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Abstract — Water quality assessment is a key factor in the environmental management of freshwater networks, es-
pecially those including fish farms, which need cost-effective operational tools to monitor and control their waste
output. In France, current legislation specifies limits in concentrations of dissolved compounds and suspended solids at
fish-farm outlets. Despite the development of mass-balance modelling tools, chemical analysis of water (hydrological
method) remains the most widely used method. To understand better the environmental impact of trout farms on aquatic
ecosystems and to compare waste assessment methods, we monitored 20 commercial flow-through trout farms for 24 h,
and we compared data obtained with the two methods (hydrological method and mass balance modelling) by linear re-
gression. For total nitrogen and total phosphorus, the correlation between the two methods was high; thus, considering
the uncertainty of both methods, this study was not able to determine which was more accurate. The high correlation
between observed ammonia concentrations and predicted total nitrogen emissions provides a coefficient for estimating
ammonia emissions at the farm level. The same approach is proposed for the evaluation of phosphate emissions. In

conclusion, this study confirms the utility of simulation modelling for assessing nutrient release from fish farms.
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1 Introduction

Freshwater quality is a matter of increasing concern, both
for surface and ground water. Because this essential resource
for human beings is considered threatened on a global scale
(Millennium Ecosystem Assessment 2005), countries have
adopted regulations to protect freshwater and regulate its
use. In the European Union, the Water Framework Directive
(European Community 2000) has set the objective of “good
status” for all water bodies by 2015. In accordance with EU
regulations, French law “loi sur I’eau” (Assemblée Nationale
& Sénat 2006) fixed specific goals for the physico-chemical
and biological quality of waterbodies in the mid- to long-
term. In light of increasingly stricter objectives, questions arise
about how to reduce the impact of human activities on these
water bodies. To do so, it is essential to have prediction tools
and monitoring strategies to assess the impact of diverse activ-
ities that are directly linked with freshwater networks, such as
fish farming.
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Rainbow trout (Oncorhynchus mykiss) farming has been
identified as a significant user of fresh water and is particu-
larly concerned by regulatory changes. As the number of trout
farms is low (around 600) compared to other animal farms
in France, fish farming suffers from a general lack of knowl-
edge about its economic and environmental implications by
citizens and politicians. This situation makes fish farms vul-
nerable and increases the number of conflicts with the govern-
ment and other freshwater stakeholders. The combination of
environmental constraints and low trout prices has led to the
closure of a large number of fish farms. Moreover, trout farms
in France are authorised to produce for 30 years; because many
of them began operating in the 1970s and 1980s, there is a high
demand for authorisation renewals, which will require signif-
icant modifications in light of new regulations. Over the past
10 years, trout production in France has decreased by 20%, and
the number of farms by approximately 30% (MAAP 2009).

The environmental impacts of fish farms within aquatic
systems are particularly difficult to characterise as they de-
pend on the flow of nutrients associated with physical
parameters (e.g., temperature, currents, pH) and the sensitivity
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of biological communities within the ecosystem. Existing bi-
ological indicators based on invertebrate populations (IBGN;
Afnor 2004), macrophytes (IBMR; Afnor 2003), diatoms
(IBD; Afnor 2000) or fish (IPR; Afnor 2004) are difficult to
implement, however, and require expert knowledge in taxon-
omy and systematics. Additionally, these biological indices are
monitoring tools for the characterisation of ecological quality;
they were not initially intended to assess the impact of specific
activities.

Although it does not represent the real impact of activi-
ties on water bodies, the application of chemical quality stan-
dards to fish-farm effluents has been effective monitoring tool
for both fish farmers and water quality regulators. Hence, a
hydrological method based on the difference in concentrations
of selected indicators between the inlet and the outlet of fish
farms has been used. Performing periodic water quality analy-
ses to characterise fish-farm effluents, however, is questionable
considering the temporal variations that occur on daily (due to
feeding and management practices) and yearly scales (due to
stocking variations and hydrological and temperature fluctua-
tions of the river) (Cowey and Cho 1991).

Researchers have looked to mathematical models to cir-
cumvent these problems. In the 1970s, regression models were
developed based on feed use and waste concentrations in
salmonid farm outlets (Liao 1970; Willoughby et al. 1972;
Liao and Mayo 1974). Later, an improved version of this ap-
proach was developed in France (Cemagref 1984), based on
earlier nitrogen excretion measurement data (Kaushik 1980).
Although these methods give different results (Jatteau 1999),
fish farmers and regulators still use them when preparing au-
thorisation documents. Because their parameters are calcu-
lated based on the farming system, fish species and feed qual-
ity under study it is difficult to generalise their results to other
systems. Consequently, this mathematical approach has been
adapted for other species and farming systems, but necessitates
a large number of observations to be reliable and statistically
significant.

In the 1990s, fish nutritionists proposed a mathematical
model for the management of aquaculture wastes (suspended
matter, nitrogen (N) and phosphorus (P)) based not on farm-
outlet assessment, but on the nutrient utilisation efficiency of
feed, using a mass-balance approach (Cho and Kaushik 1990;
Cowey and Cho 1991). The scientific principles underlying
the model were approach subsequently was validated under
controlled conditions (Cho et al. 1991; Boujard et al. 2002;
Papatryphon et al. 2005) and can be used for various farmed
finfish (Kaushik 1998; Lemarié et al. 1998). The principle is
based on the assessment of the difference between the nutri-
ents and digestible energy supplied to fish and their whole-
body nutrient and energy gains. The proportion not retained
by the fish for growth is released into the water and constitutes
the waste emissions of the fish farm. Consequently, feed com-
position and fish body composition are used to estimate the
quantity of N and P released into water. Furthermore, taking
into account the dry matter and nutrient digestibility of feed
allows prediction of the emissions of solids (components in-
gested but not digested, i.e. faeces) and dissolved matter (di-
gested component which is not retained). Using this method, it
is possible to assess the quantities of waste emitted at different

time scales (e.g., day, year, production cycle). This approach
also has been refined by the inclusion of sub-models (i.e., di-
gestibility, deposition, limnological transformation) aiming to
decrease the uncertainty associated with the fate of nutrients
(Hua et al. 2008).

The last validation trial of this mass-balance model (trout
farms in France) raised questions about values of model co-
efficients due to differences between model predictions and
observed downstream ammonia concentrations (Papatryphon
et al. 2005). In response, the present study focuses on sub-
sequent evaluation of model accuracy, comparing model pre-
dictions of water quality from 20 commercial trout farms in
France with observed data from chemical analysis. The study
also compares observations and predictions of N and P com-
pounds and suspended solids released by the farms.

2 Material and methods
2.1 Fish farms

Data were collected during 2007-2008 from 20 French
flow-through trout farms selected to cover variability in bio-
physical contexts (hydro-eco-regions), types of production
(pan size, large trout), and size. The farms mainly pro-
duced rainbow trout (Oncorhynchus mykiss), but some con-
tained smaller populations of other salmonids such as brown
trout (Salmo trutta) and Arctic char (Salvelinus alpinus). We
attempted to select farms with similar biophysical and hydro-
logic characteristics both upstream and downstream, with pre-
cise data recording on fish stocks and feeds and total cooper-
ation of farm staff. The farms were located in the following
regions of France: 6 in the southwest, 6 in Brittany (west), 3
in Normandy (northwest), 4 in the east, and 1 in the southeast.
Annual production ranged from 20 to 670 t. Seven were spe-
cialised in the production of pan-size trout (0.25 kg) for con-
sumption or restocking, while 3 produced only large rainbow
trout (> 1.8 kg) for fillets or processing. The other 10 farms
produced fish of variable sizes. The biological feed:gain ratio
(FGR), the dry mass of feed distributed divided by the biomass
produced (including dead fish), observed over a one year scale,
ranged from 1.0 to 1.6. For water treatment at the farm outlet,
6 farms used a drum filter, 4 a sedimentation pond and 10 had
a direct discharge.

2.2 Water quality analysis

Water quality sampling was carried out once on each farm,
at the inlet, the outlet and 100 and 1000 m downstream from
the outlet (data on 1000 m location samples are not dis-
cussed here). Samples of 800 ml were taken each hour for
24 h (24 samples at each location) using an automatic sam-
pler (Isco® 3700). Before sampling, each bottle was prepared
by adding 6 drops of sulphuric acid (24%), to obtain a pH level
of around 2, thereby avoiding chemical changes in nitrogenous
compounds.

After homogenisation by manual reversal of the bottle, a
proportion of each sample was added to a 250-ml bottle for
chemical analysis, and to a 500 ml bottle for suspended-solids
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analysis. For 7 farms, chemical analyses were performed on
each of the 24 samples. For the other farms, analyses were
done on a pool of the 24 samples to obtain average values and
on samples associated with the expected minimum nitrogen
excretion (before the first meal) and maximum nitrogen excre-
tion (6 h after the last meal) to try to characterise daily variabil-
ity. All suspended solid assessments were performed on daily
pools of 24 samples.

The analytical methods used to evaluate the concentra-
tions of different dissolved compounds were as follows: total
N - mineralisation using potassium peroxodisulphate, then us-
ing continuous flow analyser RFA 300 Alpkem® according to
ISO 11905-1 (1997); Total ammonia (N-NHy4) - according to
method ISO 11732 (1997) using a continuous flow analyser
RFA 300 Alpkem®; Nitrites (N-NO,) and nitrates (N-NO3) -
according to method ISO 13395 (1996); Total P - mineralisa-
tion with potassium peroxodisulphate, then measured accord-
ing to EN 1189 (1996), using a spectrophotometer Lambda 20
Perkin Elmer ®; Phosphates (P-POy) - EN 1189 (1996) using
spectrophotometer Lambda 20 Perkin Elmer ®. The concen-
tration of suspended solids was assessed according to EN 872
(1996), using 0.45-um cellulose acetate filters.

Water current flow was measured using an electromagnetic
probe (Flo Mate 2000®) at the inlet and the outlet of the farm.
In adaptation of NF EN ISO 748 (2009), water speed was
recorded on transversal homogeneous sections of the chan-
nels. The number of sections depended on channel width, and
speeds of all the sections were aggregated. The best estimate of
current flow between inlet and outlet (depending on the num-
ber of channels and the homogeneity of measurement) was
kept for further calculations. This measure was repeated if a
modification of flow rate was suspected during the sampling
period.

The following farm-management data were collected for
the day and the day before water sampling: fish population,
biomass of fish sold or that died during the sampling day,
quantity and composition of feeds distributed, and meal tim-
ing. The following data were collected for the previous year:
changes in fish population, biomass of sold and dead fish, and
quantity and composition of distributed feed. The hydrologi-
cal method for nutrient emission estimation at the farms was
based on the difference between nutrient (N and P compounds)
and suspended solid concentrations in outlet and inlet waters.

2.3 Nutrient mass-balance modelling

The quantity of nutrient release was assessed by the dif-
ference between N and P provided by feed and that retained
by fish, using methods adapted from Cho and Kaushik (1990),
Papatryphon et al. (2005) and Roque d’Orbcastel et al. (2008).
Information provided by feed manufacturers was used to quan-
tify levels of nutrients in feed. The quantity of N and P retained
in fish was obtained by multiplying body mass by species-
specific concentrations (0.0256 kg N kg~! as per Bureau et al.
2002; 0.004 kg P kg™! as per Bureau and Cho 1999). We chose
to use the average annual FGR of each farm to calculate body
mass gain from distributed feed. This value seemed to be the
more reliable information available in every farm considering
the uncertainty on the fish stocks present on the day of study.

Table 1. Digestibility of nutrients in trout feeds used in the study.

Component Digestibility (%)
Protein 92
Fat 95
Carbohydrates 71
Fibres 0
Ash 50
Phosphorus 50

To estimate the amount of feed ingested, a coefficient of feed
loss was applied (5% for most farms, but 10% when the FGR
exceeded 20% of the level expected for size and species). This
factor influences the solid emissions of the farm and is miti-
gated by water treatment facilities. The N and P contained in
non-ingested feed were taken into account in the calculation of
solid and total wastes.

The proportion of dissolved and solid fractions emitted by
fish was estimated from the digestibility of feed components
(Table 1). Some of the solid fraction emitted by fish stems from
faecal wastes, reflecting the undigested portion of ingested
feed. For the N-NH;, fraction of the emitted N, a standard fac-
tor of 0.8 was applied (Kaushik and Cowey 1991). To estimate
the quantity of nutrients and solids released into the river by a
farm, a retention coefficient was used to characterise the effi-
ciency of the water-treatment system (30% of solids for drum
filters, 60% of solids for the large sedimentation ponds, and 0%
for direct discharge). The quantity of extracted solids and their
nutrient contents were subtracted from the waste calculation.
Estimation of average nutrient concentrations was obtained by
dividing nutrient quantities by the daily cumulative water flow.

2.4 Comparison of methods

We compared predicted mass-balance model values (cal-
culated on a one-day scale) from observed hydrological values
(the difference between mean outlet and inlet concentrations)
using linear regression, for the 20 farms. The error associated
with the hydrological analysis was estimated as the measure-
ment error associated with the chemical analyses. As this error
depends on the concentration of the analysed nutrient, it dif-
fered from one farm to another. The statistical analysis was
conducted iteratively, beginning with regression analysis of all
20 farms. At each iteration, any outliers (farms with Pearson’s
normalised residuals > 2 or < —2) were removed and regres-
sion recalculated for the remaining farms.

3 Results
3.1 Water-quality analysis

Observed concentrations of nitrogenous compounds
showed large variability among farms in terms of the ambient
N concentration in the river (Table 2). We observed a factor of
30 between the minimum and maximum total nitrogen (Nio)
concentrations at the farm inlet, due primarily to N-NO3 con-
centrations ranging from 0.12 to 9.92 mg L~!. Consequently,
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Table 2. Summary data from the hydrological analysis approach on the concentration of nitrogen and phosphorus compounds and suspended
solids (SS) at the inlet, outlet, and 100 m from the outlet of 20 trout farms. The average farm contribution represents the percentage of
compounds emitted by the farm relative to the river concentration, measured 100 m downstream from the outlet.

Sampling Niot N-NH4 N-NO; N-NO, P P-PO, SS
Location (mgL™") (@mgL"') (@mgL') (mgL') (@mgL"') (@mgL') (mgL™"
Inlet Mean 4.47 0.11 3.71 0.02 0.07 0.05 9.29
Min. 0.38 0.01 0.12 0.00 0.01 0.01 1.32
Max. 10.81 0.32 9.92 0.08 0.16 0.11 22.00
Outlet Mean 4.95 0.44 3.77 0.03 0.17 0.10 12.86
Min. 0.72 0.15 0.18 0.00 0.04 0.02 478
Max. 10.99 1.26 9.9 0.16 1.09 0.29 27.00
Mean 4.87 0.36 3.76 0.04 0.13 0.09 15.15
100 m Min. 0.63 0.11 0.21 0.00 0.02 0.02 343
Downstream  Max. 11.38 0.89 9.98 0.16 0.33 0.20 37.00
Average farm contribution at 100 m 14% 68% 47% 44% 39%

the contribution of farms to the ambient N concentration 100 m
downstream from the outlet varied from 0-73% (mean = 14%).
Among the farms, the difference between the inlet and outlet
concentrations of Ntot ranged from 0.016 to 1.134 mg L™, due
primarily to the concentration of N-NHy, which varied on aver-
age 0.11 mg L~! in the inlet and 0.44 mg L~! in the outlet. This
variation remained low for N-NO3 and N-NO,. The difference
between inlet concentrations of the sum of N-NO, and N-NOs3
reached a mean of 0.08 mg L~! (range: —0.45 to 1.20 mg L™1),
with 9 farms displaying negative values. There was no cor-
relation between concentrations of Ny, and N-NO,+ N-NOs.
The N-NH4 concentration in the water ranged from 0.08 to
1.24 mg L™! in the outlet (mean: 0.34 mg L~"). It represented
an average of 68% of the mean N-NH, contribution to the river
(range: 16-97%).

The concentrations of phosphorus compounds were lower
than those of nitrogen compounds: total phosphorus (Pyot) con-
centration ranged from 0.01 to 0.16 mg L~! in the inlet, and
0.04 to 1.09 mg L~! in the outlet, which represented a mean
contribution of 47% to river Pi. The mean contribution to
river P-POy4 concentration was similar on average (44%), with
concentrations ranging from 0.02 to 0.29 mg L~! in the outlet.
The suspended solids concentrations varied widely, especially
in the inlet (1.32 to 22.00 mg L~"). The average contribution
of the farms to river suspended solids was 39%.

3.2 Nutrient mass-balance modelling

The estimation of the nutrient emissions by the trout farms
using mass-balance modelling showed a large variability. The
mean predicted contribution of the farms to Ny, concentra-
tion in the river was 0.61 mg L~!, ranging from 0.18 to
1.56 mg L~!. Consequently, the average N-NH, contribution,
calculated using the factor of 0.8, was 0.49 mg L~ rang-
ing from 0.14 to 1.25 mg L~!. Farm contribution to river
Py reached 0.07 mg L™! on average, ranging from 0.02 to
0.13 mg L', with a P-PO4 contribution of 0.01 mg L' on
average, ranging from —0.04 to 0.05 mg L~!. The suspended-
solids contribution of the farms reached 2.36 mg L' on aver-
age, ranging from 0.65 to 6.50 mg L.

Y =0.84 X +0.01
R?=0.67

1.5

0.5 +

N tot Observed (mg/L)

1.2

-0.5 -

N tot Modelled (mg/L)

Fig. 1. Linear regression of observed total N concentrations (hydro-
logical method) on predicted total N concentrations (mass-balance
method) for 19 trout farms in France. Error bars indicate the uncer-
tainty associated with chemical analyses. ¥ = 0.84X + 0.01 with
R? =0.67.

3.3 Comparing the hydrological method and the mass-
balance approach

For N compounds, predicted and observed Ny, concentra-
tions (n = 19) showed a significant (R> = 0.67; p < 0.0001)
correlation (Fig. 1). Both predicted N-NH,4 and N, concentra-
tions (n = 18) showed a strong and significant (R*> = 0.80;
p < 0.0001) correlation with observed N-NH,4 concentra-
tions (Figs. 2 and 3). As for P compounds, predicted and ob-
served Py, concentrations (n = 18) showed a relatively strong
(R? = 0.58; p < 0.001) correlation (Fig. 4). In contrast, there
was no correlation (R> = 0.07) between predicted and ob-
served P-POy4 concentrations (n = 17). There was, however,
a significant (R?> = 0.42; p < 0.005) correlation between pre-
dicted Ptot concentrations and observed P-PO, concentrations,
with a slope of 0.58 (Fig. 5). Finally, there was no correlation
(R* = 0.1) between predicted and observed suspended solid
concentrations (Fig. 6).
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Fig. 2. Linear regression of observed ammonia concentrations (hydro-
logical method) on predicted ammonia concentrations (mass-balance
method) for 18 trout farms in France. Error bars indicate the uncer-
tainty associated with chemical analyses. ¥ = 0.51X + 0.06 with
R? = 0.80.
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Fig. 3. Regression of observed ammonia concentrations (hydrological
method) on predicted total N concentrations (mass-balance method)
for 18 trout farms in France. Error bars indicate the uncertainty asso-
ciated with chemical analyses. ¥ = 0.40X + 0.06 with R? = 0.80.

4 Discussion

It was not possible to keep all the farms in the analysed
sample. We removed some of them based on analysis of the
normalised Pearson’s residuals. We proposed hypotheses to
explain why these farms were suspect points in each linear re-
gression.

In the Ny regression, Farm P14 was detected as suspect.
The hydrology of this small farm (20 t) led to a high uncer-
tainty in the results due to several inlets of varying water qual-
ities and the presence of fishing ponds between the farm and
the outlet.

In the N-NH, regression, two farms were detected as sus-
pect. One was associated with the same farm (P14) that was
removed in the Ny, regression analysis. The second was as-
sociated with a large farm (P11) where the inlet flow was
mainly supplied by a natural spring with a large sedimentation
pond for water treatment. The potential ammonia emissions of
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P tot Modelled (mg/L)

Fig. 4. Regression of observed total P concentrations (hydrological
method) on predicted total P concentrations (mass-balance method)
for 18 trout farms in France. Error bars indicate the uncertainty asso-
ciated with chemical analyses. ¥ = 1.06X + 0.01 with R?> = 0.58.
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Fig. 5. Regression of observed phosphate-P concentrations (hydro-
logical method) on predicted total P concentrations (mass-balance
method) for 17 trout farms in France. Error bars indicate the uncer-
tainty associated with chemical analyses. ¥ = 0.58X with R> = 0.42.

the sedimentation pond and mixing of different water sources
might partly explain its suspect status. In the Py, regression,
the suspect point was associated with one farm (P3) which
uses a decantation pond (in addition to a drum filter, which
was not in use at the day of the survey) and where the sludge
is digested by a specific bacterial supplement. Additionally, a
part of the fish processing plant effluent seems to go through
this pond. Farm P14, previously removed from the nitrogenous
compounds analysis, was characterised by a suspect point too.
In the P-PO, regression, the distribution of residuals was not
homogeneous. The relationship between observed and mod-
elled concentrations of emitted P-PO,4 does not seem sufficient,
with the presence of negative values indicating non-negligible
evolution of phosphorus compounds within the farms.
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Observed SS (mg/L)
Y

Modelled SS (mg/L)

Fig. 6. Regression of observed suspended solids concentrations (hy-
drological method) on predicted suspended solids concentrations
(mass-balance method) for 18 trout farms in France. Error bars in-
dicate the uncertainty associated with chemical analyses.

In the P-POy vs. Py regression, one farm (P4) seemed sus-
pect. The natural suspended solids concentration in the river
water and the presence of filters at the outlet (which seemed
not to be in use during the day of sampling) were amongst the
possible causes of this result. This farm was eliminated from
the sample.

In the suspended solids regression, the first residual check
showed one suspect point associated with farm P20. The inlet
water of this farm had a high level of suspended solids and the
sedimentation in the rearing tanks induced a decrease in this
parameter between the inlet and the outlet. This farm was elim-
inated from the analysis. The second round of analysis showed
another suspect residual associated with farm P5. On this farm,
the high level of suspended solids released could be explained
by the poor sedimentation system at the outlet which was full
and possibly emitted more suspended solids than those pro-
duced daily on the farm. This farm was eliminated from the
next regression analysis.

This step of removing farms from the statistical analysis
how illustrates the variability in the management (especially
in hydraulic and water treatment) may influence the quality of
impact assessment.

The farm scale often is often considered a black box, with
uncertainties associated with rearing management, hydraulic
characteristics of pools and drains, and temporal variations in
excretion and oxygen consumption. Facing this diversity, the
mass-balance modelling method takes into account few pa-
rameters: feed quality and quantity, FGR and characteristics of
solid retention in the water-treatment systems. We deliberately
chose to reduce the number of parameters to ones which are
easily available on production sites. However, many sources
of uncertainty are associated with both assessment methods. In
the hydrological method, one level of uncertainty is associated
with sampling, especially its location in time and space. We
paid special attention to the location of the automatic sampling
equipment, especially due to mixing of water from different

sources at the farm outlet. The 100-m sample point represents
a compromise between the distance set by regulatory require-
ments and the distance at which the effluents are considered
to be well-mixed with downstream river flow. Nevertheless,
we cannot exclude incomplete mixing of water as a source of
uncertainty, which may increase with successive reductions in
sample volume (800 ml in the sampler, 250 ml sent to the lab-
oratory, a few ml used for chemical analysis). This factor is
less important for dissolved compounds than for suspended
fractions, which experiences much heterogeneity in its con-
centration in the water column. This is especially the case for
aggregates of faeces or uneaten feed which are released at vari-
able intervals by fish farms and are difficult to measure using
standard sampling methods, as previously shown by different
authors (Cripps 1995; Axler et al. 1997; Cripps and Bergheim
2000; Maillard et al. 2005; Roque d’Orbcastel et al. 2008).
The capture of these suspended solids, which pass sporadically
into the effluent, is therefore difficult using automatic samplers
that take only one sample per hour. The uncertainty associated
with chemical analysis also can be significant, but this does not
completely explain the variability in the results.

In the mass-balance method, uncertainty in the accuracy
of results seems to be due primarily to uncertainties in the
accuracy of input data. First, accurate information about the
size of fish populations and the quantity of distributed feed
varied widely among farms. In addition, we assumed that the
FGR on the day of sampling was equal to the average an-
nual FGR observed over the previous year. The uncertainty
associated with FGR, however, seemed lower than that asso-
ciated with the size of the fish population on the sampling day.
Nevertheless, we cannot exclude differences in FGR, either
due to differences in farm management (e.g., husbandry, wa-
ter quality, temperature) or to differences in distribution of fish
size-class on the day of sampling. Parameter values stemming
from expert knowledge, such as nutrient digestibility, fraction
of non-ingested feed and solid retention efficiency of water-
treatment devices, were adapted to each individual farm. Ad-
ditionally, the nutrient composition of feed on labels can dif-
fer from declared compositions, inducing further uncertainty.
Another source of uncertainly with the mass-balance method
comes from the conversion of nutrient quantities into concen-
trations, based on estimates of water flow, which can be par-
ticularly difficult to obtain. Lack of accurate hydrological data
can also influence estimates of the hydrological method. The
electromagnetic water-current flow meter we used claims to
have a 2% measurement error, but considering non-linear flow
and the turbulence observed at most of the sites, this uncer-
tainty could reach 20%. Consequently, water flow measure-
ment could have been the main source of uncertainty when
comparing the results of these two methods.

Despite these sources of uncertainty, the strong correlation
observed between the Ny, Pio: and N-NH4 results seems to
confirm common robustness for the farms studied. However, it
is difficult to attribute a higher level of accuracy to one method
over the other. The slope of the regression line for total N con-
centration (0.84) indicates that the mass-balance model tends
to estimate higher total N concentrations than the hydrologi-
cal method, a result consistent with the observations of Roque
d’Orbcastel et al. (2008). The low or negative concentrations
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of N-NO,+ N-NO;3; measured by the hydrological method
suggest that nitrification and denitrification occurred within
the farms, but the data do not allow us to quantify this phe-
nomenon. In addition, there was no correlation between the N-
NO;,+ N-NOj concentrations observed and any of the recorded
parameters. Therefore, the difference in total N concentrations
between the two assessment methods seems consistent with
a hypothesis of transfer of N into the air (as N, NO, N,O
or NHj3), as observed in other fish-farming systems (Aubin
et al. 2006). Moreover a simple difference between real and
declared protein content of the feed may explain a part of the
uncertainty. The slope of the regression between predicted and
observed N-NHy4 concentrations (0.51) suggests a clear higher
estimation by the modelling approach, as observed by differ-
ent authors (Papatryphon et al. 2005; Roque d’Orbcastel et al.
2008). This result suggests that the given proportion of ammo-
nia in the total N excreted by salmonids (0.8), as proposed by
Kaushik and Cowey (1991), is difficult to apply at the farm
level. Compared to data obtained at the experimental scale,
which reflects the biological output from the fish, studies at
the farm level imply a poor understanding of the evolution
of N subject to microbiological activity (e.g., transformation
of ammonia into nitrites and nitrates). Therefore, the relation-
ship between observed ammonia and predicted total N emitted
could be: [NH4] = 0.51 [Niot] + 0.08. This result needs to be
confirmed by further observations.

The correlation between the two assessment methods for
emitted P is weaker (R> = 0.58) than that for Ny, but has
a slope near 1, indicating that the two methods are statisti-
cally comparable. Despite the strong correlation between pre-
dicted P;; emissions and observed P-PO4 emissions, the cor-
relation between P-PO,4 emissions of each method was weak.
This observation indicates that uncertainty in the actual P con-
tent of the feed, the P digestibility in the feed or the dissolved
P fraction released from fish does not allow for robust predic-
tions of observed P-PO,. The use of different P sources in the
diet (plant and fish based), combined with the possible addi-
tion of enzymes (phytases) in some feeds can explain a part of
this uncertainty. This hypothesis is consistent with the results
of Bureau and Cho (1999), which showed that P digestibility
highly influenced the dissolved P emissions of rainbow trout.
As proposed by Hua and Bureau (2006) and Hua et al. (2008),
model predictions could be improved by considering P avail-
ability of the different feed components. Unfortunately, precise
feed composition was not available at the beginning of this
study. This improvement has to be applied in further valida-
tion work on P emissions. Moreover the complexity of organic
matter and solids dynamics, closely associated with those of
P compounds, can influence the ratio between solid and dis-
solved P fractions. The existence of successive stages of sed-
imentation and release of solids from the farm could explain
the difference in results between a mass-balance approach and
one-off chemical analyses, especially for suspended solids.
This aspect takes into account leaching and solubilisation fac-
tors (Hua et al. 2008), but still does not decrease uncertainties
influencing estimates of soluble P emissions.

Nevertheless, the strength of the regression between pre-
dicted P,y and observed P-PO4 (R? = 0.42) allows us to pro-
pose a factor of 0.58 (the slope) between observed P-PO4 and

predicted Py emitted at the farm outlet ([PO4] = 1.78 [Pyo])-
This value needs to be confirmed by further observations. No
correlation between the assessment methods was found for
suspended solid emissions, and the data set does not allow us
to conclude that one of the assessment methods is more ro-
bust than the other, due to the variety of sources of uncertainty
associated with each of them (e.g., sampling, hydraulics, farm
management). However, Axler et al. (1997) reported that only
half of the solids produced within two trout farms were col-
lected in their effluent water. Cho et al. (1991), who faced the
same problem, were more confident about results of the mass-
balance modelling method than those of the hydrological ap-
proach due to the latter’s sampling bias.

5 Conclusion

This study, based on data from 20 farms, confirms the
relevance of the mass-balance approach in nutrient emis-
sion assessment of flow-through trout farms, as previously
shown by other studies (Cho et al. 1991; Boujard et al. 2004;
Papatryphon et al. 2005; Roque d’Orbcastel et al. 2008). Re-
gression analysis between the mass-balance modelling and the
hydrological method (based on the measurement of concentra-
tions), shows strong comparability; especially for estimates of
total N and total P emissions. However, the observed propor-
tion of dissolved fractions in the outlet, especially ammonia
and phosphates, differs from the expected values (through it
is proportional to predicted Ny and Py concentrations, re-
spectively). This observation leads us to propose new factors
that could be included in the mass-balance modelling for the
calculation of ammonia and phosphate emissions. More obser-
vations are required to confirm these factors. Water recycling
(partial or total) needs to be investigated to evaluate its influ-
ence on the concentration of dissolved N and P compounds.
Considering the similarity between the two methods, the ad-
vantages of mass-balance modelling (less labour and data nec-
essary), and the fact that hydrological methods do not reflect
the biological reality of fish emissions, the modelling approach
seems to be a cost-efficient solution to estimate the release of
waste by fish farms. It is a feasible tool for both fish farmers
and authorities monitoring water quality. The use of standard
factors for digestibility, feed ingestion ratio, annual FGR and
water-treatment efficiency seems sufficient to obtain a robust
evaluation of trout farm nutrient release. A more specific eval-
uation could be made by replacing average factors with farm-
specific or feed-specific factors.
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