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ABSTRACT: Fluxes of nitrogen in a trout cage farm in open coastal water of the Gullmar Fjord, west-
ern Sweden, were measured to examine and describe the fate and major pathways of nitrogen supplied
to the farm. The flux measurements included sedimentation from the cages, and sediment-water solute
exchange measured with flux chambers operated by divers in situ. Benthic flux chambers were also
utilized to measure denitrification rates in the sediment using the acetylene inhibition technique in situ.
The nitrogen input to the farm with fish food and juveniles, and the removal through harvest and fish
loss (death and escape) were also quantified. Two approaches were used to construct nitrogen mass
balances for the farm. One (the flux method) was based on the measured fluxes and constructed for
each of 2 consecutive cultivation seasons. The other (the accumulation method) was based on the total
nitrogen input with food and juveniles to the farm since it was started, the removal of nitrogen with har-
vested fish and fish loss, and the recovery of nitrogen in the farm-derived sediment after 7 cultivation
seasons. Of total nitrogen input to the farm, 27 to 28 % was recovered in harvest, fish loss constituted 2
to 5 %, and 67 to 71 % (or 95 to 102 kg N per tonne produced fish) was lost to the aquatic environment.
Of the nitrogen input to the farm and on a seasonal basis, solute release from the cages (presumably
mostly excreted urea and ammonia) removed 48 %, particle sedimentation (excess feed and faeces)
constituted 23 %, benthic nitrogen net flux [dissolved organic nitrogen (DON), ammonium, nitrate,
urea and denitrification products] transferred 1 to 3 % back to the water column, and 20 % was accu-
mulated in the sediment. On a longer time-scale (7 seasons), sediment nitrogen accumulation
amounted to 12 % of the nitrogen input to the farm. A net fraction of 11 % of the nitrogen input to the
farm sediment was released back in dissolved form to the overlying water on a seasonal basis. DON
dominated the seasonal benthic flux. Denitrification constituted a very minor pathway for the transfer
of nitrogen from the farm sediment to the water column (and ultimately to the atmosphere). The
benthic flux removed seasonally 1.2 to 3.8 % of the nitrogen present in the farm-derived sediment. Loss
to the environment of dissolved nitrogen (the sum of benthic flux and solute release from the cages)
amounted to 51 % of the nitrogen input to the farm (or 72 % of the total environmental loss) on a
seasonal basis, and 58 % (or 83 % of the total environmental loss) on a long-term basis. In this last paper
in the series on the fish farm, the input and fate of carbon, phosphorus and silicon are compared with
those of nitrogen.
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INTRODUCTION

Cage fish farming is expanding in many parts of the
world. Threats to the development of this industry
include the occurence of toxic algal blooms, transmis-
sion of diseases, and possible impact on the environ-
ment caused by the farming activity such as dispersion
of organic matter and nutrients to surrounding waters.
How much of the nutrients, added to the farm with fish
food, is lost to the environment? How much of the
environmental loss is in particulate and in dissolved
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forms? Are particles sinking from the fish cages to the
bottom permanently buried in the sediment, or are
they degraded and released back in dissolved form to
the water column? These questions have to be ad-
dressed before decisions on the density of fish farming
in open waters can be made.

It appears from recent overviews on the environ-
mental impact of fish cage farming (Ackefors 1986,
Gowen & Bradbury 1987, Persson 1987, Hdkanson et
al. 1988, Rosenthal et al. 1988, Folke & Kautsky 1989,
Ackefors & Enell 1990) that there is a great need for
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direct measurements of material fluxes in cage farms
including sedimentary processes.

Carbon, phosphorus and silicon fluxes have been
measured and mass balances constructed for a marine
trout cage farm in the Gullmar Fjord, western Sweden
(Hall et al. 1990, Holby & Hall 1991, unpubl.). The aim
of this paper is to present nitrogen fluxes and mass bal-
ances for the farm, and to describe the fate and major
pathways of nitrogen supplied to the farm. We show
how much of the nitrogen, put in with fish food and
juveniles, is recovered in harvested fish, how much is
lost to the environment, how much of the environmen-
tal loss appears in particulate and in dissolved form,
how much is returned in dissolved form from the sedi-
ment to the overlying water, and how much is accumu-
lated in the sediment.

MATERIALS AND METHODS

Farm site. The fish cage farm is situated in coastal
marine water of the Gullmar Fjord, western Sweden.
The farm was established in 1980. Rainbow trout
Oncorhynchus mykiss is the cultivated species. At
most 15 net cages have been used in the farm, but the
number of cages utilized has varied annually. During
1985 there were 5 cages in use from the start of the
growing season (beginning of May) until mid-July,
when the growing fish were redistributed into 8 cages.
This number of cages was used until the end of season
(end of January). The corresponding number of cages
during the 1986 season was 4 (beginning of May to
mid-June) and 7 (until mid-January).

The water at the farm site is stratified with a surface
water salinity of typically 20 to 25 PSU and a bottom
water salinity of 30 to 35 PSU. The bottom depth at the
site is 18 to 21 m. Water circulation in the farm area is
sufficient to keep the bottom water well-oxygenated
throughout the year.

The top layer of sediment below the cages is strongly
influenced by the farm. This layer is extremely or-
ganic-rich, very reducing and highly sulfidic. It is com-
pletely black, has a very high water content and during
part of the year is covered by a white bacterial mat.
Underlying the top sediment layer is a light brown,
more compacted sediment. Gas ebullition takes place
in the sediment during late summer and fall.

Nitrogen in {ish and fish food. The nitrogen content
of whole rainbow trout as a function of fresh weight
was calculated according to Persson (1986), who gave
the following relation

% N =0.096 X 17.4 x W0099

where W is the fresh weighting

Each of the various foods used in the farm was
homogenized into fine particles and the water content
determined from the weight loss at 105 °C after drying
for at least 24 h. The dried food samples were analyzed
for nitrogen on a Carlo Erba CHN elemental analyzer
model 1106.

Sedimentation fluxes. Cylindrical sediment traps
with a diameter of 8 cm and an aspect ratio of 6.2 were
used to collect sinking particles from the cages. Traps
were positioned ca 10 m below the bottom of the cages
(i.e. 6 m above the bottom). Sedimentation rates were
also on 1 occasion measured at a site 200 m outside
the farm. Three traps were used on each occasion.
Sampling times were 24 to 48 h. After collection, the
particles in each trap were immediately suspended in
2 1 of bottom water from the site. Three aliquots from
each of the homogenized suspensions were filtered
through precombusted Whatman GF/F glass micro-
fibre filters. The filters were analyzed for particulate
nitrogen on a Carlo Erba CHN elemental analyzer
model 1106 using blank filters as a control.

Benthic in situ fluxes. Sediment-water exchange of
nitrate, DON, ammonium and urea was measured in
situ below the cages with benthic flux chambers. The
chambers (ca 118 | of water over 0.20 m? of sediment
surface area) were made of 70 cm long X 50 cm diam-
eter Plexiglas tube. They were carefully placed by
Scuba divers at least 10 cm into the sediment. The
exact height of water column in the individual cham-
bers was measured during each experiment, and the
corresponding chamber volume used when calculating
the benthic fluxes. Chambers were equipped with a
7.5 cm long, 0.8 cm diameter, Teflon-coated magnetic
stirring bar revolving at 75 rpm, Teflon valves for sam-
pling, and a flexible membrane consisting of several
layers of polyethylene bag that served to compensate
the volume removed during sampling. Some of the
chambers in each experiment (‘regulated chambers’)
were also equipped with a coil of Teflon tubing
through which oxygen gas, supplied under pressure
from the surface, could diffuse into the chambers. In
these chambers dissolved oxygen was kept close to the
original value throughout the experiments by adjust-
ing the pressure in the oxygen supply tubing. The 'un-
regulated chambers’, which were not supplied with
oxygen, were allowed to run anoxic as a result of ben-
thic oxygen consumption processes. Benthic chambers
may interfere with the natural circumstances at the
sediment-water interface, e.g. by eliminating the sup-
ply of organic matter to the sediment and by disturbing
the flow regime. When constant fluxes are measured
(i.e. there is no lack of reactive organic matter and no
interference from the increase in concentration of the
released substance) in regulated chambers, the main
task when measurements are conducted in the coastal
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environment is to adjust stirring rates to actual in situ
hydrodynamic conditions (Hall 1984). This task is not
trivial and is seldom completely fulfilled. However,
benthic chambers are the best technique available for
the study of several exchange processes (Santschi et al.
1990).

Chamber experiments were carried out for 16 to 24 d
in December 1984, May 1985, September 1985 and
July 1986. Bottom water temperatures during the
experiments ranged from 4 to 16 °C. Two to five cham-
bers were used during each experiment.

Samples from the chambers were normally taken
once per day by divers with polypropylene syringes.
All samples were stored filtered (0.45 um Millipore}
and frozen in plastic bottles until analysis at the end of
each experiment. Nitrate and nitrite were determined
according to Anderson (1979), total dissolved nitrogen
(TDN) using the persulfate oxidation method of
Valderrama (1981), ammonium following a modified
Solorzano (1969) method, and urea according to
Newell et al. (1967). DON was calculated as the differ-
ence between TDN and the sum of nitrate, nitrite and
ammonium (i.e. all DON values reported here include
urea).

Denitrification. The acetylene inhibition technique
(Serensen 1978a) was utilized in situ to measure de-
nitrification rates in the sediment using smaller
versions of regulated flux chambers (containing 10 1
of water over 0.033 m? of sediment surface area).
Nitrate and ammonium fluxes were also measured
in these chambers, which were run in parallel with
the large chambers. Acetylene saturated seawater,
having the same density as the water of the denitrifi-
cation chambers, was injected into each chamber so
that the initial acetylene concentration in them was
5 % of saturation. A saturation of 0.7 % has been
shown to inhibit nitrous oxide reduction (Serensen
1978b). Injections took place daily during the Sep-
tember 1985 and July 1986 experiments, and twice
(on Days 8 and 14) during the May 1985 experiment.
The actual concentration of acetylene in the cham-
bers was determined throughout the former experi-
ments, but not during May 1985.

Samples from the chambers for nitrous oxide were
collected in glass syringes and transferred to glass
bottles of known volume. Saturated HgCl, solution
(0.8 ml) was added to 100 ml of sample to prevent
further biological activity. The glass bottles were
sealed with rubber stoppers and stored at 4 °C until
analysis. Dissolved nitrous oxide was determined
according to Ronner (1983) and Samuelsson (1986) on
a Packard 487 gas chromatograph furnished with an
electron capture detector (320°C, 10 mV) using a
head-space technique. The column (oven tempera-
ture 50°C) was packed with Porapak Q (100/80

mesh), and the carrnier was a mixture of 90 % Ar and
10 % CH,.

Sediment and pore water. Sediment cores were
taken below the cages, as well as at a distance of 20 m
outside the farm (where no farm-derived sediment was
observed), by divers in September 1984. Cores were
also collected below the cages in May 1985 and July
1986. The cores were extruded under nitrogen in a
glove box. Pore water samples were obtained by cen-
trifugation and filtration, and analyzed for ammonium
by the analytical procedure above after hydrogen sul-
fide had been removed by acidification and nitrogen
bubbling. Concentrations of nitrogen in dried sedi-
ment samples were measured on a Carlo Erba CHN
elemental analyzer model 1106.

Estimation of the volume of farm-derived sediment.
The mass balance constructed according to the accu-
mulation method (see below) was based on (among
other parameters) the recovery of nitrogen in the sedi-
ment after 7 growing seasons. To calculate this recov-
ery, the volume of sediment originating from the farm
had to be estimated. The procedures for this estimation
have been presented elsewhere (Hall et al. 1990,
Holby & Hall 1991). Briefly, the areal distribution of
farm sediment was estimated by divers using the black
and loose appearence as indicators of this sediment;
the vertical sedimentary phosphorus distribution was
used as indicator of the thickness of the sediment layer
derived from the farm.

Assumptions for constructing mass balances. The
assumptions made to calculate the total seasonal sedi-
mentation and the total seasonal benthic flux in the
farm have been given in Holby & Hall (1991). The sed-
imentation rate of nitrogen mesured in November 1985
was assumed to be constant until the end of that sea-
son. Benthic fluxes in December 1985 were assumed to
be equal to the fluxes measured in December 1984 and
to be valid until the end of the 1985 season. Benthic
DON fluxes were not measured in December 1984 or
in September 1985, but were assumed during these
periods to be equal to the mean of all available DON
fluxes. The mean of all measured denitrification rates
was used for December 1984, when no denitrification
measurements were carried out. Benthic nitrogen
fluxes during the 1986 season were measured in July
and estimated for the other months assuming that the
annual variation of each flux observed during 1985
was valid also during 1986.

RESULTS

The nitrogen concentration of the various fish foods
(which were of the dry food type; Table 1) was within
the range 6.6 to 9.4 % (dry w/w), and the water content
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Table 1. Input data, measured nitrogen concentrations and water contents of the various fish foods used in the farm during 1985,
1986 and 1980 to 1986

Brand name Input (kg wet wt)®

¢ Data given by fish farmer
¢ This value appears low

other 6 food batches analyzed was used

1985 1986 1980-86 % (dry w/w) Y (wet w/w)
EWOS T51 34000 8900 178200 6.68-7.01° 6.7-7.9°
EWOS ET92 - 5700 5700 6.64 3.2¢
EWOS T45 - - 4200 7.579 7.44
Danish Orred (Ecolife 16) - 3750 3750 7.69 8.4
Aller Molle AT67 - - 500 9.42 8.2
Aller Mglle 46/19 - - 7000 7.99 10.0
Total input 34 000 18350 199350 - -

b Samples from 2 batches analyzed. One batch was analyzed from each of the other foods

9 Samples of this food were not available. The mean of the nitrogen concentrations and water contents, respectively, of the

Nitrogen concentration Water content

6.7 to 10.0 % (wet w/w). The input of nitrogen with fish
food to the farm was calculated from food input data
(Table 1) and the nitrogen content of food.

The nitrogen supply to the farm with addition of
juveniles and the removal through harvest and fish loss
(death and escape of fish) were calculated from fish
data given by the fish farmer and the calculated nitro-
gen concentrations of whole rainbow trout (Table 2).

The measured nitrogen sedimentation rates, and ben-
thic fluxes of nitrate, DON, ammonium, urea and nitrous
oxide (used as a measure of denitrification in acetylene
inhibited chambers) are presented in Table 3. No ben-

Table 2. Oncorhynchus mykiss. Juvenile input, harvest, fish
loss {death and escape) and nitrogen concentrations of rain-
bow trout in the farm during 1985, 1986 and 1980 to 1986

b

Year Weight Size Nitrogen conc.
(kg fresh wt)¢ (g fresh wt} % (fresh w/w)

Juveniles

1985 3700 160-380° 2.76-3.01

1986 3200 160-450° 2.76-3.06

1980-86 26340 100-1000% 2.64-3.31
Harvest

1985 18300 1160° 3.36

1986 10500 1290¢ 3.40

1980--86 109 140 1320°¢ 3.40
Fish loss

1985 1230 7009 3.20

1986 1880 8204 3.25

1980-86 10900 860¢ 3.26

¢ Data given by fish farmer

® Calculated for whole rainbow trout according to Persson
(1986)

¢ Average size calculated from the weight of harvest, and
the no. of fish remaining in the farm at the end of season
after any fish loss

4 Estimated as half of the average size of produced fish

thic nitrite fluxes (neither uptake nor release) were ob-
served. The presented benthic fluxes are initial fluxes
or, for N;O, those measured after acetylene injection.
Examples of the evolution of nitrogen compounds in
regulated and unregulated chambers are shown in
Figs. 1to4. Oxygen was consumed within 1 to 2d in the
unregulated chambers during all experiments. Nitrate
fluxes were always directed from the overlying water
into the sediment. In the unregulated chambers, how-
ever, we were not able to measure any nitrate fluxes,
because nitrate was detected only on first day of incu-
bation or not at all (Table 3). No systematic difference
between DON and urea fluxes was measured in the reg-
ulated and unregulated chambers. Ammonium fluxes
were always considerably higher in anoxic chambers
than in oxygenated ones. Fluxes of nitrous oxide were
only measured in regulated chambers. During the Sep-
tember 1985 and July 1986 experiments, the acetylene
concentration in the denitrification chambers was
almost constant at a level of 5 to 7 % of saturation
throughout the experiments. During these experiments
the concentration of nitrous oxide increased throughout
the whole chamber incubation. During May 1985, when
acetylene was notinjected on a daily basis, there was an
initial increase in the nitrous oxide flux after acetylene
injection, followed by a consumption of nitrous oxide
(Fig. 4). Fluxes of N,O were very minor compared to
most other nitrogen fluxes. Gas bubbles, that were
released from the sediment during late summer and fall,
were collected and analyzed for N,O, but no trace of this
substance could be detected. The gas bubbles consisted
almost entirely of methane (Hall et al. 1990).

The sediment below the cages was very rich in nitro-
gen. Examples of the sedimentary nitrogen distribu-
tion are shown in Fig. 5. The nitrogen concentration
was 1.9t0 2.1 % (dry wt) in the uppermost 2 cm of farm
sediment.
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Table 3. Measured sedimentation rates and benthic fluxes of nitrogen (mmoel N m~2 d~!) under the farm during 1984, 1985 and
1986. reg.: Oxygen conc. maintained close to original value; unreg.: chamber allowed to run anoxic due to benthic oxygen con-
sumption. Negative values denote benthic fluxes into the sediment

Period Sedimentation

Dec 1984 -
Chamber A (unreg) - -
Chamber B (reg.) - -

May 1985
Chamber A (unreg.) -
Chamber 1 (unregq.) - 24.60
Chamber B (reg.) - 25.86
Chamber 2 (reg.) - -
Chamber 3 (reg.) - -

Jun 1985

Sep 1985
Chamber 1 (unreg.)
Chamber 2 ('reg.’) - -
Chamber B (reg.) - -
Chamber 3 (reg.) - -

Oct 1985

Nov 1985

Jul 1986 -

Chamber A (unreg.) - 5.397
Chamber 2 (reg.) - 3.912
Chamber C (reg.) - -

Y Value estimated for this period (see text)
¢ Flux represents initial oxic phase of incubation
4 Flux not measurable

"Chamber turned anoxic after 4 d; anoxic flux given

* Measured as the flux of N,O in acetylene-inhibited benthic chambers

¢ Value represents the mean of 9 subsamples (3 aliquots from each of 3 sediment traps)

Benthic fluxes

NH, NO; Urea Denitrification*
9.85 x 102"

0.202¢ d 0 _

0.336 d 0 -

1.969 d -0.834 -

2.303 d -0.388 -

0 -0.765 -0.195 -

0 -0.393 -0.055 -

0 -0.552 - 2.70 X 1073
28.66 d 1.860 -
26.29" d.f - -

1.202 -0.334 0.226 -
1.117 -0.226 - 26.3 x 1073
6.879 d 0.473 -
3.061 -0.381 0 -

- - - 0.55 % 1073

The thickness of the sediment layer derived from the
farm was 18 cm immediately below the cages and
became thinner with distance from the farm edge.
Farm-derived sediment was observed over an area of
3800 m? around and below the farm. This gave a total
volume of wet farm sediment of 459 m®. The average
density and water content of wet farm sediment was
1.078 g cm™® and 82.7 %, respectively (Hall et al. 1990).
Using these values and an average dry-weight-based
nitrogen concentration in the sediment layer originat-
ing from the farm of 1.87 %, we obtained a net nitro-
gen accumulation in the farm-derived sediment of
1600 kg N.

DISCUSSION
Mass balances

Mass balances need to be constructed in order to
enable estimation of total and dissolved environmen-

tal losses from fish farms, as well as sedimentary
accumulation rates. We used 2 approaches when con-
structing nitrogen mass balances for the cage farm.
The 'flux method’ was based on calculations of the
seasonal nitrogen fluxes carried by fish food, juve-
niles, harvest and fish loss, and on measurements of
sedimentation and benthic fluxes of nitrogen. The
‘accumulation method' was based on determinations
of the total nitrogen input to the farm (since it was
started) with fish food and juveniles, the removal with
harvest and fish loss, and the net accumulation of
nitrogen in the sediment. Mass balances according to
the flux method were constructed for the growing
seasons of 1985 and 1986. A long-term (7 yr) nitrogen
balance was calculated according to the accumulation
method for the consecutive growing seasons of 1980
through 1986. The mass balances were constructed
for oxygenated benthic boundary conditions (which is
the normal situation below the farm), i.e. only oxic
benthic fluxes were used. The mass balances are pre-
sented in Fig. 6 and Table 4. Descriptions of how com-
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Fig. 1 Evolution of nitrate in regulated chambers during the
(A) May 1985 and (B) July 1986 flux chamber experiments.
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ponents of the mass balances were calculated have
been given previously (Hall et al. 1990, Holby & Hall
1991).

Comparison of the mass balances

The recovery in harvest of the total nitrogen input to
the farm (Fig. 6A) agreed excellently in all 3 mass bal-
ances, being 27, 28 and 27 % during the 1985, 1986
and 1980 to 1986 seasons, respectively. The contribu-
tion of fish loss (death and escape) to the overall nitro-
gen cycling in the farm was relatively small during all
seasons (2 to 5 %). Most of the nitrogen supplied to the
farm was lost to the environment. The total environ-
mental loss amounted to 102, 95 and 102 kg N per
tonne (t) of fish produced (numbers obtained when fish
loss is considered part of the fish production} during
the 1985, 1986 and 1980 to 1986 growing seasons,
respectively. This corresponded to 71, 67 and 70 % of
the total nitrogen input to the farm during these 3 time
periods. The 3 mass balances agreed well with regard
to the contribution of food (93 to 95 %}, juveniles (5 to
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Fig. 2. Evolution of DON in regulated chambers during the
(A) May 1985 and (B) July 1986 flux chamber experiments.
Note difference in scales

7 %) and harvest to the turnover of nitrogen within the
cages, as well as the fractions of the nitrogen input to
the farm that was recycled in the sediment (benthic
flux; 1 to 3 %) and that was lost to the environment (see
Fig. 6 and Table 4). The agreement between the mass
balances for 1985 and 1980 to 1986 with regard to sed-
iment accumulation (20 to 12 %) and dissolved envi-
ronmental loss (51 to 58 %) was fair. However, the
lower sediment accumulation and larger dissolved en-
vironmental loss during 1980 to 1986 compared to 1985
can be explained as a result of resuspension. In the
long-term mass balance, the environmental loss that is
not recovered in the sediment is defined as dissolved
environmental loss. If resuspension on a longer time-
scale removed some particulate nitrogen from the farm
sediment, that would result in the dissolved loss being
larger in the long-term budget than in the seasonal
one. We believe this is the reason for the discrepancies
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in sediment accumulation and dissolved environmen-
tal loss between these periods.

Comparison with previous studies

Persson (1986} studied trout cage farms in brackish
water of the Baltic Sea, and found that 72 % of the
nitrogen supplied with food to the farms was lost to the
environment. On average 80 % of the environmental
loss was in dissolved and 20 % in particulate form.
Enell (1987) investigated fresh water cage farms and
found that 74 % of the nitrogen input with food consti-
tuted the environmental loss. This corresponded to
86 kg N t~! of fish produced. Of the environmental loss,
78 % was in dissolved form. For trout cage farming in a
freshwater loch, Phillips et al. (1985) reported an envi-

204

15

nM N,O

Days

Fig. 4. Evolution of nitrous oxide in the smaller version of

regulated chamber during the May 1985 flux chamber exper-

iment. Arrows indicate injection of acetylene-saturated sea-
water into the chamber

ronmental nitrogen loss of 79 % (or 104 kg N t~! of fish
production) of the nitrogen supplied with feed. Also
here, most of the waste was in soluble form. Gowen et
al. (1985), based on theoretical calculations, estimated
the environmental nitrogen load to be 80 % of the
nitrogen input with food. However, they assumed that
20 % of the food input was wasted. An environmental
loss of 100 kg N per tonne of fish produced was
reported for a lake water cage farm by Penczak et al.
(1982). The data above (environmental losses of 72 to
80 % of nitrogen input, or 86 to 104 kg N t~! produced
fish) are in good general agreement with our results
(67 to 71 %, or 95 to 102 kg N t~1). However, we also
considered juvenile input and fish loss removal when
calculating the environmental losses. There seems to
be a good agreement between studies with regard to
the composition of this loss. We, like many other stud-
les, found the soluble fraction to dominate.

According to Molvecer & Stigebrandt (1989), 40 kg N
t=! of fish production is excreted in dissolved form
directly from the fish to the water. The solute release
from the cages in this study, which was obtained from
sedimentation measurements and mass balance cal-
culations (Table 4), was 69 kg N t-! fish produced
during 1985 (fish production = 15.8 t including fish
loss; Table 2).

The benthic flux removed seasonally 1.2 to 3.8 % of
the nitrogen present in the farm-derived sediment. If
this is used as a measure of the annual degradation
rate of farm sediment (keeping in mind that the de-
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nitrification rates were very low), then this
sediment degrades slowly with regard to
nitrogen compared to other farm sediments
where a degradation of 10 % of the organic
matter 1in a sediment layer has been esti-
mated per year (Aure & Stigebrandt 1990).
We obtained a corresponding degradation
rate for carbon in the farm sediment of 1.2
to 5.2 % (Hall et al. 1990). However, 11 % of
the nitrogen input to the farm sediment was
released back in dissolved form to the over-
lying water on a seasonal basis (Fig. 6B).
The corresponding number for carbon was
20 %, for phosphorus on average 6 %
(Holby & Hall 1991) and for silicon 4 %
(Holby & Hall unpubl.). Comparisons of sed-
imentation fluxes and benthic fluxes on a

Fig. 6. Nitrogen mass balances in the
cage farm constructed according to
the flux and the accumulation
methods. Fish loss is death and
escape of fish. Unquantified arrows
represent processes that constitute
possible sources of error in the mass
balances. Actual numbers for each
mass balance are given in Table 4.
{A) Percentages refer to “u of total
nitrogen input to farm (the sum of
fish food and juveniles). Ranges of

values given represent interseasonal

Resuspension R Epibenthic grazing
SEDIMENT | R
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89 %:

variability (1985, 1986 and 1980 to

1986). (B) Percentages refer to 7 of

total nitrogen input to sediment for
the growing season of 1985
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Table 4. Summary of the nitrogen mass balances for 1985, 1986 and 1980 to 1986. Percentages refer to % of total N input to farm

Components of the mass balances 1985
kg N (%)
Fish food 2160 (95)
Juveniles 110 (9)
Harvest 610 (27)
Fish loss 40 (2)
Solute release 1100 (48)
Sedimentation 520 (23)
Benthic net flux 60 (3}
DON?® 56.8 (10.9)
Ammonium?® 1.9 (0.4)
Nitrate® 0.8 (0.2)
Urea® 0.2 (0.04)
Denitrification® 5x 102 (0.01)
Sediment accumulation 460 (20)
Total environmental loss 1620 (71)
Dissolved environmental loss 1160 (51)

the sediment; all the others were released from the sediment

9 Nitrogen sedimentation data, and as a consequence the parameters calculated from these data, are not available for 1986
© Percentages for benthic fluxes of the specific N-compounds refer to % of total N input to sediment. Nitrate was taken up by

1986 1980-1986
kg N (%) kg N (%)
1200 (93) 12780 (94)
90 (7) 800 (6)
360 (28) 3710 (27)
60 (5) 350 (3)
20 (1)
9.2 a.b
88 a, b
0.6 a.b
0
2x 1073 ab
a 1600 (12)
870 (67) 9520 (70}
a 7920 (58)

seasonal basis constitute an alternative approach to
estimating degradation rates, and how fast different
elements degrade in relation to each other, in farm-
derived sediments.

DON fluxes, followed by ammonium fluxes, made
the largest contribution to the seasonal benthic flux
during both 1985 and 1986 (Fig. 6B, Table 4). Nitrate
was always taken up by the sediment. Very few previ-
ous measurements of benthic nitrogen fluxes in fish
cage farms have been reported. Knowledge of the
composition and direction of nitrogen fluxes into or out
of farm sediments is needed for development of models
on eutrophication effects (Aure & Stigebrandt 1990,
Wallin & Hakanson 1990). Denitrification, the rate of
which was much lower than the nitrate flux into the
sediment, made a very minor contribution to the trans-
fer of nitrogen from the farm sediment to the water col-
umn. Most of the nitrate taken up by the sediment
must have been reduced dissimilatorily to ammonium,
or reduced by sulfide. Low denitrification rates have
also been measured in other cage farm sediments
(Kaspar et al. 1988) and in sediments of fish ponds
(Blackburn et al. 1988).

Possible sources of error in the mass balances

Processes other than those taken into account in the
mass balances may possibly add or remove nitrogen
from the farm or the underlying sediment (examples
shown in Fig. 6A). Such processes were discussed in

Hall et al. {1990) and Holby & Hall (1991). Of those, the
most serious one probably is resuspension. However,
the order of magnitude of error caused by resuspen-
sion may be estimated from comparisons of the mass
balances (see above).

A high-temperature catalytic oxidation (HTCO)
method for determining total dissolved nitrogen and
DON in seawater has been reported to give consider-
ably higher values than traditional wet oxidation
methods (Suzuki et al. 1985), one of which was
utilized in this study. If the discrepancy between
methods is also applicable to our samples, and if the
higher values obtained with the HTCO-method are
not to a large extent a result of uncorrected high
blanks [which has been suggested to be a major
reason for high HTCO-values for dissolved organic
carbon (Williams 1991)], then the DON-fluxes re-
ported here may be underestimated.

It has been reported that hydrogen sulfide can
interfere with the acetylene inhibition technique to
measure denitrification (Serensen et al. 1980j. If this
was the case in the farm sediment, our denitrification
measurements are underestimates. However, we be-
lieve that the very low denitrification rates measured
here are low neither as a result of sulfide interference
on the acetylene inhibition method, nor because
acetylene may have inhibited nitrification forming
nitrate for denitrification (Walter et al. 1979), but be-
cause of the very organic-rich and reduced conditions
(Tiedje et al. 1982) and the low availability of nitrate
for denitrification.
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Environmental implications

This study has quantified the nitrogen load to the
environment and the composition of this load, and
contributes an assessment of the environmental impact
with regard to eutrophication caused by a marine fish
cage farm. Most of the nitrogen lost to the environment
(72 to 83 %, including the contribution from the sedi-
ment} was in dissolved form, possibly having a direct
stimulatory effect on primary production, especially in
coastal areas that are often nitrogen limited. However,
the exact eutrophication effects cannot be clarified
from the present study, but have to be investigated
separately, e.g. by studying algal growth on glass sur-
faces placed in the water at different distances from
the farm (Persson 1986).

The nitrogen sedimentation rate 200 m outside the
farm was 10 times lower than the mean annual sedi-
mentation rate of nitrogen below the cages. The sur-
face sediment below the cages was 10 to 15 times en-
riched with nitrogen compared to the sediment 20 m
outside the farm. Also the pore water ammonium level
was drastically enhanced below the cages compared to
the pore water of the sediment 20 m outside the farm.
These observations indicate that the influence of the
farm on the environment with regard to particle dis-
persion is rather limited in space, but that the bottom
below the farm is heavily influenced by particle depo-
sition from the cages.

The ammonium fluxes from the farm sediment were
significantly higher during anoxic conditions than
when the overlying water was oxygenated. This shows
the importance of selecting well-flushed farm sites, so
that a good oxygen status of the bottom water is main-
tained and possible enhanced eutrophication pre-
vented.

Interelemental relationships in the farm: the fate of
C,P, Siand N

The fate and removal pathways of carbon, phospho-
rus and silicon supplied to the farm were described in
other papers in this series (Hall et al. 1990, Holby &
Hall 1991, unpubl.). Below, a comparison of these ele-
ments and nitrogen in the farm is made.

Almost all of the carbon (94 to 96 %), phosphorus (94
to 97 %) and nitrogen (93 to 95 %) input to the farm
was supplied with fish food. The rest was supplied with
juvenile fish. Harvest removed 21 to 22 % of the C, 17
to 19 % of the P, and 27 to 28 % of the N input to the
farm. The harvest results, as well as the losses to the
environment found (see below), suggest that the fish
more efficiently took up the N than the C and P sup-
plied with food. Fish loss (death and escape) removed

a small fraction of the C (1 to 3 %), P (1to 4 %) and N
(2to 5 %) input to the farm. Most of the C (75 to 78 %),
P (7?8to0 82 "w}and N (67 to 71 ") supplied to the cages
was lost to the environment. The environmental loss
amounted to 878 to 952 kg C t™}, 20to 22 kg Pt !, and
95 to 102 kg N t™! of fish produced. There was a dis-
crepancy between elements with regard to the compo-
sition of this loss. The dissolved fraction dominated for
both C and N constituting 71 to 76 % and 72 to 83 % of
the total loss, respectively. For P the particulate frac-
tion dominated and constituted 59 to 66 % of the total
loss. Release of solutes directly from the fish (e.g. car-
bon dioxide, urea, ammonia) contributed much more to
the dissolved environmental loss for all 3 elements
than did solute fluxes from the sediment below the
farm. Dissolved inorganic carbon (total carbon diox-
ide), phosphate and DON were the quantitatively most
important C-, P- and N-solutes released from the farm
sediment on a seasonal basis. Annually benthic solute
[luxes removed 1 to 5 % of the C, a little less than 1 %
of the P, and 1 to 4 % of the N content of the farm-
derived sediment, which suggest that C and N were
degraded faster than P in the farm sediment.

Sources and sinks for silicon in the farm were signif-
icantly different than for the other 3 elements. Almost
all (about 99.7 %) of the Si supplied to the farm with
fish food was lost to the environment, and hence a very
small fraction was taken up by the fish. The environ-
mental loss amounted to 2.4 to 2.5 kg Si t~! of fish pro-
duced. The dominating part of the particulate Si
caught in sediment traps below the cages did not orig-
inate from fish food, but must have come externally to
the farm. The net Jong-term accumulation of Si in the
farm sediment could also only to a small extent
(ca 20 %) be explained by the transfer of fish food Si to
sediment. Most of the Si in the sediment is suggested
to have been brought there by the farm creating,
through the release of nitrogen and phosphorus to the
water, a favourable niche for diatoms and other silicon
utilizing organisms, and thereby increasing the flux of
biogenic silica to sediment. This is the rationale for the
so called ‘external input’ of Sito the farm. Annually the
benthic dissolved silicate flux transfered 0.3 % of the
biogenic silica present in the farm sediment to the
overlying water
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