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Abstract

Caulerpa lentillifera, known as “sea grapes” or “green caviar’, is increasingly in demand as a sea vegetable for human con-
sumption. The seaweed is cultivated in ponds in the Khidnh Hoa province in Van Phong Bay, Viet Nam, during the dry season
(March-October). The harvested sea grape fronds are graded into different qualities based on their physical characteristics
for retail on the local market or for export. Based on systematic observations of sea grape fronds of two different quali-
ties, the frond weight, frond length and rachis coloration were identified as physical characteristics important for grading.
Fronds of the best quality had significantly longer (12.59 +2.89 vs 10.01 +2.51 cm) and heavier (2.37+0.59 vs 1.60+0.5 g)
fronds with darker rachis than the other quality group. However, a logistic regression model revealed that frond weight
was the best predictor of frond quality. The physiological parameter of F /F,, was slightly different between the qualities,
but always with means > (.7, whereas the antioxidant activity and the total phenolic content were similar (98.34+19.22
vs 95.96 +24.98 mmol TE (100 g)~' DW and 163.8 + 20.14 vs 149.85 + 15.44 mg GAE (100 g)~! DW). To the best of our
knowledge, this study took a first approach to identify quality characteristics of sea grape fronds from Van Phong Bay, Viet
Nam, which can serve as a basis for adjusting cultivation parameters to improve the harvest quality by developing cultivation
and post-harvest protocols. However, further research is needed to investigate the effect of certain cultivation parameters
on the specific frond characteristics.
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Introduction

Caulerpa lentillifera J.Agardh is a green seaweed of the
order Bryopsidales (Guiry and Guiry 2023) and known
as a delicacy by the names “sea grapes” or “green caviar’.
Sea grapes have traditionally been harvested, cultivated,
and eaten in The Philippines and Okinawa in Japan (Trono
and Toma 1993; Yap 1999). However, the interest in this
sea vegetable has increased due to, among other things, its
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nutritional benefits (reviewed by Syakilla et al. 2022) and
the special texture of the fronds, which consist of small
grape-like ramuli arranged around a central axis, called
rachis (de Gaillande et al. 2017; Zubia et al. 2020). Aqua-
culture of C. lentillifera has also taken off in other coun-
tries in the Indo-Pacific region, including Viet Nam. Here,
a long coastline with bays and lagoons provides various
opportunities for aquaculture. It is therefore not surprising
that Viet Nam ranks among the top five marine aquacul-
ture producers for molluscs and crustaceans, and among
the top seven for finfish (FAO 2022). The Khanh Hoa prov-
ince is located in the Central South of the country and a
recent hot spot for sea grape cultivation (So 2022). How-
ever, global production estimates of C. lentillifera are likely
underestimated, and reports are limited to the Philippines
(Cai et al. 2021a). Local news media from the Khanh Hoa
province report production estimates of > 400 t year™! at
an area of ~ 50 ha for 2020 (Son 2022). The sea grapes are
cultivated in tidal ponds (Stuthmann et al. 2020) using the
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sowing or tray method (Rabia 2016), especially for export
to countries such as Japan (Terada et al. 2018). However,
sea grapes are also sold on local markets, supermarkets and
served in restaurants. Biomass below the quality require-
ments for food use is discarded, which has been reported to
be up to~60-70% of the total biomass in Thailand (Chai-
klahan et al. 2020). The farmers grade the frond quality
based on physical characteristics, including weight, length,
number of branches, ramuli density, as well as coloration
(Chaiklahan et al. 2020).

Caulerpa is a genus known for its morphological plas-
ticity as response to environmental changes (Estrada et al.
2020). Changes of environmental parameters over seasons
are common in the Indo-Pacific region and they are known
to restrict or impact sea grape cultivation (Wichachucherd
et al. 2019; Terada et al. 2021). The seaweed cultivation in
the Khanh Hoa province is restricted to the dry season, since
C. lentillifera is particularly sensitive to decreasing salinity
(Guo et al. 2015a). Exposure of sea grapes to different stress-
ors, including temperature, salinity, nutrient concentrations
or PAR irradiances leads to changes in chlorophyll a, b and
carotenoid composition, color, and stolon:frond composition
of the thallus (Guo et al. 2015a, b; Cai et al. 2021b; Stuth-
mann et al. 2022). Biochemical parameters, including the
antioxidant activity (AOA) or total phenolic content (TPC)
and chlorophyll a fluorescence parameters are also expected
to change in response to environmental parameters (Wicha-
chucherd et al. 2019; Zhang et al. 2020; Cai et al. 2021b;
Stuthmann et al. 2022), although this may not be visible.

Hence, the quality of the sea grapes might vary between
harvests during the season. The average weight and length
of preserved sea grape fronds from a Vietnamese company
were reported to be 0.73+0.18 g and 7.27 +1.59 cm, with
a significant positive correlation between both parameters
(Lapong et al. 2019). The sea grape fronds are usually
graded directly on site based on experience of the workers.
There has been an attempt to automatize the frond grading
based on photographs and using a deep learning model. The
authors of the study used a circular high transform method
to detect the shape of the ramuli and the appearance was
grouped into feature, shape, color, and compactness (Chin-
nasarn et al. 2022). The model estimations for each quality
were considerably high with an accuracy of > 0.9 (relates to
90%). However, the study did not account for potential color
differences between pictures taken with different cameras,
nor did it determine the importance of each attribute in the
grading. Knowledge of the priority of frond characteristics
and interactive effect of cultivation stressors with C. len-
tillifera nutritional quality and the physical appearance of
the species could enable farmers to estimate and manipu-
late their quality of harvest. Therefore, this study aimed to
(1) report on the C. lentillifera cultivation cycle and envi-
ronmental parameters at the VIJA farm in Van Phong Bay,
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Khanh Hoa province and to (2) quantify the sea grape fronds
of two different qualities over three sampling points in May
and June 2022. (3) A binominal model was used to estimate
the most important physical characteristics of sea grape
fronds graded as different qualities. Based on observations
at the sea grape farm, we hypothesize that the grading is
influenced by the physical characteristics of frond lengths,
weights, ramuli density, and color of the ramuli, as well as
rachis.

Material and methods
Experimental location

The Central South of Vietnam, including the Khéanh
Hoa province, is characterized by a monsoon weather
regime with a wet (October—January) and a dry (Janu-
ary/February—October) season (Lam et al. 2002; Ilyash
and Matorin 2007). The highest precipitation is usually
recorded during the Northeast Monsoon (October — Novem-
ber, > 500 mm month‘l), with less rain from December
onwards (Northwest Monsoon, < 200 mm month™!) (Lam
et al. 2002). Khanh Hoa province is comprised of of four
bays, with Van Phong Bay being the northernmost and the
largest bay of the province (~510 km?). The bay has an
average depth of 15 m with a maximum of 34 m (Barthel
et al. 2009; Phu et al. 2022). Several aquaculture activities
are taking place in the bay, including lobster cage farming,
longline cultivation of the red alga Kappaphycus alvarezii,
pond cultivation of the shrimp Litopenaeus vannamei, the
snail Babylonia areolata and the seaweed C. lentillifera (Phu
et al. 2022, own observations).

Sea grape cultivation was introduced to Viet Nam about
a decade ago (So 2022) and since then several companies
have started commercial farming of this species, mainly for
export to Japan (Terada et al. 2018; So 2022). The present
study was conducted at one of these sea grape farms, called
“VIJA” (12°35'17.9"N 109°13'38.5"E), located in the south-
ern part of Van Phong Bay.

Sea grape production cycle

The cultivation season of C. lentillifera lasts about eight
months, from March to October. The farm “VIJA” consists of
several ponds of different sizes, which are connected through
adjustable channels to the nearby coast. Water exchanges
are conducted approximately every two days in accordance
with the tidal range. The ponds are shaded with black gauze
material to provide a light environment of ~50 umol pho-
tons m~> s~! on average, but with high diurnal fluctuations
(Stuthmann et al. 2022). The sea grapes are cultivated using
trays (Fig. 1A) or the sowing method (Fig. 1B), depending
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Fig. 1 Production cycle of Caulerpa lentillifera in Van Phong Bay, including the A) sowing cultivation and the B) trays from the tray cultivation.
C) The process of sea grape frond harvest and D) place of collection and E) sorting. Sea grapes being sold fresh or F) dehydrated

on the nature of the material at the ground of the pond. In
the case of tray cultivation, the farmers lift or float the trays
at the surface for harvesting. The trays are being thinned
by picking the healthy fronds (7-10 cm) in an interval of
7-15 days. In the case of the sowing method and some-
times also during tray cultivation, farmers use floating
devices to swim on the surface of the ponds and pick the
good-sized fronds (Fig. 1C). Fronds of the target size are
harvested every ~ 15 days, yielding approximately 1000 kg
wet weight in a 5000 m~2 pond. However, the yield tends
to decrease towards the end of the harvest season due to
increasing rainfall and decreasing temperatures. After har-
vesting, the sea grape fronds are kept in clean sea water to
ensure wound plug formation. The harvested fronds from the

different ponds were collected in a central location (Fig. 1D)
and sorted into two groups according to their appearance
(Fig. 1E), which determines the fate of the product. Fronds
of the highest quality are mainly used for the export to
Japan, while fronds of the lesser quality are used for retail
in local restaurants and markets. The two are referred to in
the following as quality 1 (export grade) and quality 2 (local
grade). Sea grape products are sold fresh or as dehydrated
product (Fig. 1F). Sea grapes that do not reach the minimum
requirements for sale (~30%, including stolons) are mostly
discarded. A small amount is kept for other applications,
such as cosmetics, especially if they do not meet the length
requirements. The seedlings for the next season are kept in
the cultivation ponds if the environmental parameters allow

@ Springer



Journal of Applied Phycology

it. When salinities are too low, the seaweeds are kept in cul-
tivation tanks on land (personal and written communication
with two farmers from different sea grape farms).

Environmental parameters

The environmental parameters salinity (S,), temperature
(°C), pH and irradiance of photosynthetically active radia-
tion (PAR, umol photons m~2 s~!) were monitored dur-
ing several field trips to the VIJA farm in the years 2019,
2020, and 2022. The parameters were quantified using dif-
ferent methods. In the years 2019 (May — August) and 2020
(February — June) data loggers for light (MX2202, HOBO,
USA) and salinity/temperature (U24-002-C, HOBO, USA)
were installed in the ponds with a logging interval of
30 min. Data were recorded for the whole month or only
for some days. An overview of the exact measurement days
is presented in supplements I. The pH measurements and
the measurements in June 2022 were carried out using a
multiparameter probe (Manta2, Eureka, USA). Measure-
ments were conducted for several minutes and at different
locations in the pond (information on dates are presented
in supplements I). All data are presented as mean + SD for
each month. In June 2022, measurements were taken on
two different days (09.06.22 and 23.06.22) and the data
were averaged. Light irradiance data were quantified on
the same farm and have already been published (Stuthmann
et al. 2022).

Study design and data collection

The sea grape fronds were graded at the collection facili-
ties by workers and stored in tanks with natural sea water.
The fronds at the collection facility were harvested from
different ponds. Based on observations of the researchers
and conversations with the farmers, the following physical
characteristics of the fronds were identified as potentially
important: Frond weight (g), frond length (cm), ramuli den-
sity (number of ramuli per cm frond), color of ramuli, and
color of rachis (Fig. 2).

On each of the three sampling days (26 May 22, 09 June
22, 23 June 22), 100 fronds were randomly selected for
each of the two qualities, respectively (n total =600). The
weight was quantified for each frond separately, before
taking a photograph of ten fronds collectively (Fig. 2).
The pictures were taken using a Canon EOS M50 camera
(Canon Zoom Lens EF-M 14-45 mm), and for uniform
illumination of the photographs a styrofoam box was
equipped with two lamps. A grey reference scale, includ-
ing a reference bar (B.I.G., photo equipment — Brenner
Import and Handels GmbH, Germany) was placed next

@ Springer

Fig.2 Sea grape (Caulerpa lentillifera) fronds of A) grade 1 and B)
grade 2. The pictures represent ten fronds of each grade from the
sampling on the 09 June 2022 with ramuli and rachis indicated. Scale
bar=1cm

to the fronds in each picture. The length was quantified
using the software ImageJ (Schneider et al. 2012) and the
respective reference bar in the picture. The ramuli of each
frond were counted in a row along the right side of the
respective frond and expressed as the number of ramuli
per cm frond (ramuli density) according to the following
formula:

Ramuli density = # of ramuli/frond length (cm),

with # ramuli denoting the count of ramuli along the right
side and frond length (cm) being the length measurement of
the frond, derived from Dobson et al. (2020).

The color of the rachis and ramuli of the sea grapes
was analyzed following the description of Winters et al.
(2009), adapted by Stuthmann et al. (2022) using the soft-
ware Octave (Eaton et al. 2021). The color was expressed
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as value between 0 (black) and 255 (white) in the RGB
(Red Green Blue) color space. On each frond, five meas-
urement points (25 pixels) were randomly chosen along the
rachis and from different ramuli, respectively. The mean
value of these measurement points was used as respective
measure for each individual frond. Following the proce-
dure of Stuthmann et al. (2022), solely the Red color chan-
nel (R value) was used as a measure for the chlorophyll
content and coloration. To quantify the physiological state
of the fronds, the maximum quantum efficiency of photo-
system (PS) II (F,/F,,) was determined using a portable
Diving-PAM chlorophyll fluorometer (Walz, Germany)
after 7 min of dark adaptation. The parameters length,
F,/F,, R values, and ramuli density were quantified for at
least 50 of the 100 samples taken for each sampling day
(n=150), respectively. On each sampling day and for each
quality, four replicates of frond biomass were collected for
the antioxidant analysis (n=4).

Antioxidant analysis

The biomass was stored under exclusion of light at -80 °C
before freeze drying the samples. The biomass was pulver-
ized using a FastPrep-24 (MP Biochemicals, Germany) for
20 s. For the extraction, approximately 40 mg of powder
was weighed in and 1 mL ethanol (70%) was added. The
samples were kept in a water bath (47 °C) for 4 h and vor-
texed hourly. After centrifuging the samples (2500 rpm;
20 °C, 10 min) the supernatant was transferred to an Eppen-
dorf tube and frozen at -80 °C until analysis within the next
two days.

For analysis of the AOA, an ABTS* assay (2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid)) was carried
out following a modified method of Re et al. (1999). The
ABTS* stock solution (7 mM) was prepared at least 16 h
before by oxidation with potassium disulfate (2.45 mM)
in order to prepare the working solution. On the day of
measurement, the stock was diluted with absolute etha-
nol until an absorption of 0.7 +0.02 was reached. For the
measurement, 10 uL. of sample extract were mixed with
1 mL ABTS* working solution and absorption was quan-
tified after 6 min reaction time (734 nm). The AOA was
expressed as Trolox Equivalents (TE).

For analysis of the TPC, the Folin-Ciocalteu (F-C)
method was used with modifications (Ainsworth and
Gillespie 2007). Sample extract (150 pL) and 300 pL 10%
F-C reagent (v/v) were vortexed thoroughly before adding
1200 puL sodium carbonate (700 mM). After 45 min incu-
bation at room temperature and subsequent centrifugation
(5000 rpm, 20 °C, 3 min), 1 mL was transferred to a cuvette
and absorption was read at 765 nm. The TPC was expressed
as Gallic Acid Equivalents (GAE).

Data analysis

Five different physical characteristics of the fronds, namely
frond weight (g), frond length (cm), R value rachis (0-255),
R value ramuli (0-255), and ramuli density (ramuli/ cm
frond) were used to test the effect on the assigned qual-
ity. F/F,, values, AOA, and TPC were used to quantify
the physiological state and the antioxidant content of the
fronds. Levene’s test (homogeneity of variance, p >0.05)
and the Shapiro—Wilk test (normal distribution, p > 0.05)
were used to assess each data set. A one-way analysis of
variance (ANOVA) with a Tukey's honesty significant
difference (HSD) post-hoc test was conducted to explain
the effect of quality on the respective quantified variable.
In case the requirements for an ANOVA were not met, a
Kruskal-Wallis test followed by a Dunn-Bonferroni post-hoc
test was applied. Correlations between variables weight (g)
and length (cm) and AOA and TPC were conducted using
Spearman’s rank correlations, because data were non-para-
metric (Shapiro—Wilk test, p > 0.05) and Pearson correlation
test, respectively.

A logistic regression model was used to estimate the
influence of the different physical characteristics as explana-
tory variables on the binary outcome (quality 1 or 2). A
univariant analysis (generalized linear model, glm with
family “binomial”) was run for each explanatory variable
separately. Subsequently, a multivariate model was designed
including all explanatory variables with a significant effect
on the response. However, since weight (g) and length
(cm) were highly correlated and their effect in the univari-
ant models was highly significant as well, two models with
either weight (g, glm (quality ~ (weight (g), R value rachis
(0-255))) or length (cm, glm (quality ~ (length (cm), R value
rachis (0-255))) were constructed. The uni- and multivari-
ate models were evaluated based on the Akaike Informa-
tion Criterion (AIC), the Accuracy and the area under the
curve (AUC) received from conducting a receiver operating
characteristic curve (ROC curve). The Accuracy was calcu-
lated from a confusion matrix comparing the predicted vs
observed values. The univariate logistic model of weight
(g) reached a comparable high accuracy, AUC and a low
AIC, compared to the multivariate models and simultane-
ously the quantification of frond weight (g) required com-
parable little effort for the farmers, compared e.g. to length
to color measurements. Therefore, this model was tested to
predict the quality based on the frond weights (g) of the 300
samples which were not included in the analysis. All analy-
ses were conducted using R Studio (R Core Team 2019)
with the meta package tidyverse (Wickham et al. 2019) and
pROC (Robin et al. 2011). The level of significance was set
to «=0.05. The results of all statistical tests are included in
the supplements (TSII-IV).
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Table 1 Environmental data derived from data loggers (HOBO,
USA) and multiparameter (Manta2, Eureka, USA) measurements
from a sea grape farm (VIJA) in Van Phong Bay, derived over the
years 2019—2022. Letters give details about measurements; A:
monthly mean +standard deviation (SD) values calculated from log-
ger measurements in 30 min intervals; B: mean+SD of point meas-
urements over shorter periods (<10 min) on one or two (June 2022,
09.06.22 and 23.06.22) single days within the month; C: only a few
days of the month considered; Pond 1, 2, 3 are different ponds oper-

ated by VIJA. Pond 1 and 2 were demolished/not used anymore in the
second and third year of fieldwork due to constructions in the area,
therefore, field measurements were moved accordingly. Ponds were
located in the immediate vicinity of each other. Data on irradiances of
photosynthetically active radiation (PAR) were sourced from Stuth-
mann et al. (2022). For specific information on dates and sampling
frequencies refer to supplements I. The raw data of the salinity, tem-
perature and MANTA data can be accessed online

Month, Year Temperature °C Absolute Salinity S, pH Irradiance Pond
pmol photons m™2 s
February 2020 26.8+0.5MC 32.4+£144€ 9.0+0.05% - 2
March 2020 28.9+0.84 32.5+0.3% - - 2
April 2020 29.4+0.9% 32.5+0.54 - - 2
May 2019 30.7+0.74 30.1+0.6% - 1
May 2020 30.9+0.84 31.9+04% - - 2
June 2019 29.8+0.9% 315114 8.4+0.028 71.0+62.9* 1
June 2020 30.9+0.6% 312+02% - - 2
June 2022 30.5+0.18 33.8+0.48 8.6+0.058 3
July 2019 29.0+1.14 342+0.6% 8.4+0.18 56.9+52.8* 1
August 2019 27.9+1.04 33.5+£0.3% 8.3+0.18 69.4+74.2% 1

Table 2 Results (p-values) of three different logistic regression mod-
els and model evaluation criteria Akaike Information Criterion (AIC),
the Accuracy score and the area under the curve (AUC) received from
conducting a receiver operating characteristic curve (ROC curve).
The asterisks ***, ** * represent different significance levels 0.001,
0.01, 0.05, respectively

Variable Univariate Multivariate Multivariate
Frond weight  Frond weight  frond length
(€9) ® (cm)

Frond weight (g) 5.83¢™ 16wk 4,91 S

Frond length (cm) - - 3.85¢ 7 ek

R value rachis - 216~ W 24710

(0—255)

ACI 290.1 242.12 293.45

Accuracy score 0.79 0.79 0.76

AUC 0.845 0.892 0.837

Accuracy score 0.773

based on test
data-set

Results
Environmental parameters

Data on salinity, temperature and pH are presented for the
months of February to August (Table 1). Overall, the tem-
perature measured in the sea grape ponds ranged between
mean values of 26.8 +0.5 and 30.9 +0.6 °C. The tempera-
ture increased from February to April, with highest values
of ~30—31 °C in May and June (Table 2), and a trend of
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decrease can be seen in July and August. The salinity values
ranged between S, 30.1 +0.6 and 34.2 +0.6, with lowest
values in May (Table 2). The pH (8.3 +0.1 —9.0+0.05) was
rather similar between the measurements, with the highest
mean quantified in February 2020 (Table 2).

Sea grape quality parameters

The fronds assigned to quality 1 (very good) were sig-
nificantly heavier (2.37+0.59 vs 1.60+0.5 g, Chi-Square
(1)=103.71, p<0.001, Fig. 3A) and longer (12.59 +2.89
vs 10.01 +2.51 cm, Chi-square (1)=61.37, p <0.001,
Fig. 3B), compared to quality 2. Both parameters were
significantly positively correlated (rg=0.818, p <0.001).
The R value (0—255) of the ramuli was similar between
the different qualities (p =0.232, Fig. 3D), whereas the
rachis of fronds of quality 1 had significantly lower R val-
ues (hence darker), compared to quality 2 (43.48 +10.98
vs 54.13 +9.32, Chi-square (1) =46.94, p <0.001, Fig. 3C).
The ramuli density of the fronds was similar between the
qualities (p =0.303, Fig. 3E).

Logistic model estimation

The multivariate logistic regression model including R val-
ues of rachis (0-255) and frond length (cm) or frond weight
(g), respectively, as well as the univariate model of frond
weight (g) performed best among all tested models (Table 2,
Supplements TSIII). The multivariate model incorporat-
ing weight, as well as the univariate frond weight model
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Fig.3 Explanatory variables A g
A) Frond weight (g), B) Frond

length (cm), C) Red (R) value s
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space of the C) rachis and the
D) ramuli, as well as the E)
ramuli density (Ramuli per cm
frond) of Caulerpa lentillifera
fronds from two different qual-
ity standards (1 = very good,
2=0k). Data are presented as
median with the box drawn
from the first to the third quan-
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outperformed the multivariate length model. Using the
test data of 150 frond weights for each quality, the univari-
ate frond weight model reached an accuracy score of 0.77
(meaning 77% of fronds were correctly assigned to a qual-
ity 1 or 2 group), comparable to the score based on the data
used for the model construction (Table 2).

Physiological and biochemical parameters

The F /F, values were lower for sea grape fronds of
quality 2 (0.71 +0.03), compared to those of quality 1

(0.71+0.02, Chi-Squared (1) =9.60, p <0.01, Fig. 4A).
The AOA and TPC on the other hand were not signifi-
cantly different between fronds of both qualities with
means and SDs of 98.34 +19.22 mmol TE (100 g)~!
DW and 163.8 + 20.14 mg GAE (100 g)~'DW for qual-
ity 1 and 95.96 +24.98 mmol TE (100 g)~' DW and
149.85+15.44 mg GAE (100 g)~' DW for quality 2,
respectively (Fig. 4B, C). However, there was a trend
towards lower values for fronds of quality 2, compared
to quality 1 (Fig. 4B, C). AOA and TPC were moderately
positively correlated (r,=0.66, p <0.001).
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Discussion

The environmental parameters were almost exclusively
quantified during the cultivation period of the sea grapes
from ~ March to October, and they reflected the reported
trend of lower temperatures towards the beginning and end
of the cultivation season. Growth rates, as well as photo-
synthetic performance of C. lentillifera, are temperature
dependent (Guo et al. 2015b; Cai et al. 2021b; Terada et al.
2021), with higher growth rates at 27.5 °C, compared to
30 °C (Guo et al. 2015b) and a maximum gross photosyn-
thetic rate at 30.7 °C (Terada et al. 2021). However, the
salinity was rather stable without decreases towards the
off-season months and still within the reported window of
growth (Guo et al. 2015a; Tanaka et al. 2020). Nonetheless,
salinities could spontaneously decrease due to heavy rainfall,
which might be indicated by the trend of higher SDs of log-
ger values quantified in February and March 2019. Regen-
erated sea grape stolons showed lower chlorophyll a and b
contents within one week at salinities of S, >30 compared
to 35, as well as lower growth rates (Guo et al. 2015a; Tan-
aka et al. 2020). Howeyver, as the highest rainfall is expected
during the Northeast monsoon from October — November,
the values might decrease towards the end of the respective
year (Lam et al. 2002).

The frond length of C. lentillifera is highly variable,
potentially due to the high phenotypic plasticity of the
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species (Estrada et al. 2020), as well as their growth cycle.
Frond lengths between ~3 cm and ~ 13 cm have been reported
in the literature (Paul et al. 2014; Lapong et al. 2019; Estrada
et al. 2020; Thi et al. 2020) and the quantified sea grape
fronds at the VIJA farm were in the upper end of this range
(quality 1: 12.59 +2.89; quality 2: 10.01 +£2.51 cm). Addi-
tionally, they met or exceeded the length guidelines reported
by farmers (7-10 cm). The biochemical composition of sea
grape fronds might change during their growth cycle, as a
reported negative correlation of frond length with nutrition-
ally interesting compounds beta-carotene and eicosatetrae-
noic acid (EPA) suggests (Paul et al. 2014). Hence, even
though shorter fronds seem to be perceived as less valu-
able by farmers, their nutritional composition might be an
argument to enhance their market value. The strong corre-
lation between frond length and weight was not surprising
and similarly reported by Lapong et al. (2019). Based on
literature reports (Chaiklahan et al. 2020) and observations
at the sea grape farm, we hypothesized that the ramuli den-
sity would also be a quality characteristic. Thi et al. (2020)
reported similar frond morphometrics between treatments
of water levels and exchange rates. But the mean values of
frond length, ramuli density and diameter over time sug-
gested a higher ramuli density (~ 13—14 vs~ 11 ramuli cm™)
and diameter (~2.2 vs ~2.0 mm) of shorter fronds (~ 8 cm),
compared to longer fronds (~10-11 cm). Hence, the frond
morphometrics could change with the growth cycle of the
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algae. However, in contrast to the ramuli density, the ramuli
diameter might have differed between the grades, creating
the visual impression of a higher ramuli density.

The color of the sea grapes” rachis had an essential effect
on the grading, in contrast to the color of the ramuli. The R
value is likely to be highly correlated with the chlorophyll a
content of the biomass (Stuthmann et al. 2022). Color plays
a crucial role in costumers decision making (Pathare et al.
2013) and a color change of green vegetables has been found
to be unacceptable by consumers (Shewfelt 2002). Hence, a
dark rachis color induced by high chlorophyll content could
be valued by costumers. The chlorophyll distribution in the
single-celled Caulerpa (Zubia et al. 2020) arguably changes
through chloroplast migration and degradation as a result
of excess irradiances (Stuthmann et al. 2022) or according
to surrounding nitrate composition, temperature or salinity
(Guo et al. 2015a; Cai et al. 2021b). The logistic regres-
sion models confirmed that frond length, weight, and rachis
R value were crucial characteristics for quality grading of
sea grape fronds. However, both univariate and multivariate
models including frond weight outperformed models based
on frond length (univariate length model evaluation shown
in supplements). The deep learning model constructed by
Chinnasarn et al. (2022) successfully extracted the round-
shaped ramuli from photographs and graded them based on
their features, which enforces the potential role of ramuli in
the grading of the fronds. The frond weight variable might
contain information about the arguably important trait of
ramuli diameter, compared to frond length, potentially
resulting in a better prediction of quality. Additionally, frond
weight can be easily and quickly quantified with a balance,
whereas measuring color, ramuli morphometrics or length is
more time-consuming and costly for farmers. The univariate
frond weight model grouped >77% of the test fronds in the
right quality grade and hence frond weight seemed like the
major predictor of the sea grape quality.

F,/F,, indicated a good physiological state of all fronds
with values > 0.7 (Stuthmann et al. 2020). However, qual-
ity 2 sea grape fronds seemed to contain more individuals
showing signs of photoinhibition compared to quality 1, as
revealed by lower F /F  values (Goh et al. 2012). Differ-
ent environmental stressors such as salinity, temperature or
light can enhance photoinhibition in plants (Takahashi and
Murata 2008). Oxidative stress, induced by exposure to the
respective stressors could have resulted in decreased chloro-
phyll contents and hence color, in addition to reduced F,/F,
values (Guo et al. 2015a, b; Stuthmann et al. 2020; Cai et al.
2021b), causing the lower grading of fronds into quality 2.
The AOA and TPC values were within the range of values
reported for C. lentillifera (Stuthmann et al. 2022).

Caulerpa species contain a variety of secondary metab-
olites acting as antioxidants, including carotenoids, ascor-
bic acid (vitamin C), tocopherols (vitamin E), as well as

polyphenols like flavonoids (Matanjun et al. 2008; Tanna
etal. 2018, 2019). Hence, the positive correlation between
AOA and TPC was in line with previous reports, suggest-
ing that phenolic compounds contributed essentially to
the overall AOA of C. lentillifera (Nguyen et al. 2011).
Antioxidants are involved in the scavenging of reactive
oxygen species (ROS) on one hand as part of the physi-
ological oxidative stress reaction of seaweeds and on the
other hand as essential feature in the human diet (Young
and Woodside 2001; Dring 2005). AOA and TPC were
not significantly different between qualities, but fronds of
quality 2 tended to have lower values. The chemo-diversity
of the algae could be caused by natural variability of abi-
otic conditions between pond microhabitats, as well as by
differences between developmental stages (Stengel et al.
2011). Additionally, the pre-harvest conditions of the algae
are likely to influence the physiology during post-harvest
storage similar to other plant products (Sams 1999), and
especially when sea grapes are deprived of water (Stuth-
mann et al. 2020). Therefore, the physiological develop-
ment of different quality fronds should also be observed
from harvest until retail.

Sea grape farmers harvest sea grape fronds in tray or
sowing cultivation directly in the pond environment, based
on judgement and experience, when they expect them to
have reached the harvestable size. Grading of frond quali-
ties is performed on land, and weight, as well as rachis
coloration seemed to be import. Frond weight was the best
predictor of quality grading of sea grapes. The nutritional
value of sea grapes, including the antioxidative capacities,
could be an interesting additional marketing instrument for
the species, which was already denoted as “functional food
candidate” (Nurkolis et al. 2023). Identification of poten-
tial biochemical fluctuation patterns of the sea grapes’
developmental phase could increase the value of smaller
fronds (Paul et al. 2014).

The fronds grading and the associated differences in
value enforce the importance of such intraspecific physi-
ological, morphometric and biochemical differences of
the seaweed cultivar for aquaculture (Demes and Pruitt
2019). Modern technologies, including the high compu-
tational power and various algorithms enable on one hand
the quick quantification of information, e.g. through pic-
tures and on the other hand the rapid analysis of large data
sets. In agriculture, different methods are used for crop
phenotyping, namely the in-sifu estimation of plant traits,
which can be set in relation to their environment and to
determine genotypes for plant breeding (Yang et al. 2017,
Araus et al. 2022). Seaweeds, like sea grapes, often repro-
duce through fragmentation, but the interplay of different
traits with their environment could be a valuable tool for
aquaculture to increase the harvests quality and quantity
(Demes and Pruitt 2019). Tadmor Shalev et al. (2022) use
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field spectroscopic data and a machine learning algorithm
to assess the protein content of Gracilaria sp. providing
the opportunity for farmers to make in-site decisions for
the seaweeds use. This study has only taken a first step
to quantify farmers frond grading criteria of importance
and further research should target the interlink of those
frond properties with different environmental parameters
over the production chain. By coupling phenotyping tech-
niques with the farmers’ experience plus time-efficient
and accurate cultivation and post-harvest protocols could
be developed for seaweed cultivation.

Conclusions

This study demonstrated that frond weight, length, and
rachis color are important quality criteria for grading of
sea grapes. However, from an economic perspective, quan-
tification of frond weight is expected to be less time con-
suming and costly for farmers compared to rachis color or
length. Sea grapes of the better quality are longer, heav-
ier and have darker rachis, compared to the other quality
group. However, the antioxidant activity and the total phe-
nolic content were similar.
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