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A B S T R A C T

As global demand for seafood increases, reef fisheries expand with increasing mobility and market integration. 
Yet, many remain small-scale and informally regulated, where place-based knowledge shapes how fishing is 
distributed across space and between diverse resource users. These social geographies impact reef fish assem
blages, with consequences for ecosystem function. However, this is challenging to document in data-poor fish
eries. We used a mixed-methods approach with i. interview surveys to characterise perceptions of catch 
availability, spatial patterns and intensity of reef fishing and ii. in-water surveys to quantify the impact of fishing 
on fish communities, in the Lakshadweep archipelago (Indian Ocean). We found that although the fishery is 
nominally open access, subsistence fishing was limited to a distinct ‘home resource catchment’; confined to reefs 
proximate to inhabited islands. The recently emerged commercial reef fishery maintains profitability by focusing 
on distant, uninhabited atolls that have not experienced historical pressure and are perceived as richer fishing 
grounds. This represents a ‘spatial fix’, where problems of overaccumulation are solved by expanding or 
restructuring geographical space. Historically fished, proximate reefs are associated with significantly lower 
biomass (up to 69.8 %) and abundance (up to 97.14 %) of target predator species than reefs of distant, unin
habited atolls. The densely populated capital atoll shows the strongest fishing impacts with significant differ
ences in size structure and community composition as well. Our approach reveals nuances in how subsistence 
and commercial fishers navigate shared resources and highlights a critical need for careful understanding of the 
social geographies of reef use.

1. Introduction

Understanding how fishing is distributed across the seascape is 
essential to assessing its ecological impacts on coral reef fish assem
blages. Spatial patterns of extraction reflect more than convenience or 
resource availability; they often emerge from a complex interplay of 
social relations, historical contingencies, cultural norms, and local 
ecological knowledge (Aswani, 1998; Berkes et al., 2000). While over six 
million fishers participate in coral reef fisheries globally—most in small- 
scale or artisanal operations (L. S. L. Teh et al., 2013)—these fisheries 
increasingly intersect with global markets, intensifying extraction and 
raising concerns about declining reef fish populations and the breaching 
of ecological thresholds (Cinner and McClanahan, 2006). Recent esti
mates show that more than 50 % of fished reefs have fish biomass below 

levels deemed sustainable (Zamborain-Mason et al., 2023), with catch 
having reduced dramatically despite increasing efforts (Eddy et al., 
2021). Ensuring the sustainability of reef fisheries remains a central 
challenge for resource management of tropical reefs. Where state-led or 
customary institutions exist, they play a critical role in regulating access 
and limiting overharvest through mechanisms of monitoring, sanc
tioning, and norm-setting (Johannes, 1978, 2002; Ulate et al., 2018). 
These instruments typically result in an explicit spatial partitioning of 
resource extraction, as different areas are designated for use, protection, 
or exclusion based on social or ecological criteria (Cinner and Aswani, 
2007; Cinner, 2007). Yet even in the absence of codified institutional 
arrangements, fishers may follow tacit norms and regularised behav
iours that influence how marine spaces are used. These unwritten codes 
result in socially meaningful geographies of extraction—embedded 
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spatial practices shaped by societal relations, perceptions of familiarity, 
safety, and historical usage (Beitl, 2014; Islam and Berkes, 2016). For 
example, fishers often concentrate effort on fishing grounds near their 
home island or coast, where ecological knowledge is greatest and travel 
costs are lowest (Stuart-Smith et al., 2008; L. C. L. Teh et al., 2012). 
Thus, even in nominally open-access systems, fishers must navigate a 
reefscape that is both socially and ecologically constructed, resulting in 
a heterogeneous distribution of effort. Accurately characterising the 
intensity, scale and diversity of this effort, and evaluating its impact on 
ecological systems requires engaging with the social, historical and 
ecological factors that together influence the fishery.

The social geography of fishing can leave distinct ecological signa
tures on fish biomass, abundance and community composition. Yet, 
detecting these impacts is far from straightforward. Unfortunately, very 
few tropical reef fisheries are equipped with the resources and in
stitutions required to maintain historical records of resource use and 
catch harvested (Johannes, 1998; Purcell and Pomeroy, 2015). 
Furthermore, declines in reef fish are not apparent in even the best- 
monitored fisheries due the phenomenon of hyperstability wherein 
catch per unit effort (CPUE) remains high despite declines in wild 
populations. This occurs both due to the aggregating behaviours of fish 
as well as the adaptive skill of fishers, who are able to track and extract 
stable volumes of fish irrespective of changes in resource availability 
(Sadovy and Domeier, 2005). As a result, unless monitored by methods 
other than catch records, change in actively fished populations may not 
be detected until it is too late and the population is nearing collapse 
(Hamilton et al., 2016; Ward et al., 2013). In data-poor fisheries, it is 
possible to rely on fishers' perceptions and memories to reconstruct 
patterns of fishing. Key community informants can help accurately map 
how resource extraction is distributed in space, and how current pat
terns of resource use link to perceptions of fish availability and decline 
(Karnad et al., 2024). Local knowledge can also throw light on subtle 
trends in fishing practices, including community norms and conventions 
that standard fisheries surveys would normally overlook (de la Barra, 
Iribarne and Narvarte, 2019; Karnad et al., 2020; Stuart-Smith et al., 
2008).

Eventually, these spatial-temporal trends will be reflected in reef fish 
community structure, shaped by how targeted and intense the fishing is, 
as well as by the relative ability of species to cope with fishing pressure. 
Predators such as sharks, rays, groupers, snappers, emperors and jacks as 
well as large-bodied herbivores including parrotfish and surgeonfish are 
all highly prized fishery targets. Their large body size, slow-growing, 
late-maturing and long-lived life history characteristics make their 
populations especially vulnerable to fishing impacts (Sadovy, 2005). 
Targeted extraction of species, and within species, of large individuals, 
can radically alter community composition and size-structure of the fish 
assemblage (Graham et al., 2005; Trenkel and Rochet, 2003). Reef fish 
communities are essential to mediating several critical ecosystem pro
cesses such as predation, herbivory, bioerosion and nutrient cycling 
(Brandl et al., 2019). While evidence of the existence of trophic cascades 
in coral reefs is equivocal (Casey et al., 2017; Frisch et al., 2016), 
alteration of reef fish communities can have lasting impacts on 
ecosystem function. In the Western Indian Ocean, a reduction in 
numbers of the predatory red-lined triggerfish (Balistapus undulatus) led 
to an exponential increase in urchin abundances on Kenyan reefs which 
led to a decline in ecosystem condition with an erosion of reef substra
tum (McClanahan, 1995). Similarly, outbreaks of Crown-of-thorns 
starfish (Acanthaster planci) in the Great Barrier reef, responsible for 
high coral mortality, have been linked to depletion of its predators due 
to overfishing (Babcock et al., 2016).

The degradation of community structure in historically overfished 
reef systems is also reflected in the shifting baselines of fisher percep
tion, as seen for instance in Mauritius, where younger fishers lack the 
ecological knowledge and memories of fish abundance reported by older 
generations (Bunce et al., 2008); as well as in extraction patterns, as 
fishers in parts of East Africa and South-East Asia resort to dynamite 

fishing and drag-netting to maintain a fishery in an increasingly 
resource-scarce environment (Chou et al., 2002). While more distant 
oceanic systems in the Indian Ocean like Maldives, Chagos and Lak
shadweep archipelagos, do not yet face these high-intensity pressures 
(Sattar et al., 2012), there is evidence to suggest that fishing-related 
declines have occurred even on some of the most remote reefs such as 
in the Chagos archipelago (Graham et al., 2013).

Here, we examine how fishing patterns emerge from the interplay 
between social arrangements, ecology and history to impact fish com
munity composition across inhabited and uninhabited reefs in the Lak
shadweep Archipelago, Indian Ocean. Since the 1960s, the commercial 
fishery in Lakshadweep has been dominated by pole-and-line fishing of 
pelagic tuna and reef fishing has historically been for subsistence rather 
than trade (Jaini et al., 2018). However, the last decade has seen the 
growth of commercial reef fishing, with the influx of mainland ‘collector 
boats’ that enable export of fresh reef fish (U.T Administration of Lak
shadweep, 2025). In the absence of annual fish landing data or other 
fisheries records, we draw on fisher perception and ecological data to: i. 
characterise spatial and temporal patterns of fishing and ii. quantify the 
impact of fishing on fish community biomass, abundance, size-structure 
and composition.

2. Methods

2.1. Study site

The study was conducted in two phases; with the first between 
February and May 2022 and the second between January and April 
2024, across 5 atolls in the Lakshadweep archipelago (8◦N-12◦N, and 
71◦E74◦E) (Arthur et al., 2006). There are 10 inhabited islands, with 
64,429 residents, making it one of the most densely populated island 
groups in the region (Census of India, 2011) with a decennial growth 
rate of 6.3 % (Administration of the Union Territory of Lakshadweep, 
2023). The northern group of islands (formerly Amindivi and Laccadive 
groups) operates as a single socio-cultural unit, with a shared history 
and ethnolinguistic similarities with the southern Indian state of Kerala 
(Khan, 2024; Mustak et al., 2019). The southernmost island of Minicoy; 
however, is socio-culturally and historically distinct, having once been 
part of the sultanate of Maldives and joining the Indian state in 1956 
(Ahmad, 2020). We focused our study across 3 inhabited atolls of 
Kavaratti, Agatti, and Kadmat, and 2 uninhabited atolls of Perumal Par 
and Suheli (Fig.1), all located in the northern group of islands. The 
inhabited atolls form a gradient of human population density, with 
Kadmat having the smallest population and Kavaratti, the capital island, 
having the largest and fastest growing population (Census of India, 
2011; U.T Administration of Lakshadweep, 2025).

Uninhabited atolls in the archipelago are characterised by large, 
deep lagoons and often, a collection of multiple small islands. They are 
used by local communities for various purposes; mainly fish and coconut 
processing, and agriculture, but are too constrained in area and too 
water-scarce to support permanent settlements. Lakshadweep's oldest 
protected area is Pitti Bird Sanctuary, established in 1995 and covering 
an area of 0.01 km2. In 2020, 3 more protected areas spread over 645 
km2, across the uninhabited atoll of Cheriyapani and the submerged reef 
between the islands of Amini and Pitti, were created. However, these are 
designated primarily for the protection of marine birds and sea cu
cumbers (Rizvi et al., 2024), and do not prohibit fishing. Officially, 
Lakshadweep fishers have exclusive access to the territorial waters of 
Lakshadweep (within 12 nautical miles), and no fishery restrictions exist 
for reefs and pelagic areas (Department of Fisheries UTL, 2014). While 
the southernmost atoll of Minicoy has systems of customary tenure to 
manage bait fish resources (Abraham et al., 2025), the northern group of 
atolls have no documented form of traditional fishery management.
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2.2. Characterising patterns of reef fishing

2.2.1. Questionnaire surveys and key informant interviews:
In the first phase of the study a mix of short questionnaire surveys (n 

= 11) on Kavaratti and semi-structured key informant surveys (n = 22) 
across the 3 inhabited atolls (Kadmat, Agatti and Kavaratti) were con
ducted with members of the local fishing community to characterise 
patterns of reef fishing. Short, questionnaire surveys were conducted in 
February 2022 by convenience sampling of fishers along the beach and 
at important junctions on the islands where fish is usually sold. The 
questionnaire consisted of questions on (1) species commonly fished (2) 
bait used (3) location of fishing grounds (4) date and duration of most 
recent trip (5) frequency of trips in a month (6) size and type of boat 
used (7) market price. Information from these surveys helped form the 
basis for key informant interviews. Details on locations of fishing 
grounds used and additional information on preferences for fishing 
grounds and perceptions of catch that arose opportunistically during 
quantitative surveys were also utilised for the analysis and interpreta
tion of responses from key informant surveys.

Key informant interviews were carried out between mid-March to 
mid-May 2022. A mix of sampling strategies were used for the key 
informant surveys. A snowball sampling strategy was used to identify 
individuals within the fishing community with experience and knowl
edge of historical and current fishing practices across the archipelago. 
Alongside this, certain key informants were encountered opportunisti
cally, either at locations where fish were being sold or along the islands' 

lagoon roads, which are commonly used by fishers for rest and recrea
tion. Participants were interviewed at their convenience after gaining 
consent. When participants did not consent to being audio-recorded, 
interviews were recorded through notes. All interviews were conduct
ed by the lead author in Malayalam, one of the region's official lan
guages. Notes made during and after key informant surveys, as well as 
annotations made by respondents on maps, were used in later analyses. 
Some interviews (n = 4) involved more than one participant, as fishers 
nearby sometimes joined the interview midway. Differing responses, if 
expressed, were recorded accordingly, although the interview was 
treated as a single entity for the purpose of analysis.

Key informant interviews were semi-structured and explored prac
tices, norms or behaviours associated with the fishery, preferred fishing 
grounds, market opportunities, personal experiences and perceptions of 
fish catch. Some quantitative data on fish commonly targeted, gear used, 
crew and boat size and frequency and duration of fishing trips was also 
collected from each informant to better characterise effort. We also used 
blank maps of Lakshadweep to mark preferred fishing locations, and to 
focus our discussions on how fishing effort was distributed between 
fishing types (commercial and artisanal) and across atolls. Catchment 
areas associated with each inhabited island were delineated using this 
information (see Fig. 1).

All key informants were male, as women in the Lakshadweep do not 
participate in the harvest and sale of catch, nor in the maintenance of 
commercial fishery operations. Instead, they fish for subsistence in the 
lagoon areas close to shore (Hoon, 2003). We interviewed a mix of 

Fig. 1. Map depicting sampled atolls in the Lakshadweep archipelago. Boundaries of de facto ‘home resource catchments’ are depicted in patch of grey surrounding 
the inhabited atolls of Kadmat, Agatti and Kavaratti (panels on the right, arranged from top to bottom in order of increasing fishing pressure). Sites sampled at each 
atoll are marked in blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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commercial and subsistence fishers spanning an age range of 20 to 60 
years, in order to capture a variety of practices and perspectives, both 
historical and current. All interview surveys were conducted in accor
dance with the ethical standards of the Institutional Human Ethics 
Committee, National Centre for Biological Sciences, India.

2.2.2. Analysis of key informant interviews
A total of 16 of the 22 key informant surveys were voice-recorded, 

translated and transcribed verbatim. Along with notes and impres
sions, data was analysed through inductive coding to draw out broad 
themes and categories that emerged from participants' responses 
(Fereday and Muir-Cochrane, 2006). Each theme was further analysed 
and condensed into key ideas, perceptions and narratives that informed 
the interpretation of themes that form the focus of this study. A 
descriptive, rather than quantitative or theoretical approach was taken 
to understand and present interview results.

2.2.3. Characterising fishing pressure:
Due to a lack of spatially-explicit secondary data on fisheries oper

ations, a combination of results from interview surveys, official records 
on registered fishing boats (Department of Fisheries UTL, 2014), and 
human population data (Census of India, 2011) were used to charac
terise fishing pressure at reefs on each island.

2.2.4. Characterising coral reef ecological communities
Reef fish communities are structured by benthic habitat condition, 

structural complexity and depth, amongst other environmental vari
ables (Chong-Seng et al., 2012; Graham and Nash, 2013) which may 
confound our ability to detect fishing impacts. In-water surveys were 
used to characterise the reef fish community (through underwater visual 
census), benthic habitat (through photoquadrats) and structural 
complexity (through canopy height measures) to more accurately 
characterise the impacts of reef fishing.

2.3. Underwater visual census

2.3.1. Reef fish community:
A total of 20 locations across 5 atolls were sampled at deep (14-16 m) 

and shallow (7-9 m) depth classes using SCUBA (n = 40 sites). We 
sampled between 3 and 4 belt transects of 5 × 50 m at each depth class 
(n = 132) to characterise the reef fish community. All diurnally active, 
non-cryptic reef fish 10 cm and larger were recorded on the transect. 
Individual fish were identified to the level of the species and total 
lengths estimated to the nearest centimetre. A total of 3 experienced 
observers collected fish data over the course of the study.

2.3.2. Benthic habitat:
Additional observers collected 6, 1 × 1 m benthic photoquadrats at 

10 m intervals along the same transect. The photoquadrats collected 
were used to quantify cover of 5 benthic habitat categories (planar area 
cover of live coral, algae, sand, rubble and reef framework). The soft
ware ImageJ (Schneider et al., 2012) was used to lay 10 × 10 cm grids 
over the quadrat. Following this, the number of grid cells covered by 
each benthic habitat category was estimated.

Along each belt transect, canopy height (the maximum height of the 
total standing structure) was measured at 2 m intervals. Average canopy 
height was chosen to be used as a measure of reef structural complexity 
as it correlates well with other indices (Bayley et al., 2019). All in-water 
surveys were conducted in the second phase of the study between the 
months of January and April 2024.

2.4. Data analysis

2.4.1. Size-spectra slopes:
Individual fish at each sampled location were categorised to 5 cm 

bins of size classes ranging from 11 to 65 cm. Size-spectra slopes for each 

location were calculated by regressing log10(x + 1) of number of in
dividuals in each size class against the log10 mid-point of each size class 
(Graham et al., 2005). The slope of this line is an important metric of 
fishing impacts (Trenkel and Rochet, 2003). ‘Island’ served as a proxy 
for fishing pressure that encompasses differences seen across islands in 
terms of historical and current fishing pressure (refer Table 1). We used 
ANOVA to examine differences in size-spectra slopes and Tukey's HSD 
Test was conducted on ANOVA outputs to identify significant pairwise 
differences in slope.

Modelling impact of fishing on biomass and abundance:
In order to disentangle the effects of habitat variables on fish biomass 

and count from that of fishing pressure, mixed-effects regression models 
were used. Species recorded on each transect were grouped into three 
functional groups based on their trophic level as listed on FishBase 
(Froese and Pauly, 2000) (i) tertiary consumers (such as Epinephelus 
fuscoguttatus, Carangoides ferdau), with a trophic level of 4 or higher, (ii) 
secondary consumers, which consisted of macro and microinvertivores 
(such as Cheilinus fasciatus, Chaetodon trifasciatus; trophic level between 
3 and 4) and (iii) primary consumers composed of herbivores and 
detritivores (Acanthurids and Scarids; trophic level between 2 and 3). 
Mid-water planktivores such as Caesionids were not modelled as their 
presence is governed by currents and upwellings not accounted for in 
this study (Hamner et al., 1988).

Model structure included (i) island (ii) canopy height (iii) depth class 
(iv) coral cover and (v) algal cover as fixed effects and ‘Site’ (location 
sampled) as random effect. The categorical variable of ‘Island’ served as 
proxy for fishing pressure as explained in the section above (refer 
Table 1) and also encompassed other oceanographic factors associated 
with island. Preliminary analysis showed that Suheli was associated 
with the highest biomass and abundance of target fish (tertiary con
sumers) and was thus modelled as the intercept for the categorical 
variable of ‘Island’, relative to which estimates of other islands were 
calculated. Reef structural complexity is known to significantly impact 
fish biomass and abundance (Syms and Jones, 2000) and was included 
as a fixed effect through the proxy variable of log10 transformed ‘Can
opy height’. Fish assemblages change with depth, with larger bodied 
species preferring to occupy deeper sites, and a categorical ‘depth class’ 
fixed effect was included. Percent ‘coral cover’ and ‘algal cover’ for the 
site as characterised through benthic image analysis were also included 
as habitat variables that potentially predict fish biomass (Chong-Seng 
et al., 2012). Both variables were scaled and centred around zero for 
modelling.

Biomass of fish recorded on transects was calculated using species- 
specific allometric length-weight relationships as listed on FishBase 
(Froese and Pauly, 2000). No correction was applied to sizes as esti
mated by observers. Biomass data pooled into trophic groups was log10 
(x + 1) transformed to fit the assumptions of normality and 3 linear 
mixed effects models (one for each trophic group) were fitted with the 
model structure detailed above.

Fish count was similarly pooled into the three trophic groups 
described above. A generalised linear mixed model (GLMM) with a 
negative binomial error structure was used to model count data for each 
trophic group with the structure described above. All models were fitted 
based on the distribution of data as revealed during preliminary ana
lyses. The Shapiro-Wilk test for normality was conducted on datasets 
where normality could not be visually assessed. Exploratory analyses 
revealed no correlation between explanatory variables. Model fit was 
visually assessed using diagnostic plots. GLMMs were assessed for 
overdispersion, model convergence and collinearity of predictors using 
the package ‘performance’ and by calculating the ratio of residual 
deviance to residual degrees of freedom. The models were then used to 
estimate marginal means associated with the variable ‘Island’ by pre
dicting mean biomass and abundance associated with each island for 
each consumer group by maintaining all other parameters (i.e., canopy 
height, coral cover, algal cover and depth) at their mean values, thus 
helping visualise the sole effect of ‘Island’, used as proxy for cumulative 
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fishing pressure, on biomass and count.

2.4.2. Community composition through ordination:
A community matrix using species abundances for each site was 

constructed. Due to heterogeneity of variances causing overdispersion in 
the dataset, as result of aggregating behaviour of certain species such as 
Lutjanus gibbus, count data was log(x + 1) transformed and Bray-Curtis 
distance indices were calculated for pair-wise comparison between 
sites (Legendre and Gallagher, 2001). To explore if community 
composition differed significantly between islands, a PERMANOVA was 
performed on the distance matrix. The matrix was then visualised with a 
Principal Coordinates Analysis and the plot was overlaid with Weighted 
Averages of Species scores to visualise correlations between site scores 
and species relative abundances.

R Statistical Software (v4.3.3; R Core Team 2024) was used for all 
statistical analyses. Packages ‘tidyverse’ (Wickham et al., 2019) and 
‘vegan’ (Oksanen et al., 2025) were used for data cleaning, plotting and 
for ordinations. Packages ‘lme4’ (Bates et al., 2015) and ‘MASS’ 
(Venables and Ripley, 2002) were used for running LMEs and negative 
binomial GLMMs, respectively. Package ‘performance’ (Lüdecke et al., 
2021) was used to assess model fit and model utility functions from 
‘MuMIn’ (Bartoń, n.d) were used to extract values from fitted model 
objects.

3. Results

3.1. Patterns of reef fishing:

Fishers irrespective of their home island, tended to view the entire 
northern Lakshadweep (excluding Minicoy) as a single large resource 
catchment over which they retained exclusive extractive rights. This 
exclusivity is monitored by the government Fisheries Department that 
prohibits fishers from other Indian states from fishing in the nearshore 
waters of Lakshadweep's atolls. However, interview responses revealed 
nuances as fishers from different islands made clear choices in their 
fishing grounds within the archipelago. Which atoll they preferred to 
fish depended on: (i) scale of extraction undertaken, (ii) perception of 
catch, (iii) proximity to home island.

3.2. Uninhabited (distant) versus inhabited (home) atolls:

All respondents reported using the lagoons and reefs of their home 
atolls for subsistence and recreational fishing. However, for commercial 
extraction, fishers across the islands overwhelmingly preferred the wa
ters around uninhabited atolls (Fig. 1). Catch on uninhabited distant 
atolls was perceived to be greater than inhabited ones. It was stated, 
repeatedly, that “for (commercial) reef fishing, nobody goes to inhabited 
islands” (KV05).

The higher abundance and sizes of fish in uninhabited atolls was 
attributed by informants to the fact that uninhabited atolls often had 
large and deep lagoons. In addition, the inherent inaccessibility of 
distant atolls was also cited as a key reason for better catch. According to 
fishers, their remoteness protected them from (i) disturbance due to boat 

traffic and (ii) fishing, anthropogenic stressors that on inhabited reefs 
were seen to have depleted fish populations.

In contrast, subsistence fishing on each atoll was restricted to nearby 
reefs. However, the area over which it took place, a de facto resource 
catchment (hereby referred to as ‘home resource catchment’), differed 
for fishers of different islands. Kavaratti fishers were restricted to the 
reefs of their own atoll (Fig. 1). The residents of Agatti on the other 
hand, had access to a much larger home resource catchment, actively 
fishing off both Agatti and nearby Bangaram (Fig. 1). Bangaram is 
located approximately 14 km from Agatti and can be accessed by smaller 
motorised boats as well. Respondents from other atolls also viewed 
Bangaram as an extension of Agatti's fishing grounds. The reefs of 
Kadmat, while used by locals, were described as being narrow with a 
steep drop off, making it unideal for fishing. Their preferred fishing 
grounds were reefs of the ‘baaranai’, an easily accessible shallow sub
merged ridge sprawled over an area spanning 49 km in length and upto 
18 km at its widest (Fig. 1).

3.3. Perceptions of resource availability across islands:

Resource availability on uninhabited atolls was unanimously re
ported to be higher than that of inhabited atolls. In contrast the re
sponses relating to resource availability and use on home reefs were 
more nuanced. The heterogeneity of responses mirrored the gradient of 
urbanisation and population density that the sampled inhabited islands 
represent.

3.4. Kavaratti:

Fishers across the sampled atolls spoke of insufficient availability of 
catch for commercial purposes on the reefs of Kavaratti, the capital, and 
most densely populated, island. As Informant KV01 reported: “[Com
mercial reef fishing in Kavaratti] is a waste of time. You get only a little 
bit of fish - we go to other places” (KV01).

Kavaratti's fishers described visiting distant atolls such as Suheli and 
Bitra right from the onset of the commercial fishery, dated by re
spondents to have started around 2013–14. Even subsistence fishing, in 
recent years, was described as requiring more time and effort (See 
Supplementary 1.4, Quote. 1). Many fishers cited Kavaratti's small 
lagoon and by extension, smaller available reef area, as the reason 
behind low resource availability. Some participants, however, attributed 
this to fishing impacts and stated clearly that the depletion was a more 
recent phenomenon and that they remembered catch in Kavaratti being 
plentiful 2–3 decades ago and fishers did not need to venture out to other 
atolls (Supplementary 1.4, Quote 2).

Another participant spoke of Kavaratti being unlike other islands in 
the magnitude of pressure its reefs received. As he described it, being a 
densely populated capital island with a large expatriate population in 
addition to the local community, meant that its reefs did not get any 
respite from fishing, even during the rough monsoon season when more 
large-scale extraction for commercial purposes was halted (Supple
mentary 1.4, Quote. 3). Regardless of the underlying reason attributed 
to it, participants across atolls agreed that Kavaratti's reefs were no 

Table 1 
Fishing pressure as experienced by each island with supporting information from secondary sources.

Variable Island

Suheli Perumal par Kadmat Agatti Kavaratti

Human population1 0 0 5389 7560 11,221
No. of registered boats2 0 0 126 281 349
de facto resource catchment None (open to all) None (open to all) Kadmat + baaranai Agatti + Bangaram Kavaratti
Area of de facto resource catchment (km2) – – 86 59 4
Human population/km2 of resource catchment 0 0 62.54 129.11 3214.17
Subsistence Fishing pressure (Historical3) Very low Very low Low-intermediate Low-intermediate High
Commercial fishing pressure (Recent4) High High Low Intermediate Very low
Cumulative fishing pressure Very low Very low Low Intermediate High
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longer suitable for large-scale harvest.

3.5. Agatti:

A similar narrative emerged in Agatti, where several informants 
stated that fishing-related decline in Agatti reefs drove them to seek out 
remote atolls for commercial harvest. As with fishers from Kavaratti, 
some Agatti informants linked their preference for uninhabited atolls to 
the larger lagoons and greater reef area of submerged banks like Peru
mal Par.

However, responses were not as homogenous as on Kavaratti. Of the 
8 key informants interviewed, three reported fishing exclusively within 
their home resource catchment and being able to remain profitable. 
Here again, the volume of extraction played a role. These participants 
operated on smaller boats with 3–4 crew members and could not travel 
to distant atolls. Participants that operated larger boats with crews of 
10–12 men needed to harvest larger volumes to make a profit; these 
informants reported experiencing catch depletion within Agatti's 
resource catchment, and preferred to travel to distant atolls.

3.6. Kadmat:

Fishers from Kadmat also reported visiting uninhabited atolls for 
commercial reef fishing. However, they still used part of their home 
resource catchment, the ‘baaranai’, for commercial fishing as it was rich 
in ‘large, deep water reef fish’ such as groupers and snappers (Supple
mentary 1.4, Quote. 4). Narratives of decline at the home reef were not 
strong amongst Kadmat key informants. While three participants did 
report having experienced a decline in catch, only one attributed it to 
anthropogenic impact, while the others cited seasonality as the cause. 
Most informants in Kadmat did not have the same perception of the 
depletion of home reefs expressed in Kavaratti and (to a lesser extent) 
Agatti.

3.7. Resource partitioning across home and distant atolls:

The spatial patterns of commercial fishing indicated subtle separa
tions in resource access by the different islanders. While most islanders 
agreed that Kavaratti was not currently suitable for commercial reef 
fishing, fishers across all islands reported occasionally visiting Agatti 
and Bangaram to fish commercially, although they were not preferred as 
highly as uninhabited atolls. Commercial fishers from other atolls did 
not visit Kadmat waters to fish, although some participants from Agatti 
did report fishing at the ‘baaranai near Kadmat’. Amongst the available 
uninhabited atolls, fishers chose atolls based on proximity to the home 
island, with Kavaratti fishers showing an overwhelming preference for 
Suheli, while Agatti fishers largely preferred Perumal Par, perceived as 
being relatively close and taking approximately ‘two and a half hours’ to 
reach. Kadmat fishers' responses were mixed, with Cheriyapani, 
Valiyapani and Bitra, being mentioned most frequently as distant water 
reefs they preferred to visit for commercial fishing. While the island of 
Bitra has a small population (~60 households), the atoll has a large 
lagoon known to host high numbers of groupers and key informants 
confirmed that it was visited frequently by fishers from other islands.

Although primarily driven by resource availability, fishers' move
ments were also informed by the perception that while uninhabited 
atolls were ‘open’ to commercial fishers of all islands, reefs of inhabited 
atolls were to be avoided not just because of lower resource availability, 
but also because they ‘belonged’ to the local community that used it for 
subsistence fishing. As one informant from Agatti put it:

‘That's their place (referring to people of other inhabited islands), 
which they use to fish and sell locally. There is no need for us to fish 
there. What you get here, you get there as well. But if we want a lot of 
fish, we don't go there. We don't visit inhabited islands when we want to 
catch a lot of fish. (AG03)’.

This spatial separation, however, was governed by regularised 

patterns of behaviour rather than formal norms or restrictions. When 
asked questions about fishers' decision-making specifically with regard 
to the location of fishing grounds, key informants insisted that there was 
no exclusivity or restrictions in accessing specific atolls.

3.8. Interplay with tuna fisheries:

Commercial fishers have, since the 1960s to present day, fished 
primarily for tuna. All responses on fishing effort, preference for fishing 
grounds and profitability were thus framed in comparison to tuna fish
ing. While most fishers agreed that reef fishing was indeed ‘profitable’ as 
it had a lower cost of operation, some stated that it only ‘seemed’ 
profitable as it was carried out at times when tuna fishing was no longer 
profitable; i.e., when either catch for skipjack tuna or market demand for 
tuna was low.

As a fisher from Kavaratti stated: “We fish reef fish when we are 
unable to catch anything else, that's why it feels like it is profitable” 
(KV05).

Several fishers across the three islands spoke of the decline in prof
itability of tuna fishing as a result of reduced market value and rise in 
operation costs (Supplementary 1.4, Quote. 5). Despite the apparent net 
benefit associated with it, expansion of commercial reef fishing was 
reported to be limited by storage facilities and more importantly by reef 
fish themselves. As our informants explained, pelagic tuna, unlike most 
reef fish, occur in large schools numbering in the thousands. A single 
skipjack tuna weighs about 2–3 kg on average. Thus, once encountered, 
the effort required to harvest large volumes of tuna is much less than the 
effort required to harvest the same amount of reef fish. Additionally, 
skipjack tuna are a fast-growing species that range over thousands of 
kilometres. Targeted reef fish, such as groupers, occur in relatively low 
densities and are caught using hooks-and-lines (see Supplementary 
Table 1.3). Accordingly, they were viewed as being a resource unsuit
able to large-scale harvest (Supplementary 1.4, Quote. 6). As a result, 
none of the commercial fishers interviewed for the study fished exclu
sively for reef fish. A common response was that they fished for ‘what
ever was available’ and whatever was ‘in demand’ at the market.

3.9. Gradient of fishing pressure:

Collating results from key informant interviews (including details of 
de facto home resource catchments and fishing practices) together with 
population sizes and registered fishing boats, we identified fishing 
pressure experienced by reefs on each island based on historical and 
present-day, subsistence and commercial fishing across all five sampled 
atolls (see Fig. 2, Table 1). The distant uninhabited atolls of Suheli and 
Perumal Par had the lowest amount of subsistence fishing, but operated 
as ‘open access’ locations that were periodically used for commercial 
fishing. In contrast, the home reefs, Kadmat, Agatti and Kavaratti rep
resented a strong gradient of increasing fishing pressure, largely as a 
function of the size of their de facto resource catchment and the number 
of fishers at each atoll. Fishing at these inhabited atolls was largely to 
meet subsistence needs, except for Agatti where some fishers used it for 
commercial catch as well (Table 1). (See Fig. 3.)

4. Coral reef ecological communities

4.1. Size-spectra slope across islands:

The slopes of fish size spectra decreased broadly across the fishing 
pressure gradient (See Table 1) (except for the reefs of Agatti) and 
differed significantly between islands (F-values = 6.56, p-value <0.05); 
however, Tukey's test revealed that not all slopes were significantly 
different: (i) the mean slope of Kavaratti differed significantly from that 
of Agatti and Suheli and (ii) Agatti differed significantly from Kavaratti, 
Kadmat and Suheli.

Fish biomass and abundance of different trophic groups across islands:
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Reefs of inhabited islands were associated with significantly lower 
biomass of tertiary consumers. Kavaratti was associated with the lowest 
biomass (log scale estimate = − 0.7; ± 0.17 SE), followed by Kadmat 
(− 0.55; ±0.16 SE) and Agatti (− 0.53; ±0.19 SE) (Table 3.1.3 Supple
mentary). The abundances of tertiary consumers were also significantly 
lower for inhabited atolls than for uninhabited atolls (Fig. 4). Here, 
Agatti was associated with the lowest abundances (− 0.97; ±0.35 SE) 
compared to Suheli (intercept; log scale estimate = 3.11, ±0.87 SE), 
followed by Kavaratti (− 0.89; ±0.31 SE) and Kadmat (− 0.71; ±0.31 
SE). Perumal Par did not differ significantly from Suheli in terms of both 
tertiary consumer biomass and abundance (Fig. 4; Table 3.4.3 Supple
mentary). (See Fig. 5.)

The effect of ‘island’ on the biomass and abundance of secondary 

consumers was not statistically significant (Fig. 4, Table 3.2 Supple
mentary). Similarly, the effect of ‘island’ on the biomass of primary 
consumers was non-significant (Fig. 4, Table 3.3 Supplementary). 
However, abundance data showed a different pattern. Perumal Par was 
associated with significantly higher primary consumer abundances than 
the intercept (log scale estimate = +0.53; ± 0.24 SE; p-value = 0.03) 
and the same was seen for Kavaratti (+0.54; ± 0.22 SE; p-value = 0.01). 
‘Site’ or sampled location, modelled as a random effect, showed very low 
variance across groups, for biomass as well as abundance regression 
models.

As expected across the three trophic groups, biomass showed a 
strong positive, significant correlation with structural complexity. Pri
mary consumer biomass showed the strongest association (log scale 
estimate = 1.44, ±0.35 SE; p-value <0.01) followed by tertiary con
sumer biomass (0.96; ±0.21 SE; p-value <0.01) and secondary con
sumer biomass (0.59, ±0.13 SE; p-value <0.01). Structural complexity 
was also strongly associated with primary consumer abundances (log 
scale estimate = 1.44; ± 0.35 SE; p-value <0.05) and, to a lesser extent, 
with tertiary consumer abundances (0.8; ±0.45 SE, p-value = 0.08). 
Tertiary consumer biomass was also found to be significantly correlated 
with depth, with shallower sites being associated with lower biomass 
(log scale estimate = − 0.32; ±0.09 SE; p-value <0.01). Effect of depth 
on biomass of other consumer groups was not statistically significant 
(Table 3.2, 3.3 Supplementary). Abundances of all three groups showed 
a significant association with depth; deeper sites were associated with 
higher tertiary consumer abundances (log scale estimate = 0.63; ±0.19 
SE; p-value <0.01). The effect was reversed for the other two groups; 
shallow sites were associated with an increase in secondary consumer 
(0.21; ±0.12 SE) and primary consumer (0.34; ±0.14 SE) abundances 
(Table 3.5, 3.6 Supplementary).

Coral and algal cover showed a non-significant and weak correlation 
with biomass across most consumer groups. However, tertiary 

Fig. 2. Conceptual map of study system and research approach.

Fig. 3. Mean size-spectra slopes for islands (±95 % CI). Islands arranged in 
order of increasing cumulative fishing pressure (See Table 1).
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consumers showed a significant, positive correlation with live coral 
cover, with a slope of 0.24 (±0.09 SE), while primary consumers 

decreased by 0.13 (±0.07 SE) with 1 SD increase in coral cover. Algal 
cover was associated with a significant positive correlation only with 

Fig. 4. Plots depicting the estimated marginal means associated with ‘Island’ on biomass (first row) and count (second) of the three consumer groups. The first row of 
plots depicts mean biomass (g m− 2) across atolls, for each consumer group, as predicted by the linear mixed effects model fit to the dataset. The second row of plots 
similarly depicts mean count (per 250 m2) as predicted by the generalised linear mixed effects models fit to the dataset. Error bars depict 95 % CIs. Islands are 
arranged on the x axis in increasing order of cumulative fishing pressure (SUH = Suheli, PER = Perumal Par, KDT = Kadmat, AGT = Agatti, KVT = Kavaratti).

Fig. 5. Result of Principal Coordinate Analysis depicting 20 deep (represented by circles) and 20 shallow (triangles) sites spread across the ordination space. Points 
are coloured by island, with the gradient of colour (grey to red) representing the gradient of cumulative fishing pressure across islands (Suheli < Perumal Par <
Kadmat < Agatti < Kavaratti). Reef fish icons depict weighted average score for the represented species (refer Supplementary table 4.2.2 for values). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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tertiary consumer abundances (0.21; ±0.09 SE) (Table 3.4 
Supplementary).

4.2. Community composition across islands:

PERMANOVA results showed significant differences in community 
composition between atolls (F-value = 1.872; p-value <0.01). The 
principal coordinates analysis shows deep and shallow sites separating 
along the first principal coordinate axis, with deeper sites being strongly 
correlated with the first axis and less fished sites being largely correlated 
with the second principal coordinate axis and separating along the 
vertical axis. Species weighted average scores indicate a largely positive 
correlation of predator species (tertiary consumers, trophic level ≥ 4) 
with the second principal coordinate axis (Supplementary Fig. 2). Long- 
lived predators most vulnerable to fishing impacts such as white-tip reef 
sharks (Triaenodon obesus), giant reef rays (Taeniura melanospilos) and 
large groupers and snappers such as the brown-marbled grouper (Epi
nephelus fuscoguttatus) and red snapper (Lutjanus bohar) show strong 
positive correlation with the second axis (refer Supplementary table 
4.2.2 for species-specific values). A single shallow site from the heavily- 
fished atoll of Kavaratti is correlated with the second axis and with a 
species of moray eel (Gymnothorax favigineus), a predator that is not 
considered palatable and experiences minimal fishing pressure (Refer 
Supplementary Fig. 2 and table 4.2.2).

5. Discussion

Even without formal zoning mechanisms or territorial use rights, 
fishers may still engage in practices that spatially structure the fishery, 
and influence the way ecological impacts are distributed across the 
reefscape. These tacit arrangements are negotiated as much by social 
and historical factors as by resource availability and profitability. In the 
Lakshadweep Archipelago, our work shows that fishers partition reef 
areas between ‘home’ (proximate) and ‘distant’ fishing grounds, corre
sponding to subsistence and commercial fishing patterns, respectively. 
Our in-water ecological surveys reinforce perceptions reported by our 
key informants in Lakshadweep that inhabited atolls have already 
experienced a significant depletion in reef predator populations, and 
amongst them, reefs of the densely-populated, capital island of Kavaratti 
show the strongest signature of fishing pressure with significant differ
ences in size-structure, as well as community composition of the fish 
assemblage. While metrics of fishing pressure, such as human gravity 
(Cinner et al., 2018) or measures of human density per unit area of reef 
(Hawkins and Roberts, 2004), may accurately predict fishing impacts, 
they tell us little about what drives fishers' choice of fishing grounds 
along this gradient of intensity.

5.1. Patterns of reef fishing and the ‘spatial fix’

Unlike islander communities in other parts of the Indo-Pacific 
(Aswani and Hamilton, 2004; Cinner, 2007; Johannes, 2002) 
including the archipelago's southernmost island of Minicoy (Abraham 
et al., 2025), our key informant interviews show there are no customary 
institutions that regulate fishing, either to formally partition resources 
for different kinds of resource users, or for the purposes of long-term 
sustainability of the fishery. The de facto resource catchments of 
fishers in Lakshadweep emerge out of regularised patterns of behaviour 
(sensu Leach et al., 1999) rather than through restrictions imposed by 
state-led or traditional institutions of management. Key informants 
consistently reported that the reefs of the archipelago were accessible to 
all Lakshadweep fishers. In practice however, fishing for subsistence was 
limited to the home resource catchment. In contrast, while it has been 
only a decade since a commercial reef fishery began in Lakshadweep, 
fishers found home reefs unprofitable right from the start, and have had 
to travel to more distant reefs. This practice varies between fishers from 
different islands – and is most pronounced for fishers from Kavaratti, 

which has the smallest ‘home resource catchment’. This indicates that 
long before commercial fishery began, low-grade subsistence fishing had 
already depleted many Lakshadweep reefs. Fishers' use of the landscape 
is thus adaptive and seeks to maximise catch from the most ‘optimal’ 
fishing grounds (Aswani, 1998). Interestingly though, the frequency 
with which commercial fishers engaged with reef fishing was as much 
about pelagic tuna as it was about reef fish. Commercial fishers in 
Lakshadweep appear to keep their options open while navigating an 
uncertain market – between the profitability of processed pelagic tuna (a 
product called maas) and the presence of collector boats for reef fish. 
Fishers' decisions thus hint at the interplay of economic, sociocultural, 
historical and individual constraints that studies across disciplines have 
found operate in fisheries (Béné and Tewfik, 2001; Salas and Gaertner, 
2004). These factors together influence the spatiality of fishing impact, 
even without formal rules of access.

In many ways, the adaptive behaviours of Lakshadweep fishers track 
what David Harvey refers to as a ‘spatial fix’. While the original theory 
critically examines how capitalist economies attempt to resolve crises by 
the ‘production of space’ and ‘fixing’ of overaccumulated capital into 
new infrastructure and geographies (Harvey, 1981; Schoenberger, 
2004), a ‘socio-ecological fix’ can be understood as a reconfiguration of 
human-ecological relationships and landscapes. The goal of the ‘fix’ is 
always to maintain production or renew ‘conditions of profitability’ 
without addressing the inherent unsustainability of extractive capitalist 
economies (Ekers and Prudham, 2015). In Lakshadweep, the dynamic 
use of the pelagic seascape for fishing wide-ranging and seasonal skip
jack tuna contrasts with the current use of the region's reefs for com
mercial fisheries production, revealing how the introduction of export 
markets has made fishers look beyond home reefs to the ‘fix’ of distant, 
uninhabited atolls for profitable resource extraction.

5.2. Impacts on reef fish communities

The ecological context within which the spatial fix operates is clear. 
Results of in-water surveys show significant depletion in biomass and 
abundance of groups most heavily targeted by fishing; i.e., predators of 
trophic level 4 or higher, comprising commercially valued species such 
as squaretail groupers (Plectropomus areolatus), bluefin trevallies (Car
anx melampygus), paddletail snappers (Lutjanus gibbus) and red snappers 
(Lutjanus bohar), on historically fished, inhabited atolls (Kadmat, Agatti 
and Kavaratti). This is in keeping with declines that have been docu
mented on fished reefs across the tropics (Goetze, Langlois, Egli and 
Harvey, 2011; Hawkins and Roberts, 2004; Lokrantz et al., 2009). While 
biomass values for secondary consumers (largely invertivores) and pri
mary consumers (herbivores and detritivores) do not show significant 
differences across the fishing gradient, primary consumer abundances 
appear to be highest in the reefs of Perumal Par, a relatively less-fished 
uninhabited atoll, and Kavaratti, the atoll most heavily fished histori
cally. This contrasting trend in biomass and abundance, taken with the 
steepening of Kavaratti's size-spectra slope, suggests that the assemblage 
is depleted of large-bodied predators and has a large number of smaller- 
bodied herbivores instead. While Perumal Par also has a large number of 
herbivores, it still has a significant large-bodied predator community, 
adding up to a total biomass that is higher than that of fished, inhabited 
atolls. Heavily fished inhabited atolls also show significant differences in 
community composition as visualised by the PCoA, having very low 
numbers of highly vulnerable species that are the first to decline due to 
fishing, such as white-tip reef sharks (Triaenodon obesus) and rays, with 
some functionally important species such as bumphead parrotfish 
(Bulbometopon muricatum) seemingly absent from inhabited atolls. Given 
that Agatti also shows a significant depletion in tertiary consumer 
biomass and count, its size-spectra slope results from lower frequencies 
of individuals at both ends of the spectrum; i.e., lower numbers of 
smaller as well as larger-bodied fish.

Reef fish communities are structured by benthic habitat as well 
(Almany, 2004). Lakshadweep's reefs had experienced three ENSO mass 
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bleaching events since 1998 until the time of data collection for this 
study that have profoundly restructured its benthic communities (Yadav 
et al., 2018). This could have attendant consequences for reef fish. In 
order to disentangle the confounding effects of a benthic habitat affected 
by repeated disturbance events from that of fishing, fish communities 
were modelled using environmental covariates. Structural complexity 
was the strongest predictor of fish biomass across trophic groups (except 
for secondary consumers, or invertivores), in keeping with studies on its 
role in maintaining fish populations, such as in the survival of 
benthically-associated, ‘ambush’ predators belonging to the 
commercially-valued family Serranidae (Syms and Jones, 2000; Kar
karey et al., 2014; Darling et al., 2017). Structural complexity has been 
found to operate somewhat independently of live hard coral cover on 
disturbed or recovering reefs, as mass coral mortality does not imme
diately lead to a complete loss of topographic complexity. Structure is 
instead maintained by the persistence of coral skeletons as well as un
derlying geomorphological features (Pratchett et al., 2014; Wilson et al., 
2010). Our dataset is consistent with this, as structural complexity was 
weakly correlated with coral cover. Our results show a clear separation 
of the effect of structure from that of fishing on fish communities and 
thus address gaps highlighted in similar studies (Ashworth and Ormond, 
2005). Our modelling results; however, point to potentially interesting 
patterns in primary consumer biomass and abundance. The effect of reef 
fisheries on large-bodied herbivores across the tropics is well- 
documented as is the associated loss of herbivory and its consequent 
effects on coral recruitment and growth, such as on Caribbean reefs 
(Edwards et al., 2014; Hughes, 1994). In Lakshadweep; however, her
bivores are fished much less frequently and patterns in herbivore com
munity and size-structure cannot be readily ascribed to fishing impacts 
without a deeper investigation into the effect of algal resource avail
ability (Russ, 2003; Tootell and Steele, 2016).

Our findings thus highlight the unique vulnerability of reef fish to the 
cumulative impacts of subsistence exploitation and corroborate evi
dence of fishing effects from other regions (Campbell and Pardede, 
2006; Hawkins and Roberts, 2004; Mangi and Roberts, 2006; Lokrantz 
et al., 2009). Despite the decline of higher trophic groups on fished, 
inhabited atolls, Lakshadweep may still compare well to other locations 
in the Indian Ocean with long histories of intensive, commercial harvest. 
For instance, at the highest extreme of historical fishing pressure, 
Kavaratti's reefs possess a mean biomass of 156.88 g m− 2 (±6.95 SE; 
refer Table. 2), which is higher than the mean biomass of 80.4–93.1 g 
m− 2 (95 % CI) reported for ‘old and large’ marine protected areas off the 
coast of East Africa and Madagascar (McClanahan et al., 2021). These 
benchmarks need to be evaluated with caution however. More than 60 
% of Kavaratti's total fish biomass is contributed to by primary con
sumers, with tertiary consumers contributing less than 20 %. Taken 
together with the alteration in assemblage size-structure, this represents 
a fundamental change in the functional potential of the community 
(indirectly inferring ecological processes by looking at functional groups 
or traits, rather than rates of processes; sensu Hadj-Hammou et al., 
2021), with implications for prey populations and behaviour, nutrient 
cycling and potentially cascading effects on benthic communities (Bruno 
and O'Connor, 2005; Madin et al., 2010; Schmitz et al., 2010). Given the 
increasing threat of climate-change induced disturbance events affecting 
reefs globally (Virgen-Urcelay and Donner, 2023), reef resilience and 
recovery is contingent on effective fisheries management that maintains 
fish populations and the ecological processes they mediate (Hughes, 

1994).

5.3. Social geographies shape coral reef ecosystems

Reef fishing, alongside reef and inter-tidal gleaning, is fundamental 
to food security and fulfils a large part of islanders' nutritional re
quirements, especially in times of economic hardship and limited live
lihood opportunities (Garcia and Rosenberg, 2010; Hoon, 2003). Studies 
in the region that have examined subsistence fishing report pressure on 
reef resources long before mainland ‘collector boats’ became a regular 
part of the region's fisheries (Tamelander and Hoon, 2008). We find that 
a nuanced characterisation of the spatial distribution of fishing effort 
provides important insights into an open access fishery that may not be 
otherwise apparent. Without formal harvesting rules, the spatial distri
bution of effort might be expected to reflect solely how individual fishers 
balance resource harvest gains against operational costs. Yet, in prac
tice, spatial patterns of use and impact often emerge — structured not by 
formal rules, but by history, social ties, and ecological memory. Our 
findings also challenge simplified narratives about the relative impacts 
of ‘traditional’ or subsistence fishing and commercial harvest, as we find 
that the duration of exploitation, whether subsistence or market-driven 
may be as important as its intensity in shaping ecological outcomes. 
While our study reports broad trends that indicate as yet ‘intact’ pred
ator assemblages on commercially-fished distant atolls, other studies in 
the region have found nuanced behavioural and potential reproductive 
impacts amongst vulnerable species manifesting in those same reefs 
(Karkarey et al., 2024). Commercial fisheries can evolve rapidly, with an 
influx of private players offering significant economic incentives, which, 
in the absence of proactive management, can severely deplete pop
ulations, degrade ecosystem functioning and jeopardise local livelihoods 
(Cinner et al., 2007; Johannes, 1978; Muallil et al., 2014; Ludwig et al., 
1993). The lens of the ‘spatial fix’ demands an urgent need to rethink 
capitalist modes of production that transfer the problem of depleted 
fisheries resources from old fishing grounds to new ones. Instead, 
strengthening local institutions to more carefully manage patterns of use 
within the bounds of the socioecological system in which they operate, is 
essential to sustain both local livelihoods as well as the ecological 
resilience of already embattled coral reefs.
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Summary statistics of total reef fish biomass across islands (n = 132).

Variable Uninhabited islands Inhabited islands
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Median biomass (g/m2) 341.88 325.56 133.68 129.94 127.34
Mean biomass (g/m2 ± SE) 492.49 ± 23.94 321.05 ± 19.08 173.61 ± 8.54 132.55 ± 8.62 156.88 ± 6.95
95 % CI (g/m2) 445.57–539.42 283.65–358.45 156.87–190.36 115.65–149.46 143.26–170.50
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