9 t, respectively, among scenarios. The percentages of C, N and P in feed
released into the environment were 76-82%, 72-79% and 51-64%, respectively, among scenarios. N
was mainly emitted in inorganic dissolved form (85-86%), as well as C which was primarily emitted
via respiration (75-77%). In contrast, P was almost emitted in solid waste (ca. 54-68%).

Total annual emission of solid waste varied from 8,878 kg for the Small farm to 821,098 kg for the
Large farm. Fecal emissions calculated with dry weight ADC or macromolecule ADCs differed little
(the latter ca. 2.5% lower). Per t of fish harvested, Medium farms emitted 1.27 and 1.30 times as much
solid waste as Large and Small farms, respectively. Differences were even larger for dissolved C, N
and P emissions, which were respectively 1.33-1.44, 1.33-1.45 and 1.57-2.34 times as large from

Medium farms per t of fish harvested than from Large and Small farms.

< Insert Figure 6 around here >

Discussion

Modeling farm waste emissions in the context of data scarcity
Developing marine aquaculture in Mayotte is perceived as a key priority by local authorities
and other stakeholders since it is integrated into regional development programs, and sustainable

aquaculture is promoted in Mayotte's Marine Nature Park management plan. However, the fish farming



industry there remains in its infancy, with a few and economically weak farms, a relative scarcity of in-
situ monitoring data on fish production and water quality, and little information available on rearing
practices. These are major obstacles to the use of detailed and data-intensive farm-scale models to
estimate waste emission and their environmental impacts. In this study, we developed an alternative
approach using a variety of data sources (e.g. commercial surveys, experiments, literature) to
parameterize a simple modular scenario-based model to estimate fish farm production and waste
emissions.

Two crucial elements of the FINS model are its ability to predict fish growth and feed requirements
accurately, since fish growth is the basis of the model structure (Figure 1), and the parameters involved
in predicting growth and feed requirements are the most sensitive parameters of the model (Figure 5).
The few existing and relatively outdated growth models available for red drum were not appropriate for
our case study because they were either parameterized for wild fish (Doerzbacher et al. 1988; Murphy
and Taylor 1990; Ross et al. 1995; Porch et al. 2002) or not operational or relevant for our case study
(Neill et al. 2004) given the in-situ data availability and the processes we aimed to simulate. Therefore,
we used the VBGM to simulate individual growth, calibrating it with an existing weight-at-age dataset
from Martinique. It predicted red drum growth from juvenile (6 g) to large commercial size (3000 g),
and its predictions remain valid for the environmental conditions under which the data were acquired
(i.e. water temperature from 25-31°C and non-limiting dissolved oxygen concentration (>5 mg I'%)). It
showed good transposability to a tropical region with similar environmental characteristics, since it well
predicted red drum growth from 1.2-2.8 kg on farms in Mayotte. Feed inputs were estimated using
DFRs obtained from commercial farm surveys. While this approach lacks a link to biological
mechanisms (DFR can be overestimated, leading to feed losses, or underestimated, which fails to
maximize growth potential), it offers realistic estimates of the feed inputs distributed to cages.

In the context of scarce environmental data, and as an initial approach to new aquaculture species,
analytical models with fewer input parameters can be a solution to predict simply and effectively fish
growth and feed intake under given environmental and rearing conditions. However, since FINS has a
modular structure, the sub-models can be exchanged for more detailed models when available, to

increase its transposability to biophysical contexts where environmental parameters might vary. In



environments with significant seasonal or ecological changes in water conditions, integration of more
recent energetic approaches such as Ecophys.Fish (Neill et al. 2004), already available for red drum, or
Dynamic Energy Budget (DEB) (Kooijman 1986, 2009; Sousa et al. 2010), which is more widely used,
would be more suitable. These more detailed models have the advantage to account for interactions of
water temperature with fish physiological processes (e.g. maintenance, respiration, excretion,
reproduction) but they still do not consider all factors that can influence fish growth or feed intake the
most, such as those related to physiological status, nutrition (e.g. feed composition and palatibility), and
rearing practices (e.g. feeding frequency, rate and time, stocking density) (Sun et al. 2016).

We provided detailed data essential for estimating accurately waste emissions from fish farms
accurately using mass-balance principles, including proximate composition and digestibility of a
commercial formulated feed and composition of the fish fed with this feed. The proximate composition
of many formulated feeds is well known and easily available from feed manufacturers, but fish
proximate compositions and digestibility coefficients are less available for new agquaculture species. As
an initial approach, one can refer to values recently reviewed for salmonids, other carnivorous species
and omnivorous species (see appendices of Bouwman et al. (2013)). However, feed digestibility, fecal
emissions (amount and composition) and nutrient retention of fish are related to feed formulation and
nutrient content (Cho and Bureau 1997; Reid et al. 2009), and they can vary as a function, rearing
environment, microflora in the aquatic habitat and water temperature, all of which influence
development of specific gut flora (Cahill 1990). Thus, significant uncertainties might come from the
use of literature data for feed digestibility, particularly given their high sensitivity in output of FINS
model. Estimating ADCs with indigestible tracer to parametrize a mass-balance model is relatively
easier and cheaper than performing the field experiments necessary to estimate DEB parameters for a
new species (four treatment factors and seven response variables) (van der Meer 2006). In the absence
of representative data for a given context, feed composition and digestibility should be measured
specifically. As long as the data are of good quality, however, simple and parsimonious modeling
approaches should be promoted, particularly in a context of data scarcity. Thus, if only solid fecal
emissions are needed, they can be estimated from macromolecule digestibility coefficients (6 values

needed) or dry matter digestibility (1 value needed), with little difference in the output (< 2.5%). While



these conclusions should be confirmed for other species and feeds, the latter method is less data-
intensive and already used in the DEPOMOD aquaculture impact assessment model (Cromey et al.

2002).

Nutrient balances and farming performances

Depending on the farm scenario (Large, Medium and Small farms), predicted annual emissions of
C, N and P from cages in solid and dissolved forms ranged from 445-639, 76-111 and 8-14 kg,
respectively, per t of fish weight gain and from 528-741, 90-129 and 10-16 kg, respectively, per t of
fish harvested annually. Emissions per t of weight gain were similar to those reported by Bouwman et
al. (2013), who reviewed 14 studies with N balances and 4 studies with P balances of a variety of marine
aquaculture species, including red drum (Xu et al. 2007) and other finfish, in tropical environments
(Leung et al. 1999; Tantikitti et al. 2005). On the other hand, only one reference provide farm waste
emissions per t of fish harvested annually for marine cage systems (Wang et al. 2012); most other
studies expressed emissions per t of fish harvested over a period without explicitly specifying rearing
duration and whether waste emission was examined at the cohort or farm level. Depending on the
scenario, our predicted emissions were generally higher than Wang et al.’s (2012) estimates for Atlantic
salmon (C, N and P emissions 25-46%, 45-61% and 7-43% higher, respectively), mainly because of the
smaller FCR (1.16) of the mature salmon industry than that of red drum in our study (1.54-1.91).

Total nutrient discharge increased with farm size in our scenarios, but standardized to annual farm
production during routine operations, Medium and Large farms had relatively the highest and lowest
emissions, respectively, because of differences in farm performances and culture practices. Higher
emissions from the Small farm than the Large farm (both with a 12-month culture cycle) were due
mostly to larger losses on the Small farm. Medium farms had the worst environmental impacts relative
to their annual production because of lower FCR due to the longer culture cycle. The longer the culture
cycle, the worse the FCR because fish growth rate decreases over time due to using energy for
physiological functions besides growth, such as sexual maturity, which appears in red drum from age
1-3 for males and later for females (Murphy and Taylor 1990; Ross et al. 1995). Thus, aquaculture

waste emissions per t of fish harvested in a routine year of production decrease with a shorter culture



cycle, and local environmental impacts may do so as well. These findings encourage accounting more
systematically and precisely for heterogeneity in rearing practices in the modeling of aquaculture waste

since it constitutes an important factor of a system’s environmental sustainability.

Importance of rearing practices

Large cultivation losses observed in Mayotte fish farms and modeled in the scenarios include escapes
and predation, which are primarily engineering and management challenges to adapt facilities to
external factors (i.e. wind, waves, bird and fish predation), but they also include theft, which is a real
threat for small-scale fish farming in Mayotte. The logistical advantage and more remote location of
offshore systems (Large farm) may decrease theft and vandalism but also farm accessibility, which is
not an option for Small farms. Since large losses are a major problem for a farm’s profitability and
potential environmental impacts (genetic interactions and risk of competition with wild stocks) (Jackson
et al. 2015), the development of sustainable and more productive aquaculture in Mayotte might come
from better control of rearing practices, increasing the security of rearing facilities and the establishment
of maritime security by institutional maritime authorities.

Aguaculture local environmental impacts per t of fish harvested in a routine year of production was
reduced with shorter culture cycle, but it is likely that longer culture cycles are more profitable for
farmers. Indeed, producing larger fish in longer culture cycles reduces fingerling costs per kg of
marketed fish. Producing larger fish also allows for first-stage processing (fish filet or steak), which
adds value to the product. Therefore, in terms of economic profitability, lower FCR in longer culture
cycles may be balanced by benefits to fingerling costs and prices of processed products. However, these
questions lay beyond the scope of this study; addressing them would require assessing and comparing
the financial feasibility of different rearing practices and including a general economic indicator of

resource use efficiency.



Conclusion

This study presented a compromise between data requirements and scientific complexity to estimate
fish farm production and waste emissions in the context of data scarcity. The combination of
parsimonious mathematical models using a variety of data sources and a scenario-based approach can
provide an operational approach to assess and compare environmental impacts of different farming
systems and practices for new aquaculture species and regions.

In Europe, EIA of aguaculture at the local scale is a crucial step in the licensing of new fish farms.
Solid waste has the greatest environmental impact immediately around the farm because it can
accumulate on the seabed and cause benthic organic enrichment. However, potential environmental
risks and impacts depend greatly on the specific biophysical context of the farm, which makes it difficult
to avoid a site-by-site evaluation and to establish site-specific recommendations for a given farm at a
wider spatial scale. Further research is therefore needed to characterize the main physical, chemical and
ecological factors at the regional scale that influence local environmental impacts of aquaculture in
order to provide a broad view of these impacts, which could facilitate site selection and the licensing

process for decision-makers.
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Appendix A

Description of the digestibility trial with red drum
The commercial diet tested in this study was composed mainly of soybean, fish meal, wheat and fish

oil and contained 48% protein and 13% lipids. The pellets were first coated with yttrium oxide (yttrium
oxide and cod oil at 1% of feed weight each) as an inert tracer to determine apparent digestibility
coefficients. The animals were 124-day-old (84 g mean body weight, BW) laboratory farmed red drum,
originating from captive broodstock. On Day -42 (D-42), fish (mean BW 83-85 g) were individually
weighed and randomly divided into 3 treatment groups of 30 fish, each group placed in a tank to become
acclimated to the experimental environment. Beginning on D-y, fish (mean BW 145-156 g) were fed
with NUTRImarine 4.5 pellets. On Dy, initial individual fish weighed 206-216 g (mean 211 g), and each
group was adjusted to 26 individuals. Each group was reared in a 1 m® indoor tank supplied with 1 m?
h* of filtered seawater in a flow-through system. Water salinity was 37.0. PSU, and oxygen
concentration always exceeded 80% saturation. Temperature was 27.5 + 0.5°C with artificial lighting
of 160 Ix at the water surface (12 h:12 h L:D cycle, lights on at 6:00 a.m.).

Feed was manually delivered once a day at 8:30 am to each group until satiation. Feed intake of each
group was calculated daily as a percentage of each group’s biomass. A sediment trap (150 | each)
located at the outlet of each tank was checked for uneaten pellets, and feed loss was considered nil
during the experiment.

Feces were collected twice a day (4:00 pm and 8:00 pm) in the sediment trap via a siphon system
for nine days (D7s—D7s, D7s—Dg. and Dgs) and frozen. Fish scales were removed from samples, and then
feces were concentrated by centrifugation and freeze-dried before analysis.

At Do, D21, Daz, De3 and Dgs (last day of the trial), feeding was stopped for 24 h, and then fish were
individually weighed. A representative sample of whole fish (n = 6) was withdrawn from each treatment
group at Do (initial) and Do (final) and kept frozen (-20°C) until analysis of body composition. Whole
fish bodies were pooled, ground and freeze-dried before chemical analysis.

Red drum whole-body samples, feed pellets and feces were analyzed following standard procedures:
dry matter after drying at 105°C for 24 h, protein (Nx6.25) by the Kjeldahl method after acid hydrolysis,

lipids after extraction with petroleum ether by the Soxhlet method, sugar by the Luff-Schoorl method,



starch by the Ewers polarimetric method, fiber from fraction analysis by the Van Soest method and ash
by ignition. Yttrium contents were measured in feed and fecal samples by atomic absorption
spectrophotometry using a nitrous oxide-acetylene flame, after acid digestion (2% nitric acid and 2 g I

LKCI).



Appendix B

Table B.1. Daily feeding rate (DFR) and pellet diameter used to calculate feed inputs for red drum (Sciaenops
ocellatus) culture in a warm water environment (25-31°C) in the Farm productlon and Nutrient emiSsions
(FINS) model and obtained from surveys of farms feeding using commercial Nutrima® feed (2.2, 3.2, 4.5, 6.0
and 9.0 mm).

Month in the DFR Pellet diameter
culture cycle (% of biomass.d) (mm)
1 5.25 2.2
2 3.00 3.2
3 2.30 45
4 1.90 6.0
5 1.75 6.0
6 1.65 9.0
7 1.20 9.0
8 1.15 9.0
9 1.10 9.0
10 1.05 9.0
11 0.95 9.0
12 0.90 9.0
13 0.85 9.0
14 0.70 9.0
15 0.60 9.0
16 0.55 9.0
17 0.50 9.0
18 0.45 9.0
19 0.40 9.0
20 0.35 9.0

Table B.2. Proximate compositions of commercial feed (N reeq) by pellet diameter and red drum (Sciaenops
ocellatus) (Nirish) used in the Farm productlon and Nutrient emiSsions (FINS) model. Raw values were obtained
by analysis and then recalculated for 100% of dry matter assuming that total dry weight (DW) was the sum of
protein, lipid, sugar, starch, fiber and ash fractions.

Feed by pellet diameter (mm) Red drum
Whole-body
Composition 2.2 3.2 4.5 6.0 9.0 composition Unit
Dry weight  94.00 95.14 89.18 90.7 86.51 30.04 (%)
Protein 51.01 49.74 5251 5124 5150 58.68 (% DW)
Lipids 13.35 1545 13.83 14.03 1345 22.37 (% DW)
Sugars 169 225 216 272 268 0.08 (% DW)
Starch 1464 1416 12.79 1337 13.69 0.00 (% DW)
Fiber 11.33 1048 9.85 9.38 10.00 0.00 (% DW)
Ash 797 792 885 925 867 13.76 (% DW)

Phosphorus 157 126 134 124 130 2.58 (% DW)




Table B.3. Values of key parameters used in the Farm productlon and Nutrient emiSsions (FINS) model for
three scenarios of red drum farming: Small, Medium and Large.

Parameter Small Medium Large Unit
Population size
Seeding 10,400 34,500 69,400 Individuals
per cohort
Tomort 0.0527 0.0516 0.0527 %.day*
Tioss 0.0986 0.0082 0.0082 %.day*
Tharvest ¢
6 5.00 - - %.day*
7 10.00 - - %.day*
8 25.00 - - %.day*
9 45.00 - - %.day*
10 60.00 - 20.00 %.day*
11 70.00 - 50.00 %.day*
12 95.40 - 98.15 %.day!
13-15 - 10.00 - %.day!
16-18 - 15.00 - %.day!
19 - 40.00 - %.day!
20 - 98.18 - %.day?
Farm management
Culture cycle 12 20 12 months
Cage layout 6 rectangular 4 rectangular 6 circular
GmLx6mWx4 (TmLx7mWx38 (12mDx6mH)
m H) m H) 24 circular

Seeding schedule

Number of
simultaneous
cohorts

1 cohort every 4
months

3

6 rectangular
(14mLx14mW x
13 mH)

1 cohort every

2-3 months

8

(20mD x 12mH)

2 cohorts every
month

24

aHarvest rate was set daily, but was null except on the last day of month in which harvest occurred



Figure B.1. Sizes of feed pellets simulated in three red drum farm scenarios (Small, Medium and

Large), expressed as percentages of total annual feed inputs.
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Figure legends

Figure 1. Conceptual framework of the FINS model, combining a farm production module (individual
and population growth submodels) and a waste emission module (macromolecule mass balance
submodel) to estimate farm production, feed intake and waste emissions. Feed composition, fish
composition and apparent digestibility coefficients (ADCs) are defined at the macromolecule level.
FINS’s outputs can be calculated for any day during a routine year of production or summed over a

period.

Figure 2. Biomass dynamics during routine operations for the Small farm simulated by the FINS model.
Square section is the routine production year in Small farm. Decreasing biomass in each cohort after

six months is due to gradual increasing harvests volumes during the six last months of the culture cycle.

Figure 3. a) Water temperature and b) dissolved oxygen concentrations at experimental facilities in
Martinique (Le Robert) and near a fish farm in Mayotte (Longoni Bay). Data were averaged over “n”

years of annual data collected from 2008-2017.

Figure 4. Red drum (Sciaenops ocellatus) growth predictions (—) from the generalized VVon Bertalanffy
Growth Model (VBGM) compared to the dataset of captive individuals (n = 308) reared in Martinique
used to calibrate the model (e) and to field data from fish farms in Mayotte (A) (n = 12). VBGM
equation is W (t) = W,, x (1 — e k(t=t))P with W, individual fish weight; Weo, asymptotic weight; t,

individual fish age; t0, initial age; k, relative growth rate; p, dimensionless factor.

Figure 5. Parameter sensitivity analysis performed for two model outputs: total solid waste and
dissolved P emissions. The normalized sensitivity index (S) was calculated by dividing the relative
change in model output by the relative change in the parameter value. Parameters with little influence
(S < 0.1) are not plotted. k, relative growth rate; 7,5, mortality rate; SD, maximum stocking density;

DFR, daily feeding rate; &,,, proportion of uneaten feed; N; req, macromolecule or P content in feed;



DMreq, dry matter content in feed; ADC;, macromolecule or P apparent digestibility coefficient; Np fish,

P content in fish.

Figure 6. Solid waste and C, N, P mass balance for three red drum farm scenarios: Small, Medium and
Large farm scale. Values are expressed as kg per t of fish harvested during a routine year of production.
In the below frames, solid emissions (dry weight) including feces calculated from apparent digestibility
coefficients (ADCs) using either feed dry weight ADC or macromolecule ADCs considering protein,

lipid, carbohydrate (sugars and starch), fiber and ash fractions and uneaten feed.



Tables

Table 1. Equations used in the Farm productlon and Nutrient emiSsions (FINS) model to predict red drum fish

farming production and waste emissions.

Model equation Eq. Variable and parameters Units
Farm production module
Individual growth (Von Bertalanffy growth model)
W(t) = Wy x (1 — e k(E=tod)p (1) W: Individual fish weight kg fresh weight
W,,: Asymptotic weight (FW)
t: Individual fish age kg FW
to: Initial age day
k: Relative growth rate day
p: Dimensionless factor day!
Population size
dN(t) 2) t: Rearing time in cages day
dc (=Tmort = Tioss = Tharvest) X N(t) Nt: Number of individuals per lot
Tmore. Mortality rate %.day!
Tjss. LOSS rate %.day*
Tharvest: Harvest rate %.day*
Biomass per lot
B(t) = N() X W(t) (3) B: Biomass per lot kg FW
Feed inputs
t 4) Qf: Quantity of feed distributed kg FW
Qr(t) = fo B(t) x DFR(t) x dt DFR: Daily feeding rate % of biomass.day™
Waste emission module
Macromolecule mass balance
Qi(t) = Njfeeq X Qf(t) X DMseeq (5) Qi: Macromolecule or P inputs kg
distributed
N; feeq: Macromolecule or P contentin %
feed
DMjeeq: Dry matter content in feed %
Wi (t) = N feea X 6y X Qf(t) (6) Wi: Macromolecule or P loss from kg
uneaten feed
6, Percentage of feed uneaten %
F; () = (Qi(®) — W;(®©)) x (1 — ADC)) (7) Fi: Fecal macromolecule or P emissions kg
Si(t) = W;(t) + Fi(t) (8) Si: Solid macromolecule or P emissions kg
D;(t) = 1—F;(t) - G; 9) Di: Dissolved macromolecules or P kg
emissions
Gi: macromolecules or P retained by kg
fish
Elemental composition in macromolecules
C = 0.5 X Nproteins + 0.4 X Negrponydrates + 0.4 (10)  C: Carbon content in feces, feed or fish %
X Nfipers + 0.7 X Nyjpis from macromolecules
N = 0.16 X Npyoteins (11)  N:Nitrogen content in feces, feed or fish %
from macromolecules
Digestibility coefficient
Yreea  Ni reces (12)  ADCi: Apparent digestibility coefficient ~ %
ADC; =100 x <1 - Nf—d> Yreea: Yttrium oxide content in feed
Jeces  Tifee Yieces: Yttrium oxide content in feces %
N; feces: Macromolecule or P content in -~ %
feces %




Table 2. Proximate composition of feed, feces and whole fish body samples used to determine apparent
digestibility coefficients (ADC) of red drum with NUTRIMarine 6.0 pellets after coating with yttrium oxide.
Mean values (z 1 standard deviation) for three experimental groups are given.

Composition Feed Feces Fish body ADC Unit
(n=1) (n=3) (n=3) (n=3)

Dry weight (DW)  96.2 - 29.8+0.32 77.96+1.08 (%)
30.3+0.1°

Protein 478 134+08 57.8+0.7% 93.80+0.68 (% DW)
59.6 £0.9°

Lipids 13.1 36+09 228+1.00  94.00+1.49 (% DW)
220+1.1°

Sugars 254 0.10%+0.00 0.13+0.06% 99.10+0.09 (% DW)
0.03 +£0.03°

Starch 12,5 11.7¢ - 79.30+£1.01 (% DW)

Fiber 8.8 35.0+2.1 - 11.88 +3.40 (% DW)

Ash 8.6 25.1+0.7 139+0.22 32.60+1.87 (% DW)
13.6 £0.5°

Phosphorus 1.2 16+0.1 26+0.1% 69.14+2.40 (% DW)

2.6+0.1°

alnitial body composition
bFinal body composition
°Fecal samples were pooled to obtain enough material to analyze starch



Table 3. Input data and output of three red drum farming scenarios (Small, Medium and Large) predicted by the
Farm productlon and Nutrient emiSsions model (FINS), with seeding set to reach a maximum stocking density
of 20 kg m™ during the culture cycle.

Characteristic Small Medium Large Unit
Farm inputs
Feed 34.94 589.48 3229.72 t dry weight.yr!
Seeds 172 949 9166 kg.yr?!
Farm outputs
Fish harvested 22.88 298.58 2078.60 tyrt
Dead and lost fish 4.29 47.94 183.53 tyrt
Farming performances
Mean weight of harvested fish 111 2.56 1.54 kg
FCRmod? 1.54 1.91 1.56
Cohort return rateb 66 73 81 %
Fish harvest yields 26.48 18.14 21.98 kg of fish harvested.m3.yr!

aFeed Conversion Ratio (FCR) = Feed distributed (in dry weight) / (Fish biomass harvested — Fish biomass
seeded (in fresh weight))
PReturn rate (%) = (Number of fish harvested / Number of fish seeded) x 100
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Small farm

Distributed feed  Seeding Harvested fish

C701.2 C10 C1353
N 125.7 NO.2 N 28.2 Dead fish
P19.8 P0.1 P78 cs8s8

N18
P05

= Initial biomass Final biomass 1 Los:t‘fish
. C416 C524 = C1l65
= N 8.7 N 10.9 . N34
. P24 P3.0 = P09
. -

Uneaten feed Feces Dissolved waste
C35.1 Cc99.1 C 396.7
N 6.3 N 7.4 N 76.5
P1.0 P5.8 P3.2
Feces

Nutrient ADCs: 313.07
Dry weight ADC: 319.76
Uneaten feed: 76.36

Medium farm

Distributed feed  Seeding Harvested fish

C 9075 Cco0.4 C135.3
N 162.6 N 0.1 N 28.2 Dead fish
P 25.7 P 0.0 P78 C18.7
N 3.9
P11
= . . oA
® Initial biomass Final biomass . Lost fish
. C911 C96.3 . C3.0
" N 19.0 N 20.1 . N 0.6
- P5.2 P55 = P02
:IIilIllllllllllllllllllllltl‘
Uneaten feed Feces Dissolved waste
C45.4 C 128.9 C571.6
N 8.1 N 9.6 N 111.2
P1.3 P75 P76

Feces
Nutrient ADCs: 405.77
Dry weight ADC: 413.38
Uneaten feed: 98.71

Large farm

Distributed feed  Seeding Harvested fish

C713.9 CO0.6 C 135.3

N 127.9 N 0.1 N 28.2 Dead fish

P 20.2 P 0.0 P78 C 103
/\y N 2.2

D P0.6
= . . N
= Initial biomass Final biomass = Lost fish
" C50.1 C50.1 . Cl6
. N 10.4 N 10.4 . N 0.3
- P2.9 P2.9 = POl
z 1

Uneaten feed Feces Dissolved waste
C357 c101.1 C430.4
N 6.4 N75 N 83.4
P1.0 P59 P 4.8
Feces

Nutrient ADCs: 318.96
Dry weight ADC: 325.33
Uneaten feed: 78.10
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