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Abstract
The resident population of dugongs ( Dugong dugon ) in the Gulf of Kachchh 
(GoK) inhabits one of the largest tidal amplitudes (3.4 m at Okha port and 6.2 
m at Navlakhi) across their global distribution range. Semi-diurnal tidal 
frequency restricts marine herbivory and necessitates adaptive foraging 
strategies. Within this hydrodynamic framework, we investigated 
determinants of foraging area selectivity using fresh feeding trails (n = 1507) 
as a presence tool and mapped foraging areas at intertidal reef-flats (reef-top 
meadows, n = 6), mid-intertidal mudflats (tidal creek meadows, n = 4), and 
subtidal meadows (n = 3) from 2018 to 2023. To understand macro-tidal 
habitat use patterns, we investigated tidally vigilant foraging strategies 
across habitat types by modelling the response of feeding trail counts and 
lengths, and distance travelled from tidal refugia (coves and tidal creeks), to 
water depth, seagrass abundance, and sediment texture using Generalized 
Additive Models (Negative Binomial and Gamma GAMs). We then estimated 
periodic tidal accessibility restrictions at each habitat by overlaying 
perimeters of dugong foraging areas on constructed regional bathymetric 
maps (30 m resolution) for average high tides (spring: 3.4 m and neap: 2.8 
m) and daily low tide height (0.4 m). Traditional habitat selectivity variables 
such as seagrass quality, composition, and shoot abundance variations were 
relatively weak predictors of the overall habitat selectivity. An estimated 
73.4% of the total foraging areas mapped are tidally influenced. At all 
habitats, dugongs remained tidally vigilant by preferentially foraging at 
habitat edges adjacent to deep-water refugia rather than utilizing the full 
seagrass expanse. At habitat level, tidally vigilant foraging dugongs regulated 
distance travelled from tidal refugia based on habitats depth and seagrass 
abundance. Feeding trail lengths varied according to the ease with which 
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seagrass could be excavated across habitats. At reef-top meadows, which had 
a higher % crude protein advantage, dugongs travelled farther from the tidal 
refugia to forage. Dugongs utilized tidal creeks as movement corridors for 
inter- and intra-habitat travel during foraging. This replicable and cost-
effective model, combined with robust spatio-temporal maps of dugong 
habitat use and corridor networks, provides critical insights to enhance 
conservation strategies and improve outcomes for the endangered dugong 
population in the Gulf of Kachchh and similar habitats.

Keywords- Sirenia, Seagrass habitats, Semi-diurnal tides, Optimal foraging, 
Habitat selectivity, Tidal vigilance

1.0. Introduction

In any landscape, a herbivore’s decisions about habitat selection and 
foraging movements are behavioral adaptations needed to optimize foraging 
effort in response to local topography and forage variability. These foraging 
decisions include determining (i) where to search, (ii) when to feed, (iii) 
which forage species to prefer, and (iv) when to terminate foraging and 
leave a patch, as outlined by foundational work in the field (Schoener 1971; 
Charnov et al. 1976). The plasticity of these decisions, particularly in 
response to spatially and temporally heterogeneous resources, contributes 
to the population’s long-term survival.

Depending on the habitat type, herbivores optimize foraging efforts, such as 
patch selection, grazing time, and intake of forage, and determine the extent 
of movement between foraging habitats. Thus, understanding regional 
foraging  currencies, i.e., the cost-benefit trade-offs herbivores manage to 
maximize or optimize foraging effort is crucial for interpreting habitat 
selectivity strategies within populations (Houston et al. 2014). However, 
optimal foraging strategies across taxa are primarily governed by resource 
variability, habitat accessibility, and routine vigilance. For example, foraging 
wood bison ( Bison bison athabascae ) selected habitats based on the 
availability of wheat sedge ( Carex atherodes ) but avoided areas with deep 
snow cover and gray wolves ( Canis lupus ) (Rawleigh et al. 2024). Similarly, 
in marine systems, optimal foraging by coastal marine megafauna is often 
associated with regional hydrodynamic cues such as tidal currents, eddies, 
and upwelling fronts. For example, lactating Californian sea lions (Z alophus 
californianus)  utilized prey aggregating in areas characterized by upwelling 
fronts and eddies at near-shore waters (Briscoe et al. 2018). Similar 
observations were made for finless porpoises ( Neophocaena asiaeorientalis ) 
in Omura Bay, wherein 70% of porpoise detections coincided with the 
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directions of tidal currents that transported prey out of the bay (Akamatsu et 
al. 2010). For marine herbivores, the forage is stationary, optimization of 
foraging efforts and movements can be done passively through exploitation 
of tidal phases. For example, Florida manatees ( Trichechus manatus 
latirostris ) have been reported to follow the high tide streams to access the 
otherwise exposed intertidal meadows of smooth cordgrass ( Spartina 
alterniflora ) (Zoodsma et al. 1991). Furthermore, Pillans et al. (2021) used 
passive acoustic telemetry to document tidal-phase-dependent habitat use in 
green sea turtles ( Chelonia mydas),  which accessed intertidal mangrove and 
seagrass habitats for foraging during high tide and retreated to adjacent tidal 
channels at low tide, at Port Curtis, Australia. Despite this growing evidence 
of optimization of foraging efforts across terrestrial and marine megafauna, 
a comprehensive understanding of determinants of habitat selectivity when 
vigilance is perpetual remains to be studied. Therefore, we investigated 
dugong ( Dugong dugon ) foraging strategies at inter- and intra-habitat spatial 
scales in response to tidal dynamics in the Gulf of Kachchh, one of the most 
tidally influenced insular habitats within the species' Indian and Arabian 
Peninsula range.

Globally, dugongs inhabit tropical coastlines characterized by diverse 
seagrass habitats, which vary regionally in terms of species composition, 
richness, cover, seasonality, density, and spatial heterogeneity. Such 
variability imposes region-specific constraints on foraging strategies. As a 
selective herbivore, dugongs favour fast-growing, low-fiber seagrass species 
like Halophila ovalis  and Halodule uninervis  over slower-growing, fibrous 
species such as Enhalus sp.  and Thalassia sp.  (Preen, 1995; Aragones et al. 
2006).  Given this context, dugongs may require greater effort to optimize 
foraging in mixed-species and fragmented foraging habitats to manage the 
metabolic costs of longer inter-patch movements and subsequent revisits 
(Preen et al 1995; Marsh et al. 2018), which are needed to maintain 
nutritionally and energetically favourable pastures. For example, the dugong 
population in Shark Bay, Western Australia, and in India’s Gulf of Mannar 
and Palk Bay has the advantage of vast continuous seagrass meadows which 
reduces foraging movement efforts, albeit composed of both preferred and 
non-preferred seagrass species (Matthews et al. 2010; Fourqurean et al. 
2012; Seal et al. 2024). In contrast, insular dugong habitats in the Southeast 
Asian region are spatially discontiguous because of topographic 
fragmentation of seagrass meadows and have a higher seagrass diversity 
with non-preferred seagrass species (Sudo et al. 2021). In accordance with 
this habitat variability, several studies from across dugong ranges have 
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attributed adaptability of foraging decisions in dugongs to proximate 
determinants such as seagrass quality, shoot abundance, and/or 
environmental drivers including depth gradients and tidal regimes (Marsh et 
al. 1990; Preen et al. 1992; Sheppard et al. 2010; Derville et al. 2022).

An adult dugong can forage up to 35-40 kg of wet seagrass per day, requiring 
behavioral strategies that balance foraging intake gains against region-
specific foraging costs (Preen, 1992, 1995). These cost-benefit  trade-offs vary 
with factors such as habitat continuity, seasonal seagrass availability, and 
seagrass quality, but in environments with large tidal amplitudes, tidally 
driven accessibility becomes a dominant constraint. Low tide exposure can 
substantially restrict access to foraging patches, thereby ultimately shaping 
habitat selection decisions (Sheppard et al. 2007; Cleguer et al. 2020), 
eliciting tidally vigilant behavioral efforts while foraging.

In the macro-tidal Gulf of Kachchh, all seagrass meadows are dominated by 
dugong-preferred, low-fiber, fast-growing species ( Halophila ovalis , H. 
decipiens , H. beccarii , and Halodule uninervis ; Kamboj, 2014; Anand et al., 
2024), reducing the need for increased inter-habitat exploratory movement 
to locate preferred forage, as all habitats harbour these species. Given the 
large tidal amplitude in the region, foraging decisions are expected to be 
driven primarily by tidal accessibility to habitats rather than seagrass quality. 
Thus, dugongs in the Gulf of Kachchh must remain tidally vigilant, yet the 
nature of their behavioral adjustments during foraging has remained poorly 
understood. Consistent with optimal foraging theory, when habitat quality is 
broadly similar, herbivores are expected to further optimize foraging by 
selecting habitats and employing behavioral strategies that minimize 
metabolic costs associated with movement, foraging effort, and ease of forage 
removal (Owen-Smith et al. 2010).

Given this background, our study investigates how tidally induced variations 
in habitat availability affect dugong habitat use and selectivity, focusing on 
percentage accessibility and optimal foraging strategies across habitat types, 
using a multi-scale modelling framework (Fig. 1). This model examines 
forage-based predictors of habitat selection within the hydrodynamic context 
of large tidal amplitudes to investigate tidally vigilant foraging strategies in 
dugongs.

1.1. Dugong Feeding trails

Dugong feeding trails (DFT) are distinctive serpentine scars created when 
dugongs uproot seagrass and serve as a non-invasive proxy for direct 
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observation. DFT analysis is widely used to study dugong habitat use 
patterns, selectivity, age-class, and seagrass recovery (Panyawai and Prathep 
2025; Heng et al. 2022). This method can be especially helpful for studying 
the foraging ecology of small dugong populations.

Satellite tracking and UAV-based techniques are more effective for studying 
fine-scale habitat selectivity, and their application in Australian (Marsh et al., 
1990; Holley et al., 2006; Sheppard et al. 2010) and New Caledonian waters 
(Cleguer et al. 2015, 2020; Derville et al. 2022) has been enabled by the 
presence of large, easily detectable herds. However, replicating these 
tagging approaches in the Indian subcontinent is challenging due to the 
critically small and fragmented dugong population, which renders invasive 
capture and tagging ethically and legally unjustifiable under Schedule I of 
the Indian Wildlife Protection Act 1972, compounded further by turbid waters 
and limited financial resources. Although labor-intensive, we propose that the 
strategic use of a DFT-based approach to study habitat selectivity drivers and 
foraging ecology offers a cost-effective, replicable model that can inform 
effective long-term dugong monitoring protocols in regions with similar 
habitat conditions and resource limitations.

2.0. Materials and Methods

2.1. Study Area and general physiography

Situated north of the Tropic of Cancer, the narrow Gulf of Kachchh (GoK) 
spans 22°-23° N and 68°- �:�$�K�/�$�L E and covers approximately 7,300 km². One 
of the three remaining dugong habitats in India, the GoK’s southern coastline 
is inhabited by a small population of endangered dugongs (estimated 
population size, n=15-20) (Sivakumar and Nair 2013). The coastline’s closely 
spaced reefs create low-energy zones sheltered from incident waves and 
currents, leading to extensive mudflats and sandy reef platforms that provide 
favorable habitat for seagrass meadows, coral reefs and mangroves. 
Accordingly, this biodiverse southern coastline is protected as the Marine 
National Park and Wildlife Sanctuary, Jamnagar.

The GoK presents a unique tidal environment for understanding dugong 
foraging accessibility, contrasting markedly with other dugong habitats 
across the Indian subcontinent. The GoK’s west-east orientation has irregular 
bathymetry and a non-uniform width-depth ratio, forming a wider mouth at 
Okha and a narrow head at Navlakhi. Consequently, the GoK experiences 
mixed semi-diurnal tides with exceptionally high amplitudes, ranging from 
3.02 m at Okha to 6.43 m at Navlakhi (Vethamony et al. 2010). This 
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pronounced tidal variation creates a dynamic system where intertidal 
seagrass meadows undergo complete submergence and exposure twice daily, 
potentially restricting dugong foraging access for 6-8 hours per tidal cycle. 
Our study framework integrates fine-scale determinants – seagrass quality, 
composition, sediment texture, and shoot abundance, with topographical-
scale factors including tide-specific bathymetry, habitat characteristics, and 
foraging accessibility depths, to model environmental drivers of dugong 
foraging habitat selectivity in the macro-tidal GoK, as conceptualized in Fig. 
1.

2.2. Sampling design

2.2.1. Estimating dugong feeding metrics and characterization of 

foraging habitats

Spatio-temporal patterns of DFTs were studied to assess both the site fidelity 
and intensity (no. of DFTs recorded per foraging area) of dugong foraging 
efforts and to identify habitat-specific feeding patterns. Dugong foraging 
areas (DFA) were identified by the presence of DFTs during on-foot seagrass 
mapping surveys (SI Fig. 1) (2018-2023) using methods adopted from 
McKenzie 2003 and Short et al. 2015. Low tide survey windows were 
determined by habitat-specific tidal safety thresholds required for on-foot 
surveys. Mid-intertidal mudflats were surveyed during spring low tides �O�$���" 
m, whereas high-elevation reef-top meadows were accessible across a 
broader low tide range of 0.5-0.8 m (Survey of India, 2021, 2022).

Using a handheld Garmin eTrex 30 GPS, point locations of individual feeding 
trails were recorded monthly from 2019 to 2023 to provide consistent 
spatio-temporal coverage of feeding trail patterns. To reduce overlap in DFT 
counts, a minimum distance of 0.5-1.0 m was maintained between individual 
feeding trails. Over-grazed spots, where individual trails could not be 
distinguished, were excluded from the analysis. DFTs with seagrass growth 
within were also excluded from width estimates. Perimeters delineating 
dugong foraging microhabitats were constructed in ArcGIS using the Point 
to Polygon tool, applying a 200 m buffer around feeding-trail points to 
generate polygons through point coalescence. The 200 m buffer was 
estimated to capture reef-edge feeding trails while excluding rocky back-reef 
areas which lack seagrass at reef-top meadows. At tidal creek meadows, the 
buffer encompassed both core meadows and adjacent DFTs at vegetated tidal 
creek movement corridors, thereby avoiding underestimation of functional 
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foraging area and ensuring ecologically realistic, uniform delineation across 
sites.

Within each habitat, seagrass attributes including seasonal shoot density 
(shoots ���P�M�4�� biomass, and species composition, alongside abiotic variables 
including field depth, tidal elevation, and sediment texture, were assessed at 
randomly stratified, evenly distributed sampling points following McKenzie 
(2003) and Andrew et al. (1987). Habitat boundaries were later validated 
against tidal bathymetric maps and confirmed through repeated ground-
truthing during low tide surveys across seasons. On this basis, two key 
habitat types were delineated: intertidal reef-top meadows (RTM), and mid-
intertidal tidal creek meadows (TCM).

For identification of subtidal DFAs, a direct DFT-based approach was 
infeasible due to tidal currents, water clarity, and diving constraints; subtidal 
foraging was therefore characterized using georeferenced direct sightings (n 
= 47) supplemented by semi-structured interviews with active fishers (n = 
342) encountered during on-field surveys. In intertidal and mid-intertidal 
habitats, brief low tide windows restricted on-foot survey access in the tidally 
dynamic GoK; this was addressed through site-specific revisits during 
daylight low tides across seasons.

2.2.2. Sample collection for seagrass nutrient and seasonal 
abundance estimation

To evaluate whether dugong inter-habitat selection was influenced by 
seagrass nutrient content, samples (n=44) were collected from evenly 
distributed 200 m² plots within each habitat (n=22) (SI Table 2 A, B). In 
intertidal habitats, samples were excavated from evenly distributed 20 cm² 
quadrats, while in subtidal habitats with monospecific seagrass stands, 
samples were obtained using a Van Veen grab; one replicate per sampling 
point was considered sufficient to minimize sampling bias (McKenzie 2003). 
For nutrient analysis, seagrass samples were identified using Hartog and Kou 
(2006) and were collected during the peak growth season of March-April. 
Samples were collected non-invasively during peak growth (March–April) 
when biomass was sufficient; parallel phenological monitoring confirmed 
seasonal stability of % nitrogen and % crude protein. Fiber analysis was 
feasible only at peak biomass and ecologically relevant for mature plants. 

Samples were then rinsed with seawater to remove epiphytic material. Whole 
plants were then processed for nutrient analysis, including nitrogen content 
(% N) by the Kjeldahl digestion method, crude protein (%(N) × 6.25, following 
AOAC Official Method 988.05; AOAC International, 1990) (SI Table 1-A), and 
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fiber fractions (acid detergent fiber, ADF; neutral detergent fiber, NDF) using 
the Van Soest method (Van Soest et al. 1991). Welch’s �	�R�	�����	�� were used to 
estimate seagrass species-specific differences in nutrients across habitats. 
�A�R�	�����	�� were applied to assess differences in variance for % ADF and % NDF 
between intertidal and �������R���
�	�����	�������� meadows (SI Table 2-B).

To investigate the role of seagrass shoot abundance on feeding trail metrics, 
monthly surveys were conducted from October to April (post-monsoon to 
summer) during 2020–2021, with no surveys carried out from June to August 
due to monsoonal restrictions. October was designated as a post-monsoon 
month, while winter months were defined as November to February and 
summer months as March to April. Due to differences in habitats, seagrass 
composition and seasonality effects, both metrics of shoot abundance; shoot 
density/m 2 and biomass considered for this analysis. Shoot abundance; shoot-
density m -2 and biomass (dry weight) estimates were sampled using the same 
survey technique as nutrient analysis, by randomly stratified and evenly 
distributed sampling points (n=15-20 per month) within the 200 m 2 plot as 
per McKenzie 2003. For boxplot representation of the seasonal shoot density 
m -2 and corresponding feeding trail counts per habitat, seasonal data was 
used.

2.3. Dugong foraging accessibility maps

2.3.1. Tide-specific bathymetric basemaps

To investigate the tidal synchronization of dugong foraging behavior, we 
constructed fine-scale bathymetric maps for each foraging habitat (n=14) 
and adjoining subtidal coves (n=6). These maps covered all major tidal 
phases, representing cyclic habitat submergence and exposure under spring 
high tide; 3.4 m, neap high tide; 2.8 m, and spring low tide; 0.4 m. Tidal 
predictions for Okha Port were sourced from the Survey of India (2021, 
2022), corresponding to the primary years of bathymetric surveys and site 
fidelity analyses. Averages of tidal heights were used to model habitat 
accessibility: 0.4 m (daily low tide; ~730 events �*���P�T�4�� 2.8 m (neap high tide; 
~400 events �*���P�T�4�� and 3.4 m (spring high tide; ~330 events �*���P�T�4�� consistent 
with long-term tidal records at Okha Port (Survey of India, 2021, 2022; 
Vethamony et al., 2010). On-field bathymetric measurements (n = 1521) were 
homogenously recorded using a handheld HawkEye Dt1H depth sounder, 
with concurrent GPS time tags at each sampling point to associate depth 
readings with specific tidal heights.
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To reduce error rate, cross-habitat transects (~5 km) were conducted across 
spatially heterogeneous intertidal and mid-intertidal TCM habitats during 
high tide. In contrast, bathymetric measurements in spatially homogeneous 
subtidal habitats were performed using an evenly dispersed random point 
method during low tide, thereby avoiding overlap with the mid-intertidal 
zone.

Tidal heights at GPS points were interpolated (n = 3882) through linear cross 
multiplication among three reference tidal heights: spring high tide (3.4 m), 
neap high tide (2.8 m), and spring low tide (0.4 m), averages estimated for 
2021-2022 and matched to timestamps. Following Cleguer et al. (2015, 
2020), we established a minimum accessibility depth of approximately 1 m 
for required for a foraging dugong and thus estimated accessibility depth 
thresholds for each habitat type. Habitat accessibility was validated through 
tide charts and ground-truthing at select locations, with observed and 
interpolated values demonstrating high consistency (81.2% agreement, at a 
0.5 m threshold for shallow reef areas), supporting the reliability of this 
approach despite minor linearity assumptions during complex tidal phases. 
As our principal objective was to predict habitat-specific tidal accessibility for 
dugongs using a 1m depth threshold, the validated linear interpolation of 
tidal heights is unlikely to significantly affect accessibility outcomes. 
Therefore, extreme tidal variations caused by cyclones and wind currents 
cannot be considered in this approach. Neap low tides were excluded, as they 
differed from spring low tides by only 0.3 m, providing redundant information 
for broad accessibility patterns.

DFAs and seagrass meadow layers served as spatial basemaps for spatial 
delineation of the sampling areas across foraging patches and connecting 
habitats. We estimated dugongs’ relative foraging accessibility by overlaying 
tidal bathymetry maps with animal sighting locations (with corresponding 
tidal phase) (n=47) and feeding trail distribution and counts (n=1,507) into 
observational data to model tide-dependent use of each habitat type. We 
assumed the spatial extent of foraging activity was driven by the tidal phases 
and hence differs for each habitat. This may underestimate occasional use of 
adjacent non-foraging habitats and/or will not include non-foraging activities 
within the foraging meadows, representing a methodological limitation. The 
resulting tidal accessibility model quantified the percentage of accessible 
habitats across central islands during spring high tide, neap high tide, and 
spring low tide phases.
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2.3.2. Mapping tidal channels and characterization of tidal-creek 

meadows

To investigate inter-habitat linkages and the use of tidal channels and creeks 
during foraging, we mapped their morphology using direct field observations 
and low-tide satellite imageries (Godet et al., 2009). Tracks (n= >35 kms) 
made during low tide surveys were used as a reference to aid tracing of 
smaller and narrower meandering channels of width <2 m which otherwise 
appeared pixelated in the satellite imageries. Depth contours were used to 
track and construct a path, from the lower to the highest order of the creeks. 
We completed and validated the hierarchical path construction of each 
channel using low tide HR-Sentinel images-2A (10 m), and multi-tidal cycle 
Google Earth imageries. Based on the resulting map, tidal creeks were 
categorized based on their presence of forage, depth, and width of tidal 
stream bed, on the basis of which mid-intertidal TCMs were further 
characterized.

2.4 Estimation of environmental determinants of habitat selectivity 

and use

Firstly, we assessed how tidally induced variations in habitat availability 
affect dugong habitat selectivity and use, focusing on percentage 
accessibility and optimal foraging strategies across habitat types. Spatially 
and tidally explicit maps of seagrass habitats, tidal channel networks, and 
tide-specific bathymetric maps were used as a basemap to understand 
accessibility and habitat use patterns via direct sighting and DFT records. We 
then analyzed responses of feeding trail counts (TC) and trail lengths (TL) to 
habitat variables using a stepwise hierarchical generalized additive model 
(GAM). We first used four univariate GAMs for testing the effects of shoot 
density and biomass on TC and TL. These were used primarily for screening 
and comparison of seagrass abundance metrics to foraging efforts. We then 
used multivariate GAM for testing the response of TC and TL to 
environmental drivers. We also investigated the habitat predictors 
influencing the distance dugongs traveled from the tidal refugium using a 
third multivariate GAM model.

2.4.1. Independent variables

Depth, distance from tidal refugium, sediment texture, and seagrass 
abundance were used as independent variables to assess their influence on 
dugong foraging metrics: feeding trail counts and lengths. Average depths of 
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habitats during spring high tide of 3.4 m were estimated using the 
corresponding bathymetric map. Distance from tidal refugium (ndis), defined 
as deep-water bodies �3�W������ m depth at spring/neap high tides) directly 
connecting dugong foraging areas to subtidal coves or tidal creeks, was 
calculated as the shortest point distance (m) from individual feeding trails to 
the nearest deep-water zone. For tidal creek meadows (TCMs), polylines were 
constructed along creek centerlines within foraging areas, and distances 
from feeding trails to these polylines were measured using the Near Analysis 
tool in ArcGIS 10.8.

Finally, to assess inter-site variation in the ease of seagrass removal during 
grazing, sediment samples (n = 209) were collected from evenly distributed 
random points at 10–12 cm depth using a 25 cm 2 quadrat (approximately the 
maximum depth range of dugong feeding trails) during low tide surveys 
across seasons (2019–2023). Samples were oven-dried at 60°C for 48 hours 
(Hunt and Jones, 2019) and submitted for particle size distribution analysis 
using automated dry sieving (Kroetsch and Wang, 2008). Coarse sand: silt 
ratios were used as a proxy for substratum resistance to seagrass rhizome 
removal during dugong grazing, as these fractions dominated sediment 
composition across sites.

2.4.2. Statistical Modeling of Foraging Strategies.

To investigate foraging strategies employed by the macrotidal dugong 
population of GoK, we used a stepwise hierarchical model.

For step 1, we tested the direct influence of seagrass shoot abundance on 
dugong foraging effort using separate univariate GAMs for feeding trail 
counts (TC; negative binomial, log link) and lengths (TL; Gamma, log link) as 
functions of shoot density (shoots ���P�M�4 and biomass (g DW ���P�M�4 alone. We 
modeled seagrass shoot density and biomass separately to avoid 
multicollinearity between the two abundance metrics (Spearman’s �X = 0.89, 
p = <0.0001). Dugong foraging effort is essentially forage-limited, with 
seagrass shoot density and biomass being the main constraints on resource 
availability; Step one specifically tested this hypothesis by isolating seagrass 
abundance effects from multivariate habitat confounders. Spearman’s rank 
correlation indicated a non-significant association between feeding trail 
counts and lengths in the habitats �3�X = �Y�$���$���� p = 0.97). We therefore fitted 
both models; foraging intensity (feeding trail counts) and ease of excavation 
(feeding trail lengths), separately. For the second step, we used multivariate 
GAMs to investigate the key environmental drivers of tidally vigilant foraging 
effort.
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TC-GAM— Response of feeding-trail counts with multivariate habitat 
predictors- distance from the nearest tidal refugium (m), water depth (m), 
coarse sand: silt ratio, and seagrass biomass (g DW/m²) as predictors was 
analyzed using a negative binomial GAM (log link). Selection of a negative 
binomial GAM (log link) was done to account for overdispersion 
(variance/mean ratio = 14.46; Hilbe, 2011).

TL-GAM— to analyze the response of dugong feeding trail lengths by 
environmental predictors. we fitted a GAM with a Gamma error distribution 
and log link function in mgcv (Wood, 2015), as feeding trail length is a 
continuous, strictly positive variable with expected right-skewed variance 
scaling with the mean. The model included four habitat predictors as smooth 
terms: distance from the nearest tidal refugium (m), water depth (m), coarse 
sand:silt ratio, and seagrass biomass (g DW/m²). For both TC and  TL GAM, 
seagrass abundance data from late winter and summer (late February-April) 
was used when seagrass growth was relatively stabilized.

ndis-GAM— to characterize the habitat predictors structuring the distance 
dugongs traveled from the tidal refugia, a multivariate Gamma GAM (log link) 
was fitted in mgcv with distance from tidal refugium (ndis) as the response 
variable and water depth (m), coarse sand:silt ratio, and seagrass biomass (g 
DW ���P�M�4 as smooth predictors.

For all three multivariate GAM models, thin plate regression splines (bs = 
"tp") were used for all smooth terms; basis dimensions were set to k = 4 for 
the TC model and k = 3 for the TL and ndis models, appropriate for the small 
sample size (n = 12). Smoothness was estimated via Restricted Maximum 
Likelihood (REML) for all models. Knot adequacy was verified using 
k.check(), with a k-index > 0.75 and p > 0.05 considered indicative of 
sufficient basis dimensions; where the k-index fell marginally below this 
threshold, effective degrees of freedom (edf) were inspected to confirm the 
result reflected penalization rather than basis inadequacy. Concurvity among 
smooth terms was assessed using concurvity() to evaluate non-linear 
collinearity among predictors; all worst-case pairwise values were < 0.8, 
indicating no problematic non-linear dependency (Wood, 2017). Spatial 
autocorrelation in model deviance residuals was assessed using Moran's I , 
computed at the level of unique DFA polygon centroids (n = 8) with a k = 2 
nearest-neighbor spatial weights matrix ( spdep  package); deviance residuals 
from multiple monthly observations within the same DFA were averaged prior 
to computation. We selected seagrass biomass as the independent variable in 
our multivariate models (see SI note 1 for justification regarding the selection 
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of biomass over shoot density). All model hierarchies and rationales are 
summarized in SI Table 1.

All spatial data processing, analysis and visualization were all performed in 
ArcGIS 10.8, while descriptive analysis was run in R version 4.1.2 (R Core 
Team, 2021) within the RStudio environment (version 2025.5.1).

Fig 1. Conceptual model of dugong foraging habitat selectivity in the macro-
tidal Gulf of Kachchh, India. The figure shows the study area map and the 
habitat types used to evaluate fine-scale proximate factors (seagrass shoot 
abundance and quality; fiber (% ADF, % NDF), % N, % Crude protein content, 
sediment texture; (% coarse sand and % silt)) and topographical-scale ultimate 
drivers (tidal accessibility depth, proximity to tidal refugia, and lunar-phase-
dependent access) that shape dugong foraging habitat selection across 14 
mapped foraging habitats, based on n = 1,507 dugong feeding trails (DFT). DFT 
metrics (trail counts, lengths, and widths) were used to estimate foraging area 
extent, selectivity, and spatio-temporal patterns and to elucidate foraging 
strategies.
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3.0. Results

During the entire study period (2018-2023), 47 direct dugong sightings 
(active fishers and personal sightings) and 1507 fresh feeding trails’ 
distribution were recorded from the study area. A total (n=15) of seven 
intertidal, three mid-intertidal, and five major sub-tidal foraging areas were 
identified and mapped. extending from Beyt-Dwarka island to the Chank reef 
(Fig. 2). All DFAs were disjointed by reefal structures: rocks, rubble, 
fossilized reef, and/or deep tidal channels. Dugong foraging areas ranged 
from 0.18 to 2.0 km² across intertidal reef-top meadows (RTMs), 4.13 to 6.0 
km² across mid-intertidal tidal creek meadows (TCMs), and 0.012 to 3.85 km² 
across subtidal meadows (Fig. 2-A, B). In terms of spatial coverage, TCMs 
encompassed the largest perimeter (50.6 kms), exceeding RTMs (39.57 kms) 
and subtidal meadows (32.6 kms) (SI Table 2).

Seagrass biomass in the study area was highly seasonal (Fig. 2- C); intertidal 
RTMs supported the highest seagrass biomass in mixed meadows of Halodule 
uninervis  and Halophila ovalis (0.5-5.6 DW/m 2). In contrast, light-limited mid-
intertidal TCMs exhibited moderate biomass (0.2–0.8 DW/m²) dominated by 
Halophila decipiens  and H. ovalis , while subtidal cove meadows yielded the 
lowest biomass (0.1–0.3 DW/m²) in monospecific H. decipiens  stands. 
Biomass also varied among tidal creek subcategories, which were classified 
based on creek depth and width, low tide submergence, and seagrass 
composition into shallow and deep-water TCMs.

DFTs' widths varied from 9 cm (calf) to 12 cm-17 cm (sub-adult/adult) (SI-
Fig.1) and were reported from the Tam and Watan reefs of Noru Island and 
at the Chepri and western Noru reef RTMs.

Fig. 2. Spatial distribution of dugong foraging habitats, habitat 
characterization, and seagrass biomass in the central islands of the Gulf of 
Kachchh, India. (A) shows the study area map depicting DFAs, refugia sightings, 
direct (non-refugial) sightings, seagrass meadow locations, and habitat 
categories: (B-1) reef-top meadows (RTM), (B-2) shallow-water tidal creek 
meadows, (B-3) deep-water tidal creek meadows, and (B-4) subtidal meadows. 
(C) shows bar graphs of seagrass biomass (dry weight, g m -2 for sites (n=23) 
RTM, shallow-water TCM, deep-water TCM, and subtidal meadows.
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3.1. Fine-scale determinants of habitat selectivity

3.1.1. Seasonality of dugong foraging grounds

The foraging home range differed due to seasonal seagrass availability. 
Average seagrass shoot densities varied across seasons, with lowest shoot 
abundance during the post-monsoon and winter period (October-December) 
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and highest during summer (March-April). Post-monsoon seagrass was 
dominated by sparse Halodule uninervis -dominant meadows (208 ± 122.1 
shoots ���P�M�4 occupying intertidal reef-top meadows (RTM) and shallow-water 
tidal creek meadows (TCM). During the summer peak growth period (March-
April), average shoot densities across all DFAs were markedly higher, 
ranging from 1,000–3,200 shoots m -², driven by the rapid growth and 
seasonal expansion of Halophila spp.  into mid-intertidal mudflats (TCM) and 
subtidal coves. We summarize the order of seasonal seagrass emergence as 
Halodule uninervis  Halophila decipiens Halophila ovalis Halophila 
beccarri .

3.1.2. Response of seagrass shoot density and biomass on feeding trail 
metrics

The lowest grazing intensity of 10-20 DFT counts was observed in areas with 
relatively higher shoot densities (Fig. 3). Conversely, higher feeding trail 
counts in the range of 65-295 were found in habitats with lower seagrass 
shoot densities.

Feeding trail counts showed no significant response to either shoot density 
(s(abundance): edf = 2.61, �\�M = 4.10, p = 0.172, deviance explained = 44.9%) 
or seagrass biomass (s(biomass): edf = 1.00, �\�M = 0.15, p = 0.697, deviance 
explained = 1.3%) in separate negative binomial GAMs (R²adj = 0.23 and 
�Y�$���$�C�� respectively). Basis dimension adequacy was confirmed for both 
models (shoot density model: k-index = 1.58, p = 0.94; biomass model: k-
index = 0.95, p = 0.40). To summarize, both seagrass shoot abundance 
metrics (shoot density and biomass) were a poor predictor of feeding trails’ 
counts.

However, feeding-trail length was significantly predicted by both seagrass 
biomass and shoot density in separate Gamma GAMs (log link). Shoot density 
was the stronger predictor (edf = 2.14, F = 13.06, p = 0.0017), explaining 
74.5% of deviance in trail length (R²adj = 0.632). Seagrass biomass also 
significantly predicted trail length (edf = 1.65, F = 6.15, p = 0.0175), 
explaining 51.7% of deviance (R²adj = 0.538). Basis dimension adequacy was 
confirmed for both models (shoot density model: k-index = 1.12, p = 0.53; 
biomass model: k-index = 1.57, p = 0.96).

Fig. 3. Box-plot showing the relationship between seasonal seagrass shoot 
density and dugong feeding trail counts and lengths across foraging habitats in 
the Gulf of Kachchh, India. Bars show seagrass shoot abundance (shoot density 
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m -2) at each dugong foraging habitat (n=15) and against their corresponding 
feeding trail counts (red circles) and lengths (blue circles).

 

3.1.3. Nutrients

Nitrogen content (% N) did not differ significantly between Halodule 
uninervis -dominated RTM meadows (M = 1.50, SD = 0.29) and Halophila 
ovalis and H. decipiens  dominated TCM and subtidal meadows (M = 1.35, SD 
= 0.24), Welch’s t (10) = 0.94, p = 0.37. However, crude protein content was 
significantly higher in Halodule uninervis -dominated RTM meadows (M = 

�$�&�&�(�3�7�(�'���0�$�1�8�6�&�5�,�3�7

�$�5�7�,�&
�/�(

���,
�1���3

�5�(�6
�6

�$�5�7�,�&�/�(���,�1���3�5�(�6�6



10.32, SD = 1.41) than in Halophila ovalis  and H. decipiens -dominated TCM 
and monospecific Halophila decipiens subtidal meadows (M = 7.47, SD = 
0.64), t(8) = 4.88, p = 0.0012. Acid-detergent fiber (ADF) and neutral-
detergent fiber (NDF) contents varied significantly across habitats (ADF: F 
(9,8) = 4.3, p = 0.02; NDF: F (8,8) = 7.35, p = 0.005).Seagrass dominated by 
Halodule uninervis (pure or mixed stands) exhibited a wider range of fiber 
content (ADF: 23–44%; NDF: 28–56%), while Halophila -dominated meadows 
had narrower fiber ranges (ADF: 28–34%; NDF: 30–38%) (SI Table 2-A, B).

3.2. Topographical-scale determinants of habitat preference

3.2.1. Tidal influences on foraging habitat accessibility

Foraging accessibility depth at all DFAs depended on each habitat’s retention 
of minimum high and low tide water depths at spring and neap high tides. 
Consequently, lunar phases drove substantial spatio-temporal differences in 
dugong habitat accessibility. Tidal bathymetric analysis across 14 foraging 
habitats and 6 subtidal coves showed that during spring high tide, average 
water levels �3�W 3.4 m) were three times the minimum accessibility depth 
threshold (1 m). As reported in the fine-scale bathymetric maps (33 m 
resolution) in Fig. 4, A, spring high tides rendered habitats with 100% 
accessibility to all foraging habitats. During neap high tide events, 
accessibility declined to 78.2% to only subtidal meadows and TCMs (Fig. 4-
B), leaving RTM 100% inaccessible for (~12 days/month).

At daily low tide (Fig. 4-C) habitat accessibility declined further to 28.4%, 
restricting available foraging grounds to subtidal meadows. We estimated 
that when low tide heights drop to approximately �O�$���: m, water depths at 
reef-top meadows (RTMs) and tidal creek meadows (TCMs) fall below the 
minimum threshold required for dugong foraging, making these habitats 
inaccessible during the daily tidal cycle. Consequently, the combined effect 
of daily low tides and biweekly neap high tides (about 14 days/month) makes 
RTMs the most frequently unavailable habitats for dugong foraging.

Fig. 4. Tide-specific bathymetric maps of dugong foraging habitats depict 
foraging accessibility depth. (A-B) Reef-top meadows (RTM) showing DFAs 
under spring high tide (3.4 m), neap high tide (2.8 m), and spring low tide 
(0.4 m). (C) Tidal creek meadows (TCM) showing DFAs under spring high tide 
(3.4 m), neap high tide (2.8 m), and spring low tide (0.4 m). All TCMs at neap 
high tide remain submerged and accessible to foraging dugongs.
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3.2.2. Morphology and function of tidal corridor network

We mapped the first records of tidally synchronized use of a tidal corridor 
network of deep-water tidal channels and shallow-water creeks by resident 
dugongs in southwestern GoK, which function as movement corridors from 
tidal channels to inshore deep-water creeks to shallow-water tidal creeks 
(Fig. 5). The tidal corridor network facilitated habitat inter-connectivity of 
tidally influenced DFAs. At the lower order, tidal channels run along reef 
edges, connecting foraging meadows with widths estimated between 1.5 and 
3.5 km and depths exceeding 14 m at a spring high tide height of 3.4 m. At 
reef-top meadows (RTM), these channels open directly into coves, whereas 
at tidal creek meadows (TCM), they debouch into tidal creeks.
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As previously illustrated in Fig. 2, seagrass composition at stream beds and 
adjacent habitats varies systematically with depth. The seaward channels 
culminate in inshore deep-water creeks within deep-water TCM habitats, 
characterized by low bed-area-to-depth ratios; at spring low tide (0.4 m), 
these creeks have depths ranging from 30 to 150 cm and widths of 5 to 20 m. 
Stream beds at these deep-water TCMs are unvegetated, while adjacent 
mudflats support mixed meadows of Halophila ovalis  and Halophila decipiens  
at the Tam and Watan reefs. These creeks finally open into highest-order 
shallow-water tidal creeks, with low tide depths of 2 to 40 cm and widths 
between 2 and 42.6 m. The deeper stream beds of these creeks harbor 
monospecific Halophila decipiens  meadows before transitioning seaward to 
dendritic creek systems on the fore-reef shelf, where forage shifts to mixed 
assemblages of Halodule uninervis  and Halophila ovalis.

Fig. 5. Morphology and function of the tidal corridor network used by dugongs 
in the Gulf of Kachchh, India. The hierarchical network of tidal channels, deep-
water tidal creeks, and shallow-water tidal creeks forms interconnected 
movement corridors that link tidally influenced DFAs in reef-top meadows, deep-
water tidal creek meadows, shallow-water tidal creek meadows, and subtidal 
meadows. Refugia and direct sightings (n=47 records aggregated to unique 
sites) indicate spatial proximity of dugong presence relative to the tidal corridor 
network.
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. 

3.2.3. Tidal refuges: coves and creeks

The spatial distribution of feeding trails within each DFA reflected consistent 
proximity to deep-water tidal refugia (Fig. 6). Subtidal coves (tidally 
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unaffected �W�" m at spring high tide) functioned as tidal refugia at RTMs, 
whereas tidal creeks �3�W 2.2 m at neap high tide, and �W 4 m at spring high 
tide) served this role at TCMs.
We further report that spatial distribution of feeding trails around tidal 
refugia has a habitat-specific pattern (Fig. 7). At RTM’s, total feeding trails 
analyzed (n=638) were clustered close to meadow- adjacent subtidal coves 
(Fig. 6-A); the distance from tidal refugia to feeding trails 508.5-1206.4 m.
Feeding trail densities at tidal creek meadows (TCMs) were found in close 
proximity to tidal creeks. Spatial dispersal of feeding trails around tidal creek 
refugia differed on the basis of creek type (Fig. 7, SI Fig. 1). In shallow-
water tidal creek meadows (n=2; Patthiwadi and Nakya reefs), the dispersal 
distance of feeding trails (n=583) from tidal refugia was shortest, ranging 
from 0 to 201.33 m. Dugongs foraged both within and around the habitat’s 
creek refugia in these habitats (Fig. 6- A, B). In contrast, at deep-water creek 
meadows (n=2; Tam and Watan reef), feeding trails (n=285) were clustered 
around  unvegetated creek refugia, with distances between refugia and 
feeding trails ranging from 6.6 to 267.2 m.
Fig. 6- Habitat-specific spatial distribution of dugong feeding trails and the 
corresponding extent of DFAs relative to seagrass meadows. Maps show the 
spatial distribution of dugong feeding trails (n = 1,507) at (A) reef-top 
meadows, (B) deep-water tidal creek meadows, and (C) shallow-water tidal 
creek meadows. The corresponding pie charts indicate the proportion of 
dugong foraging buffer area relative to the total extent of each seagrass 
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meadow. Bathymetric contour for each habitat indicates the depth gradient 
of foraging areas and tidal refugia (tidal creeks and subtidal coves).

Fig. 7. Habitat-specific differences in the distance traveled by foraging dugongs 
from the tidal refugia. Dugong feeding trails point-to-refugia distances at reef-
top meadows (n = 638), shallow-water tidal creek meadows (n = 583), and deep-
water tidal creek meadows (n = 285) from the nearest tidal refugia; distances 
were calculated using polylines for tidal creek refugia and point-to-cove 
distances for subtidal refugia.
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3.3. Foraging strategies and environmental determinants of habitat 
selectivity

TC-GAM: The negative binomial GAM explained 38.7% of the deviance in 
feeding trail counts (R²adj = -0.18, NB �] = 2.688). Distance from refugia 
showed a non-linear but non-significant relationship (s(ndis): edf = 1.27, �\�M = 
3.91, p = 0.160), while water depth (s(depth): edf = 1.00, �\�M = 3.06, p = 
0.080), coarse sand:silt ratio (s(cs_silt_ratio): p = 0.929), and seagrass 
biomass (s(biomass): p = 0.180) were also non-significant. Basis dimension 
adequacy was confirmed for all smooth terms (k-index > 1.0, p > 0.05), and 
concurvity was within acceptable limits (all worst-case values < 0.8).

TL-GAM: Longer feeding trail lengths were observed at silt-dominated deep-
water TCM’s; M = 9.5 ± 3.8m (n=152), compared to coarse sand-dominated 
shallow RTMs where M= 3.5 ± 0.88 m (n=84) (Fig. 8). The multivariate 
Gamma GAM explained 89.6% of deviance in dugong feeding trail length 
based on the habitat predictors (adjusted R² = 0.761, n = 12, REML = 
26.035). Coarse sand:silt ratio was the only statistically significant predictor 
(edf = 1.24, F = 5.10, p = 0.043). While a strong negative correlation between 
trail length and distance to refugia �3�X = �Y�$���:�/�� p = 0.007) was observed, with 
dugongs producing longer trails closer to safe tidal refugia (at TCMs) and 
shorter trails farther away (at RTMs), however, this effect was not 
statistically significant in the multivariate GAM (edf = 1.59, F = 3.50, p = 
0.068), perhaps due to its co-variation with sediment texture. We also 
observed that biomass was a significant predictor in univariate models but 
lost significance in the multivariate GAM; this indicates that the relationship 
between biomass and trail length was influenced by sediment texture, which 
emerged as the dominant predictor. Water depth (edf = 1.00, F = 0.056, p = 
0.821) and seagrass biomass (edf = 1.00, F = 0.255, p = 0.631) were non-
significant. However, pairwise concurvity assessment revealed moderate 
observed concurvity among smooth terms (range: 0.21–0.60), with the 
highest values between s(biomass) and s(ndis) (observed = 0.60) and 
between s(cs_silt_ratio) and s(ndis) (observed = 0.59). Knot adequacy was 
confirmed for most smooth terms (k-index range: 0.87–1.62, p > 0.05). The k-
index for s(depth) was marginally below the threshold (k-index = 0.62, p = 
0.058); however, this was not considered indicative of basis inadequacy, as 
its effective degrees of freedom (edf = 1.00) were well below the basis 
dimension (k = 2), consistent with a maximally penalized smooth (Wood, 
2017).
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ndis-GAM:  The Gamma GAM for distance from tidal refugium explained 
79.2% of deviance (adjusted R² = 0.851, n = 12, REML = 70.913). Habitats 
water depth was the only significant predictor (edf = 1.26, F = 5.67, p = 
0.025), with distance from tidal refugium increasing non-linearly with depth. 
Distance traveled by a foraging dugong from subtidal refugia also had some 
influence of seagrass biomass (edf = 1.00, F = 5.32, p = 0.050), while coarse 
sand: silt ratio was non-significant (edf = 1.00, F = 3.11, p = 0.116). Knot 
adequacy was confirmed for all smooth terms (k-index range: 1.03–1.46, all p 
> 0.05), and pairwise observed concurvity was low to moderate (range: 0.20–
0.55), indicating no problematic non-linear collinearity among predictors. 
Moran's I indicated no significant spatial autocorrelation (for the DFAs used 
in all models) deviance residuals (Moran's I  =-0.440, p=0.884), confirming 
that residual variation was spatially independent across DFA polygon 
centroids.

Among feeding trail metrics, trail counts showed no significant response to 
depth, biomass, shoot density, sediment texture, or distance from tidal 
refugia. In contrast, feeding trail lengths were significantly influenced by 
sediment texture and marginally by foraging distance from tidal refugia. 
Water depth and seagrass biomass were identified as the primary habitat 
predictors structuring the distance dugongs traveled from tidal refugia 
during foraging.

Fig. 8. Relationship between sediment composition and feeding trail lengths (in 
m) to access seagrass excavation by dugongs. (A) Habitat-specific differences in 
dugong feeding trail lengths (m) at reef-top meadows (n = 84) and tidal creek 
meadows (n = 152). (B) Corresponding sediment texture and coarse 
sand:silt:clay composition of these habitats (n = 91), reported as coarse 
sand:silt:clay ratios.
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4.0. Discussion

Understanding habitat use patterns is integral to effective and targeted 
conservation management of elusive marine mammal populations. Our 
investigation establishes a framework for the spatio-temporal patterns of 
foraging strategies employed by the dugong population of the GoK. The 
extreme tidal range of the GoK amplifies the challenges of (i) spatially 
heterogeneous seagrass habitats, (ii) seasonal seagrass distribution, and 
(iii) limited extent of tidally unaffected subtidal zones within the core 
dugong habitat. We report that optimal foraging in the GoK dugongs is 
tidally vigilant and operates hierarchically; foraging movements are 
horizontally synchronized by tidal cycles that control dugong spatio-
temporal accessibility to a habitat type, while at fine-scale foraging 
strategies within habitats are optimized by regulating foraging proximity to 
tidal refugia based on habitats’ biomass and depth and ease of seagrass 
excavation. Contrary to traditional models, the intensity of foraging was 
weakly influenced by seagrass biomass and quality.

Similar to our findings, several studies across marine taxa demonstrate how 
tidal hydrodynamics structure foraging movements and habitat accessibility. 
Mendes et al. (2002) and Scott et al. (1990) reported bottlenose dolphin 
(Tursiops truncatus)  pods synchronizing movement with the high tide 
currents to access bays where prey accumulated at the tidal front. Similarly, 
at Strangford Lough, Northern Ireland, harbour seals ( Phoca vitulina ) and 
grey seals ( Halichoerus grypus ) were observed to preferably forage at the 
edges of channels, utilizing the low-energy channel flanks for hunting the 
benthic prey efficiently (Lieber et al., 2018).
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4.1. Tidal refugia and cost minimization of movement

The GoK’s reef asymmetries and tidal flat heterogeneity create an extensive 
network of coves and tidal creeks that hydrodynamically interconnect 
seagrass habitats in back-reef areas and mudflats. All habitats, intertidal reef-
top meadows (RTM), mid-intertidal tidal creek meadows (TCM), and subtidal 
areas differ periodically in foraging accessibility due to daily and monthly 
variations in the mixed semi-diurnal tides. These tidal cycles modulate 
dugong access across approximately 80% of foraging areas in the study area 
as shown in Fig. 4. RTMs are most constrained, becoming inaccessible 
during daily low tides and neap high tides, while TCMs and subtidal refugia 
remain accessible during neap high tides and low tides, respectively. 
Foraging in these spatio-temporally dynamic habitats imposes behavioral 
adjustments associated with maintaining tidal vigilance (Cox 2016; Lieber et 
al. 2018; Mendes et al. 2002).

Consequently, foraging dugongs maximize efficiency by spatially restricting 
foraging efforts and associated movements to the edges of seagrass habitat 
adjacent to tidal refugia. Although structurally distinct, both refugia types, 
coves and tidal creeks served a common function of adjacent refugium while 
foraging. Subtidal coves provided direct tidal refuge at RTMs, while tidal 
creeks at TCMs formed corridors connecting shallow-water foraging areas to 
tidally unaffected subtidal zones, minimizing stranding risk during foraging. 
Analogous edge-associated foraging in dugongs has been documented as a 
predator-vigilance strategy in response to presence of tiger shark (Wirsing et 
al., 2007a, b). Predator-vigilant dugongs traded forage quality for safety by 
preferentially using lower-quality edge microhabitats that allow rapid escape, 
while modifying feeding tactics by cropping fibrous seagrass ( Amphibolis 
antarctica  and Posidonia australis ) rather than excavating rhizomes, to 
reduce sediment plume generation and predator detection (Wirsing et al., 
2007 b). Our study reports that all foraging strategies are largely attuned to 
tidal vigilance. At all habitats, dugongs strategically use tidal refugia and 
edge-associated foraging to minimize stranding risk during rapid tidal shifts 
while maintaining easy access to entry and exit routes during foraging within 
DFAs.

4.1.1. Coves as tidal refugia

Our study mapped five subtidal meadows (SI Table 2), with Beyt-Dwarka 
island (3.85 km²) and Chepri cove (1.4 km²) comprising expansive, 
homogenous foraging habitats, while the remaining subtidal habitats 
ranged from 0.001 to 0.44 km². Few in number, subtidal habitats remained 
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tidally accessible throughout all lunar phases. They represented less 
productive foraging grounds due to high spatial heterogeneity and the 
lowest seagrass biomass dominated by monospecific Halophila decipiens  
(Fig. 2-C). Traditional fisher observations and field records documented 
dugongs utilizing sheltered coves of RTMs adjacent to Chepri and Paga 
reefs during ebb-to-slack tidal phases when foraging accessibility declined 
to 28.4% of the total foraging areas. Among these sightings, dugongs were 
also observed in barren coves at Tam, Watan, Nakya TCMs and Chank and 
Paga RTMs (refugia sightings, Fig. 1) during slack-to-flood tidal phases. 
Minimum distances from barren coves to nearest foraging areas at RTMs 
ranged from 508.0 to 731.2 m (Fig. 8). This spatial proximity allowed 
dugongs to access shallow-water foraging areas at RTMs efficiently by 
moving in with rising tides from the nearest refugial coves. Similarly, 
LaCommare et al. (2008) documented Antillean manatees ( Trichechus 
manatus manatus ), and Zoodsma et al. (1991) documented West Indian 
manatees ( Trichechus manatus latirostris ) in south-eastern Georgia, using 
barren subtidal coves as resting sites adjacent to seagrass foraging areas, a 
habitat configuration that provides essential depth gradients and facilitates 
energy conservation.

Our findings suggest that exploitation of subtidal refugia in the GoK's 
macro-tidal environment serves multiple functions: (1) provision of 
sheltered resting sites, (2) optimization of foraging effort associated with 
tidal vigilance by providing strategically positioned access points for tidally 
synchronized entry to and exit from foraging areas, and (3) provision of 
access to a tidally unaffected but low-biomass foraging area.

4.1.2. Tidal creeks as Tidal Refugia

Our findings underscore the hierarchical role of the tidal corridor network in 
enabling foraging dugongs to access the interiors of shallow mid-intertidal 
mudflats that would otherwise be unavailable because of their greater 
distance from subtidal entry points. Cleguer et al. (2020) have previously 
documented similar use of tidal channels in dugongs inhabiting shallow 
lagoonal meadows in New Caledonia. Most importantly, the tidal creek 
network plays a crucial role in inundating shallow TCMs, thus maintaining 
access to the TCMs during neap high tide days (8-10 days per average lunar 
month), when the productive RTMs remain inaccessible (Fig. 4-B) 
(Novakowski et al. (2004)). Functionally, creek systems in the study area 
exhibited depth-dependent habitat roles: at the lowest order, tidal creek 
refugia serve as geographical extensions of barren coves, which serve 
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exclusively as movement corridors aiding in inter- (within TCMs) and intra- 
(RTM-TCM) habitat connectivity as shown in Fig. 5. At higher order, 
vegetated shallow tidal creeks performed a dual role: serving as both inter-
habitat movement corridors and foraging areas. Shallow-water TCMs thus 
facilitate an efficient pathway within and between mid-intertidal foraging 
areas while substantially reducing inter-habitat distance and time costs.

4.2. Optimization of feeding trail lengths: benefit maximization

Fortin et al. (2004) investigated the costs of predator vigilance in plains bison 
(Bison bison ) and elk ( Cervus elaphus ), reporting that despite the costs 
imposed by vigilance, both species consistently optimized per-bout bite sizes 
to maximize net intake under predation risk. Drawing a structural analogy, 
our results indicate that, although habitat selectivity is not dependent on 
seagrass biomass, GoK dugongs maximized foraging benefits under the 
constraints of tidal vigilance by modulating feeding trail length (functionally 
analogous to terrestrial bite size) in response to ease of seagrass excavation 
(biomass and substratum softness), refugia proximity, and crude protein 
content in seagrass, thereby increasing net nutritional return per unit 
foraging effort. Habitat-specific optimization of feeding trail length, in a 
tidally influenced system was therefore associated with a trade-off between 
excavation costs and intake benefits.

4.2.1. Forage excavation costs in time-restricted foraging strategies

Edge-associated foraging and temporal constraints of tidal accessibility at 
high tide necessitate habitat-specific time-minimization efforts. Our findings 
demonstrate that as a time-minimizing strategy, dugongs prioritize ease of 
seagrass excavation (reducing handling time or avoiding difficult-to-excavate 
forage) while maintaining minimal displacement from refugia (Bergman et al. 
2001). Given the restrictive tidal window, optimal excavation plays a 
significant role in time minimization.

We characterized seagrass in deep-water TCMs as easily excavated due to 
low coarse sand-to-silt ratios. Our study reveals that in deep-water TCMs, 
dugongs optimize foraging efforts low-biomass Halophila meadows by 
creating longer feeding trails (Fig. 8-A) while maintaining close proximity to 
tidal creek margins. Conversely, utilization of the same effort-minimization 
strategy in shallow-water TCMs yields greater net foraging returns due to 
minimal foraging displacement from tidal creeks (Fig. 6-B, C, Fig. 7), 
facilitated by the presence of high-biomass Halodule -Halophila  meadows 
occupying both the creek bed and flanking mudflats. At RTMs, which are the 
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shallowest habitats, high-biomass Halodule uninervis  meadows characterized 
by the highest coarse sand proportions (Fig. 8-B) are more difficult to 
excavate, resulting in relatively higher foraging costs. Consequently, 
dugongs at RTMs optimize foraging efforts by making shorter feeding trails, 
thereby potentially achieving intake returns comparable to those obtained 
from easily excavated, low-biomass TCM habitats that require longer trail 
lengths.

We identified monospecific Halophila beccarii  meadows as a foraging cold 
spot, covering an estimated 36.01 km² in the GoK (SI Fig. 2). Over the study 
period, feeding trails on these meadows were rare (<4 observations). 
Although selective foraging of Halophila beccarii  has been documented 
(Nakanishi et al., 2006), dugongs in our study area appeared to avoid these 
habitats. Our sediment texture study revealed an absence of trails on clay-
rich substrates (Fig. 8, B) of mud mounds at TCM habitats, leading us to 
speculate that this avoidance could be due to the mechanical challenges of 
excavating morphometrically small H. beccarii . Cohesive clayey sediment 
imposes high handling costs (time and effort) relative to intake, a trade-off 
that efficient foragers typically avoid under time constraints (Bergman et al. 
2001). Notably, stomach content analysis from stranded dugongs revealed 
minimal ingestion of H. beccarii , suggesting reduced preference rather than 
total avoidance (Pathan et al. 2022).

4.2.2. Forage intake benefits and site fidelity

Fiber metrics are critical for mega-herbivore nutrition; ADF (lignin and 
cellulose) is inversely correlated with digestibility and energy gain, while 
NDF (hemicellulose, cellulose, and lignin) limits seagrass intake capacity; 
high fiber values effectively render nutritious seagrass unavailable to animals 
(Hansen et al. 2017). Our results indicate that frequent regrazing events 
confer a nutritional advantage (Aragones et al. 2006) by maintaining the fiber 
content of Halodule uninervis -dominated RTMs at levels comparable to 
Halophila -dominated TCM meadows, such that seagrass fiber in both habitats 
has comparable digestibility. However, high-biomass RTMs provide a distinct 
protein advantage, with crude protein reaching 10.32% compared to <7.47% 
in TCMs. Regrazing at RTMs therefore provides elevated protein intake 
without compromising digestibility, enhancing their value as foraging 
habitats. This elevated crude protein and biomass advantage may explain why 
dugongs at RTMs forage farther away from the subtidal refugial coves (Fig. 
7). This foraging strategy at RTM enables consistent intake of high-protein, 
low-fiber seagrass through cultivation-grazing of younger plant growth 
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(Preen 1995). Similarly, despite a shorter tidal window for foraging at RTM’s, 
the merits of intake return in terms of biomass-associated nutrient 
advantages has also been reported from nutritionally homogenous tidal flats 
at Talibong island (Amamoto et al. (2009).

Lastly, seagrass meadows at the GoK experience high seasonal fluctuations 
in seagrass shoot abundance, and tidal constraints on foraging habitats and 
duration are likely to limit dugongs' ability to safely exploit a habitat’s spatial 
potential while also gaining less forage gain per site (Fig. 6). A broad-scale 
site fidelity to the DFAs (SI Fig. 3) may compensate for this constraint by 
promoting increased inter-patch movements during low-productivity post-
monsoon and winter periods, without incurring additional search costs.

Collectively, our study demonstrates that tidally vigilant GoK dugongs 
optimize foraging behavior through two complementary strategies. First, 
foraging costs are minimized via edge-associated foraging adjacent to tidal 
refugia-subtidal coves at RTMs and hierarchically organized creek networks 
at TCMs, thereby reducing stranding risk and facilitating tidally synchronized 
habitat access. Second, foraging distance from tidal refugia is modulated 
according to habitat-specific biomass and water depth. At each habitat, 
foraging benefits are further maximized by adjusting feeding trail lengths in 
response to the ease of seagrass excavation. Notably, habitat selection was 
not driven by local peaks in seagrass abundance; dugongs continued to 
exploit tidally accessible meadows even under seasonally reduced winter 
abundance, indicating the importance of cultivation grazing via broad-scale 
site fidelity. Together, these strategies are expected to optimize net 
nutritional return per unit of foraging effort across seasons, while 
maintaining tidal vigilance.

4.3. Conservation challenges and management recommendations

Our habitat and bathymetric maps highlight the vulnerability of the GoK 
dugongs to entanglement, a risk previously reported by Pathan et al. (2022), 
and historically prevalent in the region according to Hatkar et al. (2023). We 
further report that illegal beach seines set along the reef edges exploit 
flooding tides for passive fishing and, when set adjacent to tidal refugia, 
constrict entry routes of tidally synchronized dugongs, posing a severe 
entanglement risk (SI Fig. 4). Compromised tidal refugia would therefore 
represent a significant threat to the critically endangered and small dugong 
population, making active patrolling of these areas a conservation priority. 
Further, dugong habitats in the GoK, although benefiting from legal 
protection under the Marine National Park, Jamnagar, are surrounded by 
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dense maritime traffic associated with major ports (SI Fig. 5). Since boats 
and dugongs use the same tidal channels within the core area, we propose 
designating all identified tidal channels, creeks, coves (Fig. 5) as 'Go Slow' 
zones with a strict vessel speed limit of approximately ��5 knots. This measure 
will mitigate the risk of fatal boat strikes and give boat operators and dugongs 
an adequate reaction time, and substantially reduce potential acoustic 
disturbance in critical foraging corridors (Calleson and Frohlich, 2007). Our 
seasonal site fidelity data suggest that feeding trail counts are generally 
higher during the winter months, when seagrass biomass is low, indicating 
increased foraging effort per site. This pattern could reflect larger dugong 
numbers, longer foraging duration, or both. Inter-site movements are also 
expected to increase during winter to compensate for the season’s low forage 
biomass and nutritional returns per site. Accordingly, mitigation measures 
against entanglement and vessel strikes should be intensified and 
implemented on DFAs especially during winters. Owing to DFT width 
variations caused by sediment softness and trail age, the present habitat 
selectivity analysis was based on DFT presence alone and did not account for 
the number of individuals per habitat. Only adult and calf trails could be 
reliably distinguished, given the characteristically narrow width of calf DFTs. 
The lack of absolute individual counts and comprehensive age-class data in 
this model limits the estimation of population-level changes in habitat use and 
actual seasonal grazing pressure on spatially restricted, tidally constrained 
meadows. To address this limitation and account for the presence of non-
foraging individuals, we also recommend integrating the DFT-based 
approach with concurrent drone surveys, which would substantially improve 
the resolution and scope of the model while also mitigating the risks 
associated with on-foot surveys on tidal flats.

Given the escalating threats to dugong populations worldwide, �(�����	�R���������(�	������ 
and replicable survey protocols that enable �����
�)�R�	������ monitoring of dugongs 
and their habitats are urgently needed. Our study addresses this gap by 
providing a comprehensive understanding of dugong foraging strategies and 
developing a multi-scale spatio-temporally explicit and �(�����	�R���������(�����
�	 habitat 
selectivity framework applicable to surveying dugongs across tidal regimes 
within their global range.
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