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Abstract

The study compared relative growth rates (RGR) of Eucheuma denticulatum and Kappaphycus alvarezii under modi-
fied off-bottom (MB) and floating raft (FR) culture techniques on the southern coast of Kenya. Seasonal variability
in RGRs was evident over 10 months in both techniques and sites. RGRs were in the range of 0.9 — 10.2 % d "' for
E. denticulatim and 0.8 — 5.7 % d "' for K. alvarezii at Mkwiro, and -0.2 — 7.3 % d "' for E. denticulatum and -1.7 — 4 % d "' for
K. alvarezii at Kibuyuni. The RGR of 4.3 + 0.4 % d ™ from the FR technique was significantly higher than the 8.2 + 0.4
% d ' from the MB technique (P < 0.05). Strong oceanic waves which were accompanied by the loss of seaweed thalli
in the MB technique at Mkwiro between April and June led to significantly higher RGR in the FR than in the MB (P
< 0.05). The higher percentage herbivory, epiphytes, and susceptibility to ‘ice-ice’ (white and soft thallus) associated
with K. alvarezii than E. denticulatum in both techniques led to the former having significantly lower RGRs than the
latter. Further research on the stability of MB in deep water and accessibility of FR techniques is recommended prior
to commercial adoption.

Keywo rds: Eucheuma denticulatum, culture techniques, Kappaphycus alvarezii, relative growth rate, Mkwiro, Kibuyuni

Introduction

Seaweed biomass is a source of direct human food
and phycocolloids which are extensively used in the
processing of food additives and nutraceuticals, feeds,
fertilizers, biofuels, cosmetics and medicines, among
others (Bixler and Porse, 2011). They also act as anti-ox-
idants and antimicrobial agents (Gupta and Abu-Ghan-
nam, 2011). In particular, the kappa carrageenan (phy-
cocollide) which is predominantly extracted from
K. alvarezii (Doty) Doty ex Silva, and iota-carrageenan
from E. denticulatum (Collins and Hervey) are used
in stabilizing food products, such as frozen desserts,
chocolate milk, jellies, and pet foods (Anis ez al., 2017).
Over the years, the industrial use of seaweed biomass
has shifted from exploiting beach-cast seaweeds as fer-
tilizers and a source of potash, to iodine production,
and to hydrocolloid extraction (Synytsya et al., 2015).
The seaweed industry has demonstrated persistent

relevance to current needs and has a bright future
when compared to the past when the industry looked
very different (Hafting et al., 2015).

Sources of these seaweeds have been from wild har-
vesting or artificial cultivation (FAO, 2012). Due to
increasing demand in seaweed-based products asso-
ciated with carrageenan, commercial mariculture of
K. alvarezii and E. denticulatum has been intensified
over the last decade in many countries with tropical
coastlines (Buschmann et al., 2017). Conventional cul-
ture techniques such as floating rafts (FR), long lines,
fixed off-bottom lines (FOB), fixed long lines (Hurtado
et al., 2008), swing hanging long lines, and single or
multiple-raft long lines (Hurtado and Agbayani, 2002)
have been used. The culture of eucheumoids using
these techniques has spread from Asian countries such
as the Philippines and Vietnam to those in the western
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Indian Ocean (WIO) such as Mozambique, Madagas-
car (Mollion and Braud, 1998), Tanzania (Msuya, 2007)
and Kenya (Wakibia et al., 2006). Seaweed farming has
been widely accepted as an alternative source of liveli-
hood in these countries (Msuya, 2007).

While developing countries continue to use the pop-
ular fixed off-bottom techniques in shallow areas of
the near shore environment (FAO 2015), developed
and developing countries have ventured into deep
water cultivation techniques to maximize produc-
tion of seaweeds. This approach has been triggered
by poor production of seaweeds cultivated in shallow
water environments associated with perennial infes-
tation by ‘ice-ice’ syndrome (white and soft thallus),
epiphytes, and herbivory. These challenges have been
mostly observed in seasons characterized by high
water temperature (Msuya et al., 2014). As a result
high disparity in production between regions due to
diversification of culture techniques has been demon-
strated (Buschmann et al., 2017). For instance, in 2014,
Indonesia recorded more than ten million tons of
carrageenophytes, while in the WIO region, Zanzibar
had the highest production of a mere one hundred
thousand tons (Buschmann et al., 2017). This scenario
suggests that the farming techniques adopted has a
direct impact on seaweed production. The deep water
culture techniques require sophisticated materials
such as motorised boats to access the farms in rela-
tively deeper, stable and productive environments, as
opposed to shallow water cultivation where farmers
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with low economic power access farms through walk-
ing at low tides. Although production statistics from
other seaweed cultivating countries in Africa are
scarce, limited production of carrageenophytes in
the WIO region exists (Msuya et al., 2014). The latest
report has revealed that even with the diversification
of culture techniques in developed countries, the
present sources of cultivated eucheumoids have not
met the volume demands of the existing seaweed pro-
cessing industry (Buschmann et al., 2017).

Recent studies have shown that relocation of seaweed
farms from shallow water to deeper water environ-
ments reduced the risk of ‘ice-ice’ syndrome on these
seaweeds thus improving their growth rate and bio-
mass (Msuya et al., 2014). However, the studies have
not focused on identifying the best culture technique
for adoption in deep water environments. This aspect
forms part of the background of this study. Recogniz-
ing the fact that seaweed biomass production could
also be affected by other factors such as the wind pat-
terns (Hurtado et al., 2001) and water quality (Msuya
et al., 2014), the present study determined the growth
rates of E. denticulatum and K. alvarezii cultured using
two deep water culture techniques (FR and MB) on the
southern coast of Kenya. The impact of these factors
on farmed seaweeds was also investigated. The results
from this study are critical in enhancing seaweed pro-
duction strategies with a focus on formulating a sus-
tainable national seaweed policy for Kenya to contrib-
ute to greater economic growth.

Figure 1. Map of the Kenyan coast showing the two study locations on the southern coast.
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Materials and methods

Study sites

The study was conducted for ten months in the inter-
tidal areas near Kibuyuni (4.38S, 89.20E) and Mkwiro
villages (4.40S, 39.23E) on the southern coast of Kenya
(Fig. 1). The two sites were sheltered from strong wave
action and tidal currents by a fringing reef. The sandy
substratum was colonized by seagrass species, Tha-
losodendron ciliatum, Thalassia hemprichii, Syringodium
soetifolium, and seaweeds, Glacilaria spp, Turbinaria
spp and Sargassum spp. Echinoderms such as Tripneu-
stus gratila and Echinometra mathei foraged within the
seagrass beds and patchy coral heads. The two sites
had been identified as suitable seaweed faming sites
(Wakibia et al., 2006).

Pilot scale commercial farming of E. denticulatum and
K. alvarezii existed in these areas which were pro-
moted by the World Bank-funded Kenya Coastal
Development Project (KCDP). The climate on the
southern coast of Kenya is influenced by northeast
monsoon (NEM) winds which blow from the north-
east between December and March (kaskazi) and
southeast monsoon (SEM) winds blowing from the
southeast between May and October (kusi). The SEM
is characterized by strong winds that are accompanied
by low air and water temperatures and solar radiation,
with the lowest tides being measured at night. Con-
versely, the lowest tides of the NEM are measured
during the day, the winds are relatively weaker, air and
water temperatures are higher and rainfall is gener-
ally low. There is a one to two month transition period
between the NEM and SEM characterized by variable
and weaker winds. The seasons significantly affect the
chemical and physical conditions of coastal waters
(McClanahan, 1988).

Materials, cultivation techniques

and growth experiments

Being a quantitative study, a completely randomized
design (CRD) was used to assign stocked ropes for each
of the two culture techniques at each site. Thirteen poly-
propylene ropes were used in each of the culture tech-
niques; five ropes for each seaweed species, and three
ropes as controls (without seaweed cutting). Fresh, young
and clean seedlings of E. denticulatum and K. alvarezii
were obtained from pre-existing seaweed farms at Kibu-
yuni and Mkwiro. To compare growth rates of the two
eucheumoids, the seaweeds were cultured at these loca-
tions using FR and MB techniques, as illustrated in Fig-
ures 2 - 6. The MB technique (Figure 4) was a hybrid of
fixed off-bottom (Figure 7) and FR techniques (Figure 8).
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At each site the FR and the MB techniques were
deployed at 5m and 1lm water depths respectively,
atlow tide. The FR site was accessed by use of a motor-
ised boat while the MB site was accessed by foot. The
distance between the FR and the MB at Kibuyuni was
about 30 m, and 5 m at Mkwiro. The FR and MB tech-
niques used in the present study were modified from
those described by Lirasan and Twide (1993). The FR
technique (Figure 2) consisted of a floating bamboo
raft (4 x 5 m?) anchored to the bottom of a deep lagoon
(5> m at low tide) by a polypropylene rope (10 mm
diameter) and a 100 kg weight. Similar ropes (6 mm
diameter and 5 m long) were stocked with 25 seaweed
cuttings of 50-80 g seed densities. Each seaweed cut-
ting was attached to the rope using ‘tie-tie’ (soft, thin,
tying material). Five ropes representing replicates of
each species were used to test the daily growth perfor-
mance of E. denticulatum and K. alvarezii at Kibuyuni
and Mkwiro. Each of the stocked ropes was weighed
and then stretched randomly along the length of the
bamboo raft at 15-20 cm intervals. The same design
was repeated in the MB technique at each site.

The MB technique (Figure 4) constituted mangrove
poles of 6 cm diameter and 7 m length driven into the
seabed and held upright at 6 m above ground. Simi-
lar polypropylene ropes as those in the FR technique
also stocked with 25 seaweed cuttings were used in the
MB technique. However, the seaweed cuttings in the
MB technique were suspended by a floating mech-
anism that was designed to ensure that the seaweed
cuttings remained immersed and close to the surface
of the water. The design consisted of a two metal rings
locked around the length of each pole at 20 cm above
the seabed and on the uppermost part of the pole by
a small wooden block nailed to the pole. These rings
connected the polypropylene ropes from one pole to
the other. Three 11 empty plastic bottles were attached
to each of the stocked ropes to enhance buoyancy.
Field assistance provided by two young men and two
ladies selected from the local communities enabled a
complete set up of the experiments within the lim-
ited duration of the spring tide. However, due to ease
of access at low tide, the MB technique was attended
actively by both men and women thus enhancing the
speed of the experimental set up. Only men with good
swimming ability participated actively in the deep
water deployed FR technique.

After a culture period of thirty days, the number of
missing seaweed cuttings in each monoline display-
ing ‘ice-ice’ syndrome were recorded. The number of
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Figure 2. The floating raft (FR) technique deployed in the sea.
Figure 3. One-month seaweeds being harvested from the floating raft at Mkwiro.
Figure 4. The field experimental set up modified off bottom technique.
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Figure 5. The layout of modified off-bottom (MB) technique in the sea at high tide.

Figure 6. Monitoring growth of seaweeds cultured under the modified off-bottom technique at low tide.
Figure 7. Fixed off-bottom line seaweed culture technique. Figure 1. Map of the Kenyan coast show-
ing the two study locations on the southern coast.
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grazed and macro epiphyte-infested thalli was also vis-
ually counted before they were weighed using a spring
balance (Satorius Model, Germany). The number of
cuttings on the stocked rope which displayed ‘ice-ice’
syndrome or were grazed or infested with macro epi-
phytes was computed as a percentage of the original
number of cuttings on the entire rope. Young healthy
thalli from every harvest were then selected as the
stocks for the next growing cycle. These procedures
were repeated from September 2015 to June 2016 for
the two culture techniques. The mean RGR expressed
as percent increase in wet weight (wt) per day was calcu-
lated according to the formula by Wakibia et al. (2006):

RGR = [(w/w )" 1] x 100 %

where, w_ = average wet weight of seaweed cutting at
day O; w, = average seaweed cutting wet wt at time t
and t = time intervals (days).

Plant tissue analysis

After the final growth of seaweeds was measured for
each month of culture, approximately 800 g of wet
seaweed was harvested from the thalli of the culti-
vated species. This biomass was then cleaned with
seawater, packed in labelled plastic bags, and stored
in a cooler box at 4°C before being transported to the
Kenya Marine and Fisheries Institute (KMFRI) labora-
tory for further processing. From each of the 300 g wet
seaweed samples a total of 200 g of the seaweed thalli
was accurately measured, sun dried for one day and
then oven dried at 40°C to a constant weight for the
determination of total nitrogen (N) and phosphorus (P)
content. Total N and P content was determined using
the National Council for Air and Stream Improvement
(NCASI) method TNTP-W10900 (NCASI, 2000). This
method converted ammonia, organic and inorganic
(excluding N,) nitrogen to nitrate, and organic and
inorganic forms of phosphorus to orthophosphate by
means of an alkaline acid digestion, without affecting
the native nitrate. The digestion was accomplished by
heating acidified unfiltered samples in the presence of
a persulfate (strong oxidizer) at 120°C and 15 psi for 1.5
hours using an autoclave. Following digestion, the sam-
ples were cooled and filtered using GFC (45 nm) micro
filters. Using the same dilution factor, the samples were
then diluted and their aliquots were calorimetrically
analyzed using a QUAATRO autoanalyzer (UK).

Environmental parameters
Air and water temperature, salinity, water motion
(diffusion factor), water nitrate and phosphates were
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determined at both cultivation sites. Water and air tem-
peratures were recorded every two days at midday and
the data was used to compute monthly temperature.
A maximum/minimum thermometer (TFA model,
Germany) was also deployed at the sites during each
culture cycle. Seawater salinity was measured at each
site fortnightly using a refractometer (Atago model,
Japan). Water motion (diffusion factor) was also meas-
ured fortnightly by the rate of dissolution of clod cards
made from Plaster of Paris (POP) using plastic balls as
molds according to a modified method of Doty (1971).
Three replicates of POP balls were left in the water col-
umn at sites of each culture technique and retrieved
after 24 hours. Upon retrieval, the remaining POP
balls were rinsed with fresh water, dried in the oven at
60°C, and weighed to a constant weight. To determine
the diffusion factor, the average final weight (dry wt of
POP balls in the field) was compared with the average
final dry weight of POP balls suspended in a bucket of
motionless seawater of equal salinity placed in the lab-
oratory for 24 hours. Water samples for the determi-
nation of nitrate and phosphate levels were collected
20 cm below the surface of seawater at each site every
fortnight using five 125 ml high density polyethylene
bottles. The samples were fixed immediately with
mercuric chloride, labeled, and stored in a cooler box
at 4°C before being transported to the laboratory for
analysis using the Technicon Auto Analyzer II system
as described by Parsons et al., (1984).

The macro epiphytes were identified in the field using
a field guide to seaweeds and seagrasses (Oliveira ez al.,
2005), while the herbivorous fish were monitored by
swimming and were visually identified using the field
identification guide to the living marine resources of
Kenya (Anam and Mostarda, 2012).

Data analysis

All data were analyzed using Microsoft Excel and
Minitab 17 Statistical Software (2010) for tabular and
graphical presentations. Significant differences in rel-
ative growth rates between species, sites and culture
techniques were determined using t-tests. The Pearson’s
product-moment correlation test was used to deter-
mine the relationships between relative growth rates of
cultured E. denticulatum, K. alvarezii for the two culture
techniques, and environmental factors (P < 0.05).

Results

Seaweed and environmental variables

Statistical analysis of the seaweed and environmen-
tal parameters measured between sites, species, and
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culture techniques on the southern coast of Kenya are
presented in Tables 1, 2, and 8. The correlation coef-
ficients of the variables with relative growth rates of
E. denticulatum and K. alvarezii are presented in Table 4.

The minimum water temperature ranged from 27 to
30°C while maximum ranged from 29 to 383 °C. Air
temperature had a range of 26 to 29.5°C and a mean of
27.83% 0.1°C. The minimum and maximum water tem-
peratures varied greatly between months, with higher
values being observed in January and February, and
lowest values recorded in June. According to Table 1,
there was no significant difference in minimum and
maximum water temperatures between sites (P < 0.05).
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During the study period the diffusion factor (water
motion) was in the range of 1.5 - 5.4 with a mean of 3.6
+ 0.9 on the southern coast of Kenya. The means were
highly varied over the ten months with the highest (4.2
+ 0.5) being recorded in March, and lowest in January
(8.2 £ 0.3) and February (8.2 + 0.4). On average water
motion of 3.63 + 0.1 was oberved at Mkwiro and 3.51
+ 0.2 at Kibuyuni, 4.04 + 0.14 and 4.03 * 0.14 in the FR
and MB technique, respectively. Statistical analysis
of the mentioned variables in Tables 1 and 8 did not
show any significantl difference between sites or cul-
ture techniques (P < 0.05). A salinity range of 85 - 35.4
% was observed during the study with an average of
85.4 + 0.1 %, at Kibuyuni and 35.2 + 0.0 %, at Mkwiro.

Table 1. Seweed and environmental factors measured in seaweeds cultured at Kibuyuni and Mkwiro on the southern coast of Kenya (Mean * SE,

N = 141-285)
Variable Kibuyuni Mkwiro P-value
Thallus N (%) 1.43 £ 0.01 144 + 0.01 0.564
Thallus P (%) 0.04 + 0.01 0.04 = 0.01 0.752
‘Ice-ice’ syndrome (%) 19.2 £ 1.6 7915 0.000
Herbivory (%) 2292 +1.8 121+1.1 0.000
Epiphytic load (%) 24.5+ 2.5 152 +11 0.001
Diffusion factor 3.51+0.2 3.63+0.1 0.549
Salinity (%) 854 +0.1 352+0.0 0.074
Minimum water temperature (°C) 27.8 £ 0.3 28.0 £ 0.2 0.611
Maximum water temperature (°C) 30.5+ 0.4 30.2+£0.3 0.584
Air temperature (°C) 26.8 £ 0.3 278 £ 0.3 0.040
Nitrates (pmoles 1) 1.31+ 0.2 1.2 0.1 0.722
Phosphates (nmoles 1) 0.746 + 0.1 0.624 + 0.1 0.518
Plant loss (%) 1563 +1.1 11.7+ 14 0.040

Means are significant at P < 0.05

Table 2. Thallus N (%) and P (%) and biotic factors affecting the growth of E. denticulatum and K. alvarezii on the southern coast of Kenya (Mean *

SE, N = 141-285)

Variable E. denticulatum K. alvarezii P-value
Thallus N (%) 1.44 £ 0.01 146 = 0.01 0.340
Thallus P (%) 0.04 = 0.01 0.04 = 0.01 0.918
‘Ice-ice’ syndrome (%) 22+0.1 9.2 *1.4 0.001
Herbivory (%) 6.2+09 114 £ 0.9 0.001
Epiphytic load (%) 4.6+0.1 10910 0.001

Means are significant at P < 0.05
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The average thalli N was 144 * 0.02 % and ranged
between 1.35 - 1.55 %, with the highest value being
obtained in October and the lowest in April. Thalli P had
an average of 0.0385 + 0.002 % and ranged between 0.031
- 0.045 % with the highest and lowest being obtained in
February and November, respectively. Concentrations
of water nitrates and phosphates ranged from 0.034
to 5.35 pmoles-1 and 0.004 to 1.896 pmoles -1, respec-
tively, with averages of 1.252 + 0.1 pmoles-1 and 0.685 *
0.06 pmoles1, respectively. There were no significant
differences in thalli N (%) and P (%), nitrates (pumoles
-1) and phosphates (pmoles -1) between sites (Table 1),
and no significant difference in thalli N (%) and P (%),
and nitrates (pmoles -1) between species (Table 2) and
between culture techniques (Table 3).

The percentage ‘ice-ice’ syndrome, herbivory and epi-
phytic load were higher at Kibuyuni than at Mkwiro
(Table 1), higher in K. alvarezii than in E. denticulatum
(Table 2), and higher in the FR than in the MB cul-
ture technique (Table 8). The highest levels of ‘ice-ice’
syndrome (%), herbivory (%) and epiphytes (%) in the
present study coincided with the period of low RGR of
eucheumoids. The epiphytes observed included Ulva
spp., Enteromorpha ramulosa, Hypnea musciformis, Padina
tetrastromatica, Gracillaria corticata, chaetomorpha ind-
ica and the blue-green alga Lyngbya majuscula. These
epiphytes mostly occurred in the warmer months as
compared to the cooler months.

The main algal grazers observed included the her-
bivorous fish families Scaridae (Parrotfishes), Sigani-
dae (Rabbitfishes), and the omnivorous Acanthuridae
(Surgeonfishes). Grazing damage was mainly found on
the thalli of affected seaweeds. Evidence of grazing by
the sea-urchin Tripneustus gratila was also observed.

WIO Journal of Marine Science 17 (2) 2018 11-24 | A. Kimathi et al.

Relative growth rates of eucheumoids

The relative growth rates in both culture techniques
varied greatly within the 10 months of investigation at
the two sites (Figs. 2 and 3). At Mkwiro the two tech-
niques showed a general pattern of high growth rates
achieved between October (6.8 % d ™) and December
(6.0 % d ™) before decreasing in February (3.2 % d ™'). A
continuous decrease in relative growth rates appeared
in the MB technique for the rest of the period while
a sharp increase appeared from February to March
in the FR technique. RGRs then decreased continu-
ously to their minimum rates in the later months for
both techniques. On the other hand, the growth rates
achieved by the two culture techniques at Kibuyuni
reveal a similar pattern as that at Mkwiro, but with
relatively lower growth rates. The highest RGRs of 5.7
and 8.6 % d "' observed in FR and MB techniques at
Mkwiro in October decreased to 1.7 and 1.4 % d "' in the
FR and MB techniques in December, respectively. The
highest relative growth rates of both species occurred
in October and lowest in June at Mkwiro, while the
highest at Kibuyuni occurred in September, and low-
est in February.

The relative growth rates of both species were higher
in the FR technique than in the MB technique at both
sites (Fig. 10). The figure also shows that the growth
rate of E. denticulatum was higher than K. alvarezii at
both sites. When the growth rates achieved by each
species cultured under each techniques were com-
pared, it was established that RGR of E. denticulatum
cultured using the FR technique was not significantly
higher than that achieved when cultured under the
MB technique at Mkwiro (P = 0.231), but differed sig-
nificantly at Kibuyuni (P = 0.039). On the other hand,
the RGR achieved by K. alvarezii cultured under the

Table 3. Thallus N (%) and P (%) of seaweeds, diffussion factor and biotic factors measured in the Modified off-bottom (MB) and the Floating raft
(FR) culture techniques on the southern coast of Kenya (Mean + SE, N = 141-285).

Variable Modified off-bottom Floating raft (FR) P-value
Thallus N (%) 1.49 + 0.04 1.42 £ 0.05 0.228
Thallus P (%) 0.04 + 0.00 0.04 £ 0.00 0.992
Diffusion factor 4.04 £ 0.14 4.03 £ 0.14 0.960
‘Ice-ice’syndrome (%) 8.13+ 2.5 104 £ 5.3 0.696
Herbivory (%) 3.183 £ 1.51 3.57+2.00 0.857
Epiphytic load (%) 17.3 £ 1.8 22.6 £2.1 0.060
Plant loss (%) 20.3 £ 1.1 11.7 + 1.4 0.026

Means are significant at P < 0.05
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Figure 8. Monthly trends of growth rates achieved by the modified off-bottom (triangle) and floating raft (rhombus) techniques

at Mkwiro.

Figure 9. Monthly trends of growth rates achieved by the modified off-bottom (triangle) and floating raft (rhombus) techniques

at Kibuyuni.

FR technique was not significantly different from that
achieved when cultured under the MB technique at
Mkwiro (P = 0.504) and Kibuyuni (P = 0.130).

Data subjected to the t-test analysis revealed that,
regardless of the species cultured and the site selected,
the RGR of 4.3 £ 04 % d ™ achieved by the FR tech-
nique was significantly higher than the 3.2 £+ 0.4 %
d ™ achieved by the MB technique (P < 0.05). It was
also established that irrespective of the culture tech-
nique used and the species, the RGR of 4.7 £ 0.2 % d
" at Mkwiro was significantly higher than the 2.7 + 0.1
% d ™ at Kibuyuni (P < 0.001). With regard to species,
the same test analysis showed that, irrespective of the
culture technique and site, E. denticulatum performed
significantly better than K. alvarezii on the south coast
of Kenya with RGRs 0f 4.9+ 0.2 % d "and 2.5 + 0.1 % d
!, respectively (P < 0.001).

Correlation coefficients of the RGR of the two seaweed
species with environmental and seaweed parameters
are presented in Table 4. Several of the correlation
coefficients were statistically significant at P < 0.05 and
at P<0.0l.

There was a positive correlation of RGRs of both
eucheumoids with diffusion factor and water nitrates,
and negative significant correlation with maximum
water temperature, % plant loss, % ‘ice-ice’ syndrome,
% epiphytic load and % plant loss. No correlation was
found between RGRs of both seaweeds with thallus
N (%). However, there was a negative significant cor-
relation of RGR of K. alvarezii with % thallus P, and
negative significant correlation of the RGR of E. den-
ticulatum with salinity. Percentage herbivory showed
significant negative correlation only with the RGR of
K. alvarezii. Apart from the strong positive correlation
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Figure 10. The relative growth rates of eucheumoids achieved under the two culture techniques at Mkwiro and Kibuyuni.

found between the RGR of E. deticulatum with the
diffusion factor, all the other significant correlations
were weak.

Discussion

The monthly trends in seaweed growth rates observed
in this study, in which high growth rates occurred in
September at Kibuyuni and October at Mkwiro, and
the lowest between December and February, are typi-
cal of seasonal variations of eucheumoid growth rates
observed in previous studies. For instance, in Igang

Guimaras, Philipines, the growth rate of E. denticula-
tum was found to increase during the cool months of
April and May (Ponce, 1992). Mollion and Braud (1993)
found increased growth rate of E. denticulatum between
April and February before decreasing in March due
to grazing and ‘ice-ice’ attack in Madagascar. Recently
in India, at Vizhinjam village, Kerala, high growth of
E. denticulatum occurred in March and May (Bindu,
2011). Orbita (2018) reported highest growth rate of
K. alvarezii during the cold period which occurred
between June and September, and lowest during the

Table 4. Correlation coefficients of eucheumoids relative growth rates and environmental parameters on the southern coast of Kenya.

RGR of Eucheuma denticulatum

RGR of Kappaphycus alvarezii

Variable R P-value R P-value
Diffusion factor 0.597 0.001 0.267 0.012
Minimum temperature (°C) -0.127 0.281 -0.040 0.705
Maximum temperature (°C) -0.405 0.001 -0.208 0.047
Salinity (%) -0.368 0.001 -0.091 0.390
Herbivory (%) -0.143 0.177 -0.317 0.002
‘Ice-ice’ syndrome (%) -0.258 0.014 -0.645 0.001
Epiphytic load (%) -0.239 0.023 -0.525 0.001
Plant loss (%) -0.232 0.027 -0.393 0.001
Nitrate (uM) 0.424 0.001 0.315 0.002
Phosphate (uM) -0.249 0.017 -0.101 0.338
Thalli N (%) 0.147 0.164 0.179 0.089
Thalli P (%) 0.028 0.793 -0.366 0.001

Ris significant at P < 0.05
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warmest period of the year between October and May
(Ohno et al., 1996). A 63 % decrease in growth rate of
K. alvarezii reported in Vietnam also coincided with
the warmest month (August) of the year (Ohno et al.,
1996; Saleh et al., 2016). High growth rates of K. alva-
rezii was also reported to occur between the southeast
wind blowing period (April to December) in Fiji, while
low growth rate was observed from January to March
(Prakash, 1990). On the southern coast of Kenya,
Wakibia et al. (2006) observed the highest growth rates
of K. alvarezii during the cooler months (August and
September), a period that usually occurs during SEM,
and lowest in the hottest months (January and Febru-
ary), usually occurring during the NEM.

The present results coupled with the above references
suggest a relationship between air temperature and
seawater quality parameters for suitable seaweed farm-
ing. The absorption of high air temperature by the sea
during hot periods appears to raise the average tem-
perature in equal margin and consequently compro-
mises the water quality parameters, as manifested by
emergence of ‘ice-ice’ syndrome at this time. Seaweed
farmers and investors should be weary of these dynam-
ics to avoid sudden suffering from economic shock and
also to enable them to make the necessary mitigation
interventions in order to save the seaweed seeds from
complete loss during the unconducive seasons.

RGRs at the two sites increased from February to
March. RGR at Kibuyuni was relatively stable between
March and June, but showed a decreasing trend at
Mkwiro in the same period. The decrease at Mkwiro
was attributed to massive plant loss caused by inter-
ference of the MB culture experiment by strong oce-
anic waves associated with the SEM. Such a scenario
was not observed at Kibuyuni. Despite the big loss of
plants from the MB culture technique, the RGRs of
both species were significantly higher at Mkwiro than
at Kibuyuni, because the loss was compensated by the
high growth rates achieved by plants in the FR tech-
nique at that period. These results therefore suggested
that if the structural set up of the MB technique could
be improved to overcome the overwhelming sea
waves between March and June, then Mkwiro could
be a more suitable site for culture of both species as
compared to Kibuyuni.

Previous studies have attributed site differences of
eucheumoid growth rates to water quality parameters
such as water motion (Wakibia et al., 2006). However,
the results of the analysis shown in Table 1 indicate
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that there was no significant difference in diffusion
factor between the two sites, but biotic factors includ-
ing % herbivory, % epiphytes and % ‘ice-ice’ syndrome
were significantly higher at Kibuyuni than at Mkwiro.
These factors were therefore presumed to have fun-
damentally influenced variation in RGRs between
Mkwiro and Kibuyuni. The negative effects of biotic
factors on seaweed growth rate have been cited in pre-
vious studies (Msuya et al., 2014; Hurtado et al., 2014).

The maximum growth rate of 5.7 % d' for K. alvarezii
obtained under the FR culture technique in the pres-
ent study was comparatively higher than the 5.2 % d!
observed in India (Kavale et al., 2016), 4.3 - 5.1 % day!
in Brazil (Hayashi ez al., 2010), 2 - 8 % d'in Mexico
(Munoz et al., 2004), and the 5.0 % d! reported in Zan-
zibar (Msuya et al., 2014). However it was lower than
the 7 - 9 % d'reported by Ohno et al. (1996) in Viet-
nam, and the 10.7 % d! reported by Paula et al. (2002),
and the 4.4-8.9 % d! in Zanzibar, Tanzania (Dawes et al.,
1994). Most importantly, the growth rate of E. denticu-
latum was above the recommended commercial rate of
3.5 % d ' set by Doty (1987), and below this for K. alva-
rezii. The high variation in RGR between the species
could have resulted from the difference in sensitivities
to water temperature. The fact that K. alvarezii regis-
tered encouraging growth only during the cold period
while the growth of E. denticulatum was relatively sta-
ble throughout the year under the two culture tech-
niques could justify this explanation. However, sev-
eral explanations have been made for these variations
including difference in species’ capabilities of tolerat-
ing wide range of ecological factors (Glenn and Doty,
1992), response to water motion (Wakibia et al., 2006),
their morphological variability (Doty, 1987), and the
underlying cell physiology and cell wall responses to
the surrounding environment (Hurtado et al., 2014).
The production of H,O, by E. denticulatum as an oxi-
dative burst was suspected to be part of its chemical
defense mechanisms against epiphytic attack (Collen
et al. (1994). Since this study never investigated the pro-
duction of H,O, by both eucheumoids, our explana-
tion could only be limited to the analysis conducted.

The negative correlation between epiphytes (%) and
RGR of eucheumoids revealed a scenario of exploit-
ative competition for nutrient resources in which
eucheumoids were outcompeted. Chaipart and Lew-
manomont (2004) and Hanisak (1987) associated
growth fluctuation of Gracilaria fisheri with competi-
tive growth of epiphytes. In the WIO region, the negative
effects of epiphytes on seaweed cultivation have been
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reported in previous studies in Tanzania (Msuya and
Kyewalyanga, 2006) and Kenya (Wakibia et al., 2006).
However, according to Fujita (1985), some seaweed
species overcome the effect of epiphyte infestation
by storing enough nitrogen to allow them to grow at
maximal rates for several days.

Although this study observed significantly lower lev-
els of herbivory, epiphytes and ‘ice—ice’ syndrome in
E. denticulatum than in K. alvarezii, it was not possible to
accurately establish the cause of these variations since
studies on the defense mechanisms of these species
was not part of our investigation. Furthermore, the
negative correlations between the RGRs of both spe-
cies with maximum water temperature, water phos-
phate, ‘ice-ice’ syndrome (%), herbivory (%) and epi-
phytic load (%), were significant, but weak, suggesting
that other confounding factors could be contributing
to the species difference. Future research should there-
fore be focused on investigating possible distinguish-
ing physiological and morphological characteristics in
E. denticulatum and K. alvarezii that could be influenc-
ing resilience to extreme ecological conditions.

Based on the RGR of 4.5 % d ™' and range of 0.3 - 9.2
% d "' observed in the FR, and RGR of 3.2 % d "' and
range of -1.7 - 10.7 % d ' observed in the MB tech-
niques, this study concludes that the two culture tech-
niques are suitable for improving the growth rate of
K. alvarezii and E. denticulatum in Kenya, thus improv-
ing their biomass. However due to seasonal environ-
mental changes that affect the growth of seaweeds,
variation in growth rate may occur between the spe-
cies and techniques. New seaweed farmers and inves-
tors should be well sensitized to the seasonal dynam-
ics of seaweed production in order to maximize
production during the conducive seasons and to be
ready to accept low production during unfavourable
seasons. This could be achieved by developing a sense
of optimism in the enterprise and exercising sobriety
and patience during the various stages of production.

The advantage of higher impact of water velocity
accorded to the seaweeds under the FR and the MB
techniques coupled with lower grazing pressure and
lower incidence of ‘ice-ice syndrome explains the
suitability of these culture techniques in improving
the biomass of cultured seaweeds. However, mecha-
nisms that ensure stability of the MB technique and
accessibility of the FR technique by individuals with
limited swimming capacities should be considered.
This approach would address the plight of non-swim-
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mers, particularly women, who constitute the major-
ity of seaweed farmers in Kenya. To determine the
economic viability, a comprehensive economic anal-
ysis of the techniques should be conducted prior to
commercial up-scaling. Further studies should be
conducted to: 1) investigate possible distinguishing
physiological and morphological characteristics in
E. denticulatum and K. alvarezii that could be influenc-
ing resilience to extreme ecological conditions; and
2) monitor the trends in herbivory attraction by the
different techniques.
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