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Integrated Multi-Trophic Aquaculture (IMTA) systems are designed to mitigate the environmental problems
caused by several forms of fed aquaculture. Gracilaria chilensis is commercially cultivated in Chile and
experimental studies recommend it as an efficient biofilter in IMTA systems. Traditional bottom culture
Gracilaria farms face production problems mainly related to the cultivation system and seasonal changes
in nitrogen availability and irradiance. IMTA may offer a solution to some of these problems. This study
intended to investigate the productivity of G. chilensis near salmon farms and assess its nitrogen removal and
photosynthetic performance. The most appropriate cultivation methodologies (i.e. floating long-lines vs.
bottom cultivation) for Gracilaria production were also evaluated. During austral summer and autumn, 3
long-line cultivation units were set at different distances from a salmon farm, one of them being away from
the influence of salmonid aquaculture. Additionally, a similar cultivation unit was installed as a traditional
bottom culture.
Gracilaria growth performance was always higher on the suspended cultures near the salmon cages. Summer
daily mean growth rates at those sites reached 4% (±0.29) with a mean biomass production of over 1600 gm−2

month−1(±290) which was double the unimpacted site. The productivity of bottom cultured Gracilaria was
highly reduced by biomass losses. N removal and photosynthetic performances provided possible explanations
for the differences found. The long-line cultivation unit proved to be the most efficient technology for nutrient
removal with monthly removal of up to 9.3 g (±1.6) N per meter of long-line. The proximity to the salmon farm
also mitigated the decrease in photosynthetic activity after the midday irradiance peak. G. chilensis at those sites
maintained daily average values of ΦPSII around 0.6 and rETR close to 40 µmol e− m−2 s−1. Fv/Fm values (0.6)
were similar at all cultivation areas. Our results clearly indicated the advantages of integrating G. chilensis
aquaculture with salmon farms. Within the IMTA system, the productivity and physiological performance of
G. chilensis were greatly improved and this seaweed's biofiltration efficacy was confirmed. We suggest that a
100 ha G. chilensis long-line systemwill effectively (ca. 100%) reduce the N inputs of a 1500 tonnes salmon farm.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

During the last 10 to 15 years, claims for the use of ecological
engineering tools towards the development of a more sustainable
aquaculture have increased (Chopin et al., 2008; Crab et al., 2007; Naylor
et al., 2000). Up to 60% of the nitrogen from salmonid fish feeds may
remain in the environment (McVey et al., 2002; Mente et al., 2006;
Sanderson et al., 2008). In this context, seaweed based Integrated Multi-
Trophic Aquaculture (IMTA) systems has been proposed (Buschmann
terdisciplinar de Investigação
Portugal. Tel.:+351223401835.
.

ll rights reserved.
et al., 2008a,c; Chopin et al., 2001, 2008; Neori et al., 2004, 2007; Troell
et al., 2003). In this farming approach, seaweeds and other extractive
organisms (e.g. filter-feeding invertebrates) convert dissolved inorganic
and suspended organic nutrients, produced by fed aquaculture (e.g.
finfish and shrimp), into additional crops. However, to encourage
stakeholder investment (finfish and seaweed farmers) itwill benecessary
to design profitable and environmentally sustainable systems which
couple nutrient removal efficiency with high productivity (Buschmann
et al., 2001a,b, 2008c; Tacon and Halwart, 2007; Troell et al., 2003). To
achieve these goals it will be important to recognize the primary
economic driver of the IMTA system (i.e. the fed component) and the
opportunities of using extractive components that are inherently valuable
commodities (e.g. Porphyra, Gracilaria, Kappaphycus, Macrocystis (Blouin
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et al., 2007; Buschmann et al., 2008c; Hayashi et al., 2008; Matos et al.,
2006; Pereira et al., 2006; Rodrigueza and Montaño, 2007; Troell et al.,
2006).

Gracilaria is one of the seaweed genera most exploited worldwide
(Yarish and Pereira, 2008). Cultivation of the agarophyte, Gracilaria
chilensisBird,McLachlan&Oliveira, has been a commercial activity since
mid 80s along the Chilean coast (Buschmann et al., 2001b). This species
is cultivated in shallow bays, estuaries as well as on intertidal mudflats
propagated by thalli fragmentation. Nonetheless, this traditional bottom
cultivation method carries inherent disadvantages, mainly related to
biomass losses and variability in seasonal production (Buschmann et al.,
1995, 2001b; Santelices and Ugarte, 1987). A limited number of
experimental studies have demonstrated the enhanced productivity of
G. chilensiswhen cultivated in long-linesnear salmon farms (Buschmann
et al., 2008c; Halling et al., 2005; Troell et al., 1997).

Photosynthesismaybeusedasanestimateof environmental effectson
seaweedsproductivity (Davison,1991;KraemerandYarish,1999;Kraemer
Fig. 1.Map showing the cultivation sites in southern Chile. A. Bottom cultivation unit set at M
7 km (L3) from Trusal's salmon farm at Calbuco.
et al., 2002). In addition to the effects of light and temperature, nitrogen
availability may impact photosynthesis (Cabello-Pasini and Figueroa,
2005; Henley et al., 1991; Huovinen et al., 2006; Longstaff et al., 2002;
Parkhill et al., 2001). Chlorophyll fluorescencemay then also be a valuable
monitoring tool to assess the physiological performance of seaweed in
aquaculture systems (Cabello-Pasini et al., 2000). The use of Pulse
Amplitude Modulated (PAM) fluorometry is now widely accepted for it
being an efficient and rapid assessment of in situ physiological
performance of macrophytes (Beer et al., 2000; Gómez et al., 2004;
Lamote et al., 2007). Episodic events that lead tonitrogen stress in outdoor
seaweed cultures have been monitored by looking at the maximum
efficiency of PSII (Fv/Fm) (Buschmann et al., 2008c; Figueroa et al., 2006;
Mata et al., 2006). However, to relate Fv/Fm to the seaweed growth rates
and nitrogen removal capacity in IMTA systems is still uncertain.

The objectives of this study were 1) to investigate the nitrogen
removal capacity and the photosynthetic performance of G. chilensis
in an IMTA system, 2) to establish the most effective form of Gracilaria
etri Bay (L4). B Cultivation units set on long-lines systems at 100m (L1), 800m (L2) and



Table 1
Environmental parameters measured at each cultivation site.

L1 L2 L3 L4
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cultivation in the vicinity of salmon farms. In addition, we intended to
collect data that could provide useful information for finfish and
seaweed farmers, together with environmental policy makers.
MRT (°C) 14.7–13.7 14.7–13.7 15–12.8 15.4–15.5
MSST (°C) 16.1–13.9
Incident irradiance
(µmol m−2 s−1)

1522.3–1231.33

NO3
− (µM) 1.80–23.87 2.18–20.79 1.85–23.85 1.071 (summer)

NH4
+ (µM)–summer 1.68 1.29 3.60 3.39

Mean values for summer–autumn. MRT — Mean registered temperature at each
sampling moment; MSST — Mean Sea Surface Temperature at Puerto Montt (41°29′
S72°57′W), data fromwww.shoa.cl (Servicio Hidrografico y Oceanografico de la Armada
de Chile).
2. Methodology

2.1. Localization and features of the experimental cultivation units

The experimental culture of G. chilensis was carried out during
2007, at Los Lagos region, in southern Chile (Fig. 1). Three long-line
cultivation units were set within different distances from a salmon
farm. At Calbuco (41° 48′ S; 73° 11′ W) the closest units (L1 — 100 m
and L2— 800m) were set in order to receive the main flow of nutrient
discharges from salmon cage systems during the flood tides (average
currents: 7.6 and 2.4 cm s−1, during the flood and ebb periods,
respectively). Next to Isla Tabón (41° 52′ S; 73° 09′ W), a non-
impacted salmon culture area traditionally used by Gracilaria farmers,
a third cultivation unit (L3) was placed 7 km away from the salmon
farm (Fig. 1A).

During the austral summer (January through March), a fourth long-
line (“seeded” rope) experimental cultivation unit (L4) was set in a
mud-flat atMetri (41° 36′ S 72° 42′W) (Fig. 1B). This was done in order
to compare the suspended culture of G. chilensis with the traditional
bottom culture (Buschmannet al.,1995; Sahoo andYarish, 2005). Due to
administrative regulations and logistics it was impossible to establish
replicate long-lines in all treatments; we tried to minimize this lack of
large scale replication by dividing the 100 m long-lines in independent
sections and haphazardly assign them 3 replicate rope sections.

The cultivation depth was about 1 m for the suspended culture
units (Fig. 2), as described by Buschmann et al. (2008c). The bottom
culture system was more exposed to the influence of tidal cycles.
2.2. Characterization of the cultivation sites

Environmental parameters were monitored at all cultivation sites
(see Table 1). Photosynthetic Active Radiation (PAR) levels were
monitored with a photometer Li-Cor 182 and water temperatures
were measured with a diving PAM (Diving-PAM, Walz-Germany).
Water samples were collected from 1 m depth at each cultivation site
and filtered at the lab prior to analysis. Ammonia analysis was
initiated at the day of collection by the phenol method (Solorzano,
1969). Samples were kept refrigerated until the next day and then
analysed for nitrate by the cadmium column method (Strickland and
Parsons, 1972).
Fig. 2. Scheme of the experimental suspended cultivation units and det
2.3. Growth assessment

In early January 2007 (austral summer), at each cultivation unit,
three rope sections (3 m long each) were haphazardly distributed and
seeded every 0.2 mwith 50 g Gracilaria bundles (n=45) (Fig. 2). The
stocking biomass was collected from the same natural population at
Metri Bay (Fig. 1). After 2 months of culture, as suggested by Halling
et al. (2005), all Gracilaria bundles remaining in the 3 m rope sections
were drained to remove the excess superficial water, weighted (±1 g)
and reduced to 100 g. The relative growth rate was determined by the
equation:

RGR kð Þ = ln FWð Þ− ln IWð Þ= T⁎100

where FW=Final fresh weight, IW=Initial fresh weight and T=Days
in culture. The productivity for each cultivation unit was determined
by the monthly increase in biomass (g) per each meter of rope. This
procedure was also repeated in the austral autumn (March–April).

2.4. Measurement of photosynthetic parameters

During summer (January–March), photosynthetic measurements
were taken at the field and laboratory, using underwater pulse
modulation fluorometry (Diving-PAM, Walz). After several trials made
during the experiment, one date and photon fluence level were selected
to do the comparative analysis between the cultivation sites.

The daily behaviour of the effective quantumyield of PSII (ΦPSII) and
of the relative electron transport rate (rETR) was assessed for 30
Gracilaria bundles haphazardly chosen from the 3 experimental
sections. Measurements of the maximal quantum yield of PSII (Fv/Fm),
were made before and after the daily irradiance peak, on dark adapted
(30 min) Gracilaria branches (n=30) grown at sites L1, L2 and L3.
ail of a Gracilaria chilensis bundle held within the cultivation rope.

http://www.shoa.cl
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Additionally, Gracilaria samples were collected (n=10), trans-
ported to the laboratory in a cooler box and kept in similar water
temperature (14 °C) and under dim light conditions. Less than 24 h
after collection, photosynthesis vs. light curves (P–I) were obtained
through Rapid Light Curves (RLC) generated with increasing light
intensities up to 430 µmol photons m−2 s−1. During this process, the
seaweed material was kept in a thermal bath around 14 °C. The
effective quantum yield of PSII (ΦPSII) was obtained for each given
light pulse and the electron transport rate (ETR) was calculated as:

ETR = ΦPSII⁎IPAR⁎A⁎0:5 (Genty et al., 1989)

where IPAR is the incident irradiance, A is the absorbance factor

measured for each replica and 0.5 is the assumed proportion of
photons absorbed by pigments associated with PSII.

The estimation of the photosynthetic parameters was attained by
fitting the data set to the non-linear functionmodified after Jassby and
Platt (1976):

ETR = ETRmax⁎ tanh α⁎IPAR = ETRmaxð Þ

where ETRmax is the maximal ETR, tanh is the hyperbolic tangent
function, α is the initial slope of the P–I curve which translates the
electron transport efficiency at low irradiances and IPAR the incident
irradiance. Ek, defining the saturation irradiance for electron transport
was calculated as the interception between α and ETRmax.

2.5. Nitrogen tissue analysis

G. chilensis tissue samples were collected for N analysis at the
beginning and end of each cultivation period. For preservation, they
Fig. 3. Summer and autumn growth patterns (mean±(SE), n=30) of Gracilaria chilens
L3=7000 m and L4=bottom culture). A. Relative Growth Rate (% day−1) and B. Productiv
these were significant at Pb0.01.
were lyophilized and kept in the cold. At the Seaweed Marine
Biotechnology Lab (UConn), the sampleswere kept in the oven (40 °C)
for 24 h to eliminate any residual moisture and analysed for total N
tissue content (% dryweight) using a CHNS/OAnalyser (Series II, 2400
Perkin-Elmer).

2.6. Statistical analysis

A two-way ANOVA was used to analyse the influence of the
cultivation site and time of measurement on the daily cycles of ΦPSII

and rETR. A posteriori differences were evaluated with the Unequal N
HSD test (Statistica 6.0, StatSoft). All other effects were analysed with
a one-way ANOVA. Data were tested for variance heterogeneity
(Cochran's Test) and, when the answer was significant, the data were
transformed (Log or ArcSin). When the transformation didn't normal-
ize the data, having a high number of replicates, we used a more
conservative level of significance Pb0.01 (Underwood, 1997). The
differences found were analysed a posterioriwith a Student–Newman
Keuls test.

3. Results

3.1. Growth and productivity

During the entire course of the experiment, the general growth
performance of G. chilensis cultivated on suspended long-lines, near
the salmon cages, was always better than at the control site Isla Tabón
(L3) and at the bottom culture site at Metri (L4) (Fig. 3). G. chilensis
presented higher growth rates during the summer, coincident with
higher water temperatures and photon fluence rates measured at that
is cultivated at different distances from the salmon cages (L1=100 m, L2=800 m,
ity (g m−1 month−1). Letters indicate the groups differentiated by posthoc tests, when



Fig. 4. Detail of Gracilaria chilensis plants after 2 months in culture at L2.

Fig. 5. A. Nitrogen tissue content (% dry weight) of Gracilaria chilensis. Mean±SE, n=30.
White bar stands for initial N content (n=6). Grey bars are after 2 months (summer) in
culture atdifferent distances from the salmoncages (L1=100m, L2=800m, L3=7000m
and L4=(bottom culture). B. Nitrogen removal potential (g/m/month) for each
cultivation site. Mean±SE, n=30. Letters indicate the groups differentiated by posthoc
tests, when these were significant at Pb0.05.
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time (Table 1). Both, in summer (F(3, 116)=5.62, Pb0.01) and autumn
(F(2, 87)=11.87, Pb0.01), G. chilensis plants cultivated close to the
salmon farm (L1 and L2) showed significantly the highest growth
rates with a daily weight increase above 4% (summer) and 2%
(autumn). The lowest RGR was always obtained at the cultivation unit
(L3) placed 7 km away from the salmon farm, while at the bottom
culture area (L4) the growth rates, although not being the lowest (ca.
3.5%), showed the highest variation (Fig. 3A).

G. chilensis productivity values were coincident with RGR results,
with summer monthly biomass production (fresh weight) reaching
values over 1680 g m−1, at sites near (L2) the salmon cages (Fig. 4).
These values were significantly (F(3,116)=32.47, Pb0.05) higher than
those obtained either at L3 or L4. The highest productivity at L2 was
always coupled with an almost complete absence of epiphytes. In
autumn and after the harvest, G. chilensis production dropped to 40%,
with the closest sites to the salmon farm (L2NL1) still maintaining the
highest productivity levels (F(2, 87)=6.59, Pb0.05; Fig. 3B).

3.2. Nitrogen removal capacity

Nitrogen water concentrations at the cultivation sites were similar
for nitrate sources but quite different in terms of ammonia, with sites
away from the salmon cages surprisingly presenting the highest
values (Table 1). The analysis for N tissue content of the plants
collected in March, showed significant differences between them
(F(3,16)=8.872, Pb0.05, Fig. 5A). Contrary to the water analysis
results, G. chilensis grown at L2 had the highest N content, 3.68%
DW, ca. 20% higher than the values observed at Isla Tábon (L3) and
Metri (L4). Taking into account the N tissue content of the biomass
used to seed all lines (Fig. 5A, white bars), the difference in N tissue
storage is significant between the cultivation sites. By combining the
nitrogen tissue content with the productivity, it was possible to
determine the summer N removal potential for each culture system.
The cultivation site had a significant effect for the N removal capacity
(F(3,116)=58.36, Pb0.05; Fig. 5B). The site furthest from the salmon
cages (L3) together with the bottom culture (L4) showed the lowest N
removal capacity. The cultivation unit placed 800 m from the salmon
farm (L2) had the highest nitrogen removal capacity each month, ca.
9.3 g N m−1 of long-line seeded with G. chilensis.

3.3. Photosynthetic performance

The different photosynthetic parameters measured in G. chilensis
responded differentially to the cultivation treatments. Fv/Fm of G.
chilensis did not differ between the cultivation sites (F(2, 87)=0.23,
P=0.7975), reaching mean values around 0.6 for all treatments. This
value was constant throughout the day, with no significant differences
found, in neither the sites (L1: F(1,49)=9.845 and L3: F(1,58)=1.1257,
PN0.05), nor between measurements done before or after each day
irradiance peak (data not shown).

The daily cycles ofΦPSII and rETRobtained at the different cultivation
sites are shown in Fig. 6. In this study's circumstances it was impossible
to take photosynthesis measures in the same day for all sites; the visible
effect of this is shown in Fig. 6 with the distinct irradiance patterns
observed for each sampling day. Despite the high mean irradiance
intensity observed (ca. 1300 µmol m−2 s−1), our underwater



Fig. 6. Summer daily pattern of Yield (ΦPSII; ●) and rETR (♦) for Gracilaria chilensis cultivated at the different experimental sites: L1, L2, L3, L4. Mean±SE, n=16–30. Line stands for
daily irradiance measures and open triangles for average PAR measured at 1 m depth.
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measurements indicate that only ca. 25% of the incident irradiance
(Fig. 6) reaches the cultivation depth and is therefore available for the
seaweeds' photosynthetic processes. The cultivation site and daytime at
which the measurement was made had a significant influence in the
photosynthetic daily behaviour of G. chilensis, with the interaction
between those factors being also significant (Table 2). G. chilensis
presented the lowest values ofΦPSII (around 0.44) at sites L3 and L4with
correspondent highest rETR values (140 µmol e− m−2 s−1) after the
irradiance peak. The tests made a posteriori revealed that the
photosynthetic responses at these two sites were very identical.



Table 2
Twoway-ANOVA results from the analysis of the cultivation site and the daytime on the
daily cycles of yield (ΦPSII) and rETR.

Factor Ss Df MS F

Yield ETR Yield/ETR Yield ETR Yield ETR

Site 5.27E+05 2.30E+05 3 1.76E+05 7.67E+04 47.9⁎ 77.3⁎
Time 9.13E+05 1.32E+06 3 3.04E+05 4.40E+05 83⁎ 443.6⁎
Time^Site 1.01E+05 6.38E+05 9 1.12E+04 7.09E+04 3.1⁎ 71.5⁎

The (⁎) stands for significant differences found between treatments.

Table 3
Photosynthetic responses (mean±(SE), n=10) of Gracilaria chilensis cultivated in
long-lines close to a commercial salmon farm (L1), away from it (L3) and by bottom
culture (L4).

L1 L3 L4

α (µmol e−1 m−2 s−1)
(µmol m−2 s−1)−1

0.12±0.02 a 0.09±0.019 b 0.08±0.02 b

ETRmax (µmol e m−2 s−1) 7.23±0.96 a 4.67±1.50 b 7.78±1.44 a

Ek (µmol m−2 s−1) 63.39±17.11 a 53.73±23.42 a 99.65±26.76 b

Mean irradiance at the day
of collection (µmol m−2 s−1)

1309.56 1309.56 1427.54

Letters indicate the groups differentiated by posthoc tests, when these were significant
at Pb0.01.
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G. chilensis from the suspended cultivation units close to the salmon
farms (L1 and L2), even having a slight drop/rise onΦPSII/rETR values at
midday, maintained daily average values of ΦPSII around 0.6 and rETR
close to 40 µmol e− m−2 s−1.

Through the Rapid Light Curves (RLC) generated at the laboratory
(Fig. 7) we determined ETRmax, Ek and α values for G. chilensis collected
at each cultivation site (Table 3). The α of G. chilensis plants collected
fromL1 reachedameanvalueof 12%, against valuesof 8 to9% in theother
sites (F(2,27)=7.426, Pb0.05). The maximal photosynthesis, estimated
from ETRmax, was significant higher at L1 and L4 (F(2,27)=15.760,
Pb0.01). TheEk valueswere higher (99.65 µmolm−2 s−1) forG. chilensis
plants collected at L4 (F(2,27)=11.292, Pb0.01) than for the other sites.
4. Discussion

Aquaculture is an essential activity in the economy of southern Chile
with salmon farming being the most important commodity (Busch-
mann et al., 2006, 2008b; Flores-Aguilar et al., 2007; López, 2008).
Salmon aquaculture continues to increase although with serious
environmental and economic issues that might affect this industry's
sustainability (Barton, 1997; WWF, 2007). IMTA may be part of the
solution. Several studies have reported clear advantages of growing
seaweeds near fish farms (e.g. Anderson et al., 1999; Buschmann et al.,
2008c; Chopin et al., 2008;McVey et al., 2002; Nagler et al., 2003; Troell
et al., 1997). Different algal species show distinctive N uptake
preferences (Bracken and Stachowicz, 2006; Chopin et al., 2001; Neori
et al., 2004). Gracilaria species are efficient biofilters due to their ability
to efficiently remove both ammonia and nitrate from the culture media
(Buschmann et al., 1994, 1996; D'Elia and DeBoer, 1978; Jones et al.,
2001; Matos et al., 2006; Neori et al., 2000).

The decision to perform this IMTA study with G. chilensiswas based
on thegood results (see Section1) obtained inprevious studieswith this
species (Buschmann et al., 1996, 2008c; Halling et al., 2005; Troell et al.,
1997). We were able to determine that G. chilensis maintains high
growthperformance (average 1.7 kgm−2 freshweight) up to 1 km from
a 1 ha salmon farmwith a production capacity of 1500 tonnes.
Fig. 7. Rapid light curves obtained in laboratory for Gracilaria chilensis grown close to the salm
Mean±SD, n=10.
The primary objective of our study was to establish the nitrogen
removal capacity of G. chilensis in an open water IMTA system. Finfish
aquaculture may provide dissolved inorganic N to the seaweeds
during periods of N limitation and high PAR (austral summer). The
water samples from each cultivation site revealed the highest
ammonia concentrations at sites away from the salmon cages, what
was not expected. One must account for the fact that these were
isolated sampling moments and might not reflect the real N status of
each site. On the other hand, seaweeds may offer a more reliable
picture of what might be happening in the surrounding environment.
The tissue nitrogen content of G. chilensis after 2 months in culture
revealed the different availability of this nutrient in the experimental
areas.

Our results showed that the long-line placed 800 m away from the
salmonpens had the best performance both inproductivity andnitrogen
removal. Themonthly average N removal byG. chilensis cultivated at this
site reached values of 9.3 gm−1 of culture line. Troell et al. (1997) found
similar N reduction capacity for a G. chilensis system placed 10m distant
from a farm producing 287 tonnes of salmon per year. This suggests that
our systemwould have improved N reduction capacity with decreasing
distance to the salmon farm.Nevertheless,we got better results at 800m
rather than at 100 m distance from the fish cages. The lower levels of
productivity at 100 m were probably associated with the higher
occurrence of epiphytes and generally less clean aspect of the seaweeds
grown at the closest distance (pers. observ.). These observations imply
that aside from distance, other features of the water column (e.g.
suspended organic matter) must be taken into account when making
decisionson thecultivation system location. Considering the9.3 gNm−1

removal potential of the long-line placed at 800 m, we were able to
predict that the minimal area for a Gracilaria biofiltration system
effective in reducing the N loads can be over 100 ha surrounding a
1500 tonnes salmon farm. This information is essential for the design of
an efficient IMTA system.
on cages (L1) and away from them (L3— suspended culture and L4— bottom culture).
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Considering this cultivation area (100 ha), the installation of
25 lines per ha, and the attachment of metal frames in order to
optimize the surface area available for seaweed growing (see Halling
et al., 2005), this seaweed biofiltration system could remove around
9300 kg of dissolved N per month during summer conditions. For the
colder months, with lower values of seaweed production, the nitrogen
removal of this systemwill drop to values around 1990 kg month−1. A
production cycle for salmon in Chile is around 12 months (residency
time in cages before harvest). If we consider an annual dissolved N
release of 43.35 kg per tonne of fish produced (Mente et al., 2006), the
N load of a 1500 tonnes salmon farm would be 65 tonnes N per year.
Combining 6 months of low seaweed production with another
semester of high productivity, these figures indicate that ca. 100 ha
of seaweed culture could biofiltrate up to 100% the N loads of a salmon
farm with 1 ha, 2 cages and 1500 tonnes of fish produced.

Oneof thewaysproposed to reduce thearea required for theseaweed
component in IMTA systems, is to increase the seaweed productivity by
culturing different algal species with different optimal depths (Busch-
mann et al., 2008c). Other developments in this line of thinking are
necessary to achieve an efficient use of space by IMTA systems.

Many studies have evaluated the benthic impact of the suspended
matter released by salmon aquaculture (see recent reviews: Holmer
et al., 2008; Rensel et al., 2006). However, the relative importance of
dissolved nitrogen inputs by these fish farms remains under debate,
since it is commonly thought that the downstream flow of this nutrient
reduces its latent concentrations to levels below environmental threat
(see Sellner et al., 2003 for review). Our results provide the information
that the required assimilation surface to reduce the dissolved nitrogen
input of a 1 ha commercial salmon farm would be over 100 ha, under
natural conditions. This reflects the impact level that one single salmon
farm might have in terms of nitrogen release. Taking into account the
high density of salmon farms established in southern Chile and, even
more, their localization in relatively enclosed bays, it is necessary that
the environmental stakeholders increase their focus on dissolved
nutrient release. After establishing the required area and biofiltration
performanceof the IMTA's seaweed component, it becomesnecessary to
economically quantify this environmental service. The obligation to
include environmental costs in companies' budget might increase their
sensitivity to this problem (Neori et al., 2007). The integration of
G. chilensiswithfish farmsas already been reported to reduce these costs
andeven increase the companies' profitability (Buschmannet al., 2001a;
Chopin et al., 2001). Considering thenumbersdetermined in thepresent
study, we confirm that the application of an IMTA approach in Chile
would greatly benefit the entire aquaculture sector.

The comparison between the two G. chilensis cultivation approaches
showed that the long-line system is themoreadvantageous.Growth rates
of the long-line culture were consistently higher than the traditional
bottom culture method used in southern Chile (Buschmann et al., 1995).
It showed similar growth rates and productivity reported in other studies
(Halling et al., 2005; Troell et al., 1997). The G. chilensis's bottom
cultivation unit set in the mud-flat at Metri Bay presented high levels of
variation on the production levels (from 0.4 to 2 kg m−1 month−1) and
severematerial losses caused by the instability of the sandy bottoms. The
place where the cultivation unit was installed is ca. 600 m away from a
small scale salmon farm and a mussel farm. Although no current
measurementswere taken, due to the geographical features of the area, it
seems likely that this is also a nitrogen impacted site. Probably this
explains the high values of biomass production encountered; never-
theless, the biomass variabilityat this site and the culturemethod applied
during the experimentmakes it a fallible systemwith lowerwarranties of
stability on biomass production.

In order to optimize seaweed production, it is highly recommended
to determine the physiological status of the algae in culture. Through
chlorophyll fluorescencewemonitored the photosynthetic performance
of G. chilensis at each cultivation site. Photosynthetic activity normally
decreases atmidday, immediately after the irradiance peak, and recovers
during the afternoon (Hanelt et al., 1993). When this recovery is
successful it is said thatmacroalgae experienced a dynamic photoinhibi-
tion (Figueroa and Gómez, 2001). Our results of in situ Fv/Fm showed
that G. chilensis, at all cultivation sites, recovered rapidly from any
photoinhibition after peak light levels. The daily cycles of yield (ΦPSII)
and rETR values were similar to other reports; decreasing after the
irradiance peak with recovery to morning initial values at all sites
(Gómez et al., 2005).G. chilensishas the ability to adapt to awide rangeof
PAR and UV levels (Buschmann et al., 2008c; Gómez et al., 2004, 2005).
Midday summer levels of UV-B in southern Chile are high enough to
produce stress to intertidal macroalgae (Huovinen et al., 2006). We did
not record the UV intensity, but Gómez et al. (2005) reported that this
radiation type gets absorbed in the first 30 cm of the water column,
suggesting that it may not be a relevant factor in our long-line culture.
We found that ca. 25% of the incident irradiance reaches the cultivation
depthof 1mwith average PARvalues of 300µmolm−2 s−1. Theobtained
values for Ek were lower than the ones found in other studies
(Buschmann et al., 2008c; Gómez et al., 2004) and considered within
the range described for shade-adapted species (Gómez et al., 2005). Our
study's Ek values together with the measured PAR levels suggest that
G. chilensis was undergoing photosynthesis under light saturated
conditions during most of the day, confirming 1 m depth as ideal for
this species cultivation. In relation to the bottom culture method, it
seems that the high amplitude tidal variation (up to 7 m in this region)
implying lower PAR levels reaching the seaweed, might explain the
highest Ek values obtained for G. chilensis cultivated at Metri (L4). This
factor together with the occasional sediment burial (pers. observ.) could
be the cause to the variation in productivity observed at that site.

In addition to light, nitrogen availability also affected the photosyn-
thetic performanceofG. chilensis. Theproximity to the salmon farmseems
to have mitigated the decrease of the photosynthetic activity after the
midday irradiance peak. G. chilensis cultivated next to the salmon farms
(including the bottom culture) was less affected by the irradiation peak.
The differences found forα and themaximal values of photosynthesis (as
ETRmax) are in accordance with the photosynthetic activity measured in
situ at the cultivation sites. Consequently, G. chilensis presented a better
photosynthetic performance at the sites where it attained the highest
productivity and nitrogen removal capacity. Other studies related the
nitrogen availability to photosynthetic performance of seaweeds in
culture. Mata et al. (2006) found a decrease in Fv/Fm from Asparagopsis
armata cultivated under low nitrogen treatments. The photoprotection of
red algae has also been related to the nitrogen availability. The
accumulation of ultraviolet-screen substances, mycosporine-like amino
acids (MAAs)might increaseunderNenriched conditions (Figueroa et al.,
2008; Huovinen et al., 2006; Korbee et al., 2005; Peinado et al., 2004).

More studies, with extended experimental periods together with
controlled laboratory experiments testing a wide range of N concentra-
tions, are still needed. These would help to validate photosynthetic
performanceas aquick and robustmeasure topredictN stress episodes in
large scale seaweed farming. Nonetheless, the relation between these
two factors is established and it is clear that seaweeds grown in
suspended lines close to the salmon cages take advantage of the extra
source of nitrogen to improve their photosynthetic performance, reach-
ing higher production levels.

5. Conclusions

The interest in G. chilensis biomass production is likely to keep
increasing. Agar industrywill continue to be the basis for the exploitation
of this natural resource; nevertheless, promising new market applica-
tions for Gracilaria species, such as the extraction of MAAs for sunblock
cosmetics (Cardozo et al., 2007), or as alternative protein source in fish
feeds (Valente et al., 2006) have come to light. It is thus crucial to pay a
closer look to the management of this resource and improve its
profitability. Cultivation of G. chilensis in long-lines within an IMTA
system was proven more advantageous than in the traditional bottom
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culture; this seaweed's productivity and physiological performancewere
greatly improved.

Production and profitability are normally themain factors taken into
account before making an economic investment. Simple calculations
based on this work and on the current commercial value of G. chilensis
biomass (Buschmann et al., 2008b) point to an expected income of
nearly 6 times more the initial investment necessary for a 100 ha
G. chilensis seaweed farm. The maintenance of an environmental
balance, although still not legislated andwith nomoney costs, is already
being used as a marketing approach by several companies and is
currently under public debate (www.contralacorriente.cl, www.sal-
monchile.cl).

This study confirms the biofiltration efficiency of G. chilensis and
suggests that a 100 haG. chilensis farmwill effectively (ca.100%) reduce
the inorganic N inputs of a 1500 tonnes salmon farm. Nevertheless, in
order to estimate the importance of some factors that may lower this
system's performance (e.g. horizontal/vertical nutrient dilution), it is
necessary to establish a full scale seaweed farm. In a perfect scenario, the
inclusion of organic filter organisms (e.g. mussel) would complete this
IMTA system.

This information is now available for the local fish farms andmight
help in the development of environmental regulations.

Ourmain objectiveswere achieved, demonstrating the net benefits
from a Gracilaria-based IMTA system, potentially available for
traditional seaweed farmers as well as to fish farmers.
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