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1.  INTRODUCTION 

Optimal foraging theory suggests that organisms 
select the most profitable food resources to maximize 
energy intake and limit time and energy expended in 
searching to ensure growth, reproductive success 

and survival (MacArthur & Pianka 1966). These for-
aging requirements often result in animals altering 
their movements or preferences depending on vari-
ous conditions. Abiotic and biotic factors further 
influence animal distributions across foraging areas, 
and sites with abundant forage, high nutritional 

© The authors 2022. Open Access under Creative Commons by 
Attribution Licence. Use, distribution and reproduction are un -
restricted. Authors and original publication must be credited. 

Publisher: Inter-Research · www.int-res.com

*Corresponding author: nupur.kale03@gmail.com

The island hoppers: how foraging influences green 
turtle Chelonia mydas abundance over space and 

time in the Lakshadweep Archipelago, India 

Nupur Kale1,2,*, Muralidharan Manoharakrishnan1, D. K. Bharti3,4,  
Meenakshi Poti1,5,6, Kartik Shanker1,3 

1Dakshin Foundation, 2203, 8th Main, MCECHS Layout, D-Block, Bengaluru 560092, India 
2Wildlife Conservation Society-India, 551 7th Main Road, Rajiv Gandhi Nagar, 2nd Phase, Kodigehalli, 

Bengaluru 560097, India 
3Centre for Ecological Sciences, Indian Institute of Science, CV Raman Road, Bengaluru 560012, India 

4Centre for Cellular and Molecular Biology, Uppal Road, IICT Colony, Habsiguda, Hyderabad 500007, India 
5Vrije Universiteit Brussel, Pleinlaan 2, 1050 Brussels, Belgium 

6Université Libre de Bruxelles, Av. Franklin Roosevelt 50, 1050 Brussels, Belgium

ABSTRACT: Adult green turtles are known to display either preference in their foraging habits or 
fidelity to their foraging sites which, in turn, influences their migrations and the availability of for-
age. With an abundant supply of seagrass and algae, the lagoons of the Lakshadweep Archipelago 
off the Indian west coast serve as significant feeding grounds for green turtles. In the last 2 
decades, the numbers of foraging green turtles have varied across islands, leading to speculation 
about their foraging patterns and movements. We collated secondary data and conducted periodic 
surveys between 2013 and 2019 to record trends in green turtle abundance and seagrass charac-
teristics and investigate relationships between them. Over the last decade, green turtle abun-
dances have fluctuated widely with increases followed by sharp declines within different lagoons. 
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observed at sites with higher seagrass density and canopy height. Our findings indicate that green 
turtles appeared to forage in particular lagoons until their preferred resources declined, before 
moving to other islands within the Archipelago or other unknown locations. Therefore, to devise 
effective management strategies, it is crucial to understand how this green turtle population will 
adapt to the decline in foraging resources. The declining seagrass populations also suggest the 
need for an ecosystem approach towards green turtle conservation.  
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capacity and lower risk of predation tend to show 
high aggregates of consumers (Stephens & Krebs 
1986). Over time, the foraging capacity and be haviour 
of a consumer can change the structure and distribu-
tion of its forage through persistent feeding (Micheli 
1997). This is especially true for megaherbivores 
that, owing to their large sizes, can alter and influ-
ence the productivity of their habitats (Owen-Smith 
1988). Conversely, forage distribution, quality and 
abundance play an important role in influencing her-
bivore movements (Fryxell et al. 2004, Bjørneraas et 
al. 2012). 

Marine grazers such as green turtles Chelonia 
mydas, dugongs Dugong dugon, manatees Triche -
chus sp. and various fish species can influence the 
structure and biomass of seagrasses (Burkholder et 
al. 2012). Their grazing has been shown to have dif-
ferent impacts through controlling competition be -
tween plants, altering nutrient dynamics and reduc-
ing plant biomass. For example, green turtle grazing 
can increase the decomposition rate of seagrass 
(Thayer et al. 1982) and improve its forage quality 
through the growth of new shoots rich in nutrients 
(Bjorndal 1980). On the other hand, persistent graz-
ing can reduce the seagrass canopy and affect sedi-
ment by altering irradiance levels and retention rates 
(Gacia et al. 1999). 

Green turtles show a predominantly herbivorous 
diet, with a distribution spanning the shallow tropical 
and temperate waters across the world (Bjorndal 
1997). As they develop, green turtles change their 
habitat as they move from an oceanic phase to a ner-
itic phase (Arthur et al. 2008). This habitat change is 
accompanied by a switch in diet as they undergo a 
drastic ontogenetic shift from omnivory and car-
nivory to mainly herbivory (Arthur et al. 2008). Upon 
reaching adulthood, their diet mostly comprises sea-
grasses, macroalgae and invertebrates (Bjorndal 1997, 
Seminoff et al. 2002, Burkholder et al. 2011), with 
preferences dependent on resource availability and 
quality (Arthur & Balazs 2008). Some populations 
exhibit fidelity towards their neritic feeding sites, 
returning to the same sites after long migrations 
(Broderick et al. 2007, Shimada et al. 2020). How-
ever, if their preferred resource is depleted, green 
turtles can exhibit behavioural plasticity by altering 
their food preferences or changing feeding sites 
(Arthur & Balazs 2008). Some green turtles have also 
been observed to maintain a mixed diet of seagrass 
and algae (André et al. 2005), which can help them 
adjust to changes in abundance of either resource. 

In the past few decades, there have been widespread 
conservation efforts to protect green turtle popula-

tions across the world. Consequently, as their num-
bers and biomass have increased, seagrass meadows 
have been overgrazed in some areas such as Bermuda 
and Indonesia (Fourqurean et al. 2010, Christianen et 
al. 2014). Within these sites, green turtle overgrazing 
has adversely affected seagrass structure and function 
by reducing biomass, canopy height and leaf width 
and density as well as altering species composition, 
resulting in phase shifts in meadows (Thayer et al. 
1984, Fourqurean et al. 2010, Burkholder et al. 2012). 
Consequently, the overall quantity and quality of 
seagrass available to the turtles has diminished. 

Similarly, studies in India have shown that green 
turtle grazing has significantly altered the seagrass 
meadow structure and function in the Lakshadweep 
Archipelago (Lal et al. 2010, Kelkar et al. 2013b). In 
this location, it was observed that green turtles could 
consume an average of almost 60% of the total sea-
grass produced in the water around the islands, 
thereby causing significant changes in seagrass 
dynamics (Kelkar et al. 2013a). Not only did over-
grazing alter seagrass meadows, but it also affected 
the populations of associated lagoon fish species that 
use seagrass habitats for feeding, breeding and pro-
tection (Arthur et al. 2013). While the effects of turtle 
overgrazing on seagrass and associated fish commu-
nities are still being documented, collectively they 
highlight the need to examine green turtle and sea-
grass conservation together. 

In India, although several studies have focused on 
seagrass, these have not addressed the implications of 
spatial and temporal variation in green turtle abun-
dance within the Archipelago. Therefore, we com-
piled secondary data and conducted primary surveys 
between 2013 and 2019 to monitor changes in green 
turtle density in island lagoons across years. We 
simultaneously assessed changes in seagrass abun-
dance and characteristics over time. Finally, we 
examined the relationship between green turtle den-
sity and seagrass characteristics (shoot density and 
canopy height) in the different lagoons and explored 
implications for the conservation of green turtles and 
seagrass. 

2.  MATERIALS AND METHODS 

2.1.  Study site 

The Lakshadweep Archipelago is located between 
8−12° N and 71−74° E, approximately 200 km from 
the west coast of mainland India in the Arabian Sea. 
The Archipelago comprises 12 atolls and 5 sub-
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merged banks with 36 islands (Saigal 1990). Many 
of these islands are characterized by low-lying 
lagoons on the western side that host multi-specific 
seagrass communities, algae, sea turtles, fishes, 
coral colonies, etc. The seagrass species found in 
the island group include Halophila decipiens, Tha-
lassia hemprichii, Cymodocea rotundata, C. serru-
lata, Syringodium isoetifolium, Halodule uninervis 
and Halodule pinifolia (Jagtap 1998). The seagrass 
beds serve as suitable habitats for various marine 
fauna, including different life stages of green turtles 
that utilize these meadows for foraging and resting 
(Tripathy et al. 2006). Past studies have determined 
that green turtles feed mainly on T. hemprichii and 

C. rotundata in the lagoons (Kelkar et al. 2013b, 
Kale et al. 2021). 

Based on reports of green turtle presence and for-
aging from past studies and local observations (Lal et 
al. 2010, Kelkar et al. 2013b), we chose to survey the 
island lagoons of Agatti (area: 16.8 km2), Kadmat 
(area: 20.9 km2), and Kalpeni (area: 26 km2) in the 
Archipelago (Fig. 1). Green turtle and seagrass sur-
veys were carried out once per year in 2013, 2016, 
2018 and 2019 in the pre-monsoon months from Jan-
uary to April. All surveys were carried out in the day-
time between 07:00 and 15:00 h using a diesel-
 powered fishing boat; transects and sampling locations 
were located using a hand-held GPS. 
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Fig. 1. (A) India, with inset rectangle highlighting the location of (B) the Lakshadweep islands with the 3 study sites (C) Agatti,  
(D) Kadmat and (E) Kalpeni and their adjoining lagoon boundaries
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2.2.  Sea turtle monitoring 

We conducted green turtle surveys in 2013, 2016, 
2018 and 2019. Sampling was designed to cover the 
northern, central and southern zones of the lagoons 
as well as different strata such as reef, mid-lagoon 
and near-shore regions. In 2013, we conducted sea 
turtle surveys in conjunction with seagrass surveys 
by dividing the lagoon into grids of 500 × 500 m. 
From these, survey grids were randomly chosen and 
sub-divided into plots of 100 × 100 m, of which 36 
plots in Agatti and 43 plots in Kadmat were sur-
veyed. In each plot, the boat was anchored at the 
centre and the number of turtles that surfaced in the 
plot was counted for 10 min by a single observer. In 
2016, 2018 and 2019, we conducted 1 × 0.01 km belt 
transects using a boat to record sea turtles in each 
lagoon (Fig. 2B). A single observer stood at the bow 
of a boat surveying a belt of 5 m on either side as the 
boat travelled at a constant speed of 8 km h−1 along 
the length of the transect. The transects were laid in 
different zones and strata of the lagoons, with 9 tran-
sects in Agatti, 12 in Kadmat and 12 in Kalpeni (Kad-
mat was not surveyed in 2016). 

2.3.  Seagrass monitoring and substrate cover 

Seagrass characteristics such as seagrass cover, 
species composition, shoot density and canopy height 

were measured. For all years, the lagoon area was 
first divided into 500 × 500 m grids (Fig. 2A). Using 
QGIS, seagrass sampling locations were then ran-
domly selected within the grids while ensuring rep-
resentation of different sections of the lagoon. Sam-
pling locations were the origin points within each 
grid from which point counts (2013) or 4 transects 
(2016, 2018 and 2019) were initiated. We surveyed a 
total of 79 (Agatti: 36; Kadmat: 43), 77 (Agatti: 52; 
Kalpeni: 25), 84 (28 locations/island in Agatti, Kad-
mat and Kalpeni) and again 84 (28 locations/island in 
Agatti, Kadmat and Kalpeni) sampling locations 
across islands in 2013, 2016, 2018 and 2019 respec-
tively. Some locations had to be altered in the field 
owing to proximity to the nearby reef region where it 
was unsafe to survey. 

In 2013, at each seagrass sampling location, the 
observer recorded a total of 40 quadrat points after 
every 10 fin strokes while snorkelling randomly 
within the 500 × 500 m grid. At each point, the ob -
server noted substrate type and seagrass characteris-
tics within a 0.25 m2 quadrat. In 2016, 2018 and 2019, 
40 quadrat points were recorded along transects in 4 
directions (north, south, east and west) from the point 
of origin, with 10 quadrats each. Each transect 
roughly spanned 25 m in length, and the ob server 
recorded 1 quadrat after every 8 fin strokes to collect 
substrate and seagrass data. Different substrate 
types such as sand, algae, algae on coral rubble, 
coral rubble, live coral, dead coral and seagrass were 

visually estimated (as percent cover) 
by placing a 0.25 m2 quadrat. From 
these estimations, the total cover for 
different substrate types was calcu-
lated for each of the islands. 

In all years, upon encountering sea-
grass, we used a 0.25 m2 gridded square 
PVC frame to collect data on sea -
grass composition, density and canopy 
height. For seagrass composition, we 
recorded the different species present 
in each lagoon. Shoot density was mea-
sured as the total number of shoots ob-
served within the placed quadrats; the 
lengths of the 3 longest shoots were 
measured and the average was re -
corded as the canopy height. 

2.4.  Data analyses 

First, we examined spatial and tem-
poral variation in green turtle abun-
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Fig. 2. (A) Sampling locations and (B) transects in the Agatti lagoon used to 
measure seagrass and sea turtle abundances, respectively, for the different 
years. In 2013, sampling locations were used to measure both seagrass and sea 
turtle abundances, whereas belt transects were used in 2016, 2018 and 2019 to  

measure turtle abundance
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dance from each island over the study period (2013−
2019). For this, we calculated green turtle density 
(per km2) at each transect (2016, 2018 and 2019) and 
plot (2013) (number of turtles sighted on transect or 
plot/area of the belt transect or plot) as well as den-
sity per island (average density across all transects/
plots). Using transect or plot density values (hereafter 
transect density), we tested the difference in densi-
ties of green turtles among the 3 islands and across 
years using a non-parametric Kruskal-Wallis (KW) 
test and a post hoc Dunn’s test, with p-values ad -
justed using the Holm method for multiple compari-
son. We used the green turtle densities per island 
(average of all transects for each island for a particu-
lar year) from our study to compare with densities 
recorded in other studies and highlight changes in 
the last 2 decades. 

Second, we examined patterns in seagrass cover, 
density and height; quadrat data were averaged for 
each sampling location, which was the unit of further 
analysis. We compared total and species-specific 
seagrass cover and tested year- and island-wide dif-
ferences using a KW test and a Dunn’s test, with p-
values adjusted using the Holm method. Similarly, 
we examined year and island-wide changes in sea-
grass density (aggregate and by species) and canopy 
height (aggregate) using a KW test followed by a 
Dunn’s test, and an ANOVA with a Tukey’s test to 
compare canopy heights by species. Additionally, we 
collated information on seagrass densities from sec-
ondary data to document changes in the last 2 de -
cades. Lastly, the relationship between seagrass den-
sity and canopy height was examined using Pearson’s 
correlation at the aggregate level and for individual 
species. 

We also used Pearson’s correlations to understand 
univariate relationships between sea turtle density 
and seagrass characteristics, i.e. density and canopy 
height at the aggregate level, by using averages for 
each island for a particular year as independent data 
points. To identify specific factors that may influence 
sea turtle presence and density in a lagoon, a gener-
alized linear model (GLM) was run by pooling data 
from all years. The turtle transects and seagrass sam-
pling locations were overlaid to check for spatial 
overlap or proximity (within the 500 × 500 m grid in 
2016−2019) to create a matrix of response (turtle 
presence/absence and turtle transect density) and 
predictor variables. Independent predictor variables 
included different lagoon strata where a turtle was 
sighted (near-shore, mid-lagoon and reef) and the 
island location (Agatti, Kadmat and Kalpeni). In 
addition, using the seagrass sampling locations, we 

treated seagrass species (Thalassia, Cymodocea, 
Halophila and Syrin go dium sp.) present at or near 
the sea turtle transect as a predictor variable; if mul-
tiple species were present at a sampling location, 
each species was treated as an independent variable. 
We fitted models with a binomial distribution for sea 
turtle presence and a quasi-Poisson distribution for 
turtle density. 

Finally, we analysed the quadrat data to estimate 
the cover of other substrates such as sand, algae, 
algae on coral rubble, live coral, dead coral and coral 
rubble on the lagoon floor. The data were averaged 
and converted to percentages to derive individual 
cover for each lagoon across years. 

Before conducting the analysis, all data were 
checked for normality using the Shapiro-Wilk test 
and homogeneity of variances using the Levene test. 
All statistical analyses were performed using R ver-
sion 4.0.2 and Microsoft© Excel. 

3.  RESULTS 

3.1.  Sea turtle abundance 

Sea turtle densities varied across all islands, with 
sudden increases followed by declines until 2019 
(Table 1). In our study, significant differences in 
green turtle densities (Table S1 in the Supplement at 
www.int-res.com/articles/suppl/n048p001_supp.pdf) 
were observed only in Kadmat (KW = 21.26, p < 
0.001), specifically between 2013 and 2018 (p = 
0.004) and 2013 and 2019 (p < 0.001) (Table S1). For 
individual years, 2013 showed significant differences 
in densities between the 2 islands that were sur-
veyed (i.e. Agatti and Kadmat; KW= 9.92, p = 0.002). 
On the other hand, in 2018 (KW = 11.51, p = 0.003) 
and 2019 (KW = 7.63, p = 0.021), significant differ-
ences were observed only between Kadmat and Kal -
peni (p = 0.003 in 2018, p = 0.018 in 2019) (Table S1). 

We compiled green turtle densities using sec-
ondary data and compared them with primary data 
from our study to understand changes that have 
occurred over the last 20 yr (Table 1). Turtle densities 
were initially low in the mid-2000s, but increased 
significantly in different lagoons in different years. 
By 2019, densities had returned to moderate to low 
levels in the lagoons surveyed. Agatti, which has 
been consistently monitored over the years, recorded 
the highest densities in 2008 (~300 turtles km−2) but 
this declined by 2012. Since 2013, the turtle density 
has varied. Similarly, turtle densities also fluctuated 
at Kadmat, with a dramatic increase in 2013 and a 
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subsequent decline. By 2018, green turtle density 
increased again; there were no turtles re corded at 
this site in 2019. On the other hand, green turtle den-
sities in Kalpeni were consistent until in creasing dra-
matically in 2016 (~1500 turtles km−2) and then 
declining over the next 3 yr (Table 1, Fig. 3). 

3.2.  Seagrass characteristics 

Our data from Agatti showed the presence of mul-
tiple seagrass species, namely Thalassia hemprichii, 

Cymodocea rotundata, Halophila decipiens and Syr -
in godium isoetifolium. Only Thalassia and Cymo -
docea were observed in Kadmat, and in addition to 
these two, Syringodium was also found in Kalpeni 
(see Table S3). Seagrass cover was extremely sparse 
(under 10%) across the years in all lagoons except 
Kadmat in 2013, when total seagrass cover was 
marginally higher at 13% (Fig. 4A). Overall, there 
was a significant difference in total seagrass cover 
between different islands across years (KW = 40.949, 
p < 0.001). For different islands, Agatti and Kalpeni 
showed no difference in seagrass cover over the 

years, while Kadmat showed signifi-
cant differences between 2013 and 
2018 (p < 0.01) and 2013 and 2019 (p < 
0.01). In terms of species-specific sea-
grass cover, Thalassia cover de clined 
across Agatti and Kadmat. While Cymo -
docea cover in both islands showed a 
reduction until 2018, it in creased in 
2019. Halo phila cover, on the other 
hand, increased until 2018, with a dip 
observed in 2019 (Fig. S1). 

Aggregated seagrass densities from 
this study showed significant differ-
ences in surveyed islands across years 
(KW = 78.73, p < 0.001) (Fig. 4B). Anal-
ogous to sea turtle densities, seagrass 
densities recorded over the last 2 de -
cades also showed that Agatti had the 
highest recorded density in 2008 (1281 
shoots m−2), which varied over time 
(Table 2). Following Agatti, Kadmat 
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Year                                                              Green turtle density                                                                             Source 
                                Agatti                                      Kadmat                                 Kalpeni                                                
 
2001                         1.18a                                          0.71a                                       NA                                  Tripathy et al. (2006) 
2005               32.8 turtles km−2                                 NA                                        NA                                   Kelkar et al. (2014) 
2007               10.9 turtles km−2                                 NA                                        NA                                   Kelkar et al. (2014) 
2008               ~300 turtles km−2                                NA                                        NA                                      Lal et al. (2010) 
2010               27.6 turtles km−2                       3.2 turtles km−2                              NA                                   Arthur et al. (2013), 
                                                                                                                                                                          Kelkar et al. (2014) 
2011               30.8 turtles km−2                       3.9 turtles km−2                    1.2 turtles km−2                         Arthur et al. (2013), 
                                                                                                                                                                          Kelkar et al. (2014) 
2012                  8 turtles km−2                         2.6 turtles km−2                              NA                                   Kelkar et al. (2014) 
2013             ~155.5 turtles km−2                   ~485 turtles km−2                             NA                                       Current study 
2014                4.5 turtles km−2                                  NA                             14.1 turtles km−2                        Kelkar et al. (2014) 
2016             ~166.6 turtles km−2                               NA                          ~1516.6 turtles km−2                         Current study 
2018               ~100 turtles km−2                     41.6 turtles km−2                  ~400 turtles km−2                            Current study 
2019               33.3 turtles km−2                        0 turtles km−2                     91.6 turtles km−2                            Current study 
aSighting index used by Tripathy et al. (2006)

Table 1. Green turtle densities/sighting indices across the 3 islands from different studies between 2001 and 2019. Densities  
fluctuated greatly, both between islands and across years at each island. NA: not surveyed

Fig. 3. Changes in average (±SE) green turtle densities. Green turtle density 
varied over time in different lagoons; Kadmat showed high green turtle density  

in 2013 and Kalpeni recorded its highest density in 2016
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had high densities in 2012 (~600 shoots m−2) followed 
by a decline over the next 7 yr. However, Kadmat 
had low seagrass density in 2001 (52 shoots m−2), as 
observed in 2018−2019 (~30 shoots 
m−2). In 2016, Kalpeni recorded high 
seagrass densities that declined drasti-
cally over the following years (Fig. 4B). 

Differences in aggregate densities 
for individual islands were seen in 
Kadmat between 2013 and 2018 (p < 
0.001) and 2013 and 2019 (p = 0.007); 
and in Kalpeni between 2016 and 2018 
(p = 0.007) and 2016 and 2019 (p = 
0.018) (Table S2). Furthermore, species-
level changes in seagrass densities 
were found in the island lagoons for 
the years surveyed (KW = 13.443, p = 
0.003) (Table S3). Cymodocea spp. 
density differed between 2013 and 

2016 in Agatti (p = 0.013) following which it showed 
lower densities (Table S3), whereas Thalassia density 
significantly differed in Kadmat between 2013 and 
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Fig. 4. Changes in average (±SE) seagrass (A) percentage 
cover, (B) density and (C) canopy height in Agatti, Kadmat 
and Kalpeni in each of the 4 survey years. Seagrass density 
has decreased over time at all sites; canopy height was  

observed to be highest in 2016 in Kalpeni

Year                     Seagrass density (shoots m−2)                   Source 
                      Agatti                          Kadmat             Kalpeni                 
 
2001                 45                                 52                     NA          Tripathy et  
                                                                                                         al. (2006) 
2008           1281−963                          NA                    NA            Lal et al.  
                                                                                                           (2010) 
2012     T. hemprichii: 16      T. hemprichii: 630.4                        Kelkar et  
          C. rotundata: 424.53    C. rotundata: 692.3       

NA
          al. (2013b) 

2013              171.99                          437.48                  NA        Current study 
2016              128.59                             NA                  426.16     Current study 
2018               76.03                            27.01                 42.47      Current study 
2019               99.09                            35.25                 20.11      Current study

Table 2. Seagrass densities recorded in Lakshadweep islands by different 
studies over the last 2 decades. Densities fluctuated widely between islands  

and years. NA: not surveyed
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2018 (p < 0.001) and 2013 and 2019 
(p = 0.0017). Kalpeni also recorded a 
significant reduction in Thalassia den-
sity between 2016 and 2018 (p < 
0.001), after which it remained low. 

The highest average canopy height 
across species was observed in Kal -
peni in 2016 (~8 cm) and the shortest 
in Agatti in 2019 (1.9 cm) (Fig. 4C). 
The short canopy height in Agatti can 
be attributed to the dominance of short 
Halophila species found in the lagoon. 
Moreover, there was a significant dif-
ference in canopy heights across differ-
ent years for each island (KW = 63.504, 
p < 0.001). Cymodocea in Agatti and 
Kadmat showed comparable canopy 
heights across surveyed years that sug-
gest small growth and subsequent 
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Year       Seagrass species            Agatti                Kadmat              Kalpeni 
 
2013           Cymodocea            3.68 ± 1.07         3.72 ± 1.28                NA 
                    Halophila                    NA                     NO                      NA 
                 Syringodium                 NA                     NO                      NA 
                    Thalassia              3.15 ± 1.51         3.72 ± 0.96                NA 
2016           Cymodocea            5.09 ± 1.38               NA                5.95 ± 0.80 
                    Halophila              1.53 ± 0.25               NA                1.02 ± 0.32 
                 Syringodium                 NO                     NA              12.35 ± 0.35   
                    Thalassia                    NO                     NA                9.32 ± 2.08 
2018           Cymodocea            3.87 ± 1.19         4.75 ± 0.97                NO 
                    Halophila              1.67 ± 0.26               NO                      NO 
                 Syringodium                 2.41 ± 0                    NO               4.99 ± 0     
                    Thalassia                    NO               5.92 ± 0.95         2.78 ± 0.67 
2019           Cymodocea            2.42 ± 0.59         3.42 ± 1.53                NO 
                    Halophila              1.39 ± 0.23               NO                      NO 
                 Syringodium           3.62 ± 0.48               NO               4.25 ± 0     
                    Thalassia                    NO               3.43 ± 0.71         2.02 ± 0.44 

Table 3. Average (±SE) canopy height (cm) of different species recorded across 
different years in the 3 study islands. NO: not observed; NA: not surveyed

Fig. 5. Association between (A) aggregated seagrass density and canopy height, showing a weak relationship for different years; 
strong correlations between (B) sea turtle density and seagrass density and (C) sea turtle density and canopy height. Each data 
point represents an island in a particular year. Black line: ‘line of best fit’ or linear relation between the points; grey shaded  

area: 95% confidence interval around the line of best fit
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cropping (Table 3). Data also showed that the Tha-
lassia and Syringodium canopy has declined in 
Kalpeni since 2016. 

Lastly, the correlation be tween seagrass density 
and canopy height (Fig. 5A) was found to be weak 
(Pearson’s r = 0.55, p = 0.098). This indicates that not 
all lagoons with a high density of seagrass have 
shoots with greater length, and these seagrasses may 
be affected by threats other than grazing. At the 
species level, Thalassia (Pearson’s r = 0.77, p = 0.044) 
and Syringodium (Pearson’s r = 0.9, p = 0.039) 
showed a positive correlation between density and 
canopy height (Fig. S2c,d). 

3.3.  Sea turtles and seagrass 

Finally, we investigated the relationship between 
turtle density and different seagrass characteristics 
such as shoot density and canopy height. At an island 
level, a higher density of turtles was encountered in 
lagoons where seagrass density was high (Pearson’s 
r = 0.77, p = 0.009; Fig. 5B) and seagrass heights were 
greater (Pearson’s r = 0.79, p = 0.0061; Fig. 5C). 

We also checked if independent variables such as 
individual seagrass species, lagoon stratum and/or 
island influenced turtle presence or absence within a 
lagoon by running a GLM. As the predictor ‘island’ 
did not show any difference in green turtle presence 
or absence, we removed it and ran the model with 
only seagrass species and lagoon strata. The results 
showed that the presence of Thalassia sp. (GLM: z = 
0.5592, p < 0.001) and reef (GLM: z = −2.090, p = 
0.053) and near-shore (GLM: z = −2.455, p = 0.014) 
strata were significant predictors of the presence of 
turtles within the lagoons. Similarly, the results 
showed that Thalassia sp. (GLM: t = −2.419, p = 
0.017) and Kalpeni (GLM: t = 3.324, p = 0.001) had a 
significant effect on turtle density during the study 
years. 

3.4.  Substrate cover 

Substrate type was noted at each sampling location 
and categorised as sand, algae, algae on coral rub-
ble, coral rubble, live coral, dead coral and seagrass. 
Apart from seagrass (under 10%; Fig. 4A), cover for 
the other substrate types was also calculated as a 
percentage for each island over the sampled years. 
The lagoon floor in all the islands mainly comprised 
sand (19.72−76.18%, highest in Agatti in 2018; 
Fig. 6A) followed by algae (5.56−24.03%, highest in 

Agatti in 2013; Fig. 6B) and coral rubble (3.55−
23.35%, highest in Kadmat in 2013; Fig. 6F). On the 
other hand, the 2 coral categories (live and dead 
coral) and algae on coral rubble showed very little 
cover across years. 

4.  DISCUSSION 

Green turtles are known to show plasticity in their 
foraging behaviour, which makes it important to 
assess the influence of various biotic and abiotic fac-
tors and determine behavioural patterns at individ-
ual and population levels. By monitoring green tur-
tles and their primary dietary resource, we showed 
that foraging is likely to have resulted in changes in 
the abundance of their preferred seagrasses i.e. Tha-
lassia hemprichii and Cymodocea rotundata and, in 
turn, their own distribution and abundance. Changes 
in the availability of forage may have prompted 
green turtles to alter their foraging sites over time 
between the lagoons of the Lakshadweep Archi pe -
lago and other possible locations. Therefore, changes 
in their abundance provide clues to the behaviour of 
this green turtle population with implications for the 
management of green turtles and seagrass meadows 
in the Lakshadweep Archipelago. 

4.1.  Green turtle abundance trends 

Monitoring changes in green turtle abundance is 
essential to assess population trends and potential 
risks of collapse (Roos et al. 2005). This study, in con-
junction with secondary data, shows that green turtle 
abundances within the Lakshadweep lagoons have 
fluctuated over the last 20 yr. According to Bhaskar 
(1978), local community members reported that tur-
tle numbers in the Archipelago were dwindling in 
the 1970s due to hunting. However, a steep rise in 
their numbers was first observed in Agatti in the mid-
2000s, followed by Kadmat and more recently in 
Kalpeni. This increase could be a consequence of the 
strict implementation of a wildlife hunting ban on 
green turtles (Kelkar et al. 2013b). Previously, green 
turtles were commonly hunted to make oil from their 
fat which was used to caulk wooden boats. Turtle 
eggs were also consumed by the island community in 
the past when food resources were scarce (Anon 
pers. comm.). A shift in the material used for con-
structing boats (wooden to fibre) and an increased 
food supply from the mainland, along with protec-
tion, eventually led to the cessation of turtle hunting 
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and turtle product use. Furthermore, the ample 
resource supply in the lagoons could have enhanced 
the habitat quality for foraging green turtles (e.g. 
Bermuda, see Fourqurean et al. 2010). Overfishing of 
predators such as tiger sharks Galeocerdo cuvier 
could have also allowed green turtle abundances to 
increase through lowered predation risk (Kelkar et 
al. 2013b). The increase could also be attributed to 
individuals immigrating from nearby locations such 
as Sri Lanka, where conservation programmes have 
been active since the early 1990s and have resulted 
in increased recruitment (Richardson et al. 2013). 

Our surveys and previous secondary data showed 
that increases in abundance of green turtle numbers 
were followed by declines in the 3 lagoons. The 
decline could be a result of loss in seagrass resources, 
as changes in turtle numbers corresponded with 
changes in seagrass density and canopy height, 
especially that of Thalassia as seen from our GLM 
results. Our GLM results also showed that some lagoon 
strata influenced turtle presence in the lagoons, 
specifically the reef and the region close to shore. 
Green turtles belonging to different size classes have 
been observed occupying these habitats for either 
foraging or resting. While seagrass found in shallow, 
near-shore waters provides forage for adult green 
turtles, the reef region provides food such as inverte-
brates and algae for immature turtles (Limpus 2008). 
This presence in the near-shore region and reef 
could also be influenced by tides, with turtles prefer-
ring shore areas for foraging during high tide and the 
reef as the tide recedes (Pillans et al. 2021, N. Kale 
pers. obs.). However, the habitat utilization patterns 
of different size classes of green turtles need to be 
studied to determine differences in habitat use. 

4.2.  Seagrass abundance trends 

Seagrass densities have changed considerably from 
2008 in Agatti, 2012 in Kadmat and 2016 in Kalpeni. 
Of the different species found in the Lakshadweep is-
lands, drastic reductions were observed mainly for 
Thalassia and Cymodocea species (Table S3). Follow-
ing the high grazing levels in the late 2000s (Lal et al. 
2010), we did not observe Thalassia in Agatti from 
2016 onward (Table S3), which could be due to its 
slow-growing nature (Duarte 1991), grazing and 
other disturbances. Our data showed that at Kadmat 
and Kalpeni, Thalassia declined drastically between 
2013−2018 and 2016−2018 respectively. While Syrin -
go dium species showed minimal difference in density, 
the fast-growing Halophila shoots had fluctuating 

densities in Agatti lagoon but continued to show 
higher densities in comparison to other species. Previ-
ously, T. hemprichii and C. rotundata were docu-
mented to co-dominate the seagrass meadows of Agatti 
island (Jagtap 1998), which later shifted to Cymod-
ocea dominating the meadows alone as green turtle 
grazing intensified (Lal et al. 2010, Kelkar et al. 2013b). 

Our findings indicate that a complete loss of Tha-
lassia and continued foraging on Cymodocea may 
lead to pioneer and fast-growing species like Halo -
phila potentially dominating the Agatti lagoon 
(Table S3). Such shifts in seagrass species composi-
tion have been reported at various foraging grounds 
across the world, where faster growing species take 
over after the dominant species is removed by mega-
herbivores (Kelkar et al. 2013b, Molina Hernández & 
van Tussenbroek 2014). Therefore, the change in 
densities and cover of Thalassia and Cymodocea 
(Table S3, Fig. S1) over time in Agatti and Kadmat 
indicates that preferential grazing by green turtles 
could impact seagrass composition and cause a shift 
in species dominance in some lagoons of the Lak-
shadweep islands (Kelkar et al. 2013b). 

We also found that the T. hemprichii canopy was 
reduced in Kalpeni from 2016−2019 (Table 3). This 
decrease coincided with a decrease in its density 
(Table S3) and in green turtle densities (Fig. 3), indi-
cating that the reduction may be a consequence of 
green turtle overgrazing. Short canopy height sug-
gests constant grazing, as green turtles prefer eating 
the lower part of the leaf blade, resulting in a cropped 
patch of seagrass (Bjorndal 1980). For associated 
species such as small fish, habitat functions such as 
foraging and breeding sites or protection from preda-
tors could be affected by a low canopy (Connolly 
1994, Guidetti & Bussotti 2002). 

The varying densities and heights of all seagrass 
species also suggest that other disturbances may 
affect meadow health in these lagoons. While Tha-
lassia and Cymodocea densities were mainly af -
fected by green turtle grazing (Kelkar et al. 2013b), 
seagrasses such as Halophila and Syringodium could 
have been impacted by other threats. Seagrass habi-
tats across the world face high levels of pressure due 
to natural events such as storm surges and anthro-
pogenic activities like the construction of jetties, reg-
ular dredging, pollution, fishing and boat activities. 
Moreover, warming seawater temperatures can also 
contribute to declines in seagrass meadows (Strydom 
et al. 2020). These stressors occur in the Lakshad-
weep lagoons and, along with green turtle herbivory, 
could contribute towards the reduction of seagrass in 
the Archipelago (Nobi & Thangaradjou 2012). 
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4.3.  Green turtle foraging behaviour 

Our study further confirmed previous findings that 
the green turtle foraging population in the Lakshad-
weep islands shows a preference for Thalassia and 
Cymodocea (Kelkar et al. 2013a,b, Kale et al. 2021). 
Annual declines in T. hemprichii and C. rotundata 
were observed to be 17 and 10% respectively due to 
grazing (Kelkar et al. 2013b). In Lakshadweep, green 
turtles’ preference could have been influenced by 
the availability of the forage, as high densities of 
Thalassia and Cymodocea were recorded prior to 
turtle foraging (Jagtap 1998, Kelkar et al. 2013b). 
However, sea turtle diet composition is not always 
proportional to the amount of available forage (Brand-
Gardner et al. 1999). Therefore, this preference could 
also be due to the high nutritional value (Bjorndal 
1980) of the 2 seagrass species, which is positively 
correlated with the growth of an individual turtle 
(Hadjichristophorou & Grove 1983). 

For the Lakshadweep green turtles, the long-term 
consequence of losing their forage could result in ei-
ther modification of their diets and/or a switch to al-
ternative foraging areas. Diminishing shoot densities 
and canopy cover in the lagoons seems to have re-
sulted in inter-island movement, whereby green tur-
tles would move to a nearby lagoon once the forage 
depleted. High abundances were noted in Agatti in 
2008 (Lal et al. 2010), followed by Kadmat in 2013 and 
then Kalpeni in 2016 (this study). The changes in 
abundance during this period indicate that green 
 turtles may have moved from the westernmost island 
eastwards within the Archipelago, potentially as a 
 result of oceanic currents and/or forage quality/
availability (Luschi et al. 2003), factors known to influ-
ence movement between foraging sites. The apparent 
movement from Agatti to Kadmat and finally Kalpeni 
suggests that green turtles may have some knowledge 
of how these foraging sites were spatially distributed. 
Further studies are required to understand how these 
green turtles were able to locate the isolated island la-
goons within the Archipelago. 

The inter-island movements also indicate that once 
Thalassia seagrass declines in Kalpeni, green turtles 
may move to another seagrass-rich lagoon within the 
Lakshadweep islands or to another nearby site rich in 
their preferred seagrasses in case there is no shift in 
their dietary choice (see Burgett et al. 2018). Habitat-
driven shifts in herbivores have been seen in Shark 
Bay, Ningaloo and Exmouth Gulf, where the loss in 
available forage resulted in dugongs moving to a dif-
ferent region (Gales et al. 2004). Similarly, these tur-
tles could potentially move to nearby areas such as 

the west coast of India or the Gulf of Mannar and 
Palk Bay on the southeast coast of India, as well as to 
the offshore waters of Sri Lanka, which are known to 
have rich seagrass meadows. 

On the other hand, green turtles are known to 
show strong site fidelity to their neritic foraging 
grounds (Reich et al. 2007, Arthur et al. 2008, Shi-
mada et al. 2020) due to the extra costs involved in 
discovering and occupying new foraging sites. 
Therefore, if the green turtles remain at these sites, 
they may slowly shift their preference to other sea-
grass or algal species found abundantly in the Lak-
shadweep islands. Green turtles are capable of a 
shift in their gut microbiomes as they move from 
oceanic to neritic life stages (Price et al. 2017). How-
ever, the rate at which they can adapt to this dietary 
shift in order to assimilate and digest the new forag-
ing resource is unknown. Moreover, as green turtles 
show individual variation in their foraging prefer-
ences, the loss of forage would mainly impact indi-
viduals that are specialists (Thomson et al. 2018). 
Analysis of faecal samples collected from the differ-
ent islands revealed the presence of algae in the fae-
ces of a few individuals but not others (Kale et al. 
2021). This indicates that while some individuals may 
be affected by the loss in seagrass resources, others 
may not be impacted. Algae could be substituted as a 
major constituent of their diet, or they may have a 
mixed diet of algae and seagrass, enabling them to 
switch between the two (André et al. 2005). This 
highlights the need to study individual specialization 
to understand their responses to loss in forage (Burk -
holder et al. 2011). As individuals from the same for-
aging population tend to display varied foraging 
habits and residency patterns (Thomson et al. 2018), 
tools such as stable isotope analysis can shed light on 
the dietary choices and habitats occupied by individ-
ual turtles (e.g. Reich et al. 2010). 

4.4.  Substrate cover 

Our results showed that sand is the dominant sub-
strate in the lagoons, followed by algae and coral rub-
ble in islands like Kadmat and Kalpeni as a conse-
quence of green turtle herbivory (Fig. 6). Newly 
available space caused by turtle grazing could allow 
macroalgal communities to increase, resulting in suc-
cession that alters primary productivity and ecosystem 
function (McGlathery 2001). As seagrass cover further 
declines, it could have adverse effects on services 
such as nutrient filtering, protection from erosion, 
fisheries etc. (Gangal et al. 2021). Past studies have al-
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ready shown that green turtle overgrazing has caused 
a considerable reduction in seagrass-associated fish 
species (Kelkar et al. 2013a). This could also affect 
the livelihoods of local fishers who utilize seagrass-
 associated fish species for consumption, sale and as 
bait. This association has resulted in an increase in 
fisher−turtle conflict in some of these islands in the 
past (Arthur et al. 2013) and may be detrimental to the 
green turtle populations in these islands. 

4.5.  Conclusions 

As foraging grounds generally host turtles from dif-
ferent breeding grounds, these seagrass beds form vi-
tal foraging habitats for green turtles that nest in dif-
ferent countries in the region. Our results show that as 
the seagrass resources declined, turtle abundance re-
duced simultaneously. This indicates that green turtles 
may change foraging sites, causing them to expend 
extra energy in search of appropriate seagrass mead-
ows elsewhere in the Arabian Sea. The energy spent 
in search of new foraging grounds could have a direct 
impact on green turtle growth and health. 

Our study provides insights into the impacts of for-
aging on seagrass and green turtle abundances and 
consequent movement within the Lakshadweep 
Archipelago. It confirms that the shallow lagoons of 
the Lakshadweep islands serve as important forag-
ing sites for this population. Going forward, we em -
phasize the need for satellite telemetry to track the 
turtles’ movements across their foraging grounds. A 
further understanding of foraging habits and prefer-
ences, using methods such as stable isotope analysis, 
will help direct conservation and management plans 
for this foraging population and its habitat and, in 
turn, safeguard different breeding populations in the 
region. Despite their global status as endangered, 
high densities of green turtles and evidence of over-
grazing indicate that green turtle populations may 
have increased in the seagrass-rich lagoons of the 
Lakshadweep islands. Our study thus highlights the 
need to include habitat quality and ecosystem func-
tion in future conservation planning. 
 
Acknowledgements. We thank the Lakshadweep Adminis-
tration, the Departments of Environment and Forest (DEF) 
and Science and Technology (DST) for permitting us to carry 
out this study in the Lakshadweep islands. In addition, we 
are grateful to the staff and our colleagues at the Indian 
Institute of Science (IISc) and Dakshin Foundation for their 
help and support across the different years of this project. 
We also thank Chester Zoo (2013), the US Fish and Wildlife 
Service Marine Turtle Conservation Fund (2016), Rufford 
Foundation (2018−2019) and Ravi Sankaran-Inlaks Shiv-

dasani Foundation (2018−2019) for providing financial sup-
port for this study. We thank Naveen Namboothri, Nachiket 
Kelkar, Rohan Arthur, Teresa Alcoverro and Idrees Babu for 
sharing their experience and knowledge on sea turtles and 
seagrass in the islands. Fieldwork would not have gone 
smoothly without the help of Anne Theo, Ishaan Khot, 
Mahaboob Khan, Shaista Banu, Moa Zachariah, Rucha 
Karkarey, Amod Zambre, Jaffar, Abdul Nassar, Zaheer and 
our various boatmen in the islands — from help in arranging 
and/or conducting boat surveys to providing company — we 
owe them our thanks. We also thank the people of the Lak-
shadweep islands for their conversations, local logistics and 
general concern for our wellbeing while conducting field-
work. Finally, we thank the reviewers and editors at Endan-
gered Species Research for providing constructive feedback 
that improved the manuscript. 

 
LITERATURE CITED 

 
André J, Gyuris E, Lawler IR (2005) Comparison of the diets 

of sympatric dugongs and green turtles on the Orman 
Reefs, Torres Strait. Aust Wildl Res 32: 53−62  

Arthur KE, Balazs GH (2008) A comparison of immature 
green turtle (Chelonia mydas) diets among seven sites in 
the main Hawaiian Islands. Pac Sci 62: 205−217  

Arthur KE, Boyle MC, Limpus CJ (2008) Ontogenetic 
changes in diet and habitat use in green sea turtle (Che-
lonia mydas) life history. Mar Ecol Prog Ser 362: 303−311  

Arthur R, Kelkar N, Alcoverro T, Madhusudhan MD (2013) 
Complex ecological pathways underlie perceptions of 
conflict between green turtles and fishers in the Lak-
shadweep Islands. Biol Conserv 167: 25−34  

Bhaskar S (1978) Marine turtles in India’s Lakshadweep 
islands. Mar Turtle Newsl 8: 5 

Bjorndal KA (1980) Nutrition and grazing behaviour of the 
green turtle Chelonia mydas. Mar Biol 56: 147−154  

Bjorndal KA (1997) Foraging ecology and nutrition of sea 
turtles. In:  Lutz PL, Musick JA (eds) The biology of sea 
turtles. CRC Press, Boca Raton, FL, p 199−231 

Bjørneraas K, Herfindal I, Solberg EJ, Sæther B, van 
Moorter B, Rolandsen CM (2012) Habitat quality influ-
ences population distribution, individual space use and 
functional responses in habitat selection by a large her-
bivore. Oecologia 168: 231−243  

Brand-Gardner S, Lanyon J, Limpus CJ (1999) Diet selection 
by immature green turtles, Chelonia mydas, in subtropi-
cal Moreton Bay, south-east Queensland. Aust J Zool 47: 
181−191  

Broderick AC, Coyne MS, Fuller WJ, Glen F, Godley BJ (2007) 
Fidelity and over-wintering of sea turtles. Proc R Soc B 
274: 1533−1538 

Burgett CM, Burkholder DA, Coates KA, Fourqurean VL 
and others (2018) Ontogenetic diet shifts of green sea 
turtles (Chelonia mydas) in a mid-ocean developmental 
habitat. Mar Biol 165: 33  

Burkholder DA, Heithaus MR, Thomson JA, Fourqurean JW 
(2011) Diversity in trophic interactions of green sea tur-
tles Chelonia mydas on a relatively pristine coastal for-
aging ground. Mar Ecol Prog Ser 439: 277−293  

Burkholder DA, Heithaus MR, Fourqurean JW (2012) Feeding 
preferences of herbivores in a relatively pristine subtropi-
cal seagrass ecosystem. Mar Freshw Res 63: 1051−1058 

Christianen MJA, Herman PMJ, Bouma TJ, Lamers LPM 
and others (2014) Habitat collapse due to overgrazing 
threatens turtle conservation in marine protected areas. 
Proc R Soc B 281: 20132890 

13

https://doi.org/10.1071/WR04015
https://doi.org/10.2984/1534-6188(2008)62%5b205%3AACOIGT%5d2.0.CO%3B2
https://doi.org/10.3354/meps07440
https://doi.org/10.1016/j.biocon.2013.07.014
https://doi.org/10.1007/BF00397131
https://doi.org/10.1007/s00442-011-2072-3
https://doi.org/10.1098/rspb.2013.2890
https://doi.org/10.1071/MF12029
https://doi.org/10.3354/meps09313
https://doi.org/10.1007/s00227-018-3290-6
https://doi.org/10.1098/rspb.2007.0211
https://doi.org/10.1071/ZO98065


Endang Species Res 48: 1–14, 2022

Connolly RM (1994) Removal of seagrass canopy:  effects on 
small fish and their prey. J Exp Mar Biol Ecol 184: 99−110  

Duarte CM (1991) Allometric scaling of seagrass form and 
productivity. Mar Ecol Prog Ser 77: 289−300  

Fourqurean JW, Manuel S, Coates KA, Kenworthy WJ, 
Smith SR (2010) Effects of excluding sea turtle herbi-
vores from a seagrass bed:  overgrazing may have led to 
loss of seagrass meadows in Bermuda. Mar Ecol Prog Ser 
419: 223−232  

Fryxell JM, Wilmshurst JF, Sinclair ARE (2004) Predictive 
models of movement by Serengeti grazers. Ecology 85: 
2429−2435  

Gacia E, Granata TC, Duarte CM (1999) An approach to 
measurement of particle flux and sediment retention 
within seagrass (Posidonia oceanica) meadows. Aquat 
Bot 65: 255−268  

Gales N, McCauley RD, Lanyon J, Holley D (2004) Change 
in abundance of dugongs in Shark Bay, Ningaloo and 
Exmouth Gulf, Western Australia:  evidence for large-
scale migration. Wildl Res 31: 283−290  

Gangal M, Gafoor A, D’Souza E, Kelkar N and others (2021) 
Sequential overgrazing by green turtles causes 
archipelago-wide functional extinctions of seagrass 
meadows. Biol Conserv 260: 109195  

Guidetti P, Bussotti S (2002) Effects of seagrass canopy re -
moval on fish in shallow Mediterranean seagrass (Cymo -
do cea nodosa and Zostera noltii) meadows:  a local-scale 
approach. Mar Biol 140: 445−453  

Hadjichristophorou M, Grove DJ (1983) A study of appetite, 
digestion and growth in juvenile green turtle (Chelonia 
mydas) fed on artificial diets. Aquaculture 30: 191−201  

Jagtap TG (1998) Structure of major seagrass beds from 
three coral reef atolls of Lakshadweep, Arabian Sea, 
India. Aquat Bot 60: 397−408  

Kale N, Manoharakrishnan M, Shanker K (2021) Dietary 
components of green turtles in the Lakshadweep Islands, 
India. Mar Turtle Newsl 162: 6−10 

Kelkar N, Arthur R, Marbà N, Alcoverro T (2013a) Green 
turtle herbivory dominates the fate of seagrass primary 
production in the Lakshadweep islands (Indian Ocean). 
Mar Ecol Prog Ser 485: 235−243  

Kelkar N, Arthur R, Marbà N, Alcoverro T (2013b) Greener 
pastures? High-density feeding aggregations of green 
turtles precipitate species shifts in seagrass meadows. 
J Ecol 101: 1158−1168  

Kelkar N, Alcoverro T, Ibrahim MK, Gangal M, Arthur R 
(2014) Long-term tracking of conflict between green tur-
tles and fishers by community-based seagrass monitor-
ing in the Lakshadweep Islands, India. Final report sub-
mitted to the Rufford Small Grants Foundation, UK. 
Nature Conservation Foundation, Mysore 

Lal A, Arthur R, Marbà N, Lill AWT, Alcoverro T (2010) Im -
plications of conserving an ecosystem modifier:  increas-
ing green turtle (Chelonia mydas) densities substantially 
alters seagrass meadows. Biol Conserv 143: 2730−2738  

Limpus CJ (2008) A biological review of Australian marine 
turtles. 2. Green turtle, Chelonia mydas (Linnaeus).  
https://georgehbalazs.com/wp-content/uploads/2021/10/
ABiologicalReviewOfAustralianMT-2_CM.pdf. Queens-
land Environmental Protection Agency, Brisbane  

Luschi P, Hays GC, Papi F (2003) A review of long-distance 
movements by marine turtles, and the possible role of 
ocean currents. Oikos 103: 293−302  

MacArthur RH, Pianka ER (1966) On optimal use of a patchy 
environment. Am Nat 100: 603−609  

McGlathery KJ (2001) Macroalgal blooms contribute to the 
decline of seagrass in nutrient-enriched coastal water. 
J Phycol 37: 453−456  

Micheli F (1997) Effects of predator foraging behaviour on 
patterns of prey mortality in marine soft bottoms. Ecol 
Monogr 67: 203−224  

Molina Hernández AL, van Tussenbroek BI (2014) Patch 
dynamics and species shifts in seagrass communities 
under moderate and high grazing pressure by green sea 
turtles. Mar Ecol Prog Ser 517: 143−157  

Nobi EP, Thangaradjou T (2012) Evaluation of the spatial 
changes in seagrass cover in the lagoons of Lakshad-
weep islands, India, using IRS LISS III satellite images. 
Geocarto Int 27: 647−660  

Owen-Smith RN (1988) Megaherbivores:  the influence of 
very large body size on ecology. Cambridge University 
Press, Cambridge 

Pillans RD, Fry GC, Haywood MDE, Rochester W, Limpus 
CJ, Patterson T, Babcock RC (2021) Residency, home 
range and tidal habitat use of green turtles (Chelonia 
mydas) in Port Curtis, Australia. Mar Biol 168: 88  

Price JT, Paladino FV, Lamont MM, Witherington BE, Bates 
ST, Soule T (2017) Characterization of the juvenile green 
turtle (Chelonia mydas) microbiome throughout an onto-
genetic shift from pelagic to neritic habitats. PLOS ONE 
12: e0177642  

Reich KJ, Bjorndal KA, Bolten AB (2007) The ‘lost years’ of 
green turtles:  using stable isotopes to study cryptic 
lifestages. Biol Lett 3: 712−714  

Reich KJ, Bjorndal KA, Frick MG, Witherington BE, Johnson 
C, Bolten AB (2010) Polymodal foraging in adult female 
loggerheads (Caretta caretta). Mar Biol 157: 113−121  

Richardson PB, Broderick AC, Coyne MS, Ekanayake L and 
others (2013) Satellite telemetry reveals behavioural 
plasticity in a green turtle population nesting in Sri 
Lanka. Mar Biol 160: 1415−1426  

Roos D, Pelletier D, Ciccione S, Taquet M, Hughes G (2005) 
Aerial and snorkelling census techniques for estimating 
green turtle abundance on foraging areas:  a pilot study 
in Mayotte Island (Indian Ocean). Aquat Living Resour 
18: 193−198  

Saigal O (1990) Lakshadweep. National Book Trust, New 
Delhi 

Seminoff JA, Resendiz A, Nichols WJ (2002) Diet of east 
Pacific green turtles (Chelonia mydas) in the central Gulf 
of California, México. J Herpetol 36: 447−453  

Shimada T, Limpus CJ, Hamann M, Bell I, Esteban N, 
Groom R, Hays GC (2020) Fidelity to foraging sites after 
long migrations. J Anim Ecol 89: 1008−1016 

Stephens DW, Krebs JR (1986) Foraging theory, Vol 1. 
Princeton University Press, Princeton, NJ 

Strydom S, Murray K, Wilson S, Huntley B and others (2020) 
Too hot to handle:  unprecedented seagrass death driven 
by marine heatwave in a World Heritage Area. Glob 
Change Biol 26: 3525−3538  

Thayer GW, Engel DW, Bjorndal KA (1982) Evidence for 
short-circuiting of the detritus cycle of seagrass beds by 
the green turtle, Chelonia mydas L. J Exp Mar Biol Ecol 
62: 173−183  

Thayer GW, Bjorndal KA, Ogden JC, Williams SL, Zieman 
FC (1984) Role of larger herbivores in seagrass commu-
nity. Estuaries 7: 351−376  

Thomson JA, Whitman ER, Garcia-Rojas MI, Bellgrove A, 
Ekins M, Hays GC, Heithaus MR (2018) Individual spe-
cialization in a migratory grazer reflects long-term diet 
selectivity on a foraging ground:  implications for isotope-
based tracking. Oecologia 188: 429−439  

Tripathy B, Shanker K, Choudhury BC (2006) The 
status of sea turtles and their habitats in the Lakshad-
weep Archipelago, India. J Bombay Nat Hist Soc 103: 
33−43

14

Editorial responsibility: Clive McMahon,  
Hobart, Tasmania, Australia 

Reviewed by: 3 anonymous referees

Submitted: July 29, 2021 
Accepted: February 7, 2022 
Proofs received from author(s): April 18, 2022

https://doi.org/10.1016/0022-0981(94)90168-6
https://doi.org/10.3354/meps077289
https://doi.org/10.3354/meps08853
https://doi.org/10.1890/04-0147
https://doi.org/10.1016/S0304-3770(99)00044-3
https://doi.org/10.1071/WR02073
https://doi.org/10.1016/j.biocon.2021.109195
https://doi.org/10.1007/s00227-001-0725-1
https://doi.org/10.1016/0044-8486(83)90161-8
https://doi.org/10.1016/S0304-3770(97)00092-2
https://doi.org/10.3354/meps10406
https://doi.org/10.1111/1365-2745.12122
https://doi.org/10.1016/j.biocon.2010.07.020
https://doi.org/10.1034/j.1600-0706.2003.12123.x
https://doi.org/10.1086/282454
https://doi.org/10.1007/s00442-018-4218-z
https://doi.org/10.2307/1351619
https://doi.org/10.1016/0022-0981(82)90090-9
https://doi.org/10.1111/gcb.15065
https://pubmed.ncbi.nlm.nih.gov/31785174
https://doi.org/10.1670/0022-1511(2002)036%5b0447%3ADOEPGT%5d2.0.CO%3B2
https://doi.org/10.1051/alr%3A2005021
https://doi.org/10.1007/s00227-013-2194-8
https://doi.org/10.1007/s00227-009-1300-4
https://doi.org/10.1098/rsbl.2007.0394
https://doi.org/10.1371/journal.pone.0177642
https://doi.org/10.1007/s00227-021-03898-9
https://doi.org/10.1080/10106049.2012.665501
https://doi.org/10.3354/meps11068
https://doi.org/10.1890/0012-9615(1997)067%5b0203%3AEOPFBO%5d2.0.CO%3B2
https://doi.org/10.1046/j.1529-8817.2001.037004453.x



