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Abstract
The soils of Lakshadweep Islands are formed as a result of the fragmentation of coral limestone, that is carbonate-rich, with 
neutral pH, but poor in plant nutrients. Coconut palm (Cocos nucifera L.) is the main crop cultivated, supporting the life 
and livelihood of the islanders. No external fertilizer application or major plant protection measures are adopted for their 
cultivation as the Islands were declared to go organic decades back. Yet, Lakshadweep has one of the highest productivity 
of coconut compared with other coconut growing areas in India. Therefore, a question arises: how is such a high coconut 
productivity sustained? We try to answer by estimating in three main islands (i) the nutrients added to the soil via the litter 
generated by coconut palms and (ii) the role of soil microbiota, including arbuscular mycorrhizae, for the high productivity. 
Our results indicated that, besides adding a substantial quantum of organic carbon, twice the needed amount of nitrogen, 
extra 20% phosphorus to the already P-rich soils, 43–45% of potassium required by palms could be easily met by the total 
coconut biomass residues returned to the soil. Principal Component Analysis showed that soil organic carbon %, potassium, 
and organic carbon added via the palm litter and AM spore load scored >± 0.95 in PC1, whereas, available K in the soil, 
bacteria, actinomycetes, phosphate solubilizers and fluorescent pseudomonads scored above >± 0.95 in PC2. Based on our 
analysis, we suggest that the autochthonous nutrients added via the coconut biomass residues, recycled by the soil microbial 
communities, could be one of the main reasons for sustaining a high productivity of the coconut palms in Lakshadweep 
Islands, in the absence of any external fertilizer application, mimicking a semi-closed-loop forest ecosystem.

Keywords  Lakshadweep Islands · Coral soils · Coconut palm litter · Soil microbiota · Arbuscular mycorrhizae · Nutrient 
recycling

Introduction

Lakshadweep is a tropical archipelago consisting of 36 
islands located near the south-western coast of India along-
side the state of Kerala. The islands are surrounded by the 
Laccadive Sea and dominated by narrow and specific ter-
restrial-ecological conditions viz. lagoon and reef-fringed 
ecosystems rich in marine fauna, shallow and nutrient poor 
soils of coral lime-stone origin (Krishnan et al. 2004) sup-
porting a limited flora of trees and shrubs with coconut 
being the predominant crop, a high water table recharged 
only by the southwestern monsoon juxtaposed with long 
dry periods; temperatures ranging between 25 and 35 °C 
and a relative humidity of 70–76%. Out of the 36 Islands, 
11 of them, viz. Androth, Kalpeni, Kavaratti and Minicoy 
contribute to maximum area under coconut followed by 
Amini, Bitra, Agatti, Chetlat, Kiltan, Kadamat and Suheli 
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Valiyakara. Overall, with 2570 ha of the total 3228 ha of 
Lakshadweep land mass of the islands under coconut palms 
(Thamban et al. 2020), it forms the agricultural mainstay of 
the inhabitants in terms of their economy along with tuna 
fishing, its processing and export. Coconut palms grown in 
Lakshadweep islands display high productivity, and desir-
able traits of high oil content and drought tolerance. The 
main coconut varieties cultivated are Laccadive Ordinary 
Tall (LCT), Laccadive Micro Tall (LMT), Kaithathali Tall, 
and Laccadive Orange Dwarf (Jacob and Krishnamoorthy 
1981). Remarkably, without the addition of any substan-
tial amount of fertilizers and grown at a highly dense rate 
of > 400 palms like a forest (Gopal 2000) instead of the rec-
ommended 175–200 palms per ha, the coconut productivity 
of Lakshadweep islands currently at 30,623 nuts/ha remains 
the highest in India (Thamban et al. 2020). Per palm yield 
easily ranges between 70 to 100 nuts annually (Shameena 
Beegum et al. 2022). Not only productivity, the oil content 
of the Laccadive Ordinary Tall and Laccadive Micro Tall, on 
an average, is about 74% (Patil et al., 1993; Ratnambal et al. 
1995); a good 5–8% more than tall varieties cultivated in 
mainland areas of southern India. The palms are also known 
to have resistance to water stress, and therefore have been 
used as female parent material for developing drought-toler-
ant hybrids viz Lakshaganga and Chandralaksha (Rajagopal 
et al. 1990).

With reducing arable land availability, increasing soil 
erosion (Mandal and Tripathi 2009) that depletes the 
plant nutrients and nil external fertilizer application, such 
a high nut yield, and productivity, coupled with high oil 
yield, could be sustained only if there is a regular supply of 
essential nutrients made available to the palms. Application 
of inorganic fertilizer, which could seriously contaminate 
the limited groundwater source, was completely banned 
in Lakshadweep Islands from the year 2000 owing to their 
precarious ecological conditions. Subsequently,  adding 
fertilizers was promoted for agricultural purposes, particu-
larly for raising fruits and vegetables but not for the coco-
nut palms. Coconut palms, thus, by and large, are grown 
without any fertilizer application. Under these crop produc-
tion circumstances, it is rather confounding that the coco-
nut yield and productivity is sustained at a national high in 
Lakshadweep Islands, particularly in the absence of external 
fertilizer application.

One of the possible clues in support of the high pro-
ductivity factor in coconut is the excellent organic matter 
content and near neutral pH recorded in the soils of Lak-
shadweep. The presence of organic matter adds important 
plant nutrients, post mineralization by soil microbiota, to 
the soils, which become easily available at the neutral pH. 
The high organic matter in soil may not be significantly con-
tributed by the allochthonous nutrient sources such as the 
seaweeds and fish debris, rich in proteins and amino acids, 

that accumulate along the shores of the Islands. Though 
bird guano is another source of nutrients, this is drastically 
reduced because of coconut cultivation, increasing popula-
tion and settlement area that have deterred the sea birds from 
nesting in the Islands (Pande et al., 2007; Young et al. 2009).

The other possible nutrient sources to the coconut palms 
in the Islands could be rainfall or plant  litter. Precipita-
tions brought in by monsoon deposit about 38.0 kg−1 ha−1 
of NO3

− and 15.6 kg−1 ha−1 of SO4
2−annually in Minicoy 

and cations such as Na, Cl, Mg and K (Soni 2021). Simi-
lar quantities could be getting deposited by precipitation in 
the other islands of Lakshadweep too. Sea water sprays aid 
in sodium, potassium and chlorine uptake. However, they 
are insufficient to fertilize the coconut palms particularly 
when its NPK requirement is to the tune of 500 g N, 320 g 
P2O5 and 1200 g K2O/palm/year along with application of 
organic manure @50 kg/palm or 30 kg green manure for 
good productivity (Nelliat 1973). Litter  fall from above 
ground vegetation has been reported as an important source 
of nutrients in islands (Smith et al. 2008; Batianoff et al. 
2010),  and leaching from such litter releases phosphate 
which functions as an autochthonous nutrient source in peat 
swamps (Ong et al., 2017).

This study attempts to answer the question of high pro-
ductivity and desirable traits of coconut palms in Lak-
shadweep islands despite grown on nutrient poor soils, not 
applied with any external fertilizer, at high inter plant com-
petition by high plant density.

Under this scenario, we hypothesized that the possible 
reasons for the sustained high coconut productivity in the 
poor coral soils of Lakshadweep, encountering narrow and 
specific terrestrial-ecological spectrum, could possibly be 
driven by recycling of nutrients added by palm litter and 
plant-beneficial microbiota in the near-forest kind of coco-
nut ecosystem. This hypothesis reflects the studies that have 
proved that bulk of the nutrients required for plant growth in 
Island conditions is obtained by the decomposition of plant 
litter and peat as reported in Marion islands (Smith et al. 
2008). Therefore, to ascertain this hypothesis, we analyzed 
autochthonous nutrient availability via crop litter and the 
rhizosphere microbiota and arbuscular mycorrhizae (AM) 
association in coconut palms cultivated in three important 
Islands of Lakshadweep: Kavaratti, Kalpeni and Minicoy, 
and present the findings in this paper.

Materials and methods

Autochthonous nutrient estimation

The autochthonous nutrient pool available within the 
island was estimated by computing the NPK returned to 
the soil via the litter addition from the vegetation growing 
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in the Islands. Coconuts being the predominant vegetation 
covering almost the entire islands, the data on the area (ha) 
under coconut, the total number of palms growing and 
the average coconut yield year−1 (lakh nuts) in the three 
Islands were collected from the Agriculture Department, 
Union Territory of Lakshadweep and were used for cal-
culating the nutrients added to the soil from their biomass 
residues such as leaf fronds and husks (Suppl. Figure 1). 
It is well established that about 8 tonnes leaf fronds from 
one-hectare coconut garden and close to 35% of husk from 
each coconut is generated as residues (Biddappa et al. 
1996). The nutrient values in the leaf and coconut husks of 
Lakshadweep Islands (Singh and Velayutham 1979) were 
used to estimate the total N, P, and K available from these 
sources to the soil. The allochthonous nutrient sources 
such as bird guano, fish wastes (from tuna processing units 
and households’ food wastes), and seaweed accumulation 
to the tune of 10,000 to 19,000 tonnes (wet biomass) along 
the 12 atoll coasts (Kalidharan 2001) need more thorough 
analysis to be accounted as a significant source of nutrients 
for coconut.

Vegetation survey and soil sample collection

Three important Islands of Lakshadweep viz. Kavaratti 
(the capital), Minicoy and Kalpeni were selected for the 
study and collection of vegetation data and soil samples. A 
transect walk was carried out across the length and breadth 
of the Islands and the vegetation found growing in a 
15 × 15 m plot were listed from the following categories (i) 
coastal stretch (shore), (ii) stretch between the coasts and 
mid island (inshore) (iii) middle and hinterland (inland) 
area of the island. The sampling was carried out based 
on the length, breadth and accessibility to shores of the 
Islands. Soil sample collection was carried out twice. In 
the first study, Minicoy and Kalpeni were included. Adopt-
ing standard protocol, soil samples were collected from 
the top 30 cm depth after clearing any plant/organic mat-
ter debris in the same 15 × 15 m plots characterized for 
the vegetation in the transect walk. A minimum of three 
15 × 15 m plots for three categories were used. From each 
15 × 15 m plot, five soil samples were collected, homog-
enized and bagged. In the second sampling, Minicoy, 
Kalpeni and Kavaratti were included and only rhizos-
phere soil with small freshly growing active roots were 
collected from high yielding coconut palms. An auger was 
used for the collection of the samples from three different 
spots from the basin (one metre area around the bole of 
the palm) of each palm at the 0–30 cm depth. The three 
sub-samples were pooled together to represent a sample 
from one palm. A minimum of six palms were sampled 
during this soil sampling. Soils were transferred to clean 

polythene bags, transported to ICAR-CPCRI in cold 
conditions (4 °C) and then stored in refrigerator for the 
microbial analysis. One set of samples were air-dried and 
passed through a 2 mm sieve, mixed thoroughly to obtain 
composite sample, and used for soil physical and chemi-
cal analysis.

Soil physico‑chemical analysis

The pH of the soil was measured in 1:2.5 soil-water sus-
pension using a pH meter (Eutech Instruments). The soil 
organic carbon was analyzed following Walkley and Black 
(1934) rapid titration method. The primary, secondary, and 
micronutrients were also estimated. Total nitrogen was ana-
lyzed by Kjeldahl digestion and steam distillation (Jackson 
1973) while the available phosphorus was determined using 
the method of Olsen et al. (1954). Available potassium was 
estimated by ammonium acetate extraction (Hanway and 
Heidel 1952) using flame photometer (Systronics Flame 
Photometer 128). Secondary (Ca and Mg) and micronutri-
ents (Fe, Mn, Cu and Zn) were estimated using an Atomic 
Absorption Spectrophotometer (Varian SpectrAA 55) adopt-
ing the procedure of Lindsay and Norvell (1978).

Soil microbial analysis

General and function‑specific microbial communities

The first set of soil samples collected from transect walk 
plots were estimated for the general microbial communi-
ties such as bacteria, actinomycetes and fungi and function-
specific microbiota viz. cellulose degraders, free-living 
nitrogen fixers, nitrifying bacteria (nitrifiers and nitrati-
fiers) and phosphate solubilizers adopting serial dilution 
and pour plate culture-dependent method. The nitrifying 
bacteria were estimated using the most probable number 
(MPN) method, while all others were through serial dilu-
tion and plating method on specific selective medium, as 
described in our previous work on soil microbial analysis 
of monocropped coconut palms applied with systemic soil 
insecticide and neem cake (Gopal et al.2001). Clear zone 
formation by cellulose-degrading microbiota was enumer-
ated after flooding carboxymethyl cellulose agar plates with 
Gram’s iodine solution (Kasana et al.2008).

Arbuscular mycorrhizae

The second set of soil samples collected from the coconut 
rhizosphere were analyzed for arbuscular mycorrhizae (AM) 
spore population and root association in addition to the gen-
eral and function-specific microbial communities. For esti-
mating the AM colonization, fresh, cream-coloured roots 
were selected from each sample, cut into 1 cm segments 
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using a fine blade and fixed in formalin: aceto: alcohol solu-
tion (90:5:5). Following the process described by Phillips 
and Hayman (1970), the fixed roots were then processed by 
washing with two changes of tap water, transferred into a 
boiling tube containing 10% KOH and autoclaved at 121 °C 
for 3 min for the clearing of the roots. After autoclaving, 
the KOH solution was poured off and the root bits were 
washed in three changes of tap water. Further, the roots were 
bleached using alkaline H2O2 for 10 min at room tempera-
ture. Then, the roots were washed thoroughly with water and 
immersed in 1% HCl for 10 min. The acid was then decanted 
off and the roots were stained in 0.05% trypan blue in lacto-
glycerol and boiled for 20 min at 90 °C. Destaining was done 
using lacto glycerol solution and the roots were observed 
under the microscope (Leica) for AM colonization by scor-
ing the presence of vesicles, arbuscules and hyphae.

In order to quantify the colonization, ten numbers of one 
cm root bits were placed in clean glass slide and observed 
under high magnification for the presence of vesicles, arbus-
cules and hyphae. Percentage of root colonization by AM 
was calculated using the formula –

AM spore population estimation

AM fungal spores were extracted by wet sieving (45, 100, 
250, and 355 µm sieve openings) and decanting method 
(Gerdemann and Nicholson 1963). The spores extracted 
through sieves, with mesh sizes ranging between 45 and 
355 µm, were filtered using a Whatman No.1 filter paper 
and were observed under a stereo microscope, and the total 
number of spores was counted. Spores exhibiting morpho-
logically similar characters were then clustered into one 
group. To derive spore community composition, the number 
of spores in each morphotype was recorded. Spore count was 
calculated as the total number of spores in each soil sample 
(spores per 10 g soil).

Statistical analysis

Standard deviation was calculated for most of the data. Fur-
ther, the variations in the AM fungal population and number 
of species between different Islands were tested statistically 
along with microbial populations by Duncan’s Multiple 
Range Test (DMRT). Pearson’s correlation coefficient was 
calculated between soil chemical and mycorrhizal param-
eters. Simpson’s diversity index and Shannon’s diversity 
index were calculated for the microbial population count 
data following Simpson (1949) and Lloyd and co workers 

% Root colonization

=
Number of root bits having colonization

Number of root bits observed
× 100

(1968), respectively. Altogether, a Principal Component 
Analysis of 17 variables of Islands including soil nutrient 
values, nutrients returned via residues, microbial popula-
tion, etc. was performed using varimax rotation method by 
SPSS package.

Results

Autochthonous nutrient addition

The area under coconut in each of the three Islands was 
used to compute the nutrients returned to the soil from coco-
nut fronds and husks. Area-wise, Minicoy had the largest 
holding (426.1 ha) followed by Kavaratti (392.4 ha); how-
ever, number of palms were more in latter (164,808) than 
the former (146,962). The palm density was thus higher in 
Kavaratti among the three Islands. The nitrogen (N), phos-
phorus (P), potassium (K) and organic carbon (OC) added by 
the biomass residues from coconut palms (Fig. 1), that cov-
ered more than 85% of the vegetation area, was estimated. 
The results showed that nitrogen and potassium recycled 
annually was highest in Kavaratti (67.5 tonnes N, 45.8 
tonnes K), followed by Minicoy (66.3 tonnes N and 38.4 
tonnes K). The phosphorus returned ranged between 3.2 and 
5.1 tonnes in the Islands. Organic carbon addition also fol-
lowed the same pattern; Kavaratti with maximum of 1737.57 
tonnes and Minicoy with 1458.03 tonnes, annually (Table 1). 

Vegetation diversity

Transect walk to capture the vegetation of the three Islands 
gave similar scenario, with coconut palm (Cocos nucifera 
L.) being ecologically the dominant one covering almost 
80–90% of the area. Along the coastal stretch, much of 
the area was free of vegetation. However, in some places 
Scaevola koenigii (locally called Kanni), Pandanus odo-
ratissimus (screw pine, locally called Kaitha), Pemphis 
acidula (locally called cheruthalam), Casuarina equi-
setifolia (casuarinas), Morinda citrifolia (noni), Spinifex 
littoreus and Tournefortia argentea (Tamara) were com-
monly recorded. In addition to these, patches of sea grass 
such as Thalassia hemprichii and Cymodocea isoetifolia 
were also observed. The next 100 to 200 m range from the 
shore (inshore) was mostly populated with Cocos nucif-
era (coconut palm) interspersed with Musa paradisiaca 
(banana), Artocarpus incise (breadfruit), Terminalia cat-
appa (wild almond), Moringa oleifera (drumstick), Agave 
americana (agave), Morinda citrifolia (noni) and Zizyphus 
zuzuba (jujube, elanthapazham in local language). The third 
area, inland, including some low lying areas in the Islands, 
was again dominant with coconut, banana, Pandanus odo-
ratissimus, agave and shrub vegetation. In the settlement 
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area, vegetables like tomato, chilli, okra and others, tubers 
such as taro, betel leaf (Piper betle), papaya were grown by 
the inhabitants.

Soil fertility status

The physico-chemical properties of the Islands’ carbonatic 
soils were analyzed twice, with the first analysis being elabo-
rate for two Islands at three different sites (shore, inshore 
and inland) (Suppl. Table 1). The pH of the soils in the three 
sites (shore, inshore and inland) of two Islands as well as the 
coconut rhizosphere from three Islands were close to neutral 
to slightly alkaline (pH 6.6 to 7.5). It could be noticed that 
the organic carbon (OC) ranging from 0.12 to 3.1% and zinc 
(Zn) contents of 2.7 to 9.8 ppm increased from the shore to 
the inland sites. The N, P and K contents did not follow the 
same increasing trend and ranged between 0.1 and 0.2%, 39 
and 56 kg/ha, and 85 and 151 kg/ha, respectively (Table 2). 
The second analysis focused towards the rhizosphere soils 
of coconut from three Islands viz., Kavaratti, Kalpeni and 

Minicoy (Table 2). The pH of the rhizosphere soil of coconut 
palms in all the three Islands was alkaline ranging closely 
between 7.5 and 7.6. The OC values were close to 1 and 
1.5% with slightly lower available P but higher K availabil-
ity (Table 2) than general soil sampling data from the first 
studies.

Soil microbial analysis

In the first set of soils sampled from Kalpeni and Mini-
coy, population of general (bacteria, actinomycetes and 
fungi) and plant-beneficial (free living N-fixers, phosphate 
solubilizers, cellulose degraders and nitrifying bacteria) 
microbial communities at different spatial points: shore, 
inshore and inland soils, were enumerated. Among the 
three general communities studied, populations of bac-
teria (0.11–1.02 × 105 cfu/g dry soil) and actinomycetes 
(0.2–6.1 × 104 cfu/g dry soil) was seen to be more than 
fungal colonies (1–7 × 103  cfu/g dry soil) in both the 
Islands. Among the function-specific microbiota analyzed, 

Fig. 1   Component plot in rotated space for the 17 variables analyzed 
by PCA for the three Lakshadweep Islands indicating key factors 
influencing the high coconut yield. The soil organic carbon %, potas-
sium, and organic carbon added via the palm litter and AM spore load 

scoring > ± 0.95 in PC1, whereas, available K in the soil, bacteria and 
actinomycetes, phosphate solubilizers and fluorescent pseudomonads 
scored above > ± 0.95 in PC2
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population of free-living nitrogen fixers, cellulose decom-
posers and nitrifying bacteria were observed to be higher 
in the inshore and inland sites compared to shore soils 
of the Islands. However, phosphate-solubilizing bacteria 
were mostly found in low population (100–200 cfu/g dry 
soil) and that too in the inshore and inland sites; they could 
not be detected in the shore soil samples with the adopted 
methodology (Suppl. Table 2).

Log10 transformed values of the general and functional 
microbial communities of second set of soil samples col-
lected from the rhizosphere of coconut palms of Kavaratti, 
Kalpeni and Minicoy  indicated a higher population of 
bacteria, fungi and actinomycetes compared to first soil 
sampling data. A thriving population of bacteria (6.6–7.0), 
actinomycetes (6–7) and bacilli (above 6) was observed. 
Among the function-specific microbiota, population of 
nitrogen fixers was more in Kalpeni Island whereas fluo-
rescent pseudomonads were more in Minicoy (Table 3).

The spore numbers and root association index of the 
important root-fungi symbiosis, arbuscular mycorrhizae, 
were also assessed in coconut rhizosphere during the sec-
ond soil analysis (Table 3). The highest AM colonization 
was recorded from rhizosphere of coconut from Kalpeni 
and Minicoy islands (61%) and the lowest in Kavaratti 
(53%). The arbuscular mycorrhizal fungi identified based 
on the spore morphology belonged to the genera of Glo-
mus, Gigaspora, Acaulospora and Scutellospora (Suppl. 
Figure 2). Simpson’s diversity index (Ds) and Shannon’s 
diversity index (Hs) in three different islands of Lakshad-
weep were analyzed (Suppl. Figure 3). The index value 
of “Ds” and “Hs” varied from 0.159 to 0.505 and 0.483 
to 1.119, respectively. Arbuscular mycorrhizae fungal 
species’ dominance in Kalpeni Island (0.505, 1.119) was 
slightly higher than that in Minicoy (0.372, 0.929) and 
Kavaratti (0.159, 0.483).

Principal component analysis

The analysis of 17 variables by PCA showed that PC1 and 
PC2 contributed 100% of the variability in the data set. 
The soil organic carbon %, potassium and organic carbon 
added from the palm litter to the soil and AM spore load 
scored > ± 0.95 in PC1, whereas available K in the soil, 
bacteria and actinomycetes in the general microbial com-
munity, and phosphate solubilizers and fluorescent pseu-
domonads among the function-specific microbial com-
munities scored above > ± 0.95 in PC2 (Suppl. Table 1). 
The plot of PC1 and PC2 rotated component matrix of 
17 variables by PCA of the three Lakshadweep Islands is 
furnished in Fig. 1.
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Discussion

Autochthonous nutrients

Being somewhat semi-closed-loop forest-type ecosystem 
in the Lakshadweep Islands, the residues from the vegeta-
tion were considered to be returned to the soil (Suppl. 
Figure 1). It is well known that litter fall is one of the criti-
cal sources of nutrients returned to terrestrial ecosystems, 
particularly of forest types and leaf tissues were implicated 
for more than 70% of the litter (Robertson and Paul 1999). 
Moreover, in the case of coconut, it had been determined 
that through meticulous recycling of all the usufructs, 
about 20.7 kg N, 10.5 kg P2O5 and 30.8 kg K2O could be 
ploughed back in the mainland scenario (Jothimani 1994). 
Decomposition of coconut husks had also been shown 
to add key nutrients to the soil, that is known greatly to 
reduce the inorganic fertilizer requirements (Ouvrier and 
de Taffin 1985). Lakshadweep islands being heavily popu-
lated with coconut palms, the amount of residues in terms 
of leaves, inflorescence and bunch wastes and coconut 
husks was of substantial quantum (Table 1). An estimation 
of the quantities of N, P, K and organic carbon (OC) able 
to be recycled annually indicated that higher amounts were 
generated in Kavaratti followed by Minicoy, largely due 
to the area under coconut and the number of palms grow-
ing there. The litter fall would have undergone decompo-
sition and supplied the nutrients to plants and microbial 
biomass. Thus, several tonnes of N, P, and K were made 
available to the palms for their growth and productivity in 
the Lakshadweep Islands. Being from the same source, i.e. 
palm to palm, the nutrient uptake perhaps must had been 
efficient. The pH of the soil of Lakshadweep was close 

to neutral (Krishnan et al 2004), which again would have 
helped in better nutrient mineralization, release and avail-
ability to the palms. Solar radiation (photosynthetically 
active radiation and ultraviolet radiations) is another agent 
known to promote the decomposition of leaf litter (Barnes 
et al. 2015). Lakshadweep is known to receive on an aver-
age 16 MJm2 of solar radiation energy, with Minicoy get-
ting higher than 18 MJm2 (Tyagi 2009), which must also 
be promoting the litter decomposition to some extent along 
with the soil-based biological factors.

Based on 2017–18 data available with the Agriculture 
Department, UT of Lakshadweep, Kavaratti, Minicoy and 
Kalpeni had approximately 164,808, 146,962 and 108,750 
palms, respectively at a density of more than 400 palms per 
ha (Thamban et al. 2020). The recommended annual dose 
of N, P and K for adult coconut palm in the mainland was 
500 g N: 320 g P2O5:1200 g K2O (Nelliat 1973). The nutri-
ents from recycled residues (Table 1) could meet more 
than 80% of the N, 10% P and 20% K of this recommended 
fertilizer dose in the islands. However, per detailed manu-
rial trials conducted in Lakshadweep during 1983, wherein 
6 different NPK treatments including control were evalu-
ated, an annual fertilizer dose of 250 g N, 160 g P2O5 and 
600 g K2O was recommended for coconut palms growing 
in Lakshadweep (Bopaiah and Cecil 1993). The recycled 
residues, therefore, could meet twice the amount of N, add 
in excess of 20% P to the already phosphate-rich soils, and 
meet more than 40% of K requirement of the palms as per 
the manurial recommendation for the Islands (Bopaiah and 
Cecil 1993). Thus, it was clear that, without any external 
application of fertilizers, N and P requirements were fully 
met and the demand for K was met as much as 43–45% by 
the recycled coconut litters. Even if 50% of the biomass 

Table 2   Physico-chemical 
properties of rhizosphere soils 
of coconut collected from three 
islands of Lakshadweep (second 
set of studies)

Name of islands pH OC (%) Available P (Kg/ha) Available K (Kg/ha)

Kalpeni 7.60 ± 0.04 1.61 ± 0.22 180.04 ± 30 117. 09 ± 16
Kavaratti 7.55 ± 0.05 0.93 ± 0.27 170.92 ± 36 92.42 ± 19
Minicoy 7.60 ± 0.04 1.46 ± 0.22 134.18 ± 30 159.30 ± 16

Table 3   Microbial populations (Log CFU/g dry soil) in the rhizosphere soils of coconut collected from three islands of Lakshadweep (second set 
of studies)

F%—Frequency of AM colonization
Means followed by the same letter in a column do not differ significantly according to Duncan’s multiple range test

Location Bacteria Fungi Actinomycetes P-solubilizers Fluores-
cent Pseu-
domonads

Free-liv-
ing N-Fix-
ers

Bacilli F% for AM AM Spore load/10 g 
soil

Kalpeni 6.62b 4.58a 6.62b 3.92a 1.29b 2.68a 6.83a 61.11a 81.33a

Kavaratti 6.64b 4.60a 6.68b 3.71b 1.20b 1.31a 6.58a 53.33a 63.66b

Minicoy 7.06a 4.65a 7.08a 3.97a 2.93a 1.79a 6.85a 61.11a 70.55ab

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



	 World Journal of Microbiology and Biotechnology (2022) 38: 213

1 3

213  Page 8 of 14

residues was considered to reach the soil, rest 50% being 
accounted for use as fuel, thatching, making brooms and 
for other sundry purposes by the islanders, yet full require-
ment of N and P and above 20% K requirement of coconut 
palms was met. 

Vegetation

The vegetation pattern observed in Minicoy, Kalpeni and 
Kavaratti was a typical forest type ecosystem seen in tropi-
cal and sub-tropical islands, with coconut palms reaching 
the level of mono dominance in these islands, as reported 
earlier in other atolls in the Central Pacific (Young et al. 
2009). The main livestock present in the islands were the 
cattle, goat and poultry. We aimed to record the main vegeta-
tion growing in the islands and not an exhaustive one. The 
trees and shrubs that we could identify matched with the 
earlier reports on flora and fauna of the Lakshadweep islands 
(Joseph John et al. 2018). The density of the trees and other 
plants was found to be very high in the islands. Earlier esti-
mates had mean basal area available for plantation as 14.64 
m2, and for littoral vegetation to be 1.41m2, with maximum 
species diversity observed in the littoral vegetation (IIRS, 
2010). High above-ground biomass density per unit area was 
reported to play a critical role in regulating the carbon pool 
in soils of the coastal area, as per studies carried out on 
carbon storage and sequestration in Kadmat Island of Lak-
shadweep, with reference to Spinifex littoreus, a herbaceous 
plant growing in the coastal sands (Mitra et al. 2017).

Soil fertility status

The soil samples collected from the three islands were of 
uniform-sized particles of sandy nature and light grey in 
colour. Samples from lowlands were slightly darker grey 
than the other sites because of higher organic matter content. 
Our studies showed the soil pH in the range of 6.6 to 7.5 
whereas Krishnan and co-workers (2004) reported pH to be 
above 8. Reduction in pH could have occurred due to several 
factors including precipitation, the release of hydrogen ions 
at the root surface during nutrient uptake and decomposition 
of the organic matter added by the litter addition (Harter 
2007). The inshore and inland soils clearly indicated a neu-
tral pH. Neutral or near neutral pH soils are ideal for plants 
to easily absorb important nutrients needed for their growth, 
development and yield (Krishnan et al. 2004).

Soil organic carbon (OC) is critical to soil health and our 
estimates of high OC content in soils of Lakshadweep is 
well documented (Singh and Velayudham 1979). OC val-
ues obtained in our study were more in confirmation with 
the values obtained for Kalpeni Island by Krishnan and co 
workers (2004), compared to higher OC values reported for 
Minicoy Island by Bhattacharya and co-workers (2008). 

Nevertheless, it was clear that both the islands were hav-
ing not less than 2% OC in hinterland soil where bulk of 
coconut and other vegetation grew. Observation of higher 
OC in our studies in the interior parts of the islands reflects 
earlier report in Marshal Islands (Deenik and Yost 2006). 
Similarly, in coral cay soils from Coral Sea Islands in Aus-
tralia, soil organic carbon content was reported in the range 
of 2.4 to 4.8%, 8.09 pH and phosphorus concentration rang-
ing from 467 to 882 mg/kg in the interior portions of the 
Island. This high fertility was attributed to the availability of 
large quantities of organic matter falling from the herb-based 
vegetation in the interior areas of the Island (Batianoff et al. 
2010). Thus, the presence of higher range of organic carbon 
content in the interior parts of coral Islands is a common 
factor, driven by the litter-shedding taking place from the 
local vegetation, coconut being the predominant in the case 
of Lakshadweep islands. Though in our studies, we recorded 
a slightly lower OC in rhizosphere soils of coconut com-
pared with the general soils, the OC content in Lakshadweep 
Islands was much higher than the OC content in mainland 
soils of Kerala (Nair et al. 2018), and other states, where 
coconut is commonly cultivated (Selvamani and Duraisami 
2014; Malhotra et al. 2017). Overall, because of the high 
above-ground plant biomass density, the carbon accumula-
tion in soil was also significant (Mitra et al., 2017). The 
superior levels of OC in the soils of the Islands compared to 
mainland is, therefore, a key factor in higher nut yield and 
better oil content in the copra of Lakshadweep.

It had been reported that availability of 70–80  ppm 
mineralizable nitrogen in the basin region is sufficient to 
meet the N requirements of the coconut palm. About 90% 
of the N in soil occurs as complex organic forms, accumu-
lated as baseline soil organic matter (SOM), from addition 
of plant residues, composts, animal manures, etc. which is 
not directly available to the plants. The organic forms get 
decomposed/mineralized by the action of soil microbiota 
to inorganic ammonium (NH4

+) and ammonium to nitrate 
(NO3

−) by nitrifying bacteria, and this contributes sig-
nificantly to the available N pool required for plants (Sul-
livan et al., 2020). A recent study in a coconut garden in 
Mexico had shown that the SOM was highly correlated to 
plant available NO3

− (Ramirez-Silva et al., 2021). This sup-
ports our hypothesis of availability of sufficient amount of 
N to coconut palm from the recycled organic matter added 
to the soil. P concentrations were observed to be lower in 
inshore and inland samples, the possible reasons could be 
the ageing of these soils which was reported to reduce the 
phosphate ions content with time (Nelson et al. 2020), and 
uptake by vegetation dominated by coconut palms. On the 
other hand, the high P in the shore soils might be because of 
regular addition of decomposing phosphate-rich coral skel-
etons driven by climate change, and nutrient loading from 
human and fishing activities along the shores (Mallela et al., 
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2013). Joy and coworkers (2019) had analyzed different 
phosphorus fractions in the surface sediments collected from 
shores and lagoons of Lakshadweep islands and reported 
increasing phosphorus contents compared with previous 
times. Moreover, the phosphorus present was recalcitrant 
calcium-bound phosphorus (Ca–P) and not of organic matter 
origin. The potassium concentrations in most soils were defi-
cient and our values were similar to those in Kalpeni Island 
reported by Krishnan and coworkers (2004). The second 
soil analysis of rhizosphere samples of coconut collected 
from Kalpeni, Minicoy and Kavaratti was restricted to a few 
parameters. The OC content in the rhizosphere soils of coco-
nut were in midrange between 1 and 2%, whereas available P 
and K were at higher scale than the site-specific soil analysis 
data (Table 3). Leaf fall and inflorescence debris around the 
coconut palms could be the main reasons for this observa-
tion. In addition, low sunlight penetration on ground due to 
profuse and dense canopy on the closely growing coconut 
palms allowed slow and steady accumulation of the organic 
matter in the soil due to slow decomposition of the litter. A 
positive correlation had been reported of the area of litter 
exposed to light with their decomposition rate (Gallo et al. 
2009; Ma et al. 2017). High lignin content in coconut bio-
mass residues was another factor that helped in adding recal-
citrant organic carbon to soil under low light intensities. The 
availability of better P and K to coconut helped in the growth 
of healthy stand as potassium is critical for plants to evade 
fungal pathogens. Particulary, in Minicoy, our data on soil 
fertility was in confirmation with the observations reported 
in an earlier study, wherein accumulation of organic carbon 
and aggregation of soil was more pronounced in the central 
part of the island, and along the eastern shores, which was 
densely covered with mangrove type vegetation (Vadivelu 
and Bandyopadhyay 1997). Increase in clay content from the 
western shore to central islands by 10% is another  key rea-
son for the higher OC content in the inland sites, which were 
also thickly populated with coconut palms (Vadivelu 1979). 
The trace elements such as Zn, Fe, and Mn were similar to 
those reported by Gopinath and coworkers (2010), with Zn 
content increasing in offshore and inland soils. Again, this 
trace element accumulation had possibly happened because 
of addition of vegetation as reported in other Islands (Baillie 
et al. 2021).

Overall, the soil fertility status of the islands seemed 
adequate for the coconut palm growth and yield, sans any 
external chemical or other fertilizer application. Near neutral 
pH, higher OC and reasonable levels of N, P and K availabil-
ity offered an environment for superior productivity com-
pared to the mainland environment. Soil analysis for NPK 
contents in Lakshadweep islands indicated that the nitrogen 
and phosphorus are in substantial supply whereas, 71% of 
the soils were deficient in K for meeting the demands of 
crop plants (Krishnan et al. 2004).Thus, per the previous 

reports and our studies, the key element that needed to be 
bolstered was potassium. Yet, the coconut palms of Lak-
shadweep Islands yielded higher than mainland, rarely 
showed any serious nutrient deficiency or any major disease 
occurrence even though certain nutrients were observed to 
be in lower concentrations than required, particularly potas-
sium. It’s possible that the balance K was made available 
by other sources such as fish wastes, seaweeds, sea water 
and night soil. Seaweeds such as Ulva spp. had been reported 
to be rich in potassium (11.2 mg/l), besides having several 
nutrients and plant growth promoting hormones (Nasmia 
et al. 2021). Moreover, Laccadive Ordinary Tall (LCT), 
the variety predominantly growing in the island, must have 
developed an excellent adaptation to the Island ecosystem 
conditions and is able to perform well despite unscientific 
cultivation practices. However, a thorough study is required 
to understand the K requirement and its supply to coco-
nut palms in these Islands.

Soil microbial analysis

As most of the Oceanic Islands, including coral islands, are 
formed de novo  without any connection from the main-
land (Wolanski 2009), their soil microbial profile is formed 
by the bacterial and fungal propagules reaching the island 
through several modes. Primary among them, is the micro-
biome associated with corals (Ricci 2019), which migrate 
to soils with degradation of coral skeleton, followed by the 
propagules arriving by water, air, birds, marine flora and 
fauna, and human/equipments/sea vehicular movements 
(McGee 1989). A meticulous soil microbiological study of 
Lakshadweep islands is lacking and only reports of sponge-
associated microbes and their phylogeny (Feby and Nair 
2010; Gopi et al. 2012,) are available. A research article 
on diversity of ACC deaminase bacteria, isolated from the 
rhizosphere of coconut palms from five different Islands of 
Lakshadweep (Pandey and Gupta 2020), and a seminar pro-
ceedings on prospecting for organic matter degrading bac-
teria from Amini Island (Menon and Mohan 2016) are the 
only publications related to agriculture. Higher population of 
fungi observed in hinterland (inshore and inland) indicated 
the availability of complex organic residues, which were 
acted upon and decomposed by this community of microor-
ganisms more aggressively than other communities. Another 
possible reason reported for the higher fungal population 
was the habitat heterogeneity (Li et al. 2020) of the island; 
vegetation heterogeneity was quite evident in the hinterland 
pockets of the Lakshadweep islands too. Molecular studies 
on fungal biodiversity in non-coral and coral islands indi-
cated that fungal community assembly was determined by 
niche-based factors such as host and soil properties and the 
non-coral soils had higher fungal diversity than coral soils 
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(Zheng et al. 2021). Presence of reasonable population of 
fungi in hinterland areas of Minicoy, Kalpeni, and Kavaratti 
would be critical for microbiological decomposition of the 
organic matter via production of extracellular enzymes, driv-
ing the balance of carbon and plant nutrients, and there-
fore, playing a critical role in soil health in island soils, as 
reported in forest soils (Frąc et al. 2018).

Among the function-specific microbiota analyzed in the 
first set of studies, population of free-living nitrogen fixers, 
cellulose decomposers and nitrifying bacteria were observed 
to be higher in the hinterland soil samples compared to shore 
soils (Suppl. Table 2). However, phosphate-solubilizing 
bacteria were mostly found in low populations, except in 
few sites. Contrastingly, populations of both general and 
function-specific microbial communities in the rhizosphere 
of coconut were observed to be in significantly higher num-
bers, in our second set of studies, which included fluores-
cent pseudomonads and bacilli communities (Table 3). Our 
observation of high cellulose-degrading microorganisms in 
the hinterland soils lend support to the fact that an effective 
decomposition of the lignocellulosic debris accumulating 
from the coconut palms must be happening to efficiently 
recycle the nutrients present in these organic residues. While 
we reported a population of nitrogen-fixing bacteria ranging 
from 1000 to 10,000 cfu/g dry soil, another research article 
reported much higher numbers of nitrogen-fixing, P-solu-
bilizing and others in the rhizosphere soil of coconut palm 
growing in five different islands (Pandey and Gupta 2020). 
The nitrogen-fixing bacteria, we observed growing in N-free 
medium, also showed carbonate dissolution to great extent 
as evidenced by the halo around the colonies (Suppl. Fig-
ure 4). High calcium carbonate content is known to enhance 
the nitrogen-fixing capability of non-symbiotic nitrogen 
fixing bacteria like Azotobacter and others (Ashby et al., 
1907). It is possible that the corals soils are rich in non-
symbiotic nitrogen-fixing bacteria like Bacillus spp., like 
those of estuary and coastal regions (Yousuf et al. 2017), 
that have the potential to dissolve and precipitate calcium 
carbonate (Anbu et al., 2016) and could find possible use in 
biocementation (Devakumar et al. 2020). Nitrifying bacteria 
were also recorded in the islands during the first set of stud-
ies. Both, nitrogen-fixers that supply nitrogen to plants and 
nitrifying bacteria that cause loss of nitrogen from the soils, 
are involved in driving the nitrogen cycle that is crucial to 
maintain the island ecosystem vegetation. Corals are known 
to have an association with nitrogen-fixing symbionts and 
nitrifying bacteria, including prokaryotic and eukaryotic 
genera (Fiore et al. 2010), which might be contributing 
such microbiota to the soils of these islands once the coral 
skeleton degrades and releases the symbiotic microbiota. 
Though the Lakshadweep soils had low phosphate-solu-
bilizing microbial counts, it was possible that they could 
be solubilizing phosphorus at higher capacities because of 

the neutral to alkaline pH of the soils in the islands. A study 
had indicated that with increase in soil pH, the efficiency 
and capacities of inorganic phosphate solubilizing bacte-
rial (iPSB) community as well as their abundance increased 
(Zheng et al. 2019). Moreover, deficiency of phosphate is 
reported as not a serious problem except in the case of acidic 
soils where the P ions get fixed in soils (Manicot et al. 1979).

We also found very high populations of fluorescent pseu-
domonads and bacilli in the rhizosphere soil of coconut, 
which form the important components of plant growth 
promoting rhizobacteria (PGPR) in palms (George et al. 
2013, 2018). The PGPR promote plant growth directly by 
production of plant growth promoting hormones and other 
chemicals, besides a multitude of indirect methods (Gupta 
et al. 2000; Bhattacharya and Jha 2012). The reporting of 
large numbers of ACC deaminase producing PGPR from 
coconut rhizosphere of five Lakshadweep Islands, particu-
larly, Pseudomonas putida and Bacillus paramycoides as 
the most effective PGPR based on growth promotion studies 
with French bean, indicate the role of soil microorganisms in 
supporting higher yield and productivity of coconut in these 
coral-based islands (Pandey and Gupta 2020).

Though mycorrhizae association in coconut was first 
reported by Johnston (1949; Lilly, 1975) from the mainland, 
our study is the first one to assess the arbuscular mycor-
rhizal (AM) association status of coconut palms in the Lak-
shadweep islands. Similar to mainland palms (Ambili et al. 
2012), Lakshadweep island palms also had mycorrhizae col-
onization characterized by arbuscules, vesicles and intraradi-
cal hyphae. Paris-type of morphology with compound arbus-
cules and arbusculate coils was also observed. Based on the 
spore morphology, arbuscular mycorrhizal fungal genera of 
Glomus, Gigaspora, Acaulospora and Scutellospora were 
identified to be commonly present in the Lakshadweep soils. 
The highest AM colonization was seen in Kalpeni and Mini-
coy (61%) and the lowest in Kavaratti (53%). However, spore 
load was more in Kalpeni (81/10 g) followed by Minicoy 
(70/10 g) and Kavaratti (63 spores/10 g soil). Simpson’s 
diversity index (Ds) and Shannon’s diversity index (Hs) in 
three different islands (Suppl Fig. 3) indicated that value 
of “Ds” and “Hs” varied from 0.159 to 0.505 and 0.483 to 
1.119, respectively. Arbuscular mycorrhiza fungal species’ 
dominance in Kalpeni Island (0.505, 1.119) was slightly 
higher than that in Minicoy (0.372, 0.929) and Kavaratti 
(0.159, 0.483). Glomus was the most predominant genus in 
all the three islands followed by Gigaspora. Five different 
morphotypes of Glomus were distributed in Kalpeni Island 
along with two different morphotypes of Gigaspora. In Min-
icoy, we recorded Gigaspora abundance to be on par with 
Glomus. Species richness was less in Kavaratti. It appeared 
that high-yielding coconut palms had a strong relation with 
arbuscular mycorrhizhae because similar reports of signifi-
cantly high AM diversity and population were recorded in 
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coconut palms sampled from Malappuram District of Kerala 
having the highest yields in whole of Kerala state (Rajesh-
kumar et al. 2015).

Despite Pearson’s correlation coefficient results (Suppl. 
Table 3) not showing any significant relationship between 
soil chemical parameters and mycorrhizal parameters, 
this symbiotic association is known to help the palms in 
the absorption of nutrients, particularly, phosphorus from 
a larger distance in soil compared to the roots, and suppres-
sion of root pathogens, in addition to their role in the uptake 
of water under water stress conditions. The mycorrhizal 
association could be, thus, one of the additional micro-
bial factors that contributed towards the establishment and 
survival of coconut in nutrient-poor soils and also during 
drought conditions (Thomas and Ghai 1987). The possibil-
ity of mycorrhizhae-driven modulation of drought –induced 
tolerance genes in plants (Ruiz-Lozano et al., 2006) could 
not be ignored as one of the reasons for the coconut palms of 
Lakshadweep to develop tolerance to water-deficit environ-
ment, which had been tapped for breeding drought tolerant 
coconut varieties—Lakshaganga and Chandralaksha (Raja-
gopal et al. 1990).

Though we did not check for the earthworm population in 
our studies, Lakshadweep island soils were reported to have 
earthworm species such as Pontodrilus laccadivensis (Bed-
dard 1903), P. burmudensis. and Lampito mauritii (Haldar 
et al. 2007). Both Pontodrilus spp. and Lampito sp. are found 
in soil with decaying organic matter and salt on seashore and 
margins of estuaries and brackish water lakes and islands. 
These earthworms help in the decomposition of the added 
organic residues; also reported is a rapid transfer of carbon 
and nitrogen secreted by decomposer soil animals, such as 
earthworms, to plants (Shutenko et al. 2022). Hence, their 
role in organic matter decomposition and recycling of nutri-
ents to palms in the island ecosystem needs a thorough study.

Principal Component Analysis

The PCA analysis clearly indicated that the soil organic 
carbon, organic carbon and potassium added by the autoch-
thonous source of palm litters as well as the arbuscular 
mycorrhizae spore load in the rhizosphere of coconut palms 
were strong drivers of the yield of coconut in the island 
ecosystem. The bacteria, actinomycetes, P-solubilizers and 
fluorescent pseudomonads were also observed to strongly 
contribute to the yield of coconut. Actinomycetes are impor-
tant group of prokaryotes present in abundance, next to 
bacterial community, in soil (Takahashi and Omura 2003) 
and are known for carrying out several activities that aid 
soil health: (i) networking with other soil microbes to break 
down recalcitrant organic residues to stable humus, (ii) pro-
duction of antibiotics which help in suppression of patho-
genic soil microflora, and (iii) nutrient cycling. Apart from 

the actinomycetes, pseudomonads, particularly commensal 
pseudomonad population, in rhizosphere of plants have 
been proved to induce resistance and disease-suppressive 
ability thereby promoting good plant health (Mendes et al. 
2011; Shalev et al. 2022). Pandey and Gupta (2020) reported 
several rhizospheric bacteria, including Pseudomonas and 
Bacillus spp., isolated from coconut palms of Lakshadweep 
islands, possessing multiple plant growth promoting traits, 
in particular the ACC deaminase production capability. The 
above observations could probably be some of the reasons 
for the palms being healthy despite growing in extremely 
dense conditions in the islands. Overall, the autochthonous 
nutrients added by the palm biomass residues, mineralized 
by soil microbiota, and microbial symbionts are known to 
aid in plant growth in nutrient-deficit soils by delivering 
nitrogen and phosphorus, in barter for the carbohydrate from 
the plants (Denison and Kiers 2011).

Future perspective

Lakshadweep Island is an ecologically frail ecosystem which 
is highly sensitive to environmental vagaries and anthro-
pogenic vulnerability (James 2011). The socio-economic 
development and environmental sustainability of the eco-
logically fragile Lakshadweep Island will greatly depend 
on the optimum use of the natural resources, which face 
increasing rate of degradation influenced by human activi-
ties and climate change. Coconut, one of the main sources 
of income for the inhabitants, will need more scientific 
cultivation. Conserving the above-ground vegetation and 
below-ground microbial diversity will play a critical role. 
The nutrient exhaustion by the vegetation growing in the 
islands vis-a-vis the nutrient addition through return of the 
organic matter appears to sustain the high yield of coconut 
as per our study. However, this may not be the complete 
picture; since, for the positive net primary production in the 
island, the recycled nutrients alone may not be sufficient 
even if they are  cent per cent efficient. There has to be a 
new nutrient source that may be acting in the island system 
(Szmant-Froelich 1983). To address the nutrient input (recy-
cled and new) and the nutrient export balance for sustaining 
the high coconut yield, a more comprehensive study, involv-
ing mapping of the input resources, is required. Further, the 
role of soil microbiota, as in situ source of new nutrients, 
and the activities of earthworms, in the overall plant nutrient 
cycling requires to be investigated using modern molecular 
tools to help in the development of biofertilizer/bioinoculant 
technology suitable for maintaining the soil health of the 
Lakshadweep island ecosystem.
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Conclusions

The yield and productivity of coconut palms of Lakshad-
weep islands, growing without any external fertilizer appli-
cation, in a forest-like environment, is among the highest in 
India. We estimated that organic matter residues from coco-
nut palms returned significant amounts of organic carbon, 
nitrogen, phosphorus, and potassium to the soil. Analysis of 
general and function-specific soil microbial communities, 
including arbuscular mycorrhizae, showed that communities 
such as bacteria, especially Bacillus spp., fluorescent pseu-
domonads, and actinomycetes contributed to major variation 
in the spatially-relevant sampled sites. The below-ground 
activities of microbiota would have aided in decomposition, 
unlocking, and recycling of plant nutrients from the organic 
matter added by the coconut residues. The recycling of the 
autochthonous nutrients along with the interplay of the 
plant–microbe interactions, thus, make the coconut palms 
survive in natural/organic manner and yield significantly 
even in the challenging island environment.
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