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Abstract Benthic recovery from climate-related distur-

bances does not always warrant a commensurate functional

recovery for reef-associated fish communities. Here, we

examine the distribution of benthic groupers (family Serra-

nidae) in coral reef communities from the Lakshadweep

archipelago (Arabian Sea) in response to structural com-

plexity and long-term habitat stability. These coral reefs that

have been subject to two major El Niño Southern Oscilla-

tion-related coral bleaching events in the last decades (1998

and 2010). First, we employ a long-term (12-yr) benthic-

monitoring dataset to track habitat structural stability at

twelve reef sites in the archipelago. Structural stability of

reefs was strongly driven by exposure to monsoon storms

and depth, which made deeper and more sheltered reefs on

the eastern aspect more stable than the more exposed (wes-

tern) and shallower reefs. We surveyed groupers (species

richness, abundance, biomass) in 60 sites across the entire

archipelago, representing both exposures and depths. Sites

were selected along a gradient of structural complexity from

very low to high. Grouper biomass appeared to vary with

habitat stability with significant differences between depth

and exposure; sheltered deep reefs had a higher grouper

biomass than either sheltered shallow or exposed (deep and

shallow) reefs. Species richness and abundance showed

similar (though not significant) trends. More interestingly,

average grouper biomass increased exponentially with

structural complexity, but only at the sheltered deep (high

stability) sites, despite the availability of recovered structure

at exposed deep and shallow sites (lower-stability sites). This

trend was especially pronounced for long-lived groupers

(life span [10 yrs). These results suggest that long-lived

groupers may prefer temporally stable reefs, independent of

the local availability of habitat structure. In reefs subject to

repeated disturbances, the presence of structurally stable

reefs may be critical as refuges for functionally important,

long-lived species like groupers.

Keywords Coral reefs � Structural change � Habitat

stability � Natural refugia � Groupers

Introduction

Among the most significant long-term impacts of climate

change on tropical reefs is the loss of architectural com-

plexity (Wilson et al. 2006) due to recurrent ocean

warming events like the El Niño Southern Oscillation

(ENSO), which are now increasingly frequent (Hoegh-

Guldberg et al. 2007). While earlier predictions saw reefs

destined for collapse under this repeated disturbance

(Pandolfi et al. 2003), a more complex picture of mixed

decline and recovery is now emerging (Arthur 2000; Arthur

et al. 2005; McClanahan et al. 2007; Sheppard et al. 2008;
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Graham et al. 2011). The ability for rapid benthic recovery

suggests that coral reefs may have a greater ability to cope

with climate-related disturbances than previously assumed

(Halford et al. 2004). Whether this reflects a commensurate

functional recovery for reefs and associated fauna is still

not clearly understood (Berumen and Pratchett 2006;

Bellwood et al. 2012).

Reef architecture, or the structural complexity of reefs,

is linked closely with its ecological functioning as it

greatly influences fish population densities (Graham and

Nash 2013). Structural complexity is associated with

increasing fish diversity through the provision of shelter

and diverse physical niches, which mitigate the impacts of

predation, competition and physical disturbance (Caley

and John 1996; Syms and Jones 2000; Almany 2004a, b;

Garpe et al. 2006; Feary et al. 2007). Although the ability

to quickly recover coral structure after disturbance events

may be vital to the recovery of coral-associated fish

assemblages (Sano 2000), even short-lived fish, usually in

lower trophic groups, have shown a limited ability to

recover (Berumen and Pratchett 2006; Bellwood et al.

2012). Additionally, it is still uncertain if longer-lived

(K-selected) species that generally belong to higher tro-

phic groups are resilient to such physical disturbances.

Given that the generational recovery time for long-lived

species may be much longer than disturbance frequencies

(Fulton 2011), the effects of repeated disturbances on

long-lived species might be multiplicative (Paine et al.

1998), seriously compromising their ability to recover

(Bellwood et al. 2012).

As some of the longest-lived top predators, groupers

(Serranidae) are among the most important functional

species on coral reefs (Grandcourt 2005). Top predators

like groupers often play key roles in regulating com-

munities (Goeden 1989; Hixon and Beets 1993) and their

reduction has been clearly linked with declines in eco-

system functioning (Bohnsack 1982; Dulvy et al. 2004a;

Heithaus et al. 2008). Groupers are highly dependent on

structurally complex reef environments (Sluka and Rei-

chenbach 1996; Lindberg et al. 2006). Reefscape and

habitat attributes strongly influence the success of their

predatory strategies either directly by changing the

effectiveness of ambush strategies (Samoilys 1997;

Auster 2005) or indirectly by changing resource densities

of smaller fish, crustaceans and other prey species (Al-

many 2004a). In addition, their slow growth rates, lon-

gevity and relatively low fecundity (Grandcourt 2005),

make them particularly vulnerable to both natural and

anthropogenic exploitation (Russ and Alcala 1998; Sa-

dovy de Mitcheson et al. 2012). Taken together, these

characteristics make groupers particularly susceptible to

declines in reef habitat as a result of climate change and

related disturbances.

Separating the effects of fishing from climate-related

structural change on grouper communities is often difficult

because of high selective fishing pressures on benthic top

predators in most tropical reefs (Myers and Worm 2003;

Sadovy de Mitcheson et al. 2012). The Lakshadweep

archipelago in India offers a unique opportunity in this

context, since the reefs here have had relatively low levels of

reef fishing for at least the last four decades (Arthur et al.

2005; Spalding et al. 2001). Further, the Lakshadweep reefs

suffered two catastrophic bleaching events in the last decade

and a half (1998 and 2010), where a total loss of over 90 %

(Arthur et al. 2006) and 70 % (RA, personal observations)

live-coral cover has been documented, respectively. Smal-

ler-scale bleaching events (*10–20 % coral bleaching, RA,

personal observations), related to increased sea-surface

temperature have been observed in 2005 and 2007.

Local hydrodynamics linked to monsoonal exposure and

depth were shown to strongly influence benthic resistance

and recovery rates within the archipelago, after the 1998

bleaching event (Arthur et al. 2006). Wave exposure and

depth have long been identified as major controllers of

coral zonation and benthic distribution on reefs (Done

1999; Madin and Connolly 2006; Chollett and Mumby

2012). Exposure and depth work together in mitigating

temperature-mediated bleaching responses in corals and in

facilitating reef recovery processes (West and Salm 2003).

These physical factors, in addition to reef structural com-

plexity and benthic composition, are known to synergisti-

cally affect the distribution of reef-associated fish

communities (Gust 2002; Sabetian 2003; Floeter et al.

2007). The long-term interaction between habitat charac-

teristics, physical disturbances that disrupt habitats, and

species life-history characters, ‘filters’ unfavourable spe-

cies from habitats of characteristic disturbance regimes

(Southwood 1977). Thus, understanding the long-term

influence of exposure and depth-mediated hydrodynamics

on benthic structure may be crucial to predicting the effects

of increasing multiple disturbances, not only for corals

(Madin and Connolly 2006) but for reef-associated fish

communities as well.

Our primary objective was to determine the effect of

local structural complexity and the long-term habitat

structural stability on the distribution of grouper com-

munities across the archipelago. We first employ a 12-yr

benthic cover data series from three representative atolls

to classify reefs across the archipelago according to long-

term structural stability based on exposure (either exposed

or sheltered from monsoon storms) and depth (shallow

and deep reefs). We then use this habitat stability clas-

sification (exposure and depth) to test for differences in

grouper communities across a gradient of structural

complexity by surveying 60 reef sites across the entire

archipelago.
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Materials and methods

Study area

The Lakshadweep archipelago in the northern Indian

Ocean comprises 12 coral atolls and submerged banks with

36 small atolls (Fig. 1), occupying a total land area of

around 32 km2 between 8�N–12�N, and 71�E–74�E. The

Lakshadweep region is heavily influenced by strong wave

and current conditions during the southwestern monsoon

season between mid-May and mid-October during which

the currents in the Arabian Sea are known to flow in the

southeasterly direction (Shanker et al. 2001). All atolls are

oriented in a nearly north–south direction creating a dis-

tinct windward or exposed (west) and leeward or sheltered

(east) direction during the monsoon months (Fig. 1). This

difference in exposure to monsoon storms was a key factor

affecting benthic recovery processes on these reefs after the

1998 mass-bleaching mortality (Arthur et al. 2006).

Reef fishing pressure in Lakshadweep

Pole and line fishing for Skipjack tuna (Katsuwonus pela-

mis) has been practiced by local fishermen since the early

1900s (Hornell 1910). Developments in this fishery were

facilitated in 1959 by the Fisheries Department and since

then the tuna fishery has become the mainstay of local

fishermen in Lakshadweep (Jones and Kumaran 1959;

James et al. 1986). The pole and line tuna fishery requires

the use of bait fish which includes a number of small-sized

species including sprats, fusiliers, damselfish and cardinal

fish, captured in the lagoons and adjoining reefs of the

Fig. 1 Map of Lakshadweep with sampled atolls and banks, direction

(southeasterly) of currents during the monsoon season (May–Octo-

ber). The western and eastern aspects of atolls are represented as E

(exposed) and S (sheltered), respectively, in relation to their

orientation to the monsoon currents. Atolls in bold (Agatti, Kadmat

and Kavaratti) represent atolls where permanent plots have been

established and monitored since 1998; other atolls were sampled

during this study in 2011, except those marked in italics
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islands (Pillai et al. 1986). The growth of the tuna fishery

requiring a regular supply of bait was closely shadowed by

the growth in the reef- and lagoon-based bait fishery in

Lakshadweep. This, interestingly, had shifted fishing

pressure away from coral reefs in the past four decades

(Arthur et al. 2005). Pelagic tuna stocks generate consid-

erable trade revenue (Newton et al. 2007) and have become

increasingly important in these regional waters including

the neighboring Maldives. In contrast, the near-shore coral

reef and lagoon-associated fisheries remain largely arti-

sanal and subsistence in nature in the northern Indian

Ocean region (Spalding et al. 2001).

No systematic study on Lakshadweep tuna and other

fisheries has been conducted [but see Tamelander and

Hoon (2008) for a study of artisanal fishing in Agatti atoll].

The Fisheries Department, however, conducts a voluntary

catch-monitoring program of fisheries, but no direct mon-

itoring of landings is undertaken. Total reef fishery yield

for 2011 (from 9 atolls) was estimated at 849.3 Mt. These

data need to be interpreted with caution, but catch records

for 2011 suggest that the pole and line fishery for tuna

constitutes 82 % of total landings followed by an 8 %

contribution by a pelagic fishery and a 6.4 % contribution

by fish associated with reef and lagoon habitats (see

Table 1). We additionally conducted a series of key

informant fisher interviews (n = 12) in two of the surveyed

islands, Kadmat and Bitra, to get an understanding of (1)

patterns of reef access and (2) local preference for reef fish.

Key informants reported that the western reefs were com-

pletely inaccessible during the monsoon months (May–

October) and fishing is focused inside the lagoon and

eastern reefs during this lean period. Fishers also reported a

low local preference for groupers (Serranidae), while

snappers (Lutjanidae), jacks and trevallys (Carrangidae),

needlefish (Belonidae), goatfish (Mullidae) and napoleon

wrasses (Cheilinus undulatus) were the most preferred food

fish locally, making up a greater proportion of fish catches

from the lagoon and reef.

Field methods

Measuring structural complexity (percent standing

coral structure)

Structural complexity was estimated at each site by placing

five 1-m2 photo quadrats located at regular intervals on

50 m transect lines (total transects n = 5–6 and n = 30–35

quadrates per site). Within each quadrat, the percent areal

cover of hard coral was estimated with image processing

software (ImageJ version 1.44o) by overlaying a 10 9 10

grid on the photo quadrat. Hard coral cover was further

classified into coral forms: branching, massive, tabular and

encrusting. We calculated a measure of structural com-

plexity, defined as the percent cover of intact hard coral

structure, both living and dead, recorded within the quadrat

(loose rubble was excluded from this measure). We con-

ducted a standardization to compare our measure of

structural complexity with other commonly used tech-

niques: reef rugosity (chain-link method, see Luckhurst and

Luckhurst 1978) and vertical coral canopy height (Wilson

et al. 2006; Obura and Grimsdith 2009). For the stan-

dardization, we measured structural complexity using all

three methods at sites that varied considerably in their

structural characteristics from nearly bare platforms to very

complex reef sites (n = 9 samples). As our measure of

structural complexity correlated positively and signifi-

cantly with rugosity (Pearson’s product–moment correla-

tion, r (7) = 0.72, t = 2.78, P = 0.027) and vertical coral

canopy height (Pearson’s product–moment correlation,

r (7) = 0.79, t = 3.5, P = 0.009), it was therefore used as

a proxy for structural complexity in this study.

Classifying sites based on their structural stability (rate

of change in structural complexity)

To classify reef sites according to their structural stability

through time, we used data from 12 long-term monitored

reef sites (hereafter called permanent sites) established in

1998 for long-term monitoring of benthic cover. Permanent

sites were established at three representative atolls (Agatti,

Kadmat and Kavaratti) at two depths (shallow 5–10 m and

deep 11–20 m) and two aspects (hereafter known as

exposures; eastern aspect, sheltered from monsoon storms

and western aspect, exposed to monsoon storms; total sites

n = 12).

Sites were sampled by transect surveys using SCUBA.

At each site, we tracked changes in structural complexity

(see above) over a 12-yr period for the sampled years (from

1999 to 2003, 2007 and 2009, n = 7 yrs). Mean values of

Table 1 Total fisheries landings (2011): total fisheries landings

(metric tons, Mt) in year 2011 from 9 atolls, as documented by the

Lakshadweep Fisheries Department

Fishery type Total annual catch (Mt) Percent of total

annual catch

Pelagic 1,020.984 7.7

Reef associated 411.102 3.1

Reef/lagoon 849.347 6.4

Tuna 10,863.382 82.6

Fisheries catch recorded as

Pelagic sailfish, seer-fish, barracuda, flying-fish

Reef associated rainbow runners, reef sharks, carangids, rays

Reef benthic perches, coral fishes, lagoon fishes, goatfish, ‘others’

Tuna Tuna
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structural complexity for each site were regressed against

years during the recovery period between the two coral

mass mortality events (n = 7 sampled years) and we used

the slope of the linear regression (mean slope 2.7 ± 0.62

SE, R2 = 0.48, F(23,46) = 1.48, P \ 0.05) to represent the

rate of structural change or turnover in structural com-

plexity (i.e., the loss and recovery of hard coral structure).

We use this as an index of structural stability through time

for each location.

Archipelago-wide survey of groupers and structural

complexity

To determine the relationship between groupers, structural

complexity and structural stability we undertook a large-

scale survey across the Lakshadweep archipelago between

December 2010 to March 2011 at 10 atolls (Agatti, Amini,

Bangaram, Bitra, Chetlat, Kiltan, Kadmat, Kavaratti, Kal-

peni and Minicoy) and 2 sunken banks (Cheriyapani and

Perumal Par, Fig. 1). The sampling was designed to

include a gradient of present structural complexity and the

two main attributes that determine structural stability, i.e.,

exposure and depth (see earlier). We sampled 4 sites at

each atoll (2 depths and 2 exposures) except for a few large

atolls where we sampled multiple sites for better repre-

sentation. A total of 60 sites were surveyed across the

entire archipelago. At each site, we measured present

structural complexity in 4–5 random transects located on

the reef. Data on structural complexity were collected

with the same techniques as the long-term monitoring,

using 5–6 photo quadrates per transect (total quadrates per

site = 20–25).

At each site, we estimated fish abundance using 5–8

random visual belt transects (50 9 10 m = 500 m-2

transect area). Along each transect, we recorded species

composition and abundance of groupers (family Serrani-

dae). Species were identified following Lieske and Myers

(2002). Individual groupers were visually classified into

four size classes (\10, 11–30, 31–50, 51 cm and above).

Biomass was estimated using published length–weight

relationship data for grouper species from www.fishbase.

org (Froese and Pauly 2012), with the power function

W = aLb, where W = weight of the individual (in gm),

L = total length of the individual, and a and b are species-

specific constants. We used published life-history infor-

mation to broadly classify grouper species as relatively

short lived (\10 yrs) or long lived ([10 yrs). Groupers of

the genus Aethaloperca, Anyperodon, Cephalopholis, Epi-

nephelus, Gracila and Plectropomus were classified as

long-lived groupers (n = 14 species, Grandcourt 2005;

Pears et al. 2006). Smaller coral hinds of the genus

Cephalopholis were classified as relatively ‘short-lived’

groupers (n = 5 species, Cabanban et al. 2008; Liu and

Choat 2008).

Statistical analysis

Patterns in long-term structural stability (structural

stability regimes)

We conducted a two-factorial analysis of variance (two-

way ANOVA) at the site level with exposure (two levels:

sheltered and exposed aspects) and depth (two levels:

shallow and deep reefs) as explanatory variables, and the

rate (slope of the regression over a period of 7 yrs, see

above) of structural change (n = 12 sites), as the depen-

dent variable. The results of the ANOVA and Tukey’s post

hoc comparisons were used to classify sites across the

archipelago based on their structural stability.

Archipelago-wide patterns in benthic structural complexity

and grouper variables (biomass, abundance and species

richness)

We used generalized linear mixed-effects models

(GLMMs) to determine how structural complexity (2011),

as well as grouper variables: biomass, abundance and

species richness, varied between exposure (sheltered,

exposed) and depth (deep, shallow). The GLMM families

used were based on visual analysis of frequency distribu-

tions of the data. We used Poisson, zero-inflated Poisson

and negative binomial GLMMs for these response vari-

ables either because they were count data or could be

effectively treated as count data (no negative values, dis-

cretization naturally possible in the case of continuous

variables). Exposure (sheltered, exposed) and depth (deep,

shallow) were the fixed effects while atolls (n = 10) and

sites (n = 60, nested within atolls) were random effects.

The general GLMM formulation was represented as fol-

lows, for example:

Structural complexity ½ijk� � exposure ½i� þ depth ½i�

þ exposure ½i� � depth ½i� þ random 1
atoll½j�
site½k�

�
�
�
�

� �

or

Grouper variables ijk½ � � exposure i½ � þ depth i½ �

þ exposure i½ � � depth i½ � þ random 1
atoll j½ �
site½k�

�
�
�
�

� �

where exposure 9 depth indicates an interaction between

exposure and depth category for each site, and the variance

term of the random effects (atoll, site) indicate random

intercept models, i.e., different intercepts on the response

variable for each site, atoll (Zuur et al. 2009). Model
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selection was undertaken by calculating the Akaike’s

information criterion (AIC) based on the trade-off between

model deviance and parsimony (Crawley 2007). Data were

checked for normality by visual inspection of plots of the

residuals and fitted values. All data were analyzed with the

packages nlme, lme4 and glmmADMB in the statistical

software R (R Development Core Team 2011; Pinheiro

et al. 2012; Bates et al. 2012; Bolker et al. 2012). Per-

centage composition of coral forms and grouper size class

distributions at the four structural stability regimes (SD

sheltered deep, SS sheltered shallow, ED exposed deep, ES

exposed shallow) are reported using dot charts.

Relationship between structural complexity and grouper

biomass across structural stability regimes

Relationships between long-lived and short-lived grouper

biomass with structural complexity were explored using

generalized linear models (GLMs) at locations of different

structural stabilities, as identified from our long-term data.

Based on the visual analysis of frequency distributions of

the data, we used the negative binomial (NB) family for the

discretized response variable of grouper biomass. Zero-

inflated negative binomial (ZiNB) models were used to

account for zero inflation, when present in the dataset. A

logarithmic link function was used to link mean biomass to

the predictor function as this ensures positive fitted values

(Zuur et al. 2009). For each stability regime, the general

model formulation for the GLM was:

Grouper biomass i½ � � eaþb�structural complexity½i�

where a and b are the intercept and slope, respectively. The

R packages MASS (Venables and Ripley 2002) and pscl

(Zeileis et al. 2008) were used to conduct this GLM

analysis.

Results

Structural stability regimes

Our long-term benthic data show that the rate of change in

benthic structure (structural stability) was strongly influ-

enced by both exposure and depth (Table 2), structural

stability was highest at sheltered, deep reefs (mean slope:

0.37 ± 0.15 SE; Fig. 2). Tukey’s post hoc tests showed a

sixfold difference in structural stability between sheltered,

deep sites (which were highly stable through time) and

exposed, shallow sites (which were structurally dynamic

through time, mean slope: 5.9 ± 0.15; Fig. 2). Even at the

same depth, sheltered deep sites (mean slope 0.37 ± 0.15

SE) were thrice as stable as exposed deep sites (mean

slope 1.9 ± 0.40). Sheltered deep locations showed the

lowest values of structural change through the sampled

years, while exposed shallow locations had the highest

values. Exposed deep (mean slope: 1.9 ± 0.40) and

sheltered shallow locations (mean slope: 2.56 ± 0.44 SE)

showed intermediate structural stability values (Table 2;

Fig. 2). These comparisons give rise to a gradient of

structural stability in the archipelago; high stability

(sheltered deep sites), medium stability (exposed deep and

sheltered shallow sites) and low stability (exposed shal-

low sites).

Table 2 Structural stability regimes: two-factorial analysis of vari-

ance (two-factorial ANOVA) for joint effect of exposure and depth on

the rate of change of structural complexity (structural stability) over a

7 years (1999–2003, 2007, 2009)

Source of variation df Sum of squares Mean square F

Exposure 1 18.377 18.376 59.73*

Depth 1 28.44 28.44 91.81*

Exposure 9 depth 1 2.332 2.33 7.58**

Model 3 48.95 16.31 53.05*

Error 8 2.461 0.307

Total (corrected) 11 51.41

R2 = 0.65 (adjusted R2 = 0.63), significant at alpha = 0.05 level

* P \ 0.01, ** P \ 0.001

Deep Shallow
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e
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±
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E
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Sheltered aspect

Exposed aspect

0
1
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3

4
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6
7

SD ED SS ES

Fig. 2 Structural stability (mean slope of structural change ± SE) at

12 permanent monitoring locations (Agatti, Kadmat and Kavaratti

atolls, established in 1998), tracked during a recovery period between

two major mass-bleaching catastrophes (1999 and 2009, n = 7 yrs).

Sites factored by exposure and depth (n = 12). Tukey’s HSD

indicates three significantly different categories of structural stability

at the two depths, represented by high-stability sites filled circle,

medium-stability sites open circle, low-stability sites filled triangle.

Site code: SD sheltered deep, SS sheltered shallow, ED exposed deep,

ES exposed shallow
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Patterns in structural complexity

Generalized linear mixed-effects models (GLMMs)

showed that structural complexity did not significantly

change with exposure but showed a weak positive effect of

depth (Table 3).

Post-2010 bleaching, the composition of coral forms

showed that massive corals dominate the composition of all

stability regimes ([70 %, Fig. 3). The percentage contri-

bution of structure-forming tabular and branching corals is

low in general throughout the study area, lower than 20 %.

Exposed shallow reefs had the highest percentage of

branching corals (17.04 %) and the lowest percentage of

tabular corals (2.3 %). Sheltered deep reefs had the highest

percentage of structure-forming tabular corals (8 %)

among all the reefs (Fig. 3).

Patterns in grouper biomass, diversity and species

richness

Mean grouper biomass significantly changed with depth

and exposure (Table 4). Within the same depth class, mean

grouper biomass was significantly higher at deep sites on

the sheltered aspect (Fig. 4a), which had, on average, twice

the amount of grouper biomass than deep sites on the

exposed aspect. Similarly, comparing between depth clas-

ses, sheltered deep sites had six times the biomass of

exposed shallow sites (Fig. 4a). Grouper abundance (den-

sity) and species richness did not change significantly with

exposure or depth (Table 4; Fig. 4b, c). Across the archi-

pelago, 50 % of average grouper biomass was concentrated

at merely 10 reef sites (16 % of sites sampled, Fig. 6a), all

of which were sites of high structural stability (sheltered

deep, Fig. 2), and were also characterized by high struc-

tural complexity (more than 80 % structure, Fig. 6a).

The proportion of individuals in large-size classes

(31–50 and 51? cm) was highest in sheltered deep reefs

(46.4 and 15 %, respectively; Fig. 5). Sheltered reefs (deep

and shallow) were dominated by individuals of length

31–50 cm (*60 %) as compared to exposed reefs (deep

and shallow), which were dominated by medium individ-

uals of length 11–30 cm (*50 %). The proportion of very

small individuals (B10 cm) was greater in exposed reefs,

both deep and shallow (Fig. 5).

Relationship between structural complexity

and grouper biomass across stability regimes

Biomass of long-lived grouper species increased

significantly and exponentially (mean biomass

*e5.64?0.04*mean structural complexity) with structural

complexity but only at the high-stability sites, i.e.,

Table 3 Summary of Poisson generalized linear mixed effect model (Poisson GLMM) showing the effect of exposure and depth on structural

complexity (2011)

Selected top model:

structural complexity * exposure ? depth ? random (site)

Fixed effects mean ± (SE) Corresponding z statistic Random effects variance term ± (SD)

Intercept = exposure (sheltered), depth (deep) 4.35 (0.05) 80.54*** Sites 0.04 (0.22)

Exposure (exposed) -0.05 (0.08) -0.7

Depth (shallow) -0.06 (0.02) -3.25**

The table shows the best-selected model indicating parameter means with standard errors for fixed effects, and variance terms with standard

deviation for random effects. Exposure and depth are fixed effects and site represents random effects

** P \ 0.001 and *** P \ 0.0001

Tabular
Massive
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Branching
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Encrusting
Branching

Tabular
Massive
Encrusting
Branching

Tabular
Massive
Encrusting
Branching

SD

SS

ED

ES

0 20 40 60 80 100

Percentage composition

Fig. 3 Percentage composition of coral forms: branching, encrusting,

massive and tabular at four stability categories. Site code: SD

sheltered deep, SS sheltered shallow, ED exposed deep, ES exposed

shallow
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deep sites on the sheltered aspect (Table 5; Fig. 6a).

Further, based on the following estimate:

Pseudo R2 ¼ 1� residual deviance

null deviance
� 100

Zuur etal: 2009ð Þ;

structural complexity predicted about 79 % variation in

long-lived species biomass at these high-stability sites.

In contrast, long-lived grouper biomass did not show

even weakly significant relationships with structure for

similar levels of structural complexity at all other locations

of medium and low stability (Table 5; Fig. 6b–d). Short-

lived species biomass was not significantly influenced by

structural complexity at any depth or exposure (Table 5).

Discussion

Although the ability of some reefs to rapidly recover their

structure after major mortality events is encouraging, our

results indicate that long-term stability of habitats and not

merely the availability of structure after rapid coral

recovery may be far more important for long-lived species

such as groupers. Our 12-yr temporal data shows differ-

ential rates of structural change (due to degradation and

recovery from multiple bleaching events) across Lakshad-

weep. The structurally stable, sheltered deep sites across

the entire archipelago appear to be highly preferred habitats

for long-lived groupers. These ‘high-stability’ sites support

about 50 % of grouper biomass recorded in our study. In

comparison, even sites with high structural complexity,

which have recovered rapidly from bleaching events

(exposed deep sites or both shallow sites), do not support

the same biomass of groupers as the high-stability sites.

Our results suggest that a quick recovery of benthic

structure alone may not influence the distribution of long-

lived benthic fish associates, especially on reefs subject to

recurrent disturbance events.

In many tropical reefs, groupers are highly targeted spe-

cies, and this offtake pressure can often play a major role in

their distribution (Chiappone et al. 2000). The Lakshadweep

reef system is fairly unique in this respect because, despite

having a dense human population, reef fishing here is a lar-

gely artisanal enterprise and contributes little to overall

fishing pressure (Table 1). Grouper biomass in our study

was, on average, 88 kg ha-1 across the archipelago, com-

parable with biomass estimates from relatively unfished

reefs and well-established marine-protected areas, which can

have grouper biomasses of between 20 and 130 kg ha-1

dependent on the location (Chiappone et al. 2000; Unsworth

et al. 2007; McClanahan 2011). In the absence of robust

direct estimates of fishing pressure from the Lakshadweep,

these estimates are perhaps the strongest evidence for low

grouper fishing from these waters. However, even low levels

Table 4 Generalized linear mixed effect models (GLMMs) showing the effect of exposure, and depth on grouper variables (biomass, abundance

and species richness)

Selected top model Fixed effects mean ± (SE) Corresponding

z statistic

Random effects

variance term ± (SD)

Biomassa * exposure

9 depth ? random (atoll)

Intercept = exposure (sheltered), depth

(deep)

7.77 (0.20) 36.98*** Atoll 0.03 (0.17)

Exposure (exposed) -0.76 (0.30) -2.54*

Depth (shallow) -0.84 (0.31) -2.67**

Exposure (exposed): depth (shallow) -0.14 (0.46) -0.3

Abundanceb * exposure

9 depth ? random (atoll|site)

Intercept = exposure (sheltered), depth

(deep)

1.19 (0.16) 7.18*** Atoll 0.08 (0.29)

Exposure (exposed) -0.22 (0.21) -1.04 Atoll: site 0.14 (0.37)

Depth (shallow) -0.25 (0.17) -1.43

Exposure (exposed): depth (shallow) -0.14 (0.26) 0.54

Species richnessc * exposure

? depth ? random (atoll)

Intercept = exposure (sheltered), depth

(deep)

1.12 (0.09) 12.27*** Atoll 0.05 (0.23)

Exposure (exposed) -0.14 (0.08) -1.69

Depth (shallow) -0.49 (0.08) -5.70

Exposure and depth are fixed effects and site (nested within atoll) and/or sites or atolls alone as random effects. Table provides the best-selected

top models indicating parameter means with standard errors for fixed effects, and variance terms with standard deviations for random effects

* P \ 0.01, ** P \ 0.001 and *** P \ 0.0001

GLMM families used: a negative binomial (NB = 0.296, SE = 0.024), b negative binomial (NB = 1.948, SE = 0.317), c Poisson

Coral Reefs

123

Author's personal copy



of fishing can leave a distinct signature on the distribution

and size of reef fish, particularly for long-lived species

(Dulvy et al. 2004b). Our results, however, show that eastern

reefs, despite being open year-round to light to moderate

fishing, consistently show the highest biomass of groupers.

The key informant fishers we interviewed also confirmed

that groupers were a fairly low-preference food fish locally,

and earlier studies indicate that levels of grouper fishing can

be low compared with grouper offtake from the nearby

Maldives (Tamelander and Hoon 2008; Sattar et al. 2011).

a

b

c

Fig. 4 a Grouper biomass density (mean ± SE), b abundance density (mean ± SE) and c species richness (mean ± SE) at exposed and

sheltered locations and two depths (deep and shallow). Site code: SD sheltered deep, SS sheltered shallow, ED exposed deep, ES exposed shallow
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Taken together, this suggests that reef fishing pressures do

not drive the observed patterns and sheltered deep locations

may support higher densities (high-stability habitats) over

exposed deep and shallow locations (Fig. 4), potentially

even offsetting low to moderate reef fishing pressures. More

detailed studies on fishing intensity, access and species

selectivity need to be undertaken to confirm the impact of

fishing on grouper distributions.

Few reefs across the Indo-Pacific (McClanahan et al.

2007; Graham et al. 2011, and our study sites) have shown

remarkable ability for benthic recovery after bleaching

mass mortality events. Benthic recovery in the Lakshad-

weep proceeded rapidly after the 1998 El Niño bleaching

event (Arthur et al. 2006), influenced strongly by the

interaction of depth and protection from monsoonal storms.

Exposed shallow sites incurred the highest amount of coral

degradation and recovery from the 1998 mass-bleaching

event, being dominated by the fast-growing and fragile

Acropora corals (Arthur et al. 2005). As a result, these sites

were structurally unstable, going through cycles of very

high and very low structural complexity during the 12-yr

period we sampled. Sheltered deep sites, on the other hand,

appear to have maintained their structure (in spite of coral

mortality) since the 1998 mass-bleaching disturbance. Our

data support this observation (Fig. 3), and we find that

tabular coral forms, which are most susceptible to wave

exposure (Madin and Connolly 2006), were highest in

sheltered, deep reefs. Similarly, branching coral forms,

which contributed largely to the low stability of exposed

shallow reefs, were highest in these reefs, despite the recent

bleaching disturbance of 2010.

Most atolls in the archipelago are oriented in a north–

south direction with a distinct windward and leeward

aspect in relation to the annual southwesterly monsoon.

The monsoon system has historically played an important

role in shaping the geomorphology of the Laccadives—

Chagos archipelago (Siddiquie 1980). Thus, even with a

simple binary classification of exposure, our temporal data

(12 sites, 3 atolls) is highly representative of archipelago-

wide hydrodynamics and we can therefore extrapolate

trends in structural stability to the entire archipelago. These

results show that structural stability of reefs across the
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ES
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31-50 cm
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<10 cm
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Percentage  composition

Fig. 5 Percentage composition of grouper size classes: \10, 11–30,

31–50 and 51? cm at four stability categories. Site code: SD

sheltered deep, SS sheltered shallow, ED exposed deep, ES exposed

shallow

Table 5 Generalized linear model (GLM) showing the relationship

between grouper biomass (long-lived and short-lived species) and

structural complexity at different stability regimes (1) high-stability

(SD)-sheltered deep sites, (2) medium-stability (ED)-exposed deep

sites (3) medium-stability (SS)-sheltered shallow sites) (4) low-

stability (ES)-exposed shallow sites

Stability regimes GLM family Intercept Structural complexity z value, df = 15

Long-lived species

High (SD) Negative binomial (NB = 2.5, SE = 1.1) 5.56 (0.89) 0.04 (0.01) 4.03*

Medium (ED) Negative binomial (NB = 1.5, SE = 0.5) 8.49 (0.97) - 0.009 (0.01) -0.73

Medium (SS) Negative binomial (NB = 0.55, SE = 0.18) 4.6 (2) 0.03 (0.02) 1.43

Low (ES) Zero-inflated negative binomial (ZINB = 0.98, SE = 0.42) 2.28 (0.94) 0.05 (0.01) 1.89

Short-lived species

High (SD) Negative binomial (NB = 0.30, SE = 0.11) 3.3 (2.3) 0.01 (0.02) 0.57

Medium (ED) Negative binomial (NB = 0.42, SE = 0.1) 5.4 (1.85) 0.006 (0.02) 0.26

Medium (SS) Zero-inflated negative binomial (ZINB = 000.9, SE = 0.47) 0.55 (3.92) 0.06 (0.04) 1.3

Low (ES) Negative binomial (NB = 0.28, SE = 0.107) 4.77 (2.42) 0.009 (0.33) 0.29

Table gives parameter mean ± SE for the explanatory variable (structural complexity), model intercept and corresponding z statistic for df = 15

* P \ 0.01

Coral Reefs

123

Author's personal copy



Lakshadweep archipelago increases with depth and degree

of protection from the monsoon storms, and sites can be

classified, based on their recent history of structural

changes as low-stability (exposed shallow), medium-sta-

bility (exposed deep, sheltered shallow) or high-stability

(sheltered deep) sites.

Independent of structural history, a few years after the

last mass-bleaching event, mean structural complexity in

Lakshadweep appears to be comparable between sites.

Structural complexity is a crucial resource, influencing

communities across various ecosystems (MacArthur and

MacArthur 1961; Friedlander and Parrish 1998). Yet, in

spite of the availability of structure, we see vast differences

in grouper biomass between sites of differing structural

stabilities, especially between deeper locations. In the

absence of any temporal data on fish abundance across the

entire archipelago, it is difficult to ascertain whether pat-

terns in biomass represent the response of long-lived fish

communities to multiple mass-bleaching disturbances or if

they merely reflect a natural distribution with respect to

depth and exposure (Sabetian 2003). In our survey, depth

does emerge as an important factor by itself, positively

affecting grouper biomass and structural complexity. It is

however, compelling that even at the same depth (deep),

sheltered deep sites with very stable structure support twice

the amount of grouper biomass as sites with relatively low

stability (exposed deep, Fig. 4a). Further, long-lived

groupers show an exponential numerical response to

increasing structural complexity only in the high stability,

sheltered deep sites in spite of the availability of suitable

habitat (80 % structural complexity) at other, less-stable

locations (Fig. 6).

Patterns in biomass were driven by a few large-bodied

and long-lived species like Plectropomus laevis, Plec-

tropomus areolatus, Cephalopholis argus, Epinephelus

malabaricus, Epinephelus caeruleopunctatus and Variola

louti, which were common only in sheltered deep sites at

all the atolls we surveyed (Electronic Supplemental

Material, ESM Appendix 1, Fig. 5). In contrast, short-lived

species like the coral hinds (Cephalopholis leopardus,
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Fig. 6 Effect of increasing

structural complexity on mean

biomass density of long-lived

grouper species (n = 14 species),

at exposed and sheltered locations

at two depths (deep and shallow)

a SD, n = 17, b ED, n = 14,

c SS, n = 14, d ES, n = 14, using

GLMs. Relationship between

grouper biomass and structural

complexity at high-stability

locations (a) is fitted by the model:

long-lived grouper biomass

*e5.46*structural complexity*0.04

(black solid line), bounded by

95 % confidence intervals (CI,

gray dashed lines). Solid circles

indicate permanent monitoring

sites at three atolls (Agatti,

Kadmat and Kavaratti), open

circles indicate sites sampled only

in 2011. Site code: SD sheltered

deep, SS sheltered shallow, ED

exposed deep, ES exposed

shallow
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Cephalopholis urodeta, Epinephelus fasciatus) occurred

commonly everywhere and did not seem to respond to

structural complexity across the stability regimes (ESM

Appendix 1, Fig. 5). This suggests that unlike their long-

lived counterparts, shorter-lived species, with faster popu-

lation turnover rates, may not be limited by structural

change or may even benefit from the decline of long-lived

top predators on unstable reefs. The breakdown of an

important resource-abundance relationship in unstable

reefs calls into question the ability of functionally impor-

tant long-lived fish species to survive and recover from

repeated environmental disturbances.

Several factors potentially interact to make structurally

stable sites in the Lakshadweep critical for long-lived

groupers. The observed trends in biomass could largely

reflect strong habitat selectivity by grouper species for

specific habitat types (Sluka 2000). Coral morphology, the

principle structural element on reefs (Kerry and Bellwood

2012), differs in its functional utility to reef fish (Syms

1995; Samoilys 1997; Harmelin and Harmelin-Vivien

1999; Shibuno et al. 2008; Wilson et al. 2008; Kerry and

Bellwood 2012). Differences in the composition of struc-

tural forms between sites may be an essential factor lim-

iting adult groupers from colonizing low-stability reefs.

High-stability, sheltered deep sites, with a mix of coral

structures, may provide ideal conditions for small and large

groupers (Figs. 3, 5).

The pattern of grouper distribution in Lakshadweep, like

other species of reef fish, could also have been largely

driven by patterns in prey availability (Shpigel and Fi-

shelson 1989; Beukers-Stewart and Jones 2004), which

may fluctuate rapidly in low-stability sites. Species with

narrower niche widths in terms of diet, modes of predation

and dependence on structure may be unable to survive in

low-stability locations where resources are in a state of flux

from multiple disturbance events. Similarly, these rapid

fluctuations in resources may have created bottlenecks for

important population-level processes like reproduction,

recruitment, post-recruitment survival, migration, which

may only be reflected in the populations after a decadal lag

period. The patterns we find suggest the possibility of

differential mortality of long-lived species from low-sta-

bility sites or adult migrations to high-stability locations.

Further studies addressing these various processes are

necessary to gain valuable insights into the effects of

multiple disturbances on benthic grouper communities.

Independent of the specific mechanisms, these struc-

turally stable reef sites may serve as vital refuge areas for

fish populations on coral reefs, especially as climate change

increases the frequency and intensity of benthic distur-

bances (Hoegh-Guldberg et al. 2007). Such stable refugia

can have important ramifications for overall reef resilience,

serving as important insurance locations for functionally

important, keystone predators. Reef benthic predators like

groupers are highly vulnerable because, apart from the

insidious influences of declining reef architecture on their

populations, they are often prized fishery targets feeding a

growing live fish trade (Sadovy de Mitcheson et al. 2012).

Lakshadweep presents a unique situation where the tar-

geted fishing of groupers and reef fish is generally low in

comparison to several regions across the tropics, but it is

highly vulnerable today to future external market forces.

Our results indicate that even these unexploited popula-

tions of benthic predators may be subject to community-

wide impacts in the wake of climate change even in rela-

tively unfished reefs like the Lakshadweep. Neither a quick

benthic recovery nor the relatively low fishing pressure is

sufficient to stem these losses to long-lived groupers,

making structurally stable habitats all the more critical to

the overall resilience of reef systems. Identifying these

historically stable refugia should be an important first step

in prioritizing reef management initiatives in the face of

rapid climate change and expanding reef fisheries.

Acknowledgments We would like to thank the Lakshadweep

Administration, Department of Environment and Forests, Department

of Fisheries and the Department of Science and Technology for

permits and logistic support. In addition, we thank Lacadives,

Department of tourism (SPORTS) and supporters in the Lakshad-

weep: J. Hisham, Idris B., and Ibrahim M.K. For support and critical

feedback, we thank Dr. K. Shanker, M.D. Madhusudan and Dr. Ho-

wells. We would also like to thank two anonymous reviewers, the

editor and T.R. Shankar Raman for their critical inputs to improving

the MS. This study was conducted with funding and in-kind support

from Rufford Small Grants Foundation, National Geographic and

Idea Wild.

References

Almany GR (2004a) Does increased habitat complexity reduce

predation and competition in coral reef fish assemblages? Oikos

106:275–285

Almany GR (2004b) Differential effects of habitat complexity,

predators and competitors on abundance of juvenile and adult

coral reef fishes. Oecologia 141:105–113

Arthur R (2000) Coral bleaching and mortality in three Indian reef

regions during an El Niño southern oscillation event. Curr Sci

(Bangalore) 79:1723–1729

Arthur R, Done TJ, Marsh H (2005) Benthic recovery four years after

an El-Nino-induced coral mass mortality in the Lakshadweep

atolls. Curr Sci (Bangalore) 89:694–699

Arthur R, Done TJ, Marsh H, Harriott V (2006) Local processes

strongly influence postbleaching benthic recovery in the Lak-

shadweep Atolls. Coral Reefs 25:427–440

Auster, PJ (2005) Predatory behavior of piscivorous reef fishes varies

with changes in landscape attributes and social context:

integrating natural history observations in a conceptual model.

In: Diving for Science 2005, Proceedings of the American

Academy of Underwater Sciences, Connecticut Sea Grant,

Groton, pp 115–127

Coral Reefs

123

Author's personal copy



Bates D, Maechler M, Bolker B (2012) Linear mixed-effects models

using S4 classes. R Package version 0.99-0

Bellwood DR, Baird AH, Depczynski M, González-Cabello A, Hoey
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