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The use of ecological engineering tools for the development of a more sustainable aquaculture is crucial. In
this context, seaweed based Integrated Multi-Trophic Aquaculture (IMTA) systems are being designed to
mitigate the environmental problems caused by several forms of fed aquaculture. Several macroalgal species,
namely some from the genus Gracilaria, have been shown to be efficient biofilters,. Gracilaria vermiculophylla
thrives in Ria de Aveiro lagoon, Portugal (40°38N, 8°43°W). It has been an unexploited resource for the
production of agar. A seaweed cultivation system with 1200 L tanks was installed at a sole and turbot land-
based aquaculture facility to evaluate the potential of this species as the biofilter component of an IMTA
system. A year round, full factorial experiment was done, testing for the influence of stocking density (3, 5 and
7 kg m−2 (fw)), water exchange rate (100 and 200 L h−1) and time of the year on G. vermiculophylla's relative
growth rates (RGR), productivity and nutrient removal.
G. vermiculophyllawas able to maintain a good overall performance; however, results indicate that the culture
conditions require adaptations throughout the year in order to attain successful productivities. In general,
biomass production and nutrient removal were negatively related to the cultivation densities in the system. In
the tanks seededwith 3 kg fw m−2, the production of G. vermiculophyllawas 0.7±0.05 kg dw m−2 month−1;
this biomass removed 221±12.82 g m−2 month−1 of carbon and 40.54±2.02 g m−2 month−1 of nitrogen
(±0.03% of the monthly fish N inputs). Temperature and light were the main environmental factors
conditioning the growth and nutrient removal performance of the seaweed. With the appropriate upscaling,
this pilot IMTA system is ready for implementation at fish aquaculture operations. G. vermiculophylla has
proved to be an efficient component of land-based IMTA systems with environmental and potentially
economic benefits for the fish farm.
.
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1. Introduction

Globally, aquaculture continues to be the fastest growing animal
food-producing sector. In 2006 it had already equalled wild fisheries
in the world's fish supply. Nonetheless, growth rates for aquaculture
production are beginning to slow down (FAO, 2009), partially due to
the increasing public concerns about aquaculture practices and fish
quality.Worries about genetic modified organisms, sanitary issues but
also the perception that aquaculture can harm the environment has
lead to a rather negative social image of the aquaculture industry
(FAO, 2009). In fact, in water downstream from aquaculture farms,
changes in the levels of oxygen, suspended organic matter, inorganic
nutrient, heavy metals and even drugs can be measured (Buschmann
et al., 2008a; De Casabianca et al., 1997; Mendiguchía et al., 2006;
Mente et al., 2006; Sanderson et al., 2008). These may negatively
impact the downstream biological communities (e.g. Holmer et al.,
2008).

Theuseof ecological engineering tools, suchas IntegratedMultitrophic
Aquaculture (IMTA), to convert monoculture into an ecological and thus
more sustainable aquaculture is crucial (Buschmann et al., 2008a; Chopin
et al., 2008; Costa-Pierce, 2010; Naylor et al., 2000). In IMTA, seaweeds
assimilate the fish-excreted ammonia, phosphate and CO2, converting
them into potentially valuable biomass.With this treatment, effluents can
recirculate back to the fish ponds or be discharged without endangering
the environment (Chopin et al., 2001; Neori et al., 2004). The advantages
of using seaweeds as thebiofilter componentof the IMTAsystems came to
light more than 30 years ago (Ryther et al., 1975) but are now becoming
widely accepted (Hayashi et al., 2008; Neori et al., 2007; Ridler et al.,
2007).

Thus, IMTA arises as a sustainable approach, with positive
environmental and socio-economic benefits for the fed aquaculture
industry (FAO, 2009; Nobre et al., 2010; Ridler et al., 2007). Its
application in land-based intensive fish farms can also be a tool to
increase recirculation practices and establish full recirculation
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Fig. 1. System for seaweed cultivation. 12 white polyethylene tanks (1200 L; 1.5 m2).
These were continuously supplied with the fish effluents and the outflow was
recirculated back to the fish tanks. In detail, Gracilaria vermiculophylla biomass
exhibiting good coloration and with no epiphytes.

78 M.H. Abreu et al. / Aquaculture 312 (2011) 77–87
aquaculture systems (RAS) with all its known associated benefits
(Piedrahita, 2003; Wik et al., 2009). Moreover, regulations and
incentives on this matter are slowly coming into effect, for example,
in Europe (European Regulation N°710/2009) and USA (http://
seagrant.gso.uri.edu/sustainable_seafood/ecolabeling.html).

The economic value of the biomass, besides its biofiltration
efficacy, is a consideration in choosing the seaweed species to work
with in IMTA systems. The cultivation of seaweeds in IMTA promotes
higher productivity levels and with less variability than natural
seaweed beds due to higher and more constant nutrients availability
(Abreu et al., 2009; Lüning and Pang, 2003). Good examples of
significant revenues for the fish aquaculture when adopting the IMTA
approach already exist with Gracilaria (Abreu et al., 2009; Buschmann
et al., 2001; Neori et al., 2000), Ulva (Bolton et al., 2009) and kelp
species (Buschmann et al., 2010; Chopin et al., 2008).

Gracilaria is one of the world's most cultivated and valuable
seaweeds (Buschmann et al., 2008b; Oliveira et al., 2000; Yarish and
Pereira, 2008). Traditionally, its economic importance comes from the
phycocolloid industry, being the main source of agar (Armisen, 1995;
Peng et al., 2009). Several studies have successfully used Gracilaria
species as biofilters. Theseweremostly developed in tanks (Buschmann
et al., 1994, 1996; Chow et al., 2001; Friedlander and Levy, 1995;
Hanisak, 1987; Martinez-Áragon et al., 2002; Matos et al., 2006; Neori
et al., 1998, 2000), offshore systems (Abreu et al., 2009; Anderson et al.,
1999; Buschmann et al., 2008c; Halling et al., 2005; Troell et al., 1997)
and toa lesser extent in ponds (HaglundandPedersen, 1993; Jones et al.,
2002; Marinho-Soriano et al., 2002, 2009; Nelson et al., 2001; Shpigel
and Neori, 1996). The majority of the studies achieved good results on
productivity and agar content, the main destiny for the biomass.
Changes in the amount and quality of this phycocolloid in algae
produced with distinct nutrient conditions are also well documented
(Martinez and Buschmann, 1996; Troell et al., 1997; Friedlander, 2001).

Gracilaria vermiculophylla thrives in Ria de Aveiro lagoon, Portugal
(40°38N, 8°43°W). This taxonomic classification was molecularly
confirmed by Saunders (2009); until then, this specieswasmisidentified
as G. verrucosa and G. bursa-pastoris (e. g. Matos et al., 2006). It is
currently the dominant species at that site (Silva et al., 2004), being
present throughout the year (Abreu et al., 2010). G. vermiculophyllamay
have been exploited at this lagoon since the 70s as a component of the
vegetablemixture (“moliço”)whichwasused as a soil conditioner (Silva,
1985).

G. vermiculophylla withstands a wide range of environmental
parameters and is now cosmopolitan in its occurrence (Nyberg and
Wallentinus, 2009). Controlled experiments with the species revealed
similar growth rates at a broad range of temperature and light
conditions with no differences between the different life stages.
Laboratory nitrogen uptake studies revealed high N uptake values and
a preference for ammonia N sources (Abreu et al., 2010). A small scale
IMTA cascade system testing the biofiltration efficiency of several
macroalgae species (Matos et al., 2006) provided results indicative of
a good performance of G. vermiculophylla (misidentified in that study
as G. bursa-pastoris). Moreover, this species produces food grade agar
(Villanueva et al., 2009) and can be used as animal protein
replacement in fish feed (Matos et al., 2006; Pereira et al., 2010). All
these facts make G. vermiculophylla a potential good candidate for the
biofilter component of an IMTA system.

A reviewbyTroell et al. (2003), listed someof themain lacks in IMTA
research. These include studies at relevant scales for extrapolation or
commercial implementation; experimental designs to facilitate statis-
tical analyses and comparisons; systems designed to couple nutrient
removal efficiency plus high seaweed productivity and long term
studies to evaluate the temporal variability of the systems.

In this study, we hypothesized that the productivity and
consequent nutrient removal performance of the seaweed biofilter
are affected by its cultivation density and the water flow (e.g. nutrient
load) of the system. It was expected that the optimal combination of
these factors would change throughout time due to the seasonal
variation of environmental parameters. The scale under which this
study was conducted was expected to provide information necessary
for the implementation of a commercial scale system of this kind.

2. Methodology

2.1. The cultivation system

The G. vermiculophylla cultivation system was established at a
land-based fish commercial intensive aquaculture farm (A. Coelho &
Castro, Lda) in northern Portugal. This facility produces annually
around 40 t of turbot (Scophthalmus rhombus (Linnaeus, 1758), 5 t of
sea bass (Dicentrarchus labrax Linnaeus, 1758) and 500 000
Senegalese sole juveniles (Solea senegalensis Kaup, 1858). Recently,
the company has been moving towards a full recirculation aquacul-
ture system (RAS), thus its collaboration in this study.

Twelve 1200 L (foot print of 1.5 m2 each) white polyethylene
tanks (light transparency≈10%) were set to receive independent
flows of water (mix of fish effluent with clean seawater) and were
used to grow the seaweed (Fig. 1). The mean concentration of the
nutrients in that water was 7.2 mg L−1 (nitrate), 2.2 mg L−1 (total
ammonium) and 1.8 mg L−1 (orto-phosphate), during the 9 months
that lasted the experiment. The water flowwas adjusted manually for
each tank and the seaweeds were kept in constant movement by air
diffusers placed in the bottom of the tanks. This helped to maximize
the seaweeds' exposition to light and nutrients in the water. The
cleaner effluent from the seaweed tanks was re-introduced into the
fish water system.

2.2. Environmental parameters

Water temperature was monitored throughout the study. For each
water flow condition, 2 sensors (ONSET, Tidbit, USA) were set to
continuous register the average hourly temperature. The incident
sunlight was also monitored. Every week, through day cycles
measurements, the number of light hours and the irradiance was
registered with a spherical light sensor (Spherical Quantum Scalar
Sensor Mod. QSL – 2100 Biospherical Instruments – Inc, USA). These
measures were always associated with photosynthesis' monitoring



Fig. 2. Experimental design applied in the land based IMTA experiment with Gracilaria
vermiculophylla. The influence of time (Ti — 9 levels), stocking density (SD — 3 levels)
and water flow (WF — 2 levels) in the growth and nutrient removal performance of the
seaweed was measured in 2 replicate tanks (TK) per condition.
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(maximal photosynthetic efficiency) and thus always taken on sunny
days. Salinity was occasionally measured, especially on rainy days,
with a multi-parametric sensor (multi 340i/set, WTW, Germany).
Once a week, the pHwater levels weremonitored in different times of
the day (1: dawn; 2: morning; 3: noon; 4: pos-sunset) using a
portable pH meter (PHC101, HACH, USA).
2.3. Experimental design

A preliminary experiment was done to determine the best
stocking densities of G. vermiculophylla to be used in this study.
Twelve stocking densities, from 1 to 9 kg m−2 (fresh weight) were
tested under a water flow of 100 L h−1. After 2 weeks, a regression
curve indicated that 5 kg m−2 was the best stocking density to attain
high production levels (unpublished data); this was in accordance
with previous results reported by Matos et al. (2006).

Based on these results, 3 stocking densities were used on the main
experiment: 3, 5 and 7 kg m−2. These were tested under two water
flows: 100 L h−1 and 200 L h−1. The experimental performance of the
system throughout time was followed to evaluate the influence of the
natural seasonal fluctuations of light and temperature regimes on the
alga growth and nutrient removal. An orthogonal array of these 3
factors was tested on the growth parameters (Relative Growth Rates –
RGR & Productivity – Biomass production per area units) and nutrient
(nitrogen and carbon) removal capacity of G. vermiculophylla. Each
treatment was replicated in two tanks (see Fig. 2).

The “seeding” of the cultivation tanks was done with
G. vermiculophylla collected at Ria de Aveiro; in order to reduce possible
differences in the initial biomass, this was always done from the same
Gracilaria population (40°49′29.81″ N; 8°39′59.46″ W). The seaweed
was collected by hand and washed with freshwater to remove the
attached mud, together with other algae or animals. After this, it was
distributed along the different experimental treatments. The experi-
ment ran fromOctober 2008 to August 2009. Each experimental period
consisted of 4 weeks (1 acclimation+3 collecting data). For each
Table 1
Environmental parameters measured at the seaweed system for each experimental period — set 1. WMT: water temperature (mean±se); Max–Min: extreme temperature values;
MSI: surface irradiance (mean±se); MI: maximal registered value of irradiance.

Nov–Dec Jan–Feb Apr–May Jun–Jul–Aug

WMT (°C) 10.9±0.2 13.4±0.1 15.9±0.0 20.17±0.0

Min–Max (°C) 7.3–5.5 10.0–17.0 10.8–22.4 15.5–26.5

MSI (μmol m−2 s−1) 1419.8±34.4 1399.6±51.4 1485.0±18.9 1470.6±18.8

1917.13 2873.1 3329.0
experimental trial, the treatments were randomly distributed amongMI (μmol m−2 s−1) 1963.24
the tanks, in order tominimize any tankeffect. Between eachperiod, the
tanks were emptied and cleaned.

2.4. Calculations of growth parameters

Every week, the biomass was totally removed from each tank and
distributed in plastic baskets. These were allowed 20 min to drain the
excess superficial water and weighted on a digital dynamometer
(±20 g). After restocking the tanks with the correspondent experi-
mental cultivation density, the produced Gracilaria was cleaned and
part of it sub-sampled for assessment of epiphytes' proliferation. The
excess was dried for following application studies.

The RGR of the seaweeds in the tanks was determined by the
formula: RGR (% day− 1)=Ln (FW)− Ln (IW) / T⁎100 where
FW=Final fresh weight, IW=Initial fresh weight and T=Days in
culture. The productivity of the tanks was calculated by the equation:
(g (dw) m−2 wk−1)=0.17×[(FW− IW)/1.5 m−2]; wk stands for
week, 0.17 is the proportion dry weight to fresh weight (mean of 50
samples) and 1.5 m2 is the area of the tank.

2.5. Carbon and nitrogen tissue analysis

Samples of G. vermiculophylla (n=5) were collected from the
same natural population used to seed the 1200 L tanks and analysed
for initial tissue C and N content. After 4 weeks in culture, samples
were taken from each experimental condition (2 whole thalli per
tank). All the samples were oven dried (60 °C for 48 h) and
maintained in a dry place until analysis. At the University of
Connecticut Seaweed Marine Biotechnology Lab (UConn), they were
kept in the oven (40 °C) for 24 h to eliminate any residual moisture
and analysed for total C and N tissue content (% dw) using a CHNS/O
Analyser (Series II, 2400 Perkin–Elmer, USA). The carbon and nitrogen
removal of each experimental condition was calculated by combining
productivity with the results from the tissue analysis.

2.6. Statistical analysis

The average values of RGR and productivity were calculated for
each experimental period (3 weeks) and used for RGR and produc-
tivity statistical analysis.

A multi-factorial analysis of variance (ANOVA) was used to
analyse the influence of time (random, 9 levels), stocking density
(fixed, 3 levels) and water flow (fixed, 2 levels) on the RGR and
productivity of G. vermiculophylla. The samewas done to evaluate the
influence of those factors on the carbon and nitrogen removal
performance of the system. Cochran's heterogeneity of variances test
was applied to the data. Significant differences between treatments
were analysed a posterioriwith a Student–Newman Keuls (SNK) test
(α=0.05). All statistical analyses were performed using the
software GMAV v5 (EICC, The University of Sydney, Australia)
licensed to Maria H. Abreu.
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Table 2
Environmental parameters measured at the seaweed system for each experimental period— set 2. MHL: number of hours of light (mean±se); RD: total number of rainy days (SNIRH—

Information System of the Portuguese Hydric Resources); pH: maximal and minimal pH water levels (mean±se) and respective experimental treatment.a

Nov Dec Jan Feb Apr May Jun Jul Aug

MHL(n°) 11 10 10 11 13 15 16 16 15
RD(n°) 9 13 21 26 12 9 12 9 0
pH(max) 8.6±0.1 8.3±0.0 8.4±0.2 8.7±0.0 8.5±0.1 8.9±0.1 8.7±0.0 8.8±0.1 8.7±0.1

(3_5LN) (3_3LN) (3_3LN) (3_3LN) (3_3LN) (3_5LN) (3_5LN) (3_3LN) (3_3LN)
pH(min) 7.7±0.0 7.4±0.0 7.5±0.0 7.3±0.1 7.4±0.0 7.5±0.0 7.3±0.0 7.3±0.0 7.2±0.0

(1_3.HN) (1_5.HN) (1_5.HN) (1_3.HN) (1_5.HN) (1_7.HN) (1_5.HN) (1_7.HN) (1_5.HN)

a Experimental treatments are between brackets (daytime_stockingdensity.waterflow). Daytime: 1=dawn, 2=morning, 3=noon, 4=sunset; stocking density (kgm-2): 3, 5
and 7; water flow (l h−1): HN=200 and LN=100.
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3. Results

3.1. Environmental parameters

The experimental periods differentiated the most in terms of
temperature and number of hours with light (see Tables 1 and 2). The
variation reflected the season'sfluctuation, as expected for theNorthern
Hemisphere. Mean temperatures oscillated between 10.96±0.19 °C
and 20.17±0.03 °C, with no differences for the two water flows.
Extreme temperature values were registered in December (7.3 °C) and
July (26.5 °C).
Fig. 3. Relative growth rate (mean±SE, n=4; gray bars) and productivity (mean±SE, n=4
7 kg m−2) in 1200 L tanks receiving nutrient enriched water from a commercial fish aquac
The daily mean irradiance reaching the surface of the tanks in sunny
days (seeMethodology section)was similar throughout the experiment
(1400 μmol m−2 s−1), although with highest maximal values in spring
and summer (~3000 μmol m−2 s−1) (Table 1). It is important to notice
the amount of rainy days during the experiment (Table 2). The
precipitation followed the general trend for Portugal, except for the
periods of June and beginning of July, which were exceptionally wet for
normal summer time values. Nonetheless, even after long periods of
rain, the salinity inside the tanks never fell below 30 ppm.

The average pH of the water levels oscillated between 7.2 and 8.9
(Table 2). The interaction between water flow and the daily time of
; dotted line) of Gracilaria vermiculophylla cultivated under 3 stocking densities (3, 5 and
ulture.
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Table 3
ANOVA testing the effects of time (Ti), stocking density (SD) and water flow (WF) on the RGR, productivity and carbon and nitrogen removal performance of the seaweed.a

RGR Productivity N removal C removal

Source of variation df MS F MS F df MS F MS F

Ti 8 11.2 59.4* 3.7E+04 42.8* 7 3015.7 64.0* 1.2E+05 105.1*
SD 2 109.5 34.2* 8.8E+04 11.9* 2 4881.6 7.5* 1.7E+05 7.9*
WF 1 383.6 3.4* 445.9 0.1
Ti×SD 16 3.2 17.0* 7.4E+03 8.4* 14 651.9 13.8* 21723.6 18.5*
Ti×WF 7 113.6 2.4* 3353.6 2.9*
SD×WF 2 4.9 0.1 928.1 0.4
TI×SD×WF 14 90.8 1.9* 2460.3 2.1*
Residuals 81 0.2 8.7E+02 144 47.1 1172.6
Cochran's test C=0.1 C=0.1 C=0.1 C=0.1
Transformation None None None None

a The (*) stands for significant differences found between treatments.
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measure (1: dawn; 2: morning; 3: noon; 4: post-sunset) had a
significant effect on the pH water levels (Pb0.05) in all the
experimental periods. The lowest values were registered before
sunrise, and at the highest water flow. Maximal pH values (were
reached in the tanks receiving the lowest water flow (100 L h−1), at
13:00 (solar peak time=maximal photosynthetic rate) and always at
the lowest density (3 kg m−2). Althoughwith no statistical difference,
it was possible to perceive a pattern of lower pH with increasing
stocking densities during the warmer periods.
Fig. 4. Mean (±SE; n=5) nitrogen concentration (% dw) in tissues of Gracilaria vermiculoph
three stocking densities (3, 5 and 7 kg m−2) and 2 water flows (HN=200 L h−1, gray bars
3.2. Growth performance

G. vermiculophylla was able to grow in the IMTA system
throughout the entire course of the experiment and under all
conditions tested, except for June 2009 at 7 kg m−2, when negative
growth values were registered (Fig. 3). The ANOVA performed on the
3 factors, revealed that the water flow had no significant effect on
either RGR (PN0.9) or productivity (PN0.4). Therefore, this factor was
pooled and a new ANOVAwas done considering only factors time and
ylla from the natural population and after 4 weeks growing in the IMTA system under
and LN=100 L h−1, white bars).
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Fig. 5. Mean (±SE; n=4) carbon (white bars) and nitrogen (black bars) removal rate (g m−2 month−1) for the entire course of the experiment. Representation of each combined
set of stocking densities (3, 5 and 7 kg m−2) and water flows (H=200 L h−1and L=100 L h−1).
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stocking density. The interaction between these two factors caused
the significant differences found for RGR and productivity (Table 3).

RGRwas lowerwith increasingstockingdensity except for thewinter
months of December and January (SNK: 5 kg m−2=7m−2b3 m−2;
Fig. 3—graybars). ThehighestRGRvalue (6.23%±0.25)wasobserved in
July for Gracilaria cultivated under a density of 3 kg m−2. The lowest
value (no growth at all) occurred in June in the tanks stocked with
7 kg m−2 (Fig. 3). However, considering the abnormal climatic condi-
tions observed at that time, one can instead consider theminimal values
occurring in November 08 (0.33%±0.08), under the same stocking
density condition.

The “seasonal” effect on Gracilaria growth was more evident
in the 3 kg m−2 condition, with 3 distinct growth periods (SNK:
Dec=Jan=NovbFeb=JunbApr=May=Jul=Aug). During the
coldest and less luminous months, the minimal RGR values of
1.78%±0.30 were registered; the highest value (6.23%±0.25)
occurred with the opposite environmental conditions. At 5 kg m−2,
RGR was only distinct in April and for 7 kg m−2, no differences were
found between the experimental periods.

In terms of productivity, the results were slightly different.
Although the lowest density showed the best overall performance,
there were some exceptions (Fig. 3, dotted line). Under winter
conditions (December through February), there were no differences
in the productivity of the 3 cultivation densities, with values ranging
from 27.67±8.44 to 104.36±11.32 g(dw)m−2 week−1. In Novem-
ber and April, the productivity values of Gracilaria were lowest at the
highest stocking density (59.36±13.45 g(dw)m−2 week−1) and
similar between 3 and 5 kg m−2, reaching a maximal value of
256.89±17.92 g(dw)m−2 week−1 during that period.

With the increase of temperature and light hours, as in RGR, the 3
cultivation densities performed significantly different (SNK: 7 kg
m−2b5 kg m−2b3 kg m−2). In June, the absolute values of produc-
tivity dropped (minimal: 1.98±23.24 g(dw)m−2 week−1), although
maintaining the same pattern as May or July (Fig. 3). The overall
maximal productivity was attained in July (279.37±13.95 g(dw)
m−2 week−1, Fig. 3) in the tanks seeded with 3 kg m−2 and dropped
again in August. Similar to the RGR results, the SNK tests revealed that
the lowest stocking density (3 kg m−2) was the more variable with
time, having four periods of distinct productivity values (SNK:
Dec=JanbNovbFeb=Aug=JunbApr=May=Jul). The productivi-
ty for 5 and 7 kg m−2 wasmore constant throughout the course of the
experiment. Overall, it is possible to say that, despite the clear
seasonal variability observed for the lowest stocking density (3 kg
m−2), in 8 of 9 months, RGR and productivity values were highest at
this condition. 5 kg m−2 was the most stable condition, but with a
significantly lower growth performance.

Throughout the entire experiment the epiphytes load in the tanks
(Ulva spp.) was always below 2% dw of the total biomass in the tanks.
Maximal values were reached during spring and summer months,
coincidentwith the rise of temperatures and day lengths. It is important
tonotice that the epiphytesweremainly proliferatingon thewalls of the
tanks and not growing on the Gracilaria tissue (Fig. 1 — detail).

3.3. Tissue carbon and nitrogen content and C:N ratio

The tissue nitrogen values (% dw) from the natural population of
G. vermiculophylla oscillated between 3.12%±0.06 (April 09) and
5.27%±0.25 (November 09). The N content always increased after the
4 weeks' growth period at the IMTA system (Fig. 4). Differences from
13% (April) to 37% (July) were registered between Gracilaria wild
material and IMTA produced biomass. The ANOVA used to evaluate the
influence of the experiment time (November, January, April and July) and
thewaterflow/N input, on thefinalN content of the seaweed showed that
the two factors significantly affect it (Time: F (3, 72)=161.17, Pb0.05 and
Water flow: F (1, 72)=11.80, Pb0.05). In terms of time, the pattern was
coincident with the one found for the initial seeding biomass
(Aprb Julb JanbNov). The water flow was generally positively related to
the accumulation of N in the tissue. The lowest N tissue content was
registered in April (4.56%±0.30–3 kgm−2, 100 L h−1) and the highest in
November (7.84%±0.09–5 kg m−2, 100 L h−1). Regarding the carbon
content, although with slight increases, no major differences were found
between the values of the “seeding” population and the biomass after
4 weeks in the IMTA system; thesewere always around30 to 33%dw. The
C:N ratio oscillated between 6.2 (November) and 9.6 (April) in the tissue
of the wild G. vermiculophylla. After four weeks in the IMTA system, the
Gracilaria tissue had average C:N ratios between 4.1 (Jan, highest
densities) and 6.2 (April, 3 kg m−2).

3.4. Carbon and nitrogen removal

The nutrient removal capacity of the Gracilaria vermiculophylla
system was closely related to its growth performance. The major
differences found for C and N removal were caused by the interaction
of the 3 factors (SD, WF and Ti) in study (Table 3). It was possible to
separate two different time periods for G. vermiculophylla nutrient
removal performance (Fig. 5, see difference in Y axis scale). From
November until February, Gracilaria removed fewer nutrients. For that
period, the 3 stocking densities had similar nutrient removal values
with a general positive effect of increased water flow (Fig. 5). The
lowest values were observed at 7 kg m−2 with the higher water flow
(5.18±0.5 g N m−2 month−1 and 21.05±2.2 g C m−2 month−1).

The best nutrient removal resultswere registered betweenApril and
August, for G. vermiculophylla growing at 3 kg m−2, regardless
of the water flow (60.4±3.9 g N m− 2 month− 1 and 347.8±
17.8 g C m−2 month−1, Fig. 5 — Jun). With this stocking density, the
one with the best growth performance, G. vermiculophylla had minimal
nutrient removal values under the lowest water flow (17.73±0.3 g N
m−2 month−1 and 76.08±0.8 g C m−2 month−1, Fig. 5 — Dec).

4. Discussion

4.1. Seaweed performance

G. vermiculophylla was able to grow and remove nutrients
throughout the 9 months of the experiment in a pilot scale seaweed
biofilter tank system. The best results were achieved at a stocking
density of 3 kg(ww)m−2. At this condition, the seaweed system
produced 0.7±0.05 kg (dw)m−2 month−1 of G. vermiculophylla. The
biomass produced was free of epiphytes and removed 221±
12.82 g m−2 month−1 of C and 40.54±2.02 g m−2 month−1 of N.

This work was done in a system exposed to the changing weather
conditions, confirming the tolerance of G. vermiculophylla to a wide
range of environmental conditions. The capacity of G. vermiculophylla
to sustain growth even with large temperature variations was in
accordance with the laboratory studies carried out with this species
(Abreu et al., 2010; Rueness, 2005; Yokoya et al., 1999). The positive
relation of growth with temperature was expected and previously
documented for other Gracilaria species (Friedlander and Levi, 1995).

Besides temperature, light played a major role in conditioning the
performance of G. vermiculophylla. These are usually the most
important environmental parameters affecting growth and nutrient
uptake of macroalgae (Lobban and Harrison, 1997; Lüning, 1990). The
interaction of these factors with the seaweed load in the tanks was
clear and more pronounced during spring and summer months. The
optimal light and temperature conditions triggered an increase in the
growth performance of Gracilaria cultured at the lowest densities. In
the tanks “seeded”with 7 kg of Gracilaria, less than 15% of the incident
solar irradiance reached a depth of 15 cm in the water column. This
probably negatively affected the photosynthetic efficiency of the
seaweeds with consequent lower levels of productivity at that
stocking density. The opposite effect (photoinhibition) is expected
to occur in lower stocking densities (Mata et al., 2006). However, the



84 M.H. Abreu et al. / Aquaculture 312 (2011) 77–87
superior performance of G. vermiculophylla at 3 kg m−2, suggests a
high resistance of this species to high irradiance levels.

The lower temperatures and light levels were probably responsible
for the minor growth and nutrient removal values registered during
the autumn/winter months. During that period, the water flow
probably helped to balance these adverse conditions, thus explaining
the slightly better growth that was observed under the high water
exchange rates. A change to a cold type macroalgae species during
these months might increase the efficacy of the system. However,
finding another species that could significantly outperform
G. vermiculophylla might be a logistical challenge and implicate an
additional investment for the aquaculture company.

The results obtained in this workwere different from those reported
in Matos et al. (2006), but confirm that G. vermiculophylla is an optimal
species to include in an IMTA system under these circumstances. The
disparities foundbetween the twoworks canbedue to theexperimental
design of each study, which included a difference in the duration of the
experiment (3 vs. 9 months); in our study, the best stocking densitywas
3 kg m−2 attaininghigher yields than the ones reported in thatwork for
a stocking density of 5 kg m−2. On the other hand, the effects of water
flow were not different enough to show differences in the growth
performance of G. vermiculophylla; the water exchange rate, and thus
nutrient availability, was only relevant during 2 of the coldest months.
This is most probably due to the high N concentration (mean values
referred in Section 2.1) present at the fish farm effluent during all times
(unpublished data).

Relative to other Gracilaria species in large scale cultivation
systems, the G. vermiculophylla produced in this IMTA system had
equivalent productivity as that reported by Hanisak (1987) for
Gracilaria tikvahiae, with an average of 25.8±1.8 g(dw)m−2day−1.
Summer productivity of G. vermiculophylla in our IMTA system
attained mean values of 39.9 g(dw)m−2 day−1, similar to the ones
documented by Capo et al. (1999) with G. ferox (currently regarded as
G. cervicornis) and Nagler et al. (2003) with G. parvispora. It is
important to notice that this comparison does not account for the
different light conditions of the tanks used during the studies.

Although depending on the physiological traits of each species,
inorganic Carbon (Ci) is the first element to be depleted in tank
culture systems (Craigie and Shacklock, 1995; Hanisak, 1987).
G. vermiculophylla thrives in the intertidal of mudflats areas and is
adapted to severe changes in environmental parameters that occur at
those areas (Nyberg et al., 2009). One of those adaptations can be
related to the capacity of overcoming possible limiting dissolved Ci
conditions (Andría et al., 2001). Gracilaria species cultivated in
seawater with high pH levels can use the ionic source of Carbon
(HCO3

−) besides the CO2 to photosynthesize. However, in cases of
extremely high pH (normally above 9.0) this capacity could be
lowered, with strong impacts on the photosynthetic rates and
biomass production (Zou and Gao, 2009; Zou et al., 2004,).

During this study, pH levels never went above that critical value.
Water flowwas determinant for maintaining the temperature in non-
lethal levels for the growth of G. vermiculophylla, for preventing severe
drops in salinity due to periods of heavy rain periods and to probably
guarantee non-limiting Ci inside the tanks. The highest pH levels were
registered at the lowest water flow, 100 L h−1 (2 tanks per day),
during the periods of higher productivity. However, these never
exceeded the 9.0 pH level which can be an indicator of non-limitation
by Ci, as seen for other Gracilaria species (Israel et al., 1999; Zou et al.,
2004). This is also in accordance with the fact that no significant
differences were found in growth or nutrient removal between the
twowater flows. So, it seems that future workwith this species, in this
system, could adopt a water exchange rate of 4 tanks per day
(=200 L h−1) or higher and thus increase the total volume of
biofiltration capacity. However, this could lower the efficiency in
nutrient water reduction (Matos et al., 2006; Neori et al., 2004; Troell
et al., 2003). The pH of the water was lowest at the highest cultivation
densities tested. This means that under those conditions, the
seaweeds were not Ci limited, probably because they were photo-
synthesizing at very low rates (as seen by the lowest growth values).
This confirms that temperature and light were the main limiting
factors of the seaweed growth and nutrient removal performance
when cultivated at 7 kg m−2.

According to Hanisak (1987), the nitrogen critical value, which is the
minimum tissue N content required for maximal growth, of G. tikvahiae
is 2%. Considering that value, the growth of G. vermiculophylla does not
seem to be nitrogen limited at its natural environment (mean values of
4.8% dw) and even less at the IMTA system (mean values 6.0% dw). The
highest water flow promoted a significant higher nitrogen and carbon
accumulation in Gracilaria tissue, as reported by Matos et al., 2006, but
only for the winter months. After that, the difference found for the
productivity performance of the tested cultivation densities annulated
the variations in nutrient accumulation.

The C:N ratios determined, 4.1 (wild) and 6.2 (IMTA), also confirm
that Gracilaria was growing in N saturated conditions since these are
quite below 13.5, the ratio suggested by Hanisak (1990). The C:N ratio
can also provide an indication of the nutrient uptake rate of the
seaweed (Hanisak, 1990). For G. tikvahiae, a C:N ratio below 10 does
not influence the ammonia uptake rate (D'Elia and DeBoer, 1978).
This relation needs to be established for G. vermiculophylla. Never-
theless, if the same value is applied, it suggests that the seaweed was
accumulating nitrogen not necessary for growth. This luxury uptake
has also been observed in other red algae species. It is stored in
pigments and amino acids and can assure growth during periods of N
starvation (Bird et al., 1982; Figueroa et al., 2008; Harrison and Hurd,
2001; Kim et al., 2007; Pereira et al., 2008). The fact that
G. vermiculophylla continues to accumulate nitrogen when cultured
at the IMTA system might be an indication of the improved growth
conditions, like the high water movement (Hurd, 2000; Smit, 2002)
and the continuous supply of ammonia.

Laboratory experiments reported the ability of G. vermiculophylla
to remove both ammonia and nitrate from the culture media,
however with a higher affinity for the ammonium N source (Abreu
et al., 2010). This had already been observed for other Gracilaria
species (D'Elia and DeBoer, 1978; Jones et al., 2001).

Therefore, the biofilter performance of G. vermiculophylla was
expected to be high when subjected to actual values of these nitrogen
sources in a commercial scale aquaculture system. The nitrogen
removal results confirmed this hypothesis and preliminary results
point to a TAN (NH4

++NH3) reduction efficiency in the order of 80%
for the best set of stocking density and water flow (Abreu et al., 2010).

Considering the nitrogen values found in the tissue of the
“seeding” population at Ria de Aveiro lagoon, G. vermiculophylla
might be playing an important role as a nutrient sink in that
environment. The lagoon suffers from strong anthropogenic impact
(cities, tourism, boat activities, fisheries, earth pond aquaculture, etc.)
and nonpoint runoffs from extensive agriculture areas. All these
nutrient sources have turned this lagoon into a site experiencing
euthrophication problems (Silva et al., 2002). The function of
G. vermiculophylla as a potential “biofilter” of this ecosystem should
be considered in the management of eutrophication (He et al., 2008;
Jiang et al., 2010; Yang et al., 2006; Zertuche-González et al., 2009).
4.2. Nutrient removal estimations of the pilot scale system

The average crude protein content of the feed used in this fish farm
was 46.3% which is equivalent to a content of 7.41% of nitrogen (crude
protein=N×6.25). Considering a Feed Conversion Rate of 1.5
(information given by the company), and the 200 kg fed daily to the
fish, it is expected the daily N load in the effluent, resultant from feed
wastes, to be around 4.9 kg. Without considering any seasonal
changes in the fish behaviour and no effects of the recirculation
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system, this would mean that, per year, the aquaculture load may be
1.8 t of N.

By performing simple calculations on the seaweed's productivity
and nutrient removal average results of this work we can get to the
following values: Per year, our system of twelve tanks (18 m−2),
stocked with 3 kg (fw) of G. vermiculophylla per square meter could
produce around 156 kg (dw) of seaweed. This biomass would remove
8.8 kg of N. So, 18 m2 of G. vermiculophylla would be able to remove
0.5% of the total N load of the fish effluent. In order to remove 25%, the
seaweed cultivation area would increase to 900 m2; to attain 100% of
N removal efficacy, it would go up to 0.36 ha. Before an upscaling of
the system, these estimates can be improved through a correct
characterization of the nutrient budgets (including all possible
sources of nutrient variation) operating at the system (Neori et al.,
1998).

The cost of land is probably the most severe constraint to the
development of land based IMTA systems. To make it worthwhile, it is
necessary to continue to explore new and profitable applications that
can bring added value to the seaweed biomass produced. Moreover,
space limitation can be overcome and biofiltration performance
improved by establishing multi-seaweed species systems with
different N uptake dynamics (Bracken and Stachowitz, 2006), cascade
systems (Matos et al., 2006) and including organic extractive
components like shellfish (Neori et al., 2000).

The best way to promote IMTA is to associate economic value to
the environmental services provided by the seaweeds: CO2 seques-
tration, cleaner effluents and good marketing of the fish production
need to have a cost associated (Neori et al., 2007; Chopin et al., 2008).
The environmental service provided by mussel farms is already
accounted for in Sweden, through a successful nutrient trading
scheme (Lindahl and Kolberg, 2006). The cost of removing 1 kg of
Nitrogen is established ca. 7USD, which is about one fifth of what the
municipality would have to pay for a chemical removal process
(Lindahl et al., 2005). According to Chopin (2010), the cost of
removing 1 t of C can be 30 USD. So, applying those values to a
G. vermiculophylla biofilter system with the capacity to reduce 25% of
the annual N wastes, the environmental service provided by the
seaweed would thus be around 4300 USD. The sequestration of C
could signify an income/savings of 71 USD. Moreover, the carbon
removal values would reduce the ecological footprint of the company
and give it the chance of entering the carbon credits' market in
Europe; this is already being implemented together with the
production of microalgae for biofuel (www.oilalgae.com). The same
approach for seaweeds is under debate (Buschmann et al., 2010). It is
clear that if aquaculture companies get forced to include environ-
mental costs in their budget, they may get more interested in these
figures.

4.3. Biomass applications

The biomass of G. vermiculophylla produced in the IMTA system
was screened for agar quality. Besides a new extraction method
developed with this material (Sousa et al., 2010), preliminary results
point to increasing gel strength when compared to the one extracted
from wild G. vermiculophylla (Villanueva et al., 2009). Further studies
will help to adjust cultivation conditions in order to meet the desired
agar features.

The cost of fish feed is currently one of the major constraints in
aquaculture expansion (FAO, 2009). Alternative protein sources,
improved buoyancy and feed formulation are approaches that have
been applied to reduce costs and nutrient wastes through increased
FCR (Ramseyer and Garling, 1997; Hardy and Tacon, 2002). Several
terrestrial plants (e.g. soy, corn, wheat) have been used as fish meal
replacement in the feeds (Kaushik et al., 2004; Silva et al., 2009).
However, most of them are agricultural crops used for human
consumption giving rise to increasing feed costs. The nutritional
aspects of seaweeds, although already studied to some extent
(Fleurence, 1999) are still overlooked by the fish feed industry. Only
a few examples of research in this area can be found for fish (Soler–
Vila et al., 2009; Valente et al., 2006) and shrimp (Cruz-Suárez et al.,
2009; Marinho-Soriano et al., 2007). More work and trials at relevant
scales are necessary. The Gracilaria biomass produced in our system is
also being analyzed for potential ingredient in fish feed (Pereira et al.,
2010) due to the high protein value (mean value of 37.5%, with
highest values of 50%). Besides protein content, these seaweeds can be
a source of ultraviolet-screen substances; MAAs (mycosporine like
amino-acids) have been reported in Asparagopsis armata (Figueroa
et al., 2008) and Gracilaria conferta (Figueroa et al., 2010). This is still a
matter to be further scrutinized.

5. Final considerations

The harvest of natural Gracilaria beds is not enough to meet
demand (Oliveira et al., 2000; FAO, 2003). Spain is a major
Gracilaria importer since it is home to some of the biggest agar
manufacturing companies. These get their raw material from
neighboring Morocco but mostly from far away Chile (pers.
comm.). G. vermiculophylla biomass produces an agar with some-
what higher gel strength than reported for the Morocco material
(see Givernaud et al., 1999; Villanueva et al., 2009). At the same
time, an increase in fish and mollusks aquaculture is expected in
the Iberia Peninsula. Hence, it seems that there is an opportunity to
validate the IMTA approach in Portugal, using Gracilaria as the
biofilter component. The biomass of G. vermiculophylla produced at
the IMTA system, revealed to be of excellent quality for some
applications: good grade agar, fish feed ingredient and possibly as a
source for MAAs. Ongoing interdisciplinary research is looking
forward to optimize the processes for these uses and to find new
possibilities of adding value to the seaweed biomass. The produc-
tion of seaweeds in IMTA can also be beneficial for the health of
cultured fish (Bansemir et al., 2006; Díaz-Rosales et al., 2007).

Bringing all these economic aspects together with the environ-
mental benefits of IMTA is critical in order to make the different
stakeholders involved (scientific, commercial, management, policy
makers) communicate and develop real measures to turn aquaculture
into a more sustainable and socially accepted industry (Costa-Pierce,
2010). A tool from the economics/management fields came to scene
and can be of great help, the DPSIR framework (Drivers–Pressure–
State–Impact–Response). The application of this model to our system
may help to validate the advantages of adopting the IMTA approach in
this kind of land based aquacultures (Nobre et al., 2010).

G. vermiculophylla exhibited a good growth and nutrient removal
performance year round, although with a slight decrease during the
winter months. The best set of conditions was a cultivation density of
3 kg m−2 and a water exchange rate of 200 L h−1. Overall, we believe
that this G. vermiculophylla cultivation system is ready for upscaling
and implementation at fish aquaculture companies interested in
starting an IMTA approach based on this species.
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