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Abstract

Cultures of three native macroalgal species (Gracilariopsis longissima, Gracilaria bursa-pastoris and Chondracanthus teedei)
were developed in open coastal waters of a shallow, potentially eutrophic bay in Southern Spain. Experimental trials to assess the
technical feasibility of seaweed cultivation and nitrogen biofiltration potential were conducted between October 2014 and
December 2015. Seaweeds were cultivated using submersible rafts in five periods of 9 weeks to identify the most suitable
seasons and culture duration (3, 6 or 9 weeks). Using generalized linear models (GLMs), the most relevant environmental factors
controlling the growth of the three seaweeds were identified. Maximum net growth rates varied between 1.39% day ' in C. teedei
(winter, 6 weeks) and 4.71% day ' in G. longissima (autumn, 3 weeks). Overall, the best period to cultivate seaweeds in Cadiz
Bay was from mid-winter to early summer. No clear effects of duration of the culture were observed for C. teedei and G. bursa-
pastoris. Short culture periods of 3 weeks were more suitable for G. longissima. Tissue N contents generally were lower than the
critical quota, and GLMs suggested a critical role of N limiting seaweed growth in this bay. Dissolved inorganic nitrogen was
biofiltered from winter to early summer and revealed G. bursa-pastoris as the main biomitigator of nitrogen (up to
80 mg N m ' month ™' in spring). This species also showed positive growth rates virtually during the entire study period and
was the most suitable species for cultivation in this area.

Keywords Biofiltration - Chondracanthus teedei - Gracilaria bursa-pastoris - Gracilariopsis longissima - Growth rate -
Nitrogen - Seaweed aquaculture

Introduction

Macroalgae are used for many purposes since ancient
times (Indergaard and Minsaas, 1991), including food,
medication, agriculture or animal feed (Buchholz et al.
2012, Mouritsen et al. 2019) and currently are an
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important resource for the food and pharmaceutical indus-
trial sector (Dhargalkar and Verlecar 2009). Today the
global seaweed industry is worth more than US$ 6 billion
per annum (FAO 2018). In 2015, the annual production of
seaweeds and other aquatic plants harvested from wild
stocks was slightly over 1.2 million tonnes fresh weight,
a figure similar to that of 2005. In contrast, the aquacul-
ture production of seaweeds was 29.4 million tonnes fresh
weight, doubling the figures of 2005 (FAO 2018). In spite
of this global context, the situation in Europe is different,
and aquatic production (i.e. aquaculture and wild-caught)
is stagnant since the end of the twentieth century, with
little relevance for seaweed aquaculture.

The European Union considers aquaculture as extremely
important for blue growth economy and the 2020 strategy
for Europe. Seaweed aquaculture is regarded as a clean and
eco-friendly economic activity, providing essential ecological
services in coastal waters (Cabral et al. 2016). For instance,
cultivated seaweeds can act as habitat forming species, in-
creasing biodiversity and acting as nursery areas for species
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of commercial interest (Walls et al. 2016; Walls et al. 2019). In
addition, as harvesting of seaweed biomass implies a removal
of nutrients from coastal waters, seaweed aquaculture has
been proposed as a biomitigation action for eutrophic and
potentially eutrophic areas (Fletcher 1996; Xu et al. 2011).
This becomes especially relevant in a global context of in-
creasing nutrient loadings from non-point sources (Le Moal
etal. 2019), where seaweed aquaculture arises as an additional
tool to reduce nutrient over-enrichment and associated eutro-
phication of coastal waters (Kim et al. 2014; Yang et al. 2015;
Xiao et al. 2017).

Despite its economic and environmental benefits, the de-
velopment of macroalgal cultivation in Europe is still in its
infancy due to the historically low demand of seaweeds. In
contrast with eastern countries (Xia and Abbott 1987;
Indergaard and Minsaas 1991), the use of macroalgae for cu-
linary purposes in western countries was anecdotal until the
end of the twentieth century (Mouritsen et al. 2019). Although
the production of phycocoloids became very important in
Spain since the middle of last century (Tasende and Peteiro
2015), most of the biomass used came from the harvesting of
natural populations. Nevertheless, in recent decades, the de-
mand of seaweeds as food in Europe is increasing (Pérez-
Lloréns et al. 2018; Mouritsen et al. 2019), and some innova-
tive projects in countries such as Ireland or France are being
developed (Taelman et al. 2015). Also, on the northwestern
coast of Spain, there have been promising results for the cul-
ture of Saccharina latissima on the basis of IMTA (integrated
multitrophic aquaculture) projects (Freitas et al. 2016), and
previous initiatives with other species (Palmaria palmata,
Undaria pinnatifida) showed great improvement (Martinez
et al. 2006; Peteiro and Freire 2011) but did not succeed due
to several reasons such as administrative obstacles or environ-
mental constraints of the species.

The growth of macroalgae is controlled by an array of
physical and biological factors such as temperature, photope-
riod, water motion, dissolved nutrients or grazing (e.g.
Yokoya et al. 1999; Wakibia et al. 20006; Peteiro and Freire
2011). Therefore, knowing of how environmental variables
influence field cultures is of paramount importance for the
initial steps of the seaweed industry in a particular coastal
zone. In this context, the use of exploratory statistical models
is very useful in gaining an insight into the importance of the
main variables controlling macroalgal growth throughout the
year (Lapointe and Bedford 2011).

This study is the first attempt to develop macroalgal cul-
tures in open coastal waters in Southern Spain. So far, only
cultures of Gracilariopsis longissima attached to ropes have
been carried out in earthen ponds to biomitigate the water
nutrient concentration outflowing from a fish farm
(Hernandez et al. 2006). Also, experimental cultures have
been carried out in traditional salinas (Bermejo et al. 2019)
as a complement to the traditional salt industry. The demand

@ Springer

for seaweeds in the region is still low, although it is increasing
every year (Pérez-Lloréns et al. 2018). The aim of the present
study included (i) to assess the suitability of the cultivation of
three native species of interest for the food industry
(Gracilariopsis longissima, Gracilaria bursa-pastoris and
Chondracanthus teedei) in a shallow, potentially eutrophic
bay; (ii) to identify the most relevant environmental factors
constraining growth in order to optimize culture conditions;
and (iii) to estimate the potential of the three species to
biofilter dissolved nitrogen in Cadiz Bay.

Materials and methods
Study site

This study was conducted from October 2014 to December
2015 at a selected site in the inner bay of Cadiz; Southern
Spain (approx. 36° 28" 17" N, 6° 14’ 39" W), a shallow
protected embayment close to a beach named Santibafez
(Fig. 1). The zone is part of the European Nature 2000
Special Area of Conservation ‘Marine bottoms of Cadiz
Bay’. The seabed is dominated by the seagrass Cymodocea
nodosa (Olivé et al. 2013) and a rich community of marine
macroalgae (Hernandez et al. 2010). Seawater usually shows
low or moderate nutrient levels, with occasional spikes in
dissolved inorganic nitrogen or phosphate after heavy rainfall
or incoming tidal surge (Morris et al. 2009; Vergara et al.
2012). Despite the good conservation status of the bay, it is
also subjected to important anthropogenic pressures as a con-
sequence of high population density and industrial develop-
ment, and thus it is considered as a potentially eutrophic area
(Goémez-Parra and Forja 1992).

Selected species

Three autochthonous macroalgal species were selected for
cultivation: Gracilariopsis longissima (S.G. Gmelin) M.
Steentoft, L.M. Irvine & W.F. Farnham, Gracilaria bursa-
pastoris (S.G. Gmelin) P.C. Silva and Chondracanthus teedei
(Mertens ex Roth) Kiitzing. These species can be found
throughout the year in the wild and are of interest for the food
industry, although other uses cannot be ruled out.
Gracilariopsis longissima is usually found in shallow creeks
or in channels near sluice gates of earthen ponds (Pérez-
Lloréns et al. 2004). The species is currently consumed in
local restaurants and is also a potential resource for biotech-
nological purposes as a source of lipids or phycocolloids
(Stabili et al. 2012). Gracilaria bursa-pastoris thrives within
the inner bay and is generally entangled with other macro-
phytes. It renders a high agar yield of superior quality
(Marinho-Soriano 2001), and this is why it has been used in
integrated aquaculture projects (Korzen et al. 2016). Finally,
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Fig. 1 Map of Cadiz Bay. The N
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C. teedei grows on stones in channels of relatively high tide
fluxes. This edible macroalgae is also a valuable source of
carrageenan (Chapman and Chapman 1980; Soares et al.
2016).

Physico-chemical data

Once a week during the period of algal cultivation, different
environmental variables were monitored. Water temperature,
dissolved oxygen and pH were measured at 30 cm depth with
a multiparametric probe (sensION MM156 Hach). Salinity
was determined using a refractometer (ATAGO). Water sam-
ples were collected in triplicate to measure suspended solids
(SS) and dissolved inorganic nutrients (nitrate, nitrite, ammo-
nium and phosphate). In the case of SS, 5 L of seawater were
collected and immediately transported to the laboratory. The
water was shaken to re-suspend solids prior to filtration.
Between 1 and 0.5 L of water (depending on the amount of
SS) was filtered through a glass fibre filter (Whatman GF/F;
effective pore size 0.7 wm). Filters were dried in a desiccation
oven at 60 °C for 24 h before the filtration and 48 h after the
filtration. Concentration was estimated as the difference in
weight of the dried filter after and before filtration divided
by the filtered volume. Dissolved inorganic nutrients were
estimated from water samples of 10 mL, filtered in situ (GF/
F Whatman filter) and determined in a Skalar SAN++ CFA
autoanalyzer following standard methods (Grassoff et al.
1983). When available for the study period, additional data
of dissolved nutrients were obtained from station 62C2130 of
the network of environmental information of Andalusia

1 km

(REDIAM,; http://www.juntadeandalucia.es/medioambiente/
site/rediam), which was located in the zone of cultivation.

Raft cultivation

Immediately after collection, harvested secaweeds were
transported to the laboratory in a cooler box. Healthy frag-
ments were selected, and visible epiphytes were carefully re-
moved with a wet cloth and a brush. Then, propylene braided
ropes (1 cm thickness; ca. 1.3 m long) were seeded with 15—
20 g algae (18 tufts) per rope and weighed (fresh weight; fw).
Seeded fragments ranged between 12 and 16 cm for
G. longissima and 8 and 12 cm for G. bursa-pastoris and
C. teedei. Seeded ropes were maintained in 50-L aquaria with
aeration and subsequently transported to the experimental site
in a cool box, wrapped with humid papers and kept inside
plastic bags to avoid desiccation and thermal stress. All the
seeded ropes were planted in rafts within 24 h after collection.
Rafts consisted of PVC submersible frames of 2.2 m long x
1.3 m wide, which allowed for nine parallel seeded ropes
anchored to the frame with plastic shackles (Bermejo et al.
2019). Physical interaction among ropes was minimized by
setting a distance of 18 cm between them. Three rafts were
placed in the upper subtidal zone and separated 25-50 m fol-
lowing method adopted by Anderson et al. (1999). Rafts were
anchored to the bottom with thick ropes and four concrete
blocks of 8 kg each and were secured in place by four buoys
positioned in each corner. The rafts remained horizontal and
submerged at 50 cm depth and occasionally emerging for less
than 2 h during extreme spring tides.
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Culture monitoring

The study was conducted for five periods of 9 weeks, referred
vaguely as autumn 2014 (starting on October 24), winter 2015
(starting on January15), spring 2015 (starting on March 20),
summer 2015 (starting on July 30) and autumn 2015 (starting
on October 2). To identify the most suitable season and dura-
tion of cultivation for each species, algae were harvested after
3, 6 and 9 weeks of growth in any period. Three ropes for each
species were collected in each harvesting occasion. Thalli
were removed, cleaned carefully and weighed to determine
the increase in biomass as well as relative growth rates. The
algae were placed in a portable centrifuge to gently drain off
excess water. Yield (Y) was calculated following Eq. 1:

Y (mgdwm™' day ') = [(B—Bo) (dw/fw)/iL] (1)

where B, the final algal wet weight for each rope (mg), By is
the initial biomass, # is the cultivation period (days), dw is the
dry weight and L is the length of the rope (m). To estimate dw—
fw conversions, samples of macroalgae were dried in the lab-
oratory (5 days in a desiccation oven at 60 °C) after the culti-
vation period.

To calculate the relative daily growth rate (DGR), an expo-
nential growth was assumed (Eq. 2):

DGR (%day™") = 100 - In (fwy/fwy)/t (2)

where fiwyis the final fresh weight after ¢ days of culture and
fwy is the initial fresh weight.

To evaluate the influence of the internal content of nitrogen
(N) on growth, positive net growth values were plotted against
tissue N concentrations according to the Droop equation
(Droop, 1983):

DGR (%day ') = DGRyax - [1-(Ng/N)] (3)

where DGR, is the maximal growth rate, N is the minimal
tissue N content needed to sustain growth (the subsistence N
quota; in mg g ' dw), and N is the actual tissue nitrogen
concentration in the seaweed.

The critical N quota (N¢) is the necessary concentration of
tissue N to maintain growth at the maximum possible rate and
has been estimated as the cut-off point between the minimum
slope and the maximum growth, with the minimum slope
being the line joining the points between DGR =0 and
DGR =0.5 DGR,,,,x (Pedersen and Borum 1996).

The tissue N content was estimated from macroalgal
samples collected before and after cultivation. The samples
were dried (5 days at 60 °C) and ground. The N content
was estimated after combustion at 1050 °C in a LECO
CHNS-932 Elementary Chemical Analyser. Nitrogen was
measured as NO,.
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Biomitigation assessment

The biomitigation capacity of all species was computed ac-
cording to the following expression:

Biomitigation capacity (mg N m™' month™)
= [N; (dw/fw) Bi—Ny (dw/fw) ¢ By] (4)

where N, and N, (mg N gf1 dw) are the tissue N contents at the
end and at the beginning of the cultivation period, respectively.

Statistical analysis

The cultivation trial of the three species was aimed to assess
the effects of ‘season’ (four levels: autumn, winter, spring and
summer) and ‘duration of culture period’ (three levels: 3, 6,
9 weeks) on the growth rate, following a randomized complete
block design. In the case of G. longissima and G. bursa-
pastoris, where there were data for autumn 2014 and autumn
2015, a third factor (year) was considered and was nested with
‘season’. Three-way ANOVAs for G. longissima and
G. bursa-pastoris and two-way ANOVAs in the case of
C. teedei were tested to assess the effect of the different factors
on growth rate. Previously, data were assessed for normality
and homoscedasticity (Shapiro-Wilks and Levene tests, re-
spectively). The level of significance was set at 5% probabil-
ity, excluding G. longissima, which was confined to 1% to
reduce type I error, as the normality hypothesis did not fulfil
for some interactions, in spite of the fact that the data were
homoscedastic (Underwood 1997).

To identify the main variables influencing DGR, a gener-
alized linear model (GLM) was used, assuming Gaussian dis-
tribution due to the existence of negative data (Vaz-Pinto et al.
2013). The model has been shown to be a suitable approach to
assess the significance of the main variables controlling
macroalgal growth (Lapointe and Bedford 2011). To avoid
collinearity issues and to make the interpretation of results
casier, the variable Dissolved Inorganic Nitrogen (DIN) con-
centration was used instead of [NO5 ], [NO, ] and [NH,*].
Suspended solids and phosphates also showed a strong corre-
lation (» >0.7), and only the former was retained for GLM.
Similarly, a strong correlation was observed between solar
irradiance and temperature, and only temperature was retained
for the analysis. Thus, the following explicative variables
were included in the model: mean water temperature, tidal
coefficient, DIN, tissue N content, SS, salinity and days of
cultivation. Meteorological data were obtained from the his-
torical data of the REDIAM. The selection criterion and se-
lection procedure used were ‘best subset’ and ‘Akaike infor-
mation criteria’, respectively. The percentage of changes in
DGR explained by the model was calculated according to
(Zuur et al. 2009) the following:
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100 (Nd—Rd) /Nd (5)

where Nd is the null deviance and Rd is the residual deviance
obtained from the linear model.

Statistical analyses were carried out using the software R-
program (R Development Core Team 2011).

Results
Environmental factors

Table 1 shows the physical and chemical variables monitored
throughout the study period. Seawater temperature ranged be-
tween 9.5 and 28.4 °C, with maximum mean values in August
and minimum in February. The pH ranged between 7.83 and
8.80. The greater mean values were measured in spring. These
two variables followed a marked seasonal pattern. Salinity
ranged between 31 and 41 %o but did not show a clear pattern
as it was influenced by rainy periods or high evaporation
within the bay and surrounding saltmarshes and the managing
of water fluxes in traditional salinas. The greatest mean salin-
ities were recorded in winter and spring. Dissolved oxygen
concentrations were highest during the spring, with values
ranging from 5.3 and 12.8 mg L™". Finally, SS showed marked
differences as they were influenced by the wind. Values
reached up to 253 mg L' during strong eastern winds, which
occur specially during the summer.

Ammonium was the main form of DIN throughout the
study period. Overall, concentrations were highest during
the winter, after the season of heavy rainfall (data not shown).
Highest concentrations were normally associated with the
mixing of the water column due to strong windy conditions
and river discharges in the basin after heavy rainfall.
Phosphate was generally lower than 0.5 uM (Table 1).

Relative growth rates and yield
Gracilariopsis longissima

The statistical data showed that the relative growth rate of
G. longissima was affected significantly by the duration of cul-
ture period, season and year (Table 2). Generally, the longer the
cultivation period, the lower the growth rates (Fig. 2a). The
DGR was even negative during part of the year, particularly
after 9-week period of cultivation, when many thalli were par-
tially broken. Overall, winter and early spring were the most
recommended period for the cultivation of this species, al-
though the highest rate was obtained in autumn 2014 after
3 weeks of cultivation (4.71% day ). Yield was highest in early
spring; i.e., 195.04 mg dw m ' day ' (1.905 g fw m' day ")
produced during the first 3 weeks.

Summary of the physical and chemical environmental data at the sampling station in Santibafiez (Cadiz Bay) during the study period. Units: temperature: °C; salinity: psu; dissolved oxygen and

Table 1

suspended solids: mg L™ wind velocity: km h™'; nitrate, nitrite, ammonium and phosphate: 1M

Spring 2015 Summer 2015 Autumn 2015

Autumn 2014 Winter 2015

Variable

Mean + SD Range Mean + SD Range Mean + SD Range Mean + SD Range Mean + SD

Range

10.4-27.3 20.5 £ 2.56

24.09 + 2.48

10.2-28.4

8.24-8.8
3341

17.69 + 4.11

11.1-24
7.83-8.8

3341

13.11 £2.18
8.12£0.22

9.5-17.5
7.83-8.53

34-41

16.34 +3.96
8.27 £0.28

11.2-214

7.85-8.73
34-40

Temperature

pH

8.26 £ 0.19
38 £2.08

8.54 £0.19 8.08-8.62
36-41

8.28 £0.37
38.71 £2.2

36.91 £ 2.59
893 £1.92
549 £ 16.6
324 +6.14
0.6 +£0.28

38.79 £2.01

3628 +£2.14

Salinity

8.73 £ 1.81
61.5 +32

6.24-11.26

5.3-12.01
41-92

9.63 £ 1.75
73.2 £ 56.6
41.0 £ 11.0

6.97-12.8

9.23 £ 1.57
91.6 £71.8
50.0 + 7.58
2.25+1.93
0.36 +£0.14
4.87 £1.36
0.18 £ 0.37

7.13-12.8
27.4-253

8.87 £0.57
912 +£71.5
572 +12.0

8.28-9.55
10.2-235

46.4-70.2

Dissolved oxygen

62.2-93.6
29.8-49.8
1.6-2.01
0.23-0.5

26.1-253
30.6-52.6

Suspended solids

398 £ 134

27.4-39.2

40.0-56.5

Maximum wind velocity

Nitrate

1.79 £0.22
0.37 £0.13
3.16 £0.26
0.09 £ 0.02

0.28-0.88
0.05-0.39

2.59-3.73

1.85 + 3.08
0.17 £ 0.05
3.85+0.57
0.12 £ 0.04

0.57-4.94
0.13-0.25
3.72-4.42
0.07-0.15

1.08-4.18
0.27-0.5

1.03 +0.43
0.23 £0.11
4.65 +0.47
0.21 £0.28

0.39-1.46

0.16 £ 0.23
3.04 + 0.69
0.08 + 0.03

0.11-0.34
4.39-4.86
0.07-0.49

Nitrite

2.38-3.42
0.08-0.11

3.85-6.23
0.07-0.55

Ammonium

0.03-0.11

Phosphate
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Table2  Summary of the analysis of variance showing the effect of the
length of the duration of the culture period (DC), seasonality (S) and year
on the daily growth rate of Gracilariopsis longissima. *p value <0.05;
**p value < 0.01; ***p value < 0.001

Factor df SS F-value

DC 2 122.12 7.6464%+*

S 3 191.27 7.984 3%
DCxSYear 6 95.69 1.9972

(S) 1 247.09 30.9431#%*
Residuals 32 255.53

The GLM (Table 3) suggested that the most important en-
vironmental variables explaining growth were tissue N con-
tent (p <0.001), period of cultivation (p <0.001), seawater
temperature (p =0.027) and the interaction between DIN
and period of cultivation (p < 0.001). According to the model,
the linear combination of these variables explained 61.15% of
the changes in DGR.

Gracilaria bursa-pastoris

The statistical data showed that DGR of G. bursa-pastoris was
influenced significantly by season and year. The interaction
between the duration of culture period and season was also
significant (Table 4). Relative growth rates were positive
throughout the study period, with maximum values reached
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Fig. 2 Boxplot displaying the relationship between season and duration
of the culture on the daily growth rate (%) of Gracilariopsis longissima
(a), Gracilaria bursa-pastoris (b) and Chondracanthus teedei (c). Error
bars represent the standard deviation (n =3)
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in autumn 2014 (3.47% day ') and spring 2015 (3.24% day ")
after 3 and 6 weeks of cultivation, respectively. Growth rates
were usually higher when the period of cultivation was longer
(Fig. 2b). Due to the reliability of the observed DGRs (mean
coefficient of variation we 16.27%) for the considered culture
periods (i.e., 3, 6 and 9 weeks), it was suitable to estimate
DGR every 3 weeks (Fig. 3). The pattern suggested that
G. bursa-pastoris could be cultivated in the bay from mid-
winter to the end of the summer. On the contrary, the low or
even negative growth rates in autumn (both in 2014 and 2015)
indicated the less favourable period for cultivation. The
highest yield was obtained in spring
(325.24mgdwm ' day ';1.91 g fwm ' day '), after 9 weeks
of cultivation.

According to the GLM (Table 3), only the interaction be-
tween the duration of the culture period and the tissue N con-
tent showed a significant effect in the growth rate of this spe-
cies (p <0.001). The combination on these variables ex-
plained 44.31% of the changes in DGR.

Chondracanthus teedei

The statistical data showed that DGR of C. feedei was not
significantly affected by any of the tested factors (data not
shown). Mean values did not show a clear pattern and were
relatively low throughout the period of study, with negative
rates found during autumn 2015 when thalli were cultivated
for more than 3 weeks (Fig. 2¢). The highest DGR was found
in winter after 6 weeks of cultivation (1.39% dayfl). Yield
was greatest in summer, after 3 weeks of cultivation
(93.55 mg dwm ' day'; 495 mg fw m ' day ).

For this species, the GLM suggested that the net growth
rate was significantly influenced by DIN, tissue N, salinity, the
length of the cultivation period and the interaction between
DIN and tissue N (Table 3). However, the linear combination
of all variables explained only 23.36% of the net growth rate
of this species.

Tissue N and biofiltration
Gracilariopsis longissima

Figure 4 a shows the tissue N content of G. longissima during
the study period. The maximum N content was estimated in
winter after 3 weeks of cultivation (3.29%). During this time,
values were even higher than N¢ (the critical quota, consid-
ered at ca. 2%). Values were always higher than N, but gen-
erally lower than N, which indicated that algae were growing
below the maximum theoretical DGR for most of the study
period.

In this species, the positive DGR was related to the tissue
N, as shown by the significant fit to the Droop model (R* =
0.5; p <0.01; Fig. 5). According to the model, the maximum
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Table 3 Analysis of deviance
revealed from the generalized Variables Df Deviance Residual Df Residual deviance P AIC
linear models for the net growth
rate of Gracilariopsis longissima, a) G. longissima
Gracilaria bursa-pastoris and NULL 42 2551.7
Ch(?ndracanthus teedei during a DIN 1 92.02 41 2459 7 0.0714
period of 1 year. Explanatory -
variables: dissolved organic DC 1 34633 40 21134 0.0004 =
nitrogen (DIN), duration of N 1 397.58 39 1715.8 0.0002 **3*
culture period (DC), mean T mean 1 13847 38 1577.4 0.0270 *
seawater temperature (T mean), . 05
salinity () and tissue N (N). The DIN: Days 1 475.41 37 1101.9 4.2e-05
NULL (intercept only) model is y DIN: N 1 3.56 36 1098.4 0.7229
~1, reflecting no dependence of 'y DC: N 1 107.20 35 991.21 0.0517
on the explanatory variables. *p Minimum adequate model 274.95
value < 0.05; **p value<0.01; 1l model
*#*p value < 0.001. Df: degrees Full mode 316.66
of freedom; AIC: Akaike infor- b) G. bursa-pastoris
mation criteria NULL 42 93.300
DIN 1 3.175 41 90.125 0.1436
DC 0.199 40 89.925 0.7136
N 1 3.064 39 86.860 0.1507
T mean 1 2.736 38 84.124 0.1745
DIN: Days 1 4.162 37 79.962 0.0940
DIN: N 1 0.019 36 79.943 0.9101
DC: N 1 27.988 53 51.955 1.4e-05 *#*
Minimum adequate model 1 159.97
Full model 169.08
¢) C. teedei
NULL 118.255 35 789.39
DIN 1 205.311 34 671.14 1.6e-05 ***
N 1 25.676 33 465.83 1.3e-08 *%**
Sal 1 0.051 32 440.15 0.0444 *
T mean 1 193.980 31 440.10 0.9287
DC 1 61.788 30 246.12 3.3e-08 ##*
DIN: N 1 29 184.33 0.0018 **
Minimum adequate model 1 176.96
Full model 1 0.051 214.45

theoretical growth rate in Cadiz Bay was 4.29+0.51% day ',
the value of N was 0.54 £0.08% and N was 1.85+1.00%.
In addition, N content in G. longissima was directly related to

Table 4 Summary of the analysis of variance showing the effect of the
duration of culture period (DC), season (S) and year on daily growth rate
of Gracilaria bursa-pastoris. *p value <0.05; **p value <0.01; ***p
value <0.001

Factor df SS F-value

DC 2 0.1374 0.2890

S 3 20.5334 20.5334%%*
DCxS 6 5.4416 5.4416%%*
Year(Season) 1 72.4139 72.4139%%*
Residuals 32 7.6047

the ammonium concentrations in the sampling station
(Table 1), as suggested by the high significant relationship
between both variables (Tissue N = 0.2022 [NH, "]+ 0.7074;
Fy14=34.51,p <0.001, R* =0.73).

From the values of tissue N and the total net biomass after
and before any period of cultivation, the computed
biofiltration rate showed that G. longissima biofiltered effec-
tively DIN only during the winter (Fig. 6a), when the
macroalgae showed positive net growth rate throughout the
season. Maximum mean biofiltration rates were estimated in
34.51+10.88 mg N m ' month™'.

Gracilaria bursa-pastoris

The tissue N content in G. bursa-pastoris revealed a clear
seasonal pattern (Fig. 4b), with values higher than N¢ at the
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Fig. 3 Secasonal variation of the daily growth rate (%) of Gracilaria
bursa-pastoris after a period of 3 months of thalli cultivation. Error bars
represent the standard deviation (n = 3)

end of autumn 2014 and winter 2015, which did not corre-
spond with periods of maximum growth rates. By contrast,
tissue N content decreased dramatically in summer, when
values nearly reached the theoretical Ng. No relationship
was found between DGR and tissue N, but, as it was also
found for G. longissima, the tissue N content in G. bursa-
pastoris was significantly related to the ammonium concen-
tration in the cultivation site (Tissue N =0.3301 [NH,*]+
0.5796; Fy 14 =17.64, p <0.01, R* =0.57).

Gracilaria bursa-pastoris biofiltered DIN from the bay
during most of the year (Fig. 6b) with the exception of autumn
2015, when no positive rates were found. The estimated mean
biofiltration rates reached 80.42+31.36 mg N m ' month™'
during the spring, when the maximum DGRs were measured.

Chondracanthus teedei

The tissue N content of C. feedei also showed a clear sea-
sonal pattern (Fig. 4c), with the highest values found in
winter and spring and then a decrease in N content during
summer and autumn. All concentrations, however, were
always lower than N, which suggested that the macroalgae
were never growing at their maximal potential. Similarly to
G. bursa-pastoris, the Droop model did not explain a pos-
sible relationship between growth rate and tissue N. There
was no significant relationship found either between tissue
N content and ammonium or nitrate in the seawater from
the cultivation site, although significance for nitrate was
marginal (F,;3 =3,43, p =0.067, R? =0.33). Regarding
DIN biofiltration, C. teedei showed positive rates during
winter and spring, when tissue N was greater. Maximum
mean rates of biomitigation were estimated after 6 weeks
of cultivation in spring (25.22 + 17.71 mg N m ' month™").
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Discussion

The present investigation addressed the possibility of cultiva-
tion of three common and valuable red seaweeds in the bay of
Cadiz. This is the first study to investigate field cultivation of
seaweeds in open waters in southern Spain, where the demand
of marine macroalgae is increasing (Pérez-Lloréns et al. 2018;
Mouritsen et al. 2019). At the same time, one of the main
ecological services provided by macroalgal cultures
(biomitigation of nutrients; Fletcher, 1996) has been explored
as an additional tool to tackle potential coastal eutrophication.
Cultures of G. longissima and C. teedei in earthen ponds were
previously carried out (Hermandez et al. 2006; Bermejo et al.
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Fig.5 Growth rate as a function of tissue N in Gracilariopsis longissima.
Data points were obtained in thalli cultured in the field and fitted to the
Droop expression using nonlinear regression

2019), but this is the first time that cultures of G. bursa-
pastoris have been tested in Spain.

Relative growth rates and yield

Studies of G. longissima showed higher net growth rates up to
6.0% day" in Cadiz Bay, during the winter in the outflow
reservoir of a fish farm (Hernandez et al. 2006), or up to
8% day ' measured in natural populations of this species in
a nearby tidal creek (Pérez-Lloréns et al. 2004). The maxi-
mum DGRs measured during the present study were similar
to those reported by Bermejo et al. (2019) in a nearby tradi-
tional salina (3.2% dayfl), Alvarez-Gomez et al. (2019) in
laboratory cultures (ca. 4% dayfl) or He et al. (2014) in an
IMTA mesocosm system of G. longissima and the fish
Sciaenops ocellatus (3.0% day ). However, G. longissima
in this study showed long periods of net biomass losses, and
generally, net growth rates were not sustained for more than
3 weeks. Considering that the N content in G. longissima was
sufficient to sustain growth (i.e. tissue N content higher than
N; Fig. 6a) during the entire study period, the observed neg-
ative growth rates might be a consequence of the biomass loss
by grazing or thalli breaking due to the hydrodynamic condi-
tions. The only time of the year when the culture of
G. longissima seems to be feasible was winter and early
spring. This growth pattern partially agreed with previous
studies developed in this area, which identify winter and mid
spring as suitable periods (from November to April) for the
growth of'this species, and late spring and early summer (May
and June) as unsuitable (Pérez-Lloréns et al. 2004; Bermejo
etal. 2019).

The relative net growth rates of G. bursa-pastoris obtained
in this study (3.5% day ') were lower than those found for this
species in the Thau lagoon (up to 6.2% day '; De Casablanca
et al. 1997) or in an IMTA study in Israel (up to 10% day ';
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Fig. 6 Biomitigation rates of dissolved inorganic nitrogen in cultured
thalli of Gracilariopsis longissima (a), Gracilaria bursa-pastoris (b)
and Chondracanthus teedei (c¢). Error bars represent the standard
deviation (n =3)

Winter Autumn

Korzen et al. 2016). These differences could be attributed to
two main reasons: (i) De Casablanca et al. (1997) and Korzen
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etal. (2016) cultivated the macroalgae in cages, which reduces
the loss of biomass by thalli breakage and grazing by macro-
fauna; and (ii) nutrient availability in both coastal ecosystems
were higher than that in Cadiz Bay. The tissue N content
observed for G. bursa-pastoris in this study was lower than
the critical quota for most of the year, which supported this
explanation. The observed seasonal growth pattern agreed
with that described by Marinho-Soriano et al. (1998) in the
Thau Lagoon, where this seaweed exhibited a marked season-
al peak in late spring.

The maximum net growth rates in C. teedei (1.6% dayﬁl)
were lower than those found in thalli cultured in a traditional
salina (2.0% day™'; Bermejo et al. 2019) and also in those
estimated in the closely related species Chondracanthus
chamissoi in Chile (ca. 4% dayfl; Bulboa et al. 2005), despite
that rates in the latter were less than 2% day ' for a large part of
the year. The growth rates observed in this study could be
partially explained by nitrogen limitation, as tissue N was al-
ways lower than N. However, considering the results obtained
by the ANOVA and GLM, other factors or combination of
factors not considered in this model might explain the growth
pattern of this species. Overall, DGRs obtained in suspended
rope cultivation in the field were far from the ones observed by
Zinoun (1993) under controlled conditions in laboratory, which
were close to 8% day . This species showed the higher relative
growth rates from winter to late spring (Pereira and Mesquita
2004; Bermejo et al. 2019). However, no clear seasonal pattern
in growth was observed during this study, which indicated that
culture conditions were suboptimal.

Maximum yield varied between ca. 94 mg dw m™' day '
(C. teedei) and 325 mg dw m' dayfl (G. bursa-pastoris)
(495-1911 mg fw m' day '). Regarding the Gracilariales,
the maximum mean yield in G. longissima
(1905 mg fw m~' day ') almost trebled mean values found
in earthen ponds under high hydrodynamic conditions
(745 mg fw m ' day '; Bermejo et al. 2019). However, high
production was only sustained for less than a month. Even
when yield was highest for G. bursa-pastoris, net production
was far from maximum yields obtained for Gracilaria
lemaneiformis in integrated open cultures with fish species
Sebastodes fuscescens in north China (maximum 120 +
19.5 g fwm ' day '; Zhou et al. 2006) or Gracilaria chilensis
cultivated with salmon in Chile (8.67 g fw m™' day '; Halling
et al. 2005). These preliminary results show the possibility of
further improvements in the cultivation of these species in
Cadiz Bay. For C. feedei, maximum yield values were half
of the net production reported by Bermejo et al. (2019) in
winter under high seedling density and high hydrodynamics
(965+324 mg fw m ' day '), which significantly improved
the culture of this species.

The GLMs and tissue N contents (Fig. 4) indicated a crucial
role of nitrogen limitation controlling the growth of the three
species cultivated in Cadiz Bay. Tissue N contents were below
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the critical quota for most of the year (Pedersen and Borum
1997; Pedersen and Johnsen 2017), which might limit the
potential growth as well as the fitness and ability to cope with
environmental stress (Kumar et al. 2010; Parages et al. 2014;
Van Alstyne 2018). The GLMs also indicated a relevant role
of culture duration, which was especially significant in the
case of G. longissima. This species, as well as C. teedei, usu-
ally showed lower DGR when cultivated during longer pe-
riods (Fig. 2), which might be related to the more likely oc-
currence of stressful events over their tolerance limits as the
duration of culture increased. These two species were natural-
ly present in the surrounding area of Cadiz Bay, in sites of low
irradiance with enhanced water flowing conditions, such as
the lock gates of salinas, narrowing channels or bridge spans
(Bermejo et al. 2019). Although in the inner bay of Cadiz key
environmental factors for the development of macrophytes,
such as salinity, nutrient availability or temperature (Hurd
et al. 2014) showed a broad range of variability, this range
was similar or even lower to those found in adjacent tidal
creeks and saltmarshes, where these species thrive. Thus, in
order to optimize the cultures of the two species, light and
water motion conditions should be adjusted together with
the increase in nitrogen availability. Particularly, the enhance-
ment of DIN availability would greatly improve yield and
growth of G. bursa-pastoris, the most suitable seaweed spe-
cies for culture in Cadiz Bay.

Tissue N and biofiltration

Nitrogen availability was essential to regulate the growth of
the three species. In fact, in spite that tissue N content was
determined from macroalgae cultivated in the field, the value
of the N estimated for G. longissima was close to that report-
ed in the literature (2.14%) for Gracilaria vermiculophyla
(Pedersen and Johnsen 2017) or the reference value of 2%
suggested for macroalgae (Hanisak 1983; Wheeler and
Bjomsiter 1992) and so was Ng, which was close to values
reported for similar macroalgal species by Pedersen and
Borum (1997) or slightly lower than Nq suggested by
Pedersen and Johnsen (2017) in G. vermiculophyla (0.706 =
0.095%). In addition, tissue N content was strongly related
with external ammonium in the two Gracilariales. The impor-
tance of ammonium for the growth of Gracilaria was pointed
out by Naldi and Wheeler (1999), who found that tissue N
content increased more under ammonium enrichment that un-
der nitrate enrichment in Gracilaria pacifica. Abreu et al.
(2011a) and Pedersen and Johnsen (2017) also highlighted
the importance of ammonium in the tissue N accumulation
in G. vermiculophyla due to its higher uptake efficiency vs.
nitrate under a large range of ambient concentrations.

The results also showed that the three species were able to
biomitigate DIN, at least during part of the year, which sug-
gested the usefulness of nutrient biofiltration through native
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seaweeds culture as a mitigation measure to manage coastal
eutrophic waters. The bioremediation potential was especially
relevant during the winter, when the three species showed
positive net rates, and during the spring, when G. bursa-
pastoris and C. teedei reached the maximum biofiltration
rates. Although biomitigation was generally lower than that
obtained under high dissolved nitrogen concentration from a
fish farm (ca. 510 mg N m! monthfl; Hernandez et al. 2002
for Gracilariopsis longissima), the nutrient biofiltration esti-
mated in this study contributes to the natural biofiltration pro-
cess carried out by wild macroalgae and seagrass populations
of the bay (Van Engeland et al. 2011). Considering a mean
biofiltering value of our species of 25 mg N m' month ' dur-
ing the winter, each raft biomitigated ca. 2.5 g N in this season,
which would be retained as algal biomass. A conservative
value of 750 rafts per hectare might biomitigate ca.
0.660 kg N ha '. However, these hypothetical estimations
are far from those calculated by Kim et al. (2015) in a eutro-
phic estuary, using longline cultures of the kelp Sacharina
latissima as a biomitigator (10-139 kg N ha ' year™').
Scaling the cultures would also help to mitigate the effect of
spikes of nutrients from a nearby river after heavy rainfall or
from discharges of several fish farms in the area. That is es-
pecially important in Cadiz Bay as a marine protected area.

Conclusions and further recommendations

The cultures could benefit from several improvements in the
raft cultivation method. The importance of enhanced water
motion on the growth rate has been demonstrated (Ryder
et al., 2004; Bermejo et al. 2019) as well as the strong effect
of dissolved nutrients on the increase of yield and growth rate
as different studies have shown when dealing with IMTA
projects (Abreu et al. 2011b; He et al. 2014). It is possible to
find suitable conditions in the bay, close to the main channel
and fish farms; however, these deployments would require
permission from the administrative authorities. The depth
where rafts are placed can also be adjusted so that irradiance
can be partially controlled. As mentioned above,
G. longissima and C. teedei prefer conditions of low irradi-
ance (Bermejo et al. 2019), and, possibly, this is one of the
reasons why these two species grew better in winter.

In conclusion, the experiments carried out with submers-
ible rafts to cultivate three native macroalgae in Cadiz Bay
(G. longissima, G. bursa-pastoris and C. teedei) suggested
that G. bursa-pastoris is the most suitable one for cultivation.
The scaling-up and technical improvements of the cultivation
method can lead to a profitable and eco-friendly activity that
increases seaweed production, especially of those with the
highest demand for consumption in the region. In addition,
the seaweed aquaculture of the macroalgae could contribute
to maintain the water quality of the bay, an area where several
fish farms are currently in operation.
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