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ABSTRACT: The carbon (C), nitrogen (N) and phosphorus (P) compositions of salmon feed, fish
and faeces were studied at a salmon farm in Badstuvika (63°31'N, 9°9'E) in central Norway.
These data were used to estimate the release rates of wastes from 2 salmon cages and the qualities
of particulate wastes as food resources for integrated multi-trophic aquaculture (IMTA). About
38 % of feed C, 43 % of feed N and 24 % of feed P were retained as fish biomass. About 62 % of feed
C, 57% of feed N and 76 % of feed P were lost into the environment. Around 40 % of feed C was
respired as CO,, and 39 % of feed N and 24 % of feed P were excreted as dissolved inorganic nitro-
gen and phosphorus, respectively. About 19 % of feed C, 15% of feed N and 44 % of feed P were
released as particles. The chemical composition of feed was independent of time (p > 0.05). The
faecal C content increased with increasing fish weight (r? = 0.14, p < 0.05); however, other faecal
chemical components showed no apparent relationships with fish weight (p > 0.05). Our results
suggested that P digestibility of feed may be 30 %, but more information is still needed to reach
conclusions on this. The C content of faeces was 70 % of that of feed and the N content of faeces
was 50% of that of feed. The P content was far higher than that of feed. The lipid, docosa-
hexaenoic acid and eicosapentaenoic acid contents of faeces were comparable to those of some
phytoplankton species. The results suggested that both feed and faeces are adequate food for blue
mussels and sea cucumbers co-cultured with salmon, and the nutrient content may meet their
nutritional requirements.
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Integrated multi-trophic

INTRODUCTION

Aquaculture is growing quickly with an average
global growth rate of 6.3% per year, and further
growth is expected (FAO 2012). Norwegian aquacul-
ture has expanded rapidly during recent decades
and has become a well-established industry (Skogen
et al. 2009). Norway has increased its aquaculture
production from 0.15 million tonnes in 1990 to 1.01
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million tonnes in 2010, and has become the world's
largest producer of farmed Atlantic salmon (FAO
2012).

During intensive production of salmon in open
cages, the discharges of organic wastes such as fae-
ces and uneaten feed and inorganic nutrients such
as ammonium (NH,*) and phosphate (PO,3) are
released directly into the environment and may
cause negative ecological effects on the surrounding
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waters (Merceron et al. 2002, Carroll et al. 2003,
Cheshuk et al. 2003, Skogen et al. 2009, MacDonald
et al. 2011). Particulate organic matter may accumu-
late in the sediments and cause changes in the ben-
thic ecosystem (Carroll et al. 2003, Stigebrandt et al.
2004, Kutti et al. 2007,2008). The enrichment of inor-
ganic nutrients in the water column may cause
eutrophication (Hall et al. 1990, Cloern 2001,
Mantzavrakos et al. 2005, Skogen et al. 2009). The
release rates of wastes from Norwegian salmon
aquaculture was closely related to the feed used, and
the C, N and P wastes in 2009 were estimated to be
70 % of feed C, 62 % of feed N and 70 % of feed P, cor-
responding to 404 kt C, 51 kt N and 9.4 kt P per year.
Of the total emissions, about 109 kt C, 12 kt N and 5.9
kt P were associated with faeces and feed particles,
whereas about 36 kt N and 2.5 kt P were released as
dissolved inorganic nutrients (Wang et al. 2012).

The salmon farms in Norway are now mainly situ-
ated in relatively exposed waters with high rates of
water exchange (Skogen et al. 2009), but there may
still be negative environmental effects of aquaculture-
derived wastes if the emission rates are too high
relative to the assimilation capacity of the receiving
waters.

The environmental influence of aquaculture-derived
wastes has caused public concerns. Minimising aqua-
culture discharge is important in mitigating potential
environmental problems and thereby contributing to
environmentally sustainable production (Hall et al.
1990, Bureau et al. 2003). This has been mediated
through the optimisation of feeding technology and
feed ingredients, resulting in a better feed conver-
sion ratio (FCR; dry feed per wet fish produced) that
has been reduced from 1.7 in 1993 (Reid et al. 2009)
to <1.2 in recent years (Bureau et al. 2003, Wang et
al. 2012). These improvements have reduced the
release rates of organic and inorganic wastes per unit
of fish produced to a great extent (Cheshuk et al.
2003, Islam 2005).

Integrated multi-trophic aquaculture (IMTA) has
been suggested as a promising means to mitigate any
negative ecological effects of fish farming utilising
fish wastes as food resources for extractive species at
lower trophic levels (Cheshuk et al. 2003). In such
IMTA systems, macroalgae can be cultured close to
fish cages to remove soluble inorganic nutrients such
as ammonia and phosphate, which are excreted by
fish (Buschmann et al. 1996, Petrell & Alie 1996,
Chopin et al. 2001, Porrello et al. 2003, Zhou et al.
2006, Marinho-Soriano et al. 2009, Abreu et al. 2011).
Filter-feeding species, such as blue mussels, cultured
adjacent to fish cages may consume small particulate

wastes (Troell & Norberg 1998, Cheshuk et al. 2003,
Whitmarsh et al. 2006), as well as phytoplankton
stimulated by inorganic nutrients excreted by fish
(Handa 2012). The potential for mussel production
that was based on particulate wastes, however, was
far lower than for seaweed because of fewer initial
available resources and the metabolic losses of mus-
sels (Wang et al. 2012). Most of the particles originat-
ing from fish faeces or uneaten feed may sediment
out near the cages (Elberizon & Kelly 1998); such
wastes may be better utilised by co-cultured deposit-
feeding species, for example sea cucumbers, and the
nutritional value of the particle wastes released from
fish farming should be more closely evaluated (Gré-
mare et al. 1997, Ahlgren 1998, Ren et al. 2012).

The qualities of the biogenic wastes as food re-
sources in IMTA are important, together with quanti-
tative knowledge on the release rates (Bureau et al.
2003). The release rates and C:N:P ratios of the
wastes on a Norwegian national scale have been
estimated using a mass balance model by Wang et al.
(2012) with coefficients taken from the literature. The
objective of the present study was to revise some of
the coefficients in the mass balance model (Wang et
al. 2012) to better describe the release rates of the
wastes from salmon farming. This was accomplished
by determining the C, N and P compositions of feed,
fish and faeces from a salmon farm in central Nor-
way. We then used the mass balance model with the
revised coefficients to estimate the release rates of
the wastes from the salmon farm, with a main focus
on particulate wastes and their qualities as food
resources for IMTA.

MATERIALS AND METHODS
Study site description

The study was carried out at a commercial salmon
farm with second-year fish located at Badstuvika
(63°31'N, 9°9'E) in central Norway in 2009. The site
held 8 circular net cages arranged in 2 parallel rows
and each cage had a circumference of 157 m and a
net depth of 18 m. The annual production was 4442 t.
The current speed of the water at surface, 5 and 10 m
depth at the farm location generally was between 0
and 0.25 m s™! in May.

The study included 2 cages (Cage S and Cage L).
The experiment was carried out from March to
November for Cage S, and from March to July for
Cage L. The wet weight and length of the sampled
fish, and the amount of feed used and fish produced
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Table 1. Wet weight and length of fish samples from Cage S
and Cage L, as well as the total amount of feed used and
production for these 2 cages in 2009

Cage S Cage L
March-November March-July
Fish wet weight (kg) 1.2-5.2 2.1-4.8
Fish length (cm) 47-75 54-75
Feed used (t) 602 393
Production (t) 548 353

for 2 cages are shown in Table 1. Dead fish were
removed from the pens daily, and were weighed and
then destroyed.

Sampling procedures
Feed samples

Approximately 500 g of feed sample was collected
on each sampling day, and a total of 8 feed samples
were collected throughout the experimental period.
The feed samples were transported to the laboratory
and kept in darkness at —20°C until further analysis.

Fish and faeces samples

Six fish (3 individual fish from each cage) were ran-
domly caught monthly for determination of chemical
composition of fish whole-body tissue and faeces.
Fish were caught using a grab net and thereafter
killed by a blow to the head. The fish were thereafter
dissected and faeces samples were taken from the
latter half of the hindgut to avoid contamination by
urine. The sample was immediately frozen on dry ice
(COy). The gut was washed in seawater to remove
the rest of the gut content and thereafter put back
into the fish. Fish and faeces samples were brought
back to the laboratory and kept in darkness at —20°C
before further processing.

In the laboratory, the frozen fish samples were
allowed to thaw, chopped into approximately 0.5 kg
pieces, and were thereafter ground into homo-
geneous slurry. Subsamples were transferred to 50 ml
centrifuge tubes, flushed with nitrogen gas and
stored in darkness at —80°C for further analysis.

These subsamples, together with faecal samples,
were freeze-dried (HMS-DATABLAD GP-030) for3d
to a constant weight, ground in a coffee bean grinder
for 3 min, transferred to 50 ml centrifuge tubes and
stored in darkness at —80°C until analysis. Moisture

content was calculated by weighing the samples
before and after freeze-drying.

Chemical analysis of feed, fish and faeces

The C and N contents of freeze-dried feed, fish
whole-body tissue and faeces were determined in
an elemental combustion system (Costech Analyti-
cal Technologies), using 3 to 4 replicates for each
sample. The P contents of feed, fish whole-body tissue
and faeces were determined in 3 replicates after oxi-
dation of the sample in sulphuric acid and oxidizing
reagent (potassium peroxidisulphate) for 30 min at
120°C (Hansen & Koroleff 1999).

The total lipid and fatty acid compositions of feed,
fish whole body tissue and faeces were extracted
according to the method of Bligh & Dyer (1959). Fatty
acid methyl esters were prepared according to
Metcalfe et al. (1966) and analysed with a gas chro-
matograph (Perkin Elmer AutoSystem XL) using the
software TotalChrom V.6.3.1 (Perkin Elmer) (Bergvik
et al. 2012).

Mass balance model of C, N and P

A mass balance model was used to estimate the
release rates of particulate and dissolved C, N and P
wastes from Cage S and Cage L. When feed (C, N
and P) is given to a salmon cage, it is either consumed
by the fish or lost as uneaten feed. A proportion of the
consumed feed C, N and P is digested, and used
for growth, respired as CO, or excreted as dissolved
inorganic nitrogen (DIN) and phosphorus (DIP). The
consumed feed C, N and P that are not digested by
the fish will be released in faeces. The feed C, N and
P lost in uneaten feed and faeces are referred to as
particulate organic carbon (POC), nitrogen (PON)
and phosphorus (POP). A fraction of the uneaten feed
and faeces will dissolve and become dissolved
organic carbon (DOC), nitrogen (DON) and phos-
phorus (DOP) (Wang et al. 2012).

The model coefficients measured in the present
study were used to provide more adequate predic-
tions of the release rates. These coefficients included
measurements of dry matter content and C, N and P
stoichiometry of feed and fish.

The data on the feed used and fish produced per
month for Cage S and Cage L were made available
by the fish farmers. Further required data on the
digestibility of C, N and P in feed were taken from
published data and feed producers (Wang et al.
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Fig. 1. Feed used (dry weight) and fish produced (wet
weight) in 2 salmon cages — (A) Cage S and (b) Cage L —in
Badstuvika during the experimental periods in 2009. Feed
used and production values were provided by the fish farm
in Badstuvika, fish were slaughtered in July in Cage S and
in October in Cage L

2012). The rate of feed losses was taken from fish
farmers and published data (Cromey et al. 2002, Reid
et al. 2009, Wang et al. 2012).

Data analysis

Data for monthly chemical composition of feed, fish
and faeces were tested for normality using the
Kolmogorov-Smirnov test, and for homogeneity of
variance using Levene's test. The equality of means
for chemical content of feed, fish and faeces between
months was tested using a one-way ANOVA fol-
lowed by a Tukey's honestly significant difference
(HSD) post hoc comparison. The equality of means
for model predicted and measured C:N:P ratios was
tested using the independent-samples t-test. The
correlations between FCR and fish wet weight and
between growth efficiency (GE) and fish weight
were examined by regression. The correlations be-
tween chemical content of feed and day of year,

between chemical content of fish whole-body tissue
and fish wet weight, and between chemical content
of faeces and fish wet weight were examined by
regression. Statistical analyses were performed using
PASW Statistics 18. The regressions were carried out
using SigmaPlot 10.0. The regression curves were
determined by choosing the best R? values. The sig-
nificance limits were set at 0.05 and the means are
presented +SE.

RESULTS
Growth and feed used

The water temperature ranged between 5.9°C in
March and 14°C in September, with a mean value of
10 + 1°C during the experimental periods. The oxy-
gen saturation decreased from 96 % in May to 77 % in
September, where after it levelled off (data not shown).

The monthly feed used and the fish produced
(growth in biomass) (Fig. 1) varied with time during
the experimental period in both cages, with the high-
est values in September for Cage S and in June for
Cage L. The reductions in feeding and production
were mainly a result of harvesting. The feed used
and fish produced for Cage S from March to October
were higher than for Cage L from March to July
(Table 1). This was a result of different fish biomass
and growth stages in the 2 cages.

The FCR was calculated as dry weight feed sup-
plied per wet weight fish produced and showed
mean values of 1.08 + 0.02 and 1.11 + 0.02, respec-
tively, for Cage S and Cage L, suggesting that larger
fish may have lower production yields per feed input
than smaller fish (Fig. 2A).

The GE in terms of C, N and P (estimated as fish C,
N and P produced per C, N or P consumed, respec-
tively) showed a slight decrease with time in both
cages (Fig. 2B). The overall GEp was lower through-
out than GE., whereas GEy was higher, indicating
lower GE of feed P and higher GE of feed N in com-
parison to feed C. On average, 40 += 0.6% of the
eaten C, 46 = 0.7 % of the eaten N and 26 + 0.4 % of
the eaten P were retained as fish biomass for Cage S.
For Cage L, 39 = 0.6% of the eaten C, 43 = 0.6%
of the eaten N and 24 + 0.4% of the eaten P were
retained as fish biomass.

FCRs for both cages were equally and significantly
positively correlated to fish wet weight (p < 0.05;
Fig. 3A), whereas GE in terms of C, N and P were
equally and significantly inversely related to fish wet
weight (p < 0.05; Fig. 3B).
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Fig. 2. (A) Feed conversion ratio (FCR) and (B) growth effi-

ciency (GE) of C, N and P for Cage S and Cage L for each

month. FCR was expressed in terms of feed use (dry weight)

per fish produced (wet weight). GE was estimated for C, N

and P and was expressed as fish C, N and P produced per C,
N and P consumed, respectively

Chemical composition
Feed

The dry matter content of feed was in the range of
97 to 99% of wet weight, with a mean of 98 + 0.1%
(n = 23). The chemical composition of feed over the
sampling period and the regression coefficients for
chemical content as functions of time (day of year)
are summarized in Table 2. There were no significant
relationships between the chemical content of feed
and time (p > 0.05 for all variables; Table 2). How-
ever, there were small significant variations in the
contents of C, lipid, N, docosahexaenoic acid (DHA)
and eicosapentaenoic acid (EPA) and percentages of
DHA and EPA in the total fatty acid (TFA) content of
feed (ANOVA, p < 0.05), while no significant differ-
ences were found in P content of feed (ANOVA, p >
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Fig. 3. (A) Relationship between feed conversion ratio (FCR)

and fish wet weight. (B) Relationship between growth effi-

ciencies (GE of C, N and P) and fish wet weight. Fish were

sampled from Cage S and Cage L (n = 13). Solid lines are
regression lines

0.05; Fig. 4). The chemical compositions of feed were
therefore concluded to be constant and independent
of time. The mean values for C, N and P contents of
feed were therefore used as model input data.

The N:C ratios of feed were in the range of 100 to
122 ng Nmg~! C (mean = 108 + 7.2 ng N mg~ C), the
P:C ratios were in the range of 12 to 20 pg P mg™' C
(mean = 17 + 2.7 ug P mg~! C) and the N:P ratios were
in the range of 5.8 t0 9.2 mg N mg™' P (mean = 6.6 +
1.2 mg N mg™ P).

Fish

The dry matter contents of fish whole body tissue
were in the range of 31 to 40 % of wet weight, with a
mean value of 36 £ 0.2% (n = 96). The differences in
chemical composition of fish whole-body tissue were
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Table 2. Range of chemical content and mean chemical content in feed samples from

March to November 2009 (see Fig. 4 for the monthly chemical content), as well as

regression coefficients (slope) for chemical content in feed samples as a func-

tion of time (day of year). DW: dry weight; DHA: docosahexaenoic acid; EPA:
eicosapentaenoic acid; TFA: total fatty acids

tent. In Cage L, the differences
in N, lipid and fatty acid (DHA
and EPA) contents of fish whole-
body tissue were significant
among months (ANOVA, p <

Variable  Content Mean + SE Variable versus time 0.05). The C content was signifi-
(mg g' DW) (mgg'DW) Slope + SE Y, + SE R? p cantly different only between

(mg g”' DWd™) (mgg™' DW) March and April (ANOVA, p <

C 519-555 540+ 4 ~0.06+0.05 551+7 019 028 0.05). The differences in per-
N 55-63 58+ 1 ~0.004 + 0.01 58+2 001 0.78 centages of DHA and EPA in
P 6.4-10 8.8+0.5 0.006 = 0.01 7.7+1.3 0.12 0.40 TFA content were also signifi-
Lipid 355-418 3857 -0.007 £ 0.01 386 = 13 0.001 0.95 cant (ANOVA, p < 0.05) while
EPA 1422 19508  0o1s001 1752 012 og9 | [here were no differences in P

- +0. .01 +0. + . )
- content (ANOVA, p > 0.05) of
Content Mean+SE Slope+SE Y, +SE fish whole-body tissue among
(%) (%) (% d™Y) (%) months.

The proximate chemical com-
DHA% of TFA 4.6-6.7 5.4 +0.2 0.001 £0.004 53=x0.5 0.02 0.72 ositions of fish whole bodv tis-

EPA% of TFA 4.7-6.9 6.1 +0.2 0.004 +0.003 56x04 0.27 0.19 p . Y .
sue and the regression coeffi-

small among months (Fig. 5). In Cage S, the differ-
ences of C, N, P, lipid and DHA and EPA contents
were significant (ANOVA, p < 0.05), as was percent-
age EPA in TFA content, but no significant differ-
ences were found for percentage DHA in TFA con-

cients for chemical contents as
functions of fish wet weight (kg) from Cage S and
Cage L are summarised in Table 3. The C, lipid, DHA
and EPA contents (Fig. 6A,D-F) of fish whole-body
tissue increased significantly with fish wet weight
(p < 0.05; Table 3) and showed hyperbolic relation-
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Fig. 4. Chemical contents per gram dry weight (DW) of feed used to feed Cage S and Cage L. (A) Carbon and lipid content; (B)
nitrogen and phosphorus content; (C) docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) contents; and (D) per-
centage of DHA and EPA in total fatty acid (TFA) content. Error bars show +1 SE
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Fig. 5. Chemical contents per gram dry weight (DW) of fish body tissues sampled from Cage S and Cage L. (A) Carbon and
lipid content; (B) nitrogen and phosphorus content; (C) docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) content;
(D) percentage of DHA and EPA in total fatty acid (TFA) content. Error bars show +1 SE

Table 3. Range of chemical content and mean chemical
content in fish samples from March to November 2009 (see
Fig. 7 for the monthly chemical content for each cage), as
well as R? and p-values for chemical content in fish samples
as a function of fish wet weight (kg). DW: dry weight; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; TFA:

total fatty acids
Variable Content Mean + SE Variable versus
(mg g ' DW) (mg g~! DW)  wet weight
R? P
C 574-635 606 + 4.8 0.63 <0.05
N 62-88 74 £2.1 0.85 <0.05
P 4.9-8.9 6.4 +0.3 0.62 <0.05
Lipid 411-549 490 = 10 0.84 <0.05
DHA 21-30 26 £ 0.6 0.42 <0.05
EPA 13-20 17+ 0.6 0.43 <0.05
Content Mean + SE
(%) (%)
DHA% of TFA 5.9-6.7 6.2+0.1 0.28 0.12
EPA% of TFA 3.8-4.6 42+0.1 0.12 0.33

ships to fish wet weight, whereas N and P contents
(Fig. 6B,C) exhibited inverse hyperbolic relationships
with increasing fish wet weight (p < 0.05; Table 3).
The C, N, P, lipid, DHA and EPA contents of fish
whole body tissue became constant for large individ-
uals, which are in agreement with Moulton (1923).
The percentages of DHA and EPA of TFA (Fig. 6G,H)
in whole-body samples remained constant and inde-
pendent of the fish wet weight (p > 0.05; Table 3).
Similar trends were also observed for the relation-
ships between chemical contents of fish whole-body
tissue and fish length (data not shown).

Faeces

The dry matter content of faeces was in the range
of 11 to 25 % of wet weight with a mean of 15 + 0.6 %
(n = 29). No differences were found in P content of
faeces among different months for Cage S (ANOVA,
p > 0.05; Fig. 7), while the other chemical compo-
nents of faeces showed significant differences among
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months (ANOVA, p < 0.05). For Cage L, there were
no significant differences in C, P and lipid contents of
faeces among months (ANOVA, p > 0.05), whereas
the N content of faeces was significantly higher in
March than in the other months (ANOVA, p < 0.095).
The DHA and EPA contents showed significant dif-
ferences among months, as did the percentages of
DHA and EPA in TFA content of faeces (ANOVA, p <
0.05). The lipid contents of faeces and fish were more
variable than of feed throughout.

The C content of faeces showed a slight, although
significant, increase with increasing fish wet weight
(r? = 0.14, p < 0.05). However, other faecal chemical
compositions showed no apparent relationships with
fish wet weight (Table 4) and were accordingly
independent of fish wet weight (p > 0.05).

The measured N:C ratios of faeces varied between
62 and 99 pg N mg™ C (mean = 74 + 3.5 ng N mg~!
C), the measured P:C ratios were in the range of 39 to
88 ng P mg™! C (mean = 63 = 4.2 ug P mg™ C;
Fig. 8A), and the measured N:P ratios were in the
range of 0.8 to 1.8 mg Nmg™ P (mean = 1.2 + 0.10 mg
N mg~! P; Fig. 8B).

C, N and P wastes released from salmon cages

The release rates of C, N and P wastes in different
months from both cages (Fig. 9) showed similar pat-
terns of variations as feed used and fish produced
(Fig. 1), increasing with time to the highest values in
September for Cage S and in June for Cage L. The
estimates showed that the major C and N wastes
from the 2 cages were respired CO, and excreted
DIN, respectively, whereas the major P waste was

associated with particles. Therefore, higher propor-
tions of feed C and N than of feed P were released as
inorganic molecules, whereas the fractions of par-
ticulate C and N wastes were lower than the fraction
of particulate P.

Of the total input of feed C, N and P for Cage S, 62 %
of C, 57 % of N and 76 % of P were lost to the environ-
ment. About 40% of feed C was respired as CO,,
whereas 39 % of feed N and 24 % of feed P were ex-
creted as DIN and DIP, respectively. About 19 % of feed
C, 15% of feed N and 44 % of feed P were released as
particles. Only about 3 % of feed C, 3 % of feed N and
8% of feed P were re-suspended from particles, form-
ing DOC, DON and DOP, respectively (Fig. 9A,C,E).
Similar values were found for Cage L (Fig. 9B,D,F).

The model predicted that N:C, P:C and N:P ratios of
faeces were 81 ng Nmg™ C, 42 ng P mg™ C (Fig. 8A)
and 1.9 mg N mg~! P (Fig. 8B), respectively, and the
ratios remained constant over time. There were no
significant differences between the predicted and the
measured N:C ratios of faeces (p > 0.05), whereas the
predicted P:C ratio was significantly lower than the
mean measured P:C ratio (p < 0.05). The predicted
N:P ratio was significantly higher than the mean mea-
sured N:P ratio (p < 0.05) of faeces (Fig. 8B). The aver-
age DIN:DIP ratio was 10.5 + 0.03 (data not shown),
which was well above the Redfield ratio of 7.2.

DISCUSSION
Release rates of C, N and P wastes

Although salmon allocate a large fraction of feed
into fish biomass, the major feed C, N and P were lost

Table 4. Range of chemical content and mean chemical content in faeces samples from March to November 2009 (see Fig. 9

for the monthly chemical content for each cage), as well as regression coefficients for chemical content in faeces samples

as a function of fish wet weight (WW; kg). DW: dry weight; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; TFA:
total fatty acids

Variable Content Mean + SE Variable versus wet weight — M
(mg g~! DW) (mg g~! DW) Slope + SE Y, + SE R? P
(mg g DW™' kg™ WW)  (mg g~' DW)
C 312-448 366 + 8.5 99+4.8 337 £ 16 0.14 0.05
N 22-37 27+ 1.5 -0.7 £ 0.78 30 2.7 0.03 0.38
P 14-30 23+1.3 -0.5+1.0 25+3.5 0.01 0.62
Lipid 64-89 74 +£2.3 -29+24 82x74 0.16 0.26
DHA 1.0-4.0 1.7+0.2 -0.6 + 0.26 3.4 +£0.80 0.38 0.07
EPA 0.5-1.6 0.8+0.1 -0.2 £ 0.097 1.4 +0.30 0.33 0.10
Content Mean + SE Slope + SE Yy + SE
(%) (%) (% kg™ WW) (%)
DHA% of TFA 2.6-4.4 3302 -1.0 £ 0.42 6.7+1.3 0.45 0.06
EPA% of TFA 1.0-3.5 1.9+02 -0.4+0.24 3.1+0.74 0.24 0.17
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into the surrounding environment, and the monthly
release rates of wastes primarily depended on the
feed used and fish produced. The monthly release
rates of biogenic wastes from the 2 cages changed
significantly over time, suggesting that the monthly/
seasonal variation in the release rates of wastes
throughout must be considered when evaluating the
environmental effects of fish farming.

Wang et al. (2012) found that 70 % of feed C was
released into the environment, of which 48 % of feed
C was respired by fish. These values were slightly
higher than those found for a specific salmon farm in
central Norway using revised coefficients in the pres-
ent study. Consequently, GE., which expresses the
biological efficiency of the production per feed con-
sumed for C, was higher in the present study (40 %)
than the value (31 %) reported by Wang et al. (2012).

Our predictions of release rates of wastes were
lower compared with early values published by
Perez (2002), who reported that 87 % of feed C was
lost to the environment, of which 45 % was released
as CO, and 42% was released as POC. This was
likely due to the lower feed losses in the present than
those in the study by Perez (2002), who assumed that
10 % of the total feed input was lost as uneaten feed.

In recent studies of feeding assisted by modern
technology, feed losses were found to be below 5%
of the input (Cromey et al. 2002, Bureau et al. 2003,
Reid et al. 2009). Feed losses in modern salmon aqua-
culture, using camera-assisted feeding control and
acoustic registration of lost feed pellets, are small
compared with the supply of feed, and there is prob-
ably limited economic and environmental improve-
ment with further reduction of the feed loss. There-
fore, a feed loss rate of 3 % has been assumed in the
present study, as suggested by Cromey et al. (2002),
Reid et al. (2009) and Wang et al. (2012).

The results showed that 57% of feed N was
released into the environment, which is equivalent to
35 kg N per tonne of salmon produced. A high frac-
tion of feed N (39%) was lost as DIN, mainly as
ammonium and urea, which are readily assimilated
by macroalgae and phytoplankton. The estimated N
release rate found in the present study was slightly
lower than the value found (62%) for Norwegian
salmon aquaculture (Wang et al. 2012), and was also
lower than values found in previous studies (Hall et
al. 1992, Enell 1995, Davies 2000, Islam 2005).

The lower N release rate obtained in the present
study was a result of the lower N content (5.8 % of dry
weight) of the feed that was specifically measured
and used in the present study, whereas the N content
of feed was previously reported to be in the range of
6.5t09.4 % of dry weight (Hall et al. 1992, Enell 1995,
Petersen et al. 2005, Mente et al. 2006). N is a proxy
for the content of proteins in feed, and the lower N
content of feed indicated lower protein content. The
lipid content (39 % of dry weight) was higher than the
values reported in previous studies, ranging from
around 20% in the 1980s to 35% in recent years.
Many studies have shown that the replacement of
protein by lipid in feed resulted in an increase of
digestible energy, and consequently an increased
protein (N) retention efficiency, as well as a lower
ammonia release rate (Johnsen et al. 1993, Einen
& Roem 1997, McGoogan & Gatlin 1999). Our results
confirmed the protein sparing of using non-protein
energy sources to meet energy requirements, result-
ing in a decreased release rate of DIN wastes.

The retention efficiency of P by fish has been
reported to be about 20% (Sugiura et al. 2006), a
value that is very close to our estimate. Unlike C and
N, a major proportion of feed P was released as par-
ticles because of the low P digestibility in feed. Food-
stuffs of animal origin may contain a high P content,
of which a main part is in inorganic form and is
apparently highly digestible to fish. In contrast, phy-
tate-P from plant ingredients is almost indigestible
to fish (Hua & Bureau 2006) because they do not pro-
duce the enzyme phytase (Cho & Bureau 2001).

Our results showed a large proportion of feed P
(24-26%) was released as DIP, indicating that the
available dietary P exceeded the minimal P require-
ment by fish. The minimum dietary requirement of P
by Atlantic salmon (60 g) was reported to be 5.5 mg P
g~! diet with an FCR of 1.1, which decreased as fish
grew (Sugiura et al. 2000). The total P content of feed
in the present study ranged from 6.4 to 10 mg g~* dry
weight (mean = 8.8 + 0.5 mg g~! dry weight), which
was higher than fish requirements. Therefore, we
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suggest that the total level of P in feed can be further
reduced in order to reduce the release rate of P

wastes.

Nutritional values of faeces

Our results showed that the mean C content per
gram dry weight (Table 4) of faeces was 70% of

that of feed (Table 2), while the N content of
faeces was 46 % of that of feed. The N:C ratio of
salmon faeces was accordingly lower than that of
feed, likely because of the high protein retention
rate of the high-energy diet. However, the mean P
content per gram dry weight of faeces was far
higher than that of feed, suggesting that the main
path of P loss was through faeces (Kibria et al.
1997). A high P content of faeces (4 %) has also
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been reported for Atlantic salmon by Kristiansen &
Hessen (1992) and for silver perch by Kibria et al.
(1997). The total lipid, DHA and EPA contents of
faeces were far lower than that of feed due to the
efficient digestion of lipid, DHA and EPA. In the
present study, the faeces samples were taken from
the latter part of the hindgut where the absorption
of nutrients was completed (Windell et al. 1978),
and the faeces samples did not contain urine from
fish; therefore, the chemical content of faeces in
the present study was reliable.

The predicted N:C ratio of faeces fitted well with
the measured value, whereas significant differences
were found between the predicted and measured
P:C and N:P ratios. We used an N digestibility of
85%, comparable to that of protein, in the calcula-
tions. This approach is fairly robust. The digestibility
of protein is normally measured for all feed batches
by the feed manufacturer, and 85 + 2% is a com-
mon range of variation in the declaration of protein
digestibility of feed batches (Trygve Lea, Skretting
AS, pers. comm.). The C digestibility in feed was
assumed to be 80 % in the present study, which was
in agreement with Cheshuk et al. (2003) and Mente
et al. (2006). If the digestibility of C and N in the
model was the key variable that caused the differ-
ences between measurements and predictions, the
C digestibility would need to be increased from
80 to 85% and the N digestibility from 85 to 90 %
at the same time to obtain similar predicted and
measured N:C, P:C and N:P ratios. Such an in-
crease in the digestibility of C and N will not cause
major differences in model predictions (Wang et al.
2012).

The assumption of 50% of P digestibility in feed
was much more uncertain than the assumptions
made for C and N, mostly because of the high
diversity of P components in feed (Cho & Bureau
2001, Hua & Bureau 2006). If the differences
between the predicted and the measured values
were assumed to be caused by an inappropriate
input P digestibility in the model and if we force
the predicted N:P ratio to fit the mean measured
value, the input P digestibility should be decreased
from 50 to 30%. This would have resulted in a sig-
nificant increase in the predicted release of per-
centage faecal P of the total P waste, and of DOP
wastes released from faecal particles, as well as a
decrease in percentage DIP waste of the total P
waste, as discussed by Wang et al. (2012). We sug-
gest that the P digestibility of feed may be as low
as 30 %, but further information is needed to reach
conclusions on this point.

Potential of food availability for IMTA

Our results showed that the C, N, total lipid, DHA
and EPA contents per gram dry weight (Table 2) of
feed were higher than that of faeces (Table 4). Feed
wastes constituted only 3 % of the feed used in modern
salmon aquaculture and the major solid wastes were
faecal particles. The N:C (62-99 ng N mg~' C) and N:P
(0.8-1.8 mg N mg~! P) ratios of salmon faeces were
lower than those of some phytoplankton species,
whereas the P:C ratios of salmon faeces were far
higher than that of some phytoplankton (Table 5). The
lipid content of salmon faeces (64-89 mg g~ dry
weight) was in the range of that of some marine
diatoms (24-278 mg g~! dry weight) (Renaud et al.
1994, Liang et al. 2000), which dominate the spring
bloom in the Trondheimfjord (Sakshaug & Myklestad
1973). Moreover, the DHA and EPA contents of salmon
faeces were similar to the levels of diatoms and Prym-
nesiophyceae (Isochrysis galbana), respectively (Rei-
tan et al. 1994, Renaud et al. 1994, Liang et al. 2000).
Our results indicated that salmon faeces have a poorer
nutritional value than salmon feed and some micro-
algae, but that this particular food source still can be
adequate to support the growth of bivalves in an IMTA
system. The bivalves may benefit more from salmon
feed and faeces in nutrient-limited areas than in areas
with high phytoplankton biomass (Handa et al. 2012).

Only a small portion of salmon farm wastes can be
incorporated by blue mussels (Wang et al. 2012), and
the major salmon feed and faecal particles sink and
accumulate in sediments near cages (Elberizon &
Kelly 1998). These wastes may be better exploited by
deposit-feeding organisms such as sea cucumbers
(Uthicke 1999, Michio et al. 2003), which have exhib-
ited higher yields when co-cultured with salmon
(Ahlgren 1998, Paltzat et al. 2008). Our results sug-
gested that both salmon feed and faeces are nutri-
tionally adequate for filter and deposit feeding
species co-cultured with salmon. Although some of
the nutritional values are lower than salmon feed
and some phytoplankton species, we suggest that
salmon faeces can still contribute to the growth of co-
cultured organic extractive species such as filter and
deposit feeders in an IMTA system.
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Table 5. N:C, P:C and N:P ratios, lipid contents and DHA and EPA contents of salmon faeces from the present study and phytoplankton reported in previous studies.

DW: dry weight; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid

Source

N:P Lipid DHA EPA

P.C

N:C
(g Nmg™ C) (pg Pmg™ C) (mg Nmg™P) (mg g~' DW) (mng g~ DW) (mg g~! DW)

Species

Class

Dinophyceae

Reitan et al. (1994)

21-22 8.6-9.2

131-139

16

136

Gymnodinum sp.

Bacillariophyceae

Liang et al. (2000)

1.1

1.2

0.1
0.2-2.6

33
24
122-213

Nitzschia frustrula
Nitzschia incerta

0.9

Liang et al. (2000), Reitan et al. (1994),

13-28

11

110

Phaeodactylum

Patil et al. (2007)
Reitan et al. (1994)

tricomutum
Cheatoceros sp.

10-15
9.8

2.7-2.9

10 10 116-209

100

Renaud et al. (1994)

0.5

278

Nitzschia closterium

Chlorophyceae

Reitan et al. (1994), Patil et al. (2007)

Reitan et al. (1994)

4.6-4.8
3.2-9.0

0-0.2

0-0.2

14 93-111
82-146

13

115
95

Tetraselmis suecica

Nannochloris atomus

Prymnesiophyceae

Patil et al. (2007), Reitan et al. (1994)
Patil et al. 2007, Reitan et al. (1994)

12 10 220-224 16-18 0.3-0.8
211-286 13-17

18

115
144

Isochrysis galbana

Pavlova sp.

18-26

Present study

0.5-1.6

39-88 0.8-1.8 64-89 1.0-4.0

62-99

Faeces
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