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ARTICLE INFO ABSTRACT

Keywords: In Van Phong Bay, Viet Nam, the economically important macroalgae sea grapes (Caulerpa lentillifera; Cau-
Aquaculture lerpaceae, Bryopsidales) and the spotted babylon snail (Babylonia areolata) are cultivated in tidal ponds in close
Co-cultlllre proximity. A co-culture in the same pond could benefit farmers by saving space and mitigating potential
Macroalga . eutrophication. The study assessed the co-culture potential of sea grapes and spotted babylon snails held within
Photosynthetic performance . . . .

Sea Grapes the same system. In an outdoor experiment, three different treatments (algae and snails together, algae and snails

spatially separated, only algae) were assessed for their effect on water quality, biomass properties and size in-
crease of both organisms, photosynthetic efficiency, antioxidant activity, and total phenolic content of the
macroalgae and survival of the snails. In a second (indoor) experiment, the influence of different snail densities
on the physiological state of the macroalgae was investigated. In both experiments, the presence of the snails
raised the concentrations of nitrogen oxides (NOy) and phosphate (PO4). The co-culture had a positive effect on
both growth and physiology of the sea grapes. Sea grapes on trays and co-cultured with Babylonia showed the
highest increase in biomass. Babylonia growth and survival were not affected by spatial separation of the alga and
high stocking densities could be implemented without negatively affecting the seaweed. The results are prom-
ising regarding the establishment of co-cultures and indicate the economic feasibility of integrating B. areolata
snails into C. lentillifera pond cultures.

1. Introduction global green seaweed production in the period 1950-2019 (6404 t WW

per year on average), but with declining values until 2019 (1090 t WW,

Food security is one of the greatest challenges of our time, and the
ever-growing world population is raising the demand for nutritious and
sustainable food sources. As arable land becomes increasingly scarce,
the focus must shift to aquatic food sources and their sustainable utili-
zation. More than 50 % of the marine and coastal aquaculture products
produced worldwide are macroalgae, mainly for their use in human food
(directly or indirectly through food additives such as alginates or phy-
cocolloids) (Chopin and Tacon, 2021; FAO, 2022). Global seaweed
production reached a record of 35 million tonnes (t, wet weight, WW) in
2020. However, only a few genera of red and brown macroalgae
dominate seaweed production, whereas green macroalgae contribute <
1 % (FAO, 2022; Moreira et al., 2022). Caulerpa is a genus that is gaining
popularity in the last decades, with the highest average contribution to

Cai et al., 2021a). However, these recent production values are likely to
be underestimates, based mainly on reports from The Philippines. More
accurate and current data are not available.

Among the green algae of economic interest is Caulerpa lentillifera
(Caulerpaceae, Bryopsidales), commonly known as "sea grapes" or
"green caviar". This edible seaweed is popular in the Indo-Pacific regions
for its unique texture and its high nutritional value (de Gaillande et al.,
2017; Syakilla et al., 2022). The siphonous alga consists of a horizontal
stolon with rhizomes and edible fronds that bear globular ramuli, which
resemble caviar (Zubia et al., 2020; Fig. 1A). C. lentillifera is recognized
as a rich source of antioxidants due to its high content of secondary
metabolites such as ascorbic acid (vitamin C), a-tocopherol (vitamin E),
and polyphenols (Matanjun et al., 2009; Nguyen et al., 2011).
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A)

Rhizoids/ Stolon 1cm

Fig. 1. A) Caulerpa lentillifera consists of horizontal stolons with rhizoids and
the edible fronds which bear globular ramuli; B) Juvenile Babylonia areolata
specimens with ~ 3 cm shell length.

Antioxidants play an important role as bioactive compounds due to their
scavenging of reactive oxygen species (ROS), which can be harmful in
high concentrations (Sharma et al., 2012). With antidiabetic, anticancer
and antimutagenic activities, sea grapes have been proposed as a
promising functional food ingredient (Daud et al., 2020; Manoppo et al.,
2022; Syakilla et al., 2022).

Seaweeds take up dissolved nutrients from their surrounding water
to grow, mainly nitrogen (N) and phosphorus (P). Sea grapes prefer
nitrate (NO3) over nitrite (NO3) or ammonium (NHZ) as their inorganic
nitrogen source (Liu et al., 2016). To obtain high growth rates, nutrient
concentrations of 0.6 and 0.5 mmol L~! NO3 with N:P ratios of 8:1 and
5:1, respectively, have been recommended (Pariyawathee et al., 2003;
Guo et al., 2015). Lower N concentrations led to growth limitation (Guo
et al., 2015). P-limitation occurred at concentrations of 10 umol L!
phosphate (PO4) and lower (Guo et al., 2015). Cai et al. (2021b) re-
ported similar growth rates of sea grapes at different N concentrations
(47, 188, 750 umol L™1) at constant P concentrations of 29 umol L’l,
indicating that P might have been the limiting factor for growth.

In Viet Nam, C. lentillifera is increasingly cultivated in the Khanh Hoa
province, in the Central South of Viet Nam. The cultivation takes place
mainly in earthen tidal ponds along the coast, which are shaded with
gauze material (Stuthmann et al., 2020, own observations). Algae are
either planted directly into the sediment (sowing method) or grown on
perforated plastic trays or nets (tray method), depending on the char-
acteristics of the pond’s substrate (Rabia, 2016). According to Rabia
(2016), the sowing method results in higher biomass yields due to the
high nutrient load in the sediment, which could also alter the seaweeds’
nutritional composition (Long et al., 2020). Harvesting, which takes
place about every two weeks, yields approximately 1000 kg WW in a
5000 m? pond, with farm-gate prices of USD 4.35 kg™! WW (Dobson
et al., 2020a).

The spotted babylon snail Babylonia areolata is an economically
important gastropod, used for human consumption in Southeast Asia,
including Viet Nam (Dobson et al., 2020a; Mai et al., 2022; Fig. 1B). The
scavenging snail inhabits the sandy or muddy bottom of shallow waters.
Due to high fishing pressure, the various aspects of B. areolata aqua-
culture are increasingly being studied and practiced, especially in
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Thailand (e.g. Chaitanawasitu et al., 2001; Kritsanapuntu et al., 2008;
Sangsawangchote et al., 2010). In the Khanh Hoa province, around
30-50 t of babylon snails are produced annually (Nghia et al., 2009).
B. areolata achieve farm-gate values of around USD 7 kg~! WW when
they reach marketable sizes of around 6.5-9 g per individual after
approximately 6 months growth (Kritsanapuntu et al., 2006; Dobson
et al., 2020a). The snails are maintained at high densities (300-400
individuals m~2) and usually fed with protein-rich trash fish, resulting in
suboptimal water parameters and sediment conditions, as well as
nutrient rich effluents (Dobson et al., 2020b). Therefore, various
co-culture approaches have been attempted in order to minimize the
negative impacts of the fed species on water quality and sediment con-
ditions by integrating bottom feeding sea cucumbers (Dobson et al.,
2020a; b) or bioremediating seaweeds (Chaitanawisuti et al., 2011;
Dobson et al., 2020a).

Macroalgae are known for their bioremediation potential and are
therefore used as extractive species in aquaculture systems to remove
nutrients and convert them into useful biomass (Chavez-Crooker and
Obreque-Contreras, 2010; Abreu et al., 2011). Integrated culture of fed
species and filter and/or bottom feeders with algae has been shown to be
effective in reducing N and P levels in wastewater (Chopin et al., 2001;
Neori et al., 2004; Crab et al., 2007). In addition to their water quality
improving properties, the integration of algae also provides additional
crop.

C. lentillifera is a popular co-culture species and has been studied as a
bioremediator of nutrients in aquaculture effluents from various or-
ganisms including fish, shrimp, and snails (e.g. Chaitanawisuti et al.,
2011; Bambaranda et al., 2019b; Anh et al., 2021). In most of the
studies, presence of the seaweed had a positive effect on water quality by
reducing N and P levels and also on the fed species, for example by
increasing their growth rate (e.g. Anh et al., 2021; Omont et al., 2022).
Some first attempts to investigate the co-culture of C. lentillifera and
B. areolata have been made (Chaitanawisuti et al., 2011; Dobson et al.,
2020a). Dobson et al. (2020a) investigated the co-culture in an inte-
grated multitrophic aquaculture (IMTA) approach. Sea grapes were
cultured together with B. areolata and sea cucumbers (Holothuria scabra)
in Viet Nam. The results showed a positive biomass production of all
organisms when cultured together in the same system. However,
monoculture of only C. lentillifera was not studied during this approach.

Sea grapes and B. areolata are cultivated in close proximity in the
Khéanh Hoa province in Viet Nam, and the supply chain for stocking
material and intermediary traders for the marketable snails appear to be
in place. Therefore, the integration of snails into existing earthen sea
grape ponds could be an economically advantageous endeavor for the
farmers, providing an additional crop and increasing their income se-
curity (Thomas et al., 2021). B. areolata could potentially be integrated
into the same areas as the sea grapes. However, the burrowing activity of
the snails could negatively affect the growth of the seaweed through
mechanical disturbances. Cultivating sea grapes on trays instead of in
the sediment could potentially mitigate the negative effects of the bur-
rowing activity. Nevertheless, spatial separation of the two organisms
seems more practical, as it would be difficult to collect the snails if they
were kept in the same area as the sea grapes. Since the outer areas of the
sea grape ponds and the area in front of the monk (pond draining
structure) are usually not shaded and sea grapes are not grown there, the
snails could be easily integrated in these areas without losing cultivation
area of the seaweed.

The objective of this study was to assess whether the integration of
B. areolata snails into existing sea grape ponds could potentially increase
the economic profit of sea grape farmers without reducing the yield of
C. lentillifera. The factors of (1) sea grape culture method (tray vs.
sowing), (2) co-culture approach (spatially separated vs. common bot-
tom space), and (3) B. areolata stocking density were identified as key-
factors, and the following research questions were derived and investi-
gated in two separate experiments:
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A. How do the (1) culture method and the (2) co-culture approach affect
the growth and physiology of C. lentillifera?

B. What (3) stocking densities of B. areolata can be integrated into sea
grape ponds without negative effects on the seaweed?

2. Materials & methods

This study consists of two experiments that were conducted at the
Institute of Oceanography (I0) in Nha Trang, Khanh Hoa Province, Viet
Nam; an outdoor terrace and an indoor laboratory experiment. Natural
seawater (30 + 1 °C, salinity of 31 & 1, NOy: 0.33 &+ 0.2 pmol Lfl, POy4:
1.19 + 0.7 pmol L™Y) from the bay in front of the institute was used for
the experiments. Caulerpa lentillifera (in the following referred to as
Caulerpa) was collected at the sea grape farm VIJA in Van Phong Bay
(12° 35'11.9" N; 109° 13’ 26.2" E) and rinsed with seawater to remove
sediment and epiphytes. Babylonia areolata (in the following referred to
as Babylonia) juveniles (~90 days old) were obtained from a Babylonia
snail farm in Xuan My village (12° 57’ 38.7" N; 109° 19' 57.3" E; Fig. 2).

2.1. Experimental design

2.1.1. Outdoor terrace experiment

The first experiment was conducted at the outside terrace facilities of
the IO over a period of six weeks (May — July 2022). Nine 400 L glass
fiber tanks (100 x 50 x 80 cm, 0.8 m~2) were set up in three rows and
filled with 350 L seawater and 5 cm beach sand each, allowing for
complete burial of the snails. The beach sand was washed twice before
filling it in the tanks to remove the coarsest impurities. Tanks were
supplied with gentle aeration via air-stones. To simulate culture condi-
tions in sea grape ponds, tanks were shaded with gauze material from
natural solar irradiance to reach irradiances of 0 — 140 umol photons
m~2 s7! during the day (Fig. 3A). Irradiance in the tanks over one
experimental day was measured using a LI-1500 light sensor logger with
a 2-n-flathead sensor (LI-COR Biosciences, USA) and is shown in the
appendix (Fig. A.1). All organisms were acclimated for three days prior
to the experiment in the shaded glass fiber tanks in natural seawater (30
+ 1 °C, salinity of 31 + 1).

Three different treatments were assigned to the nine tanks (n = 3) in
a randomized 3 x 3 design; Only Caulerpa — Control (C); Caulerpa and
Babylonia together (T); Caulerpa and Babylonia spatially separated (S;
Fig. 3B). Each tank contained Caulerpa with two different culture
methods: 1) on perforated plastic trays and 2) directly in the sediment.
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Sea grape density was based on commercial stocking densities in ponds
(1kg m_z), and the 4:1 seaweed to snail ratio was adapted from Chai-
tanawisuti et al. (2011) and Dobson et al. (2020a). 16 x 25 cm
(0.04 m?) perforated plastic trays were filled with ~100 g WW of sea
grapes and tied together with fishing line before placing two of them in
each tank (tray method). Additionally, two batches of Caulerpa (~100 g
WW) were planted directly into the sediment (sowing method). Initial
mean bodyweight (BW) and shell lengths of 120 Babylonia was 4.79
=+ 0.99 g and 2.81 + 0.21 cm, respectively. The snails were randomly
allocated to the snail treatments at densities of 20 individuals per tank
(~200 g m~2) which is within the range of optimal stocking density for
growth of the spotted babylon according to Chaitanawisuti and Kritsa-
napuntu (1997). Temperature and salinity in the tanks were kept con-
stant at 30 £ 1 °C and 31 + 1.

Babylonia snails were fed three times a week with trash fish (sar-
dines) at a rate of 5 % total mean BW, adjusted weekly. The fish was
bought at the local market and then frozen until the feeding days.
Leftover food was removed after an hour or after apparent satiation was
reached, as indicated by the burial of the snails. After feeding, 40 % of
the seawater was exchanged in every tank.

2.1.2. Indoor laboratory experiment

The second experiment was conducted at the IO indoor laboratory
facility over a period of four weeks (July 2022). 15 glass aquaria
(30 x 20 x 20 cm, 0.06 m~2) were filled with 10 L natural seawater
taken from the bay in front of the institute, 5 cm beach sand and ~100 g
(WW) Caulerpa in plastic trays. Four different snail densities were set up:
Control, low, medium, and high with 0, 2, 4, and 8 snails, respectively
which equals 0, 33, 66, and 133 snails m?(@n=>5 Fig. 4). Mean initial
bodyweight (BW) of 40 snails was 5.18 + 0.99 g with shell lengths of
2.88 + 0.22 cm. All tanks were supplied with gentle aeration via air
stones and were covered with cling film. The different snail treatments
were randomly assigned to the aquaria. Light was provided by light-
emitting diode (LED) bars (T5 High Output Fluorescent lights,
2 x 39 W, Odyssea, China) in a 12:12 h light:dark rhythm with irradi-
ances of 50 =+ 5 ymol photons m~2 s~1. Temperature and salinity were
kept constant at 30 & 1 °C and 31 + 1. All organisms were acclimated
for three days in glass aquaria with natural seawater (50 + 5 umol
photons m~2 571, 30 & 1 °C, salinity of 31 + 1).

The snails were fed every two days with trash fish as described in
Section 2.1.1. In the snail tanks, 40 % of water was exchanged after
feeding. Based on the results of the outdoor experiment, 100 % of the

25°N

100°E 1350

Ny

Van Phbng Bay
7w

Nha Phu Bay

NhaaTrang Bay

Study locations

@ Sea grape farm
@ Babylonia farm
@ Institute of Oceanography

Fig. 2. A) Location of Viet Nam within Southeast Asia; B) Map of Viet Nam. The red rectangle marks the Khanh Hoa province; C) Map of study locations along the

eastern coast of the Khanh Hoa province.
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Fig. 3. A) Experimental set-up of the outdoor terrace experiment; B) Sketch of experimental design. Control treatment with only Caulerpa lentillifera (C); C. lentillifera
and Babylonia areolata together (T); C. lentillifera and B. areolata spatially separated (S). Each tank contained C. lentillifera cultured with two different methods: on

trays or planted directly in the sediment.

Fig. 4. Experimental set-up of the indoor laboratory experiment (not all
aquaria visible). Four different treatments were investigated: Control (only
Caulerpa lentillifera), low, medium, and high Babylonia areolata densities with 0,
2, 4, and 8 snails, respectively which equals 0, 33, 66, and 133 snails
m%n=5.

water was exchanged in the “Control” treatment to ensure sufficient
nutrient concentrations.

2.2. Biomass properties

For the outdoor experiment, 15 Babylonia snails were randomly
selected from respective tanks and placed on a clean towel to allow
drainage of water before measuring body weight (BW) using a digital
scale with an accuracy of 0.01 g. Shell length was measured from the
shell apex to the part above the siphonal notch using a vernier caliper to
0.1 mm. At the end of the experiment (after six weeks) the mean relative
growth rate (RGR, % weight gain day ') was calculated as follows:

RGR = ((In BW,- In BW))/t) x 100

where BW, is the mean final bodyweight, BW; the mean initial body-
weight, and t the culture duration in days.

For the outdoor experiment, wet weight of Caulerpa was measured
every week for the tray cultures and every two weeks for the sediment
cultures using a digital scale. RGR was calculated as stated above. For
the laboratory experiment, Caulerpa trays were weighed weekly. 15 % of
the biomass was sampled every two weeks for further biochemical an-
alyses. Harvestable biomass was calculated by comparing the ratio of
fronds (the edible part of the alga) to stolon as follows:

Percentage of harvestable biomass = (W¢/W,) x 100

Where Wt is the weight of the fronds and W, the weight of the total

sample.
2.3. Chlorophyll a fluorescence measurements

Photosynthetic performance was determined by measuring chloro-
phyll a fluorescence using a portable Diving-PAM chlorophyll fluo-
rometer (Walz, Germany). The maximum quantum efficiency of
photosystem (PS) II (Fv/Fm) was measured in 7 min dark-adapted
Caulerpa frond thallus parts.

2.4. Nutrient measurements

Prior to water exchanges 20 mL water samples were taken, filtered
through 0.45 ym Minisart® syringe filters (Sartorius, Germany) and
then frozen at —20 °C until analyses. Nutrient measurements were
performed at the Leibniz Centre for Tropical Marine Research (ZMT,
Bremen, Germany) using an Infinite® 200 Pro microtiter plate reader
(TECAN, Switzerland). NOx was determined following the procedures of
Garcia-Robledo et al. (2014). PO4 was determined according to pro-
cedures of Ringuet et al. (2011).

2.5. Preparation of sample extracts

Sea grapes were frozen (—80 °C) directly after sampling and freeze-
dried for 24 h at 1 mbar (Beta 1-8 LSCbasic, Christ GmbH, Germany).
The freeze-dried samples were ground to powder for 20 s using a
FastPrep-24 (MP Biomedicals, Germany). 0.05 g dry weight (DW) of the
samples were dissolved in 1 mL ethanol (70 %) and extracted in a water
bath (47 °C) for 4 h, being vortexed hourly. Before analyses, samples
were centrifuged (2500 g, 20 °C) for 5 min.

2.6. Measurements of antioxidant activity — ABTS assay

The antioxidant activity (AOA) was determined by following the
modified ABTS*" assay (2,2-azino-bis-3-ethylbenzthiazoline-6-sul-
phonic acid) of Re et al. (1999). A 2.45 mM ABTS®" stock solution was
prepared by oxidising 7.0 mM ABTS with potassium disulfate (K2S20g)
for 16 h. An ABTS"" working solution was prepared by dilution with
absolute ethanol until a consistent absorption of 0.7 &+ 0.02 at 734 nm
was reached (UV/VIS-spectrophotometer, Thermo Scientific Genesys
140/150, Fisher Scientific GmbH, Germany). 1 mL of the ABTS""
working solution was added to 10 pL of sample extract and after six
minutes reaction time the absorbance was measured (734 nm). Trolox
was used as a standard and AOA was expressed as Trolox Equivalents
(TE mmol 100 g~ DW). All chemicals were purchased from Sigma
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Aldrich/Merck KgaA, Germany).

2.7. Measurements of total phenolic content — F-C assay

The total phenolic content (TPC) was determined by following the
Folin-Ciocalteu method described by Gillespie and Ainsworth (2007)
with slight adaptations. 10 % (v/v) F-C-reagent and 150 uL of sample
extract were mixed using a vortexer. 1.2 mL NayCOs (700 mM) was
added and incubated for 45 min in the dark at room temperature. Then,
samples were centrifuged (3 min, 5000 rpm, 20 °C) before reading the
absorbance at 765 nm in the same UV/VIS-spectrophotometer as in
Section 2.6. Gallic acid was used as a standard and results were
expressed as 100 mg Gallic acid equivalents (GAE) g’l DW. The source
of the chemicals was as described in Section 2.6.

2.8. Statistical analysis

All statistical analysis and graphical outputs were conducted using R
with RStudio (Wickham et al., 2019; R Core Team, 2020) and packages
from the package tidyverse. Outliers were excluded from analyses using
Grubbs’ test using the webpage GraphPad (https://www.graphpad.
com/quickcalcs/Grubbsl.cfm). QQ plots and Shapiro-Wilk test
(p > 0.05) were used to test the datasets for normality and Levene’s test
to check for homogeneity of variance (p > 0.05). Repeated measures
three-way analysis of variance (ANOVA) was conducted to investigate
the effect of treatment, culture method, and time on the response vari-
ables RGR and harvestable biomass of Caulerpa and was followed by
two-way and one-way analysis to investigate two-way interactions and
the main effect. Two-way ANOVA was conducted to test the effect of
treatment and culture method on the response variables Fv/Fm and
AOA. One-way ANOVA was run for TPC data and for between-subject
effects for each experimental day with treatment as independent vari-
able, followed by Tukey’s honestly significant difference (HSD) post-hoc
test. One-way ANOVA was also used to test the biomass increase data of
Caulerpa (indoor laboratory experiment). When the requirements for
homoscedasticity and normal distribution were not met, Kruskal-Wallis
tests with a following Dunn-Bonferroni post-hoc test were conducted.
For the Babylonia weight and relative growth rate data, paired t-test and
Wilcoxon tests were conducted, respectively. The confidence interval
was set to 95 %, the level of significance was o = 0.05. Summaries of the
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results of all statistical tests can be found in the appendix (Table A.1 &
A.2).

3. Results
3.1. Outdoor terrace experiment

3.1.1. Growth and harvestable biomass of Caulerpa

Relative growth rate (RGR) of Caulerpa was significantly affected by
treatment, culture method, and week as well as their interactions
(p < 0.001, respectively). However, the main effect of treatment
differed between the two culture methods, with significantly decreased
RGRs of Caulerpa in monocultured trays, compared to similar RGRs for
the first four weeks in sowing cultivation (Fig. 5). In the tray cultures,
treatment affected the RGR of Caulerpa in week 2, 4, and 6 (p < 0.001,
respectively). RGRs declined slightly in the snail treatments from 3.18
+ 0.97-1.55 + 0.85 % day_l (Separated) and from 3.81 + 1.42-1.31
4+ 0.68 % day ! (Together). The growth rates of the algae in the “Con-
trol” treatment showed the highest decline, dropping to —5.52 + 1.75 %
day ™! in week 6. In the sowing cultures, however, the RGRs between
Caulerpa in mono- and co-cultivation were similar until week 6. Growth
rates slightly increased by 0.2-2.5 % until week 4 with no significant
differences between the treatments. In week 6, growth rates declined to
negative values and differences between the treatments were present
with RGRs of Caulerpa in the monoculture being significantly lower
(—=7.98 + 2.38 % day’l) than in the co-culture treatments (Separated:
—2.71 + 2.06 % day!; Together: —2.28 =+ 1.00 % day ).

The percentage of harvestable biomass was affected by both, treat-
ment, and culture method (p < 0.001 both). The tray method resulted in
overall higher harvestable biomass of sea grapes compared to the sowing
method over the course of the experiment, but only when co-cultured
with Babylonia. Treatment significantly affected the harvestable
biomass in week 4 and week 6 for both culture methods (Fig. 6). The
harvestable biomass did not significantly differ between the snail
treatments during the course of the experiment, but was significantly
lower in the “Control” treatment for both, sowing and tray cultures in
week 4 and 6. Regarding the “Control” treatment, percentage of
harvestable biomass was generally higher in the sowing cultures than in
the tray cultures. In week 6, harvestable biomass in this treatment was
35.59 + 9.44 % in the sowing cultures and only 8.87 + 13.87 % in the

B sowing
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a a
a a
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5 - __— [
— . < a
b0 7'* — a
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Fig. 5. Relative growth rate (RGR) of Caulerpa lentillifera in the tray (A) and the sowing cultures (B) over the experimental run of 6 weeks. Treatments: Control: Only
C. lentillifera; Separated: C. lentillifera and Babylonia areolata spatially separated; Together: C. lentillifera and B. areolata together. The red line separates positive and
negative growth rates. Significant differences between the treatments per day are shown by different letters (One-way ANOVA with post-hoc test, p < 0.05). Data are

mean + standard deviation, n = 6.
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Fig. 6. Harvestable biomass (%) of Caulerpa lentillifera in the tray (A) and the sowing cultures (B) over the experimental run of 6 weeks. Treatments: Control: Only
C. lentillifera; Separated: C. lentillifera and Babylonia areolata spatially separated; Together: C. lentillifera and B. areolata together. Significant differences between the
snail treatments per day are shown by different letters (One-way ANOVA with post-hoc test, p < 0.05). Data are mean + standard deviation, n = 4-6.

tray cultures.

3.1.2. Photosynthetic efficiency

The Fv/Fm values of monocultured sea grapes in trays and with the
sowing method (0.59 + 0.08 and 0.62 + 0.08, respectively) decreased
during the experimental run, compared to the initial values (0.71
+ 0.03), whereas Fv/Fm values of Caulerpa species in co-cultivation
were similar (Fig. 7).

3.1.3. AOA and TPC

No differences in the AOA of Caulerpa were found. Values after six
weeks ranged from 138.62 + 40.07 mmol TE 100 g~ ! DW in the “Con-
trol” treatment within the sowing cultures to 146.13 + 38.74 mmol TE
100 g~! DW in the “Together” treatment within the tray cultures
(Table 1). Differences from initial values of 124.79 + 24.82 mmol TE
100 g~! DW were statistically not significant.

Total phenolic content declined in all treatments and culture

A tray

ac C

0.7

Fv/IFm

0.6

0.5

Initial Control  Separated Together

methods and was significantly affected by treatment (tray: p < 0.001,
sowing: p = 0.043; Table 1). In the tray cultures, TPC concentrations in
the “Separated” and “Together” treatment decreased by 36.4 % and 39.1
%, respectively and significantly differed from initial values. Highest
values were remained by algae in the “Control” treatment and only
declined by 19.4 %. In the sowing cultures, TPC content significantly
decreased in all three treatments by 23.7 % in the “Control” treatment
and 40.1 % and 44.9 % in the “Separated” and “Together” treatments,
respectively.

3.1.4. Growth and survival of Babylonia

The weight of the spotted babylon snails significantly increased
during the six weeks from 4.79 + 1.04 g to 8.17 4+ 1.44 g in the “Sepa-
rated” treatment and from 4.79 £0.95g to 8.20+1.40g in the
“Together” treatment (pairwise t-test, p < 0.01; Fig. 8). The final weight
in week 6 did not significantly differ between the treatments (pairwise t-
test, p=0.91). Relative growth rate (RGR) of Babylonia did not

= sowing
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Fig. 7. Photosynthetic efficiency measured as maximum quantum yield of photosystem II (Fv/Fm) of Caulerpa lentillifera in the tray cultures (A) and the sowing
cultures (B) after 6 weeks. Treatments: Control: Only C. lentillifera; Separated: C. lentillifera and Babylonia areolata spatially separated; Together: C. lentillifera and
B. areolata together. Significant differences between the treatments are shown by different letters (Tray: One-way ANOVA with post-hoc test, p < 0.05, Sowing:
Kruskal-Wallis with Dunn’s post-hoc test, p < 0.05). Mean (middle bar) + standard deviation (upper and lower interval), n = 4-6.
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Table 1

Mean antioxidant activity (AOA; mmol Trolox Equivalents/TE 100 g~ dry
weight, DW) and total phenolic content (TPC; mg Gallic Acid Equivalents/GAE
100 g~ DW) of Caulerpa lentillifera samples after 6 weeks. Treatments: Control:
Only C. lentillifera; Separated: C. lentillifera and Babylonia areolata spatially
separated; Together: C. lentillifera and B. areolata together. Significant differ-
ences are shown by different letters (tray cultures: capital letters; sowing cul-
tures: small letters). AOA and TPC sowing data: One-way ANOVA with post-hoc
test, p < 0.05, TPC tray data: Kruskal-Wallis with post-hoc test, p < 0.05). Data
are mean =+ standard deviation, n = 6.

Treatment  Culture AOA TPC
method (mmol TE 100 g~* (mg GAE 100 g !
DW) DW)
Initial - 124.79 + 24.82 180.21 + 18.43%4
Control tray 117.94 + 28.26 145.26 +£9.214
sowing 103.02 + 17.89 137.54 + 14.12°
Separated tray 138.62 + 40.07 114.66 + 3.16°
sowing 142.74 + 29.44 107.95 + 28.71%¢
Together tray 146.13 + 38.74 109.83 + 16.69%
sowing 127.13 + 23.25 99.23 + 13.17¢
b b
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Fig. 8. Mean wet weight of Babylonia areolata in the different treatments
(Separated: Snails spatially separated from Caulerpa lentillifera; Together: Snails
and algae together in sediment). Significant differences are shown by different
letters above bars (pairwise t-test, p < 0.05). Data are mean =+ standard devi-
ation, n = 20.

significantly differ between the treatments (Wilcoxon’s test, p = 0.31).
Growth rates reached maximum values of 1.31 + 0.09 and 1.47 + 0.17
% weight gain day ! in the “Separated” and “Together” treatment,
respectively, in week 5 and remained on a constant level until week 6

Table 2

Mean relative growth rates of Babylonia areolata over 6 weeks in the different
treatments (Separated: Snails spatially separated from Caulerpa lentillifera;
Together: Snails and algae together in sediment). Data are mean + standard
deviation, n = 15-20.

Week Treatment mean RGR (% weight gain day‘l)
1 Separated 0.54 £ 0.27
2 Separated 1.13 £ 0.34
3 Separated 1.13+0.35
4 Separated 1.28 +0.12
5 Separated 1.31 +0.09
6 Separated 1.27 £0.11
1 Together 0.86 + 0.58
2 Together 1.50 £ 0.53
3 Together 1.04 £0.19
4 Together 1.33 £0.14
5 Together 1.47 £0.17
6 Together 1.28 +£0.15
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(Table 2). Survival of all organisms in all treatments was 100 %.

3.1.5. Nutrient concentrations

Treatment significantly affected the nutrient concentrations of NOy
and POy in the water (p = 0.037 and p = 0.018, respectively, Fig. 9)
Lowest concentrations were found in the “Control” treatment with 0.06
+ 0.08 pmol L ™! for NO, and 0.48 + 0.13 umol L ™! for POy4. Regarding
NOy, significant differences were only found between the “Control” and
“Together” treatment. Phosphate concentrations only significantly
differed between the “Control” and the “Separated” treatment. Overall,
nutrient concentrations were higher in the snail treatments.

3.2. Indoor laboratory experiment

3.2.1. Biomass increase of Caulerpa with different snail densities

Biomass increase of Caulerpa was significantly affected by treatment
(p < 0.001, Fig. 10). In the “Control” treatment, the algae decreased in
weight leading to negative values after four weeks (—36.59 + 15.83 %).
In the other treatments, Caulerpa biomass increase ranged from 117.04
+ 7.77 % (Low) over 127.89 + 33.88 % (Medium) to 162.00 + 23.76 %
(High). Biomass increase differed significantly between “Control” and
all other treatments and between “Low” and “High”.

3.2.2. Nutrient concentrations

The treatment had a significant effect on the concentrations of both,
NOyx and POy (p < 0.01). NOx concentrations of 0.99 + 0.47 and 5.95
+ 3.67 ymol L1 in the “Control” and “Low” treatment, respectively,
were significantly lower than in the other two treatments where con-
centrations ranged from 64.31 +£41.08 (Medium) to 95.08
+14.95 umol L™ (High; Table 3). Phosphate concentrations were
significantly higher than in all other treatments.

4. Discussion
4.1. Effects of co-culture approach and culture method

4.1.1. Effects on growth and photosynthesis of Caulerpa

Overall, sea grapes on trays and co-cultured with Babylonia showed
the highest increase in biomass. The growth rate was determined by the
culture method (tray vs. sowing) rather than by the co-culture approach
(spatially separated vs. together). The positive RGRs of Caulerpa were
comparable or even higher than those reported in other studies. Growth
rates of 2-5 % day ! have been achieved in small-scale laboratory ex-
periments with experimental conditions similar to those in the present
study (Guo et al., 2015; Tanaka et al., 2020). Chaitanawisuti et al.
(2011) investigated the performance of C. lentillifera in a hatchery scale
RAS (recirculating aquaculture system) for juvenile B. areolata with
different seaweed biomass densities (280, 560, and 840 g WW m3).
Highest growth rates of 2.58 + 0.09 % day ™! were obtained at a density
of 280 g m ™ over an experimental period of 120 days. Dobson et al.
(2020a) investigated a co-culture of Caulerpa and Babylonia in com-
parison to a co-culture of Caulerpa and sandfish (Holothuria scabra), and
all three species together in 500 L tanks. Sea grapes were cultivated on
weighted trays placed vertically in the water column. During the 84-day
study, growth rates of 1.87 + 0.23 % day ! were reached by Caulerpa
(initial stocking density: 700 g WW) with Babylonia stocking densities of
390 ind. m~2 per tank (~410.16 g m~2). Growth rates obtained in the
present study for Caulerpa in the snail treatments were with 2.54 — 4.17
% day ! slightly higher (except for in the last two weeks in the sowing
cultures), possibly due to the lower stocking density of sea grapes at the
beginning of the experiment. The continuous growth of sea grapes in the
sowing cultures until week 4 may have been supported by the nutrient
load in the sediment. Higher weight gain of sea grapes in sowing cultures
compared to tray cultures, as a result of sediment-bound nutrients, was
also reported in other studies (Rabia, 2016).

N and P are essential nutrients for algal growth. Limitations of these
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Fig. 9. Mean concentrations in umol L' for nitrogen oxides (NOy, A) and phosphate (PO, B) on the last day of the experiment. Treatments: Control: Only Caulerpa
lentillifera; Separated: C. lentillifera and Babylonia areolata spatially separated; Together: C. lentillifera and B. areolata together. Significant differences are shown by

different letters (One-way ANOVA with post-hoc test, p < 0.05, n = 3).

nutrients are known to inhibit metabolic activities of seaweeds, nega-
tively affecting photosynthesis and growth (Qin et al., 2010; Roleda and
Hurd, 2019). In the present study, NOyx concentrations in the “Control”
treatment were surprisingly low, possibly due to insufficient water
changes, resulting in poor growth of the sea grapes in the monocultures.
The measured NOy concentrations in the snail co-culture treatments
were below the recommended nutrient concentrations reported in the
literature, but the algae showed a continuous increase in biomass. The
low nutrient concentrations in the water can be explained by the uptake
of the algae. The nutrients that were produced by the snails were
possibly taken up by the algae, which may explain the relatively low
concentrations measured. As sea grapes are extremely sensitive to
handling, the sudden decrease in biomass of the sea grapes in the sowing
cultures after week 4 could be due to handling pressure. While the trays
could be easily removed from the tanks for subsequent measurements,
Caulerpa organisms in the sowing cultures had to be dug out and in
again, which may have caused stress. In week 6, low NOyx and PO4
concentrations of 0.06 + 0.08 ymol L™} and 0.48 + 0.13 umol L%,
respectively, in the “Control” treatment may have led to significant
differences between this treatment and the snail treatments (“Sepa-
rated” and “Together”). Sea grapes in the snail treatments had higher
nutrient concentration available, ranging from 7.7 to 33.7 umol L™ NOy
and 0.9-2.5 umol L™! POy, due to the additional organic material pro-
duced by the digesting metabolism of the Babylonia snails. Limited nu-
trients may also explain the poor growth of Caulerpa in the in the tray
culture “Control” treatment. Since sea grapes in the “Control” treatment
grew well when cultured in the sediment, it is likely that
sediment-bound nutrients were the main reason for the limited growth
in the tray cultures. This explanation of nutrient depletion in the
“Control” treatment is supported by the values of harvestable biomass.
The trend of these results is comparable to the one in the RGR data, with
sea grapes in the “Control” treatment showing a significantly lower
percentage of harvestable biomass than in the other treatments. For both
culture methods, significant differences between the treatments start
occurring from week 4 on, even in the sowing cultures when the RGR
was still positive in all treatments. A lower percentage of harvestable

biomass means that there was a higher proportion of stolon within the
sample. Increased stolon growth in response to nutrient limitation has
been reported for C. prolifera, and could be a strategy to overcome un-
favorable environmental conditions (Malta et al., 2005). Caulerpa can
take up nutrients via the entire thallus, including its stolon and its rhi-
zoids, and is therefore effective at taking up nutrients in both water and
sediment (Williams, 1984; Alexandre and Santos, 2020).

Nutrient limitation could also explain the differences in the
maximum quantum yield of PSII (Fv/Fm). Fv/Fm is a sensitive param-
eter and proxy for assessing physiological stress in seaweeds (Krause and
Weis, 1984), and values of > 0.7 have been reported to indicate a good
physiological state of sea grapes (Stuthmann et al., 2020). Regardless of
the culture method, sea grapes in the “Control” treatment showed a
significantly lower photosynthetic efficiency during the experimental
run compared to the initial, indicating physiological stress of the
photosynthetic apparatus (Higo et al., 2017). Low concentrations of
phosphate and nitrate have been reported to negatively affect the
photosynthetic capacity of C. lentillifera (Guo et al., 2015) and may
therefore explain the lower values in the monoculture treatments.
Nutrient limitation, such as nitrogen or phosphorus deficiency, can lead
to oxidative stress in algae by altering the balance of cellular redox re-
actions and impairing the ability of the algae to scavenge reactive ox-
ygen species (ROS, Sharma et al., 2012; Chokshi et al., 2017). In high
concentrations, ROS are extremely harmful since they can cause
oxidative damage to the photosystems and other cellular components by
damaging proteins and lipids. Limitation of N and P are known to
decrease photosynthetic efficiency in algae for example by decreasing
the abundance of D1 proteins forming the reaction centers in the PSII
(Kolber et al., 1988; Berges et al., 1996) or by decreasing cellular
chlorophyll concentrations (Litchman et al., 2003), selectively inacti-
vating the photosystems. Therefore, a decline in Fv/Fm values may
indicate an inhibition of PSII, more precisely an impairment of electron
transport through the photosystem. Such an inhibition can be caused
and accelerated by different environmental stressors such as high light
intensities or temperature (Takahashi and Murata, 2008; Goh et al.,
2012). To maintain a balance between the production and scavenging of
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Fig. 10. Biomass increase (%) of Caulerpa lentillifera after 4 weeks in the indoor
laboratory experiment. Treatments: Control: Only Caulerpa; Low: Caulerpa and
2 Babylonia areolata snails (33 m’z); Medium: Caulerpa and 4 snails (66 m’z);
High: Caulerpa and 8 snails (133 m~2). Significant differences between the
treatments are shown by different letters (One-way ANOVA with post-hoc test,
p < 0.05). Data are mean =+ standard deviation, n = 5.

Table 3

Mean concentrations of nitrogen oxides (NOy) and phosphate (PO4) on the last
day of the indoor laboratory experiment. Treatments: Control: Only Caulerpa
lentillifera; Low: Caulerpa and 2 Babylonia areolata snails (33 m’2); Medium:
Caulerpa and 4 snails (66 m~2); High: Caulerpa and 8 snails (133 m~2). Signifi-
cant differences between the treatments are shown by different letters (One-way
ANOVA with post-hoc test, p < 0.05). Data are mean =+ standard deviation,
n=>5.

Treatment NOy (umol L™1) PO, (umol L™ 1)
Control 0.99 + 0.47° 0.33 + 0.08°
Low 5.95 + 3.67° 0.96 + 0.51°
Medium 64.31 + 41.08° 2.45 + 0.79°
High 95.08 + 14.95° 6.59 + 2.80°

ROS, seaweeds have developed a complex network of antioxidants to
prevent oxidative stress and damage (Sharma et al., 2012). Antioxidants
inhibit oxidative processes by scavenging free ROS, that can cause
cellular damage (Yu, 1994; Zampelas and Micha, 2015).

Overall, the presence of Babylonia had a positive effect on algal
growth. A study by Williams et al. (1985) showed that burrowing ac-
tivity of benthic macrofauna, such as snails, resulted in significantly
lower stolon growth, biomass accumulation, and growth rate of several
Caulerpa species. This was not observed in the present study. The better
growth of Caulerpa in the monocultures when cultured in the sediment
can be explained by the availability of nutrients in the soil. Beach sand is
composed of minerals and organic material derived from the
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surrounding environment, such as rocks, shells, and corals. It can also
contain organic matter, such as decaying plant and animal material,
which is a rich source for decomposing microorganisms and therefore
nutrient recycling (Leeder, 2011).

4.1.2. Effects on biochemical parameters of Caulerpa

Values for the antioxidant activity (AOA) of Caulerpa of
~100-150 mmol TE 100 g~ DW of sea grapes were in the same range as
reported in other studies (Matanjun et al., 2008; Ismail et al., 2020).

Interestingly, the total phenolic content (TPC) of the sea grapes was
affected by the co-culture approach and decreased in all treatments. The
initial values (180.21 + 18.43 GAE 100 g~ ! DW) were higher than in
previous studies (e.g. Ismail et al., 2020; Stuthmann et al., 2022).
Abiotic and biotic stressors are known to induce the production of sec-
ondary metabolites, including phenols (e.g. Chakraborty et al., 2015;
Dixit et al., 2018; Cotas et al., 2020). As mentioned before, higher algal
stress in the “Control” treatment due to nutrient limitation may explain
the higher TPC content of the sea grapes in this treatment. Phenolic
compounds contribute significantly to the antioxidative potential of
Caulerpa (Nguyen et al., 2011; Ismail et al., 2020). Although a correla-
tion between these two parameters has been reported (Stuthmann et al.,
2022), no correlation between AOA and TPC was found in this study.
This suggests that the two parameters are not directly related. The
reduction of TPC in the algae despite constant AOA could be the result of
a change in the composition of antioxidative compounds rather than a
decrease in total phenolic content. This is consistent with the results of
Nguyen et al. (2011) and Wichachucherd et al. (2019), who also re-
ported no correlation between TPC and AOA.

Future studies could investigate the effect of co-culture on the
proximate nutritional composition of the sea grapes. Previous studies
have reported higher protein and lipid concentrations in sea grapes co-
cultured with shrimp due to the additional nutrients provided by the fed
species (Anh et al., 2022; Omont et al., 2022). In the present study, it
was shown that the excretion of the snails acted as a natural fertilizer,
enriching the water with essential nutrients. Therefore, it may be
possible to increase the protein and lipid concentrations and subse-
quently the nutritional value of sea grapes by co-culturing the algae with
Babylonia, similar to the results of previous studies.

4.1.3. Effects on growth and survival of Babylonia

The growth rates of Babylonia obtained in this study are consistent
with the results reported in previous studies. In the present study, both
growth and survival of Babylonia were not affected by spatial separation
from Caulerpa. Babylonia growth was consistent in both treatments and
the snails nearly doubled in weight over the course of this study. Similar
results were reported in a study in which Babylonia was co-cultured with
sandfish and Caulerpa and increased in biomass by approximately 300 %
during the 84-day long experimental run (Dobson et al., 2020a). A
co-culture study with Caulerpa and Babylonia in a RAS system showed
that the presence of C. lentillifera did not affect growth of the snails (total
shell length, body weight), but significantly increased their survival rate
by 4-7 % (Chaitanawisuti et al., 2011).

4.2. Effects of different Babylonia stocking densities on growth of
Caulerpa

Caulerpa weight gain was positively correlated with snail density.
The “low density” treatment was with ~160 g m~2 comparable to the
snail densities in the outdoor experiment (~200 g m’z) which is also
reflected in the nutrient concentrations. With increasing snail density,
the nutrient concentrations of NOy and PO4 increased significantly,
reaching values that are close to the recommended N and P concentra-
tions for Caulerpa (see Section 4.1.1). Snail density in the “high density”
treatment was comparable to 640 g m~2, which is in the upper range of
commercial stocking densities (Chaitanawisuti et al., 2002; Dobson
et al., 2020c). The high increase in Caulerpa biomass in this treatment
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indicates that snails can be implemented at high densities with positive
implications for the seaweed. Similar to the results of the outdoor
experiment, results of the indoor experiment also show that the seaweed
benefits from the additional nutrients provided by the snails, high-
lighting the feasibility of the co-culture approach of Babylonia and
Caulerpa.

4.3. Importance of the right co-culture set-up

Many aquaculture studies of seaweeds and fed species focus either on
the bioremediation properties of the investigated algae or the most
beneficial densities of the cultured organisms (e.g. Anh et al., 2019;
Bambaranda et al., 2019a). However, the design of the entire system
and, in particular, the positioning of the organisms within it are of great
importance for the successful implementation of co-cultures.

An important aspect to consider is the potential trade-offs that may
occur in co-culture systems. Studies with whiteleg shrimp Litopenaeus
vannamei and Caulerpa in same-tank cultures showed that Caulerpa
improved water quality and shrimp performance, but the sea grapes also
showed impaired growth with increasing shrimp density due to grazing
behavior and mechanical disturbance by the shrimp (Ly et al., 2021; Anh
et al., 2022). Dobson et al. (2020a) showed that the integration of sea
grape trays into a sandfish culture even reduced the weight gain and
subsequently the yield of sea cucumbers. The authors assumed that the
floating trays have shaded the bottom of the tank and, as a consequence,
reduced food sources for the sandfish by limiting the growth of micro-
algae and bacteria. The results of these studies highlight the importance
of carefully considering the specific requirements and interactions be-
tween the organisms involved.

In the present study, no negative impacts of the co-culture were
observed. Since the carnivorous snails do not feed on Caulerpa, spatial
separation may not be necessary. However, although not observed in the
present study, it is possible that the implementation of higher snail
densities and the consequent increase in snail burrowing activity could
lead to disturbances of sea grapes, especially if the sea grapes are
cultivated using the sowing method. The use of the tray method could
prevent these mechanical disturbances. Further studies are required to
investigate these potential negative effects of the burrowing activity of
Babylonia snails on Caulerpa in sowing cultures.

4.4. Implications and potential for the Van Phong Bay

In Van Phong Bay, Caulerpa and Babylonia are heavily cultivated and
the production chains for both high-value organisms are already
established. Outdoor cultivation of both organisms takes place during
the dry season (March until October) due to more stable environmental
conditions (Mai et al., 2022).

Co-cultivation can provide a broader employment and diversifica-
tion opportunity for local people and farmers in Van Phong Bay,
generating additional income by tapping into new markets (Chopin
etal., 2012). However, the economic feasibility needs to be assessed and
potential increases in the amount of labor and materials and equipment
need to be considered. Incorporating snails into Caulerpa ponds provides
additional nutrients to the system, so that the frequency of water ex-
changes can be reduced, thus saving labor. However, the snails must be
fed regularly, which in turn increases labor and costs.

Sea grapes are not grown in the outer areas of the ponds, so the snails
could be easily integrated into these regions without losing cultivation
space of the seaweeds. Normally, spatial separation of co-cultured spe-
cies increases the cost for farmers by increasing the required space/
volume (Dobson, 2020a), which, however, does not apply here. Based
on the results of this study, snail densities of 320-640 g m 2 can be
recommended for an initial trial, but the implementation of even higher
densities may be possible. Further large-scale experiments are needed to
assess the effects of excess food on sea grape physiology. At VIJA, partial
water exchanges take place daily according to the tide regime
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(corresponding to one full cycle every two days). In a commercial pond
co-culture set-up, removal of trash fish would not be feasible and an
increase in the water exchange rate might be necessary. Co-cultivation
of C. lentillifera and B. areolata in Van Phong Bay shows great feasi-
bility and potential. Even though some investment may be necessary,
farmers could still make financial gains by integrating high-value Bab-
ylonia into existing Caulerpa ponds. Since sea grapes can be cultured
using different methods and the co-culture approach (separated and
together) with the snails did not negatively affect the organisms, a va-
riety of co-culture set-ups is conceivable, which benefits farmers by
allowing highly flexible system designs.

5. Conclusions

This study, for the first time, has shown the high potential of inte-
grating B. areolata into pond cultures of C. lentillifera. Co-culture had a
positive effect on both growth and physiology of the sea grapes. The
presence of Babylonia snails benefited the algae and improved harvest-
able biomass and growth compared to the sea grape monoculture.
Spatial separation from the seaweed had no effect on the snails and the
indoor laboratory experiment showed that even high stocking densities
of Babylonia can be implemented without negative effects on the
seaweed. Taking this into account and the fact that the outdoor culti-
vation of both organisms in Viet Nam is restricted to the dry months, it
seems feasible to integrate snails into existing Caulerpa ponds. Since the
spatial separation did not affect the snails or the sea grapes, Babylonia
could be integrated into the areas of the seaweed ponds where Caulerpa
is not planted.

The cultivation parameters have been chosen according to real cul-
ture conditions in the field, but the experiments are only on a pilot scale
in tanks and should be carried out on a larger scale in the field. The study
showed that the integration of Babylonia into existing sea grape ponds
seems feasible and that a co-cultivation of these two high-value species
could increase the economic profit of sea grape farmers without
reducing the yield of Caulerpa. Further studies should also investigate
the effect on the proximate nutritional composition (i.e. proteins) of sea
grapes when co-cultured with Babylonia.
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Fig A.1. Light irradiances of photosynthetically active radiation (PAR) in the experimental tanks of the outdoor terrace experiment over one day. Treatments:
Control: Only Caulerpa lentillifera; Separated: C. lentillifera and Babylonia areolata spatially separated; Together: C. lentillifera and B. areolata together. Data are mean
=+ standard deviation, n = 3.

' Table A.1
Summary statistics of the ANOVAs assessing the effect of the parameters treatment (T), culture method (CM), and time (W) on the relative growth rate (RGR),
harvestable biomass, maximum quantum yield of photosystem II (Fv/Fm), antioxidant activity (AOA), total phenolic content (TPC) of Caulerpa lentillifera, and
concentrations of nitrogen oxides (NOx) and phosphate (PO4) of the water. Statistically significant values are written in italic. Dfn: numerator degrees of freedom;
DFd: denominator degrees of freedom.

Parameter DFn DFd F value p value
Outdoor terrace experiment
RGR Caulerpa T 1.11 5.54 28.8 <0.001
CM 1 5 8.12 <0.001
w 1.03 5.17 123.6 <0.001
TxCM 2 10 33.78 <0.001
TxW 4 20 10.25 <0.001
CMxW 2 10 81.65 <0.001
TxCMxW 4 20 3.35 <0.001
Harvestable biomass T 2 10 22.1 <0.001
CM 1 5 14.12 <0.001
w 2 10 4.77 <0.001
TxCM 2 10 22.72 <0.001
TxW 4 20 18.08 <0.001
CMxW 2 10 2.09 <0.001
TxCMxW 4 20 6.59 <0.001
Fv/Fm T 2 186 8.26 <0.001
CM 1 186 0.51 0.48
TxCM 2 186 0.23 0.79
AOA T 3 48 2.78 0.05
CM 1 48 0.62 0.43
TxCM 3 48 0.5 0.68
TPC (sowing) T 3 25 27.99 <0.001
NOx T 2 6 5.97 0.04
PO4 T 2 6 8.48 0.02
Indoor laboratory experiment
Biomass increase Caulerpa T 3 16 76.92 <0.001
NOx T 3 8 13.08 <0.01
PO4 T 3 8 10.87 <0.01
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Table A.2
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Summary statistics of non-parametric tests assessing the effect of the parameters treatment (T), and time (W) on the total phenolic content (TPC) of Caulerpa lentillifera,
relative growth rate (RGR), and weight of Babylonia areolata. Statistically significant values are written in italic. Df: degrees of freedom.

Parameter n Test statistic Df p value Method
TPC (tray) T 27 21.6 3 <0.001 Kruskal-Wallis
RGR Babylonia T 18 129 0.3 Wilcoxon
Weight Babylonia w 60 -14.4 59 <0.001 Pairwise t-test
Separated T 60 -0.01 59 0.99
Together w 60 -14.2 59 <0.001
T 60 -0.11 59 0.91
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