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SUMMARY

Rocky intertidal ecosystems have long served as natural laboratories for testing
fundamental ecological theories. However, much of our understanding of community
assemblages in these systems comes from temperate shores. In contrast, tropical intertidal
ecosystems remain largely understudied. The disparity in environmental conditions between
the temperate and the tropical zones limits our understanding of ecological processes.
Therefore, investigating how environmental and biotic factors drive tropical community
assemblages is critical for assessing the generalizability of existing ecological theory. This
study examines the effects of environmental stress gradients ranging from the upper to the
lower intertidal zones on community and functional assemblages in Goa’s rocky intertidal
ecosystem. The influence of predation on community composition is also investigated within

this ecosystem.

To understand the effects of the environmental stress gradient and multiple fine-scale
habitat characteristics on the community, a transect-quadrat method was employed across three
study sites. The environmental stress gradient was found to be the main factor influencing
community composition and structure, while sand cover, wave action and substrate complexity
operated at finer scales within the broader gradient. Functional traits were compiled for the
organisms found within the quadrats. This trait matrix was then used to assess whether motile
and sessile animals respond differently to gradients of environmental stress and algae cover.
Motile animals showed functional dispersion along the biotic gradient, while sessile animals
showed a functional trait shift along the stress gradient. This suggests that motile animals may
respond through biotic facilitation, driven by the combined effects of decreased stress and
increased algal cover. Lastly, predator-exclusion cages were deployed to investigate whether

predators considerably affect community composition. The experiment used Indothais



blanfordi, a predatory sea snail, as the focal predator of Brachidontes mussels. Indothais had a

strong effect on both Brachidontes mussels and community composition.

Together, the results show that the environmental stress gradient structured the community
through environmental filtering. However, the mechanisms through which this occurs are
nuanced and depend on organismal life histories, biotic interactions and fine-scale habitat
mediators. These findings extend environmental stress gradients and environmental filtering
theory, developed primarily along temperate shores, into an understudied tropical system. In
doing so, it provides an ecological foundation and methodological framework from which

further questions can now be pursued.



INTRODUCTION

The intertidal zone is a transitional area between land and sea, occupying the space
between the low and high tide lines. Due to daily tidal oscillations, this ecosystem and its
inhabitants are in a constant state of flux (Palmer, 1973). This dynamic condition results in an
exceptionally diverse and species-rich system and has previously been explained by the
intermediate disturbance, habitat heterogeneity, and non-equilibrium hypothesis proposed by
Connell (1978). The gradients in the intertidal zone are short and sharp, with tightly clustered
communities distributed across them. These communities comprise species adapted to the
constant environmental fluctuation, leading to distinct evolutionary and physiological
adaptations. They consist largely of macroscopic, sessile, or slow-moving species that interact
at small spatial scales. Consequently, these features make manipulative, mechanistic, and
comparative studies highly generalizable and feasible. For these reasons, this ecosystem is

often referred to as a natural laboratory (Underwood, 2000; Tomanek et al., 2002).

Several major ecological theories have been derived through studies in this ecosystem,
including the keystone predation concept (Paine, 1966) and the stress-gradient concept (Menge
& Sutherland, 1987). The intertidal has also served as a model system for testing many
overarching ecological theories, such as competition, predation, disturbance-diversity
relationships, succession, top-down and bottom-up control, and trophic cascades (Connell,

1961, 1978; Paine, 1966, 1980; Sousa, 1979; Menge, 1992; Underwood, 2000).

An observable trend across these studies is that they have primarily been conducted in
the temperate zone, with tropical areas gradually catching up. Some studies in western tropical
systems have investigated community and functional composition (Menge & Lubchenco,
1981; Murley et al., 2024), while others have examined species responses to stress (Bertness,

1981). Studies from Panama have examined biotic interactions in the intertidal (Menge &



Lubchenco, 1985, 1986). Similar research from Brazil and Australia has also contrasted
temperate to tropical shores, adding to the broader understanding of intertidal ecology
(Zamprogno et al., 2012). Despite these advances, comparable process-based studies remain

scarce across much of the tropical Indo-Pacific region, particularly along the Indian coastline.

In India, intertidal ecology remains largely in a checklist-science phase. Early Indian
intertidal studies emerged in the 1950s, with work on barnacles, succession, and sandy beach
fauna (Daniel, 1955; Raja, 1959; Ganapati & Rao, 1962). Since then, progress has been slow.
Despite India’s 11,098 km of coastline, we have yet to derive fundamental ecological insights
from this natural laboratory. This is largely due to a limited understanding of the factors
influencing our coastal systems. We have extensive taxonomic knowledge with some
autecological knowledge. However, species interactions and their role in the ecosystem, that

is, synecological information, remain largely unexplored.

Tropical intertidal systems exhibit different ecological processes compared to
temperate ones due to dissimilarity in seasonality, disturbance regimes, and recruitment
dynamics (Murley et al., 2024), making studies in the tropics even more essential. Systematic,
long-term studies addressing various abiotic, biotic, and anthropogenic factors that shape
Indian intertidal ecosystems are required. However, understanding the effects of key abiotic
factors on community assemblages, recruitment, and species interactions must come first;

without this knowledge, progress will remain limited.

To address this gap, the study investigates how select abiotic and biotic factors influence
the community and functional assemblages of the rocky intertidal ecosystem. To do so, a
theoretical framework that links environmental stress, functional assembly, and biotic

interactions is required. This conceptual basis is developed in the next section.



1.1 CONCEPTUAL UNDERPINNINGS

1.1.1 Environmental stress gradients and community structure

Before delving into the theoretical manifestations of “environmental stress,” it is critical
to understand what it means. “Stress” in ecology has a specific meaning distinct from the
word’s everyday use. Ecological stress may refer to any abiotic condition that reduces the
growth, survival, or reproduction of organisms below their potential maximum (Grime, 1977).
Although this definition explains stress in an autecological context, it is not synergetic with
community ecology. Environmental stress at a community level would be a characteristic of a
site relative to what the regional species pool can tolerate. Environmental stress would then be
the degree to which abiotic conditions determine which members of the regional species pool

can persist at a given site (Menge & Sutherland, 1987; Scrosati et al., 2011).

Environmental stress in the intertidal zone manifests primarily as desiccation and
thermal stress. Due to bi-daily tidal oscillations, the upper intertidal zone experiences
prolonged aerial exposure very often, while the lower zone remains submerged longer and more
frequently. This exposure to the aerial environment inevitably results in increased thermal,
desiccation, and osmotic stress (Valdivia et al., 2011). Early work described vertical zonation
patterns across shores (Stephenson & Stephenson 1949), with later studies demonstrating that
the stress gradient mediates both species distribution directly and species interaction indirectly
(Connell 1961; Menge 1978). Figure 1, modified from Raffaelli & Hawkins (1996), depicts a

conceptual visual for the same. Similar zonation categories will be used in the present study.
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Figure 1 A conceptual visual depicting the decline of environmental stress from upper to lower
intertidal zone; Modified from Raffaelli & Hawkins 1996.

In light of this, Menge & Sutherland (1987) proposed the environmental stress model
(ESM). According to this, high-stress areas are controlled mostly by environmental factors,
intermediate-stress areas are mostly shaped by competition, whereas in low-stress
environments, predation dominates as the key factor shaping communities (Paine, 1966;
Luckens, 1970; Connell, 1972). Extending this framework, Bruno et al. (2003) argued that,
alongside the aforementioned factors, facilitative interactions play a greater role in high-stress
areas. The mechanisms driving these patterns are described in the following paragraph (Menge

& Sutherland, 1987).

At higher stress levels, only species that can tolerate physically harsh conditions can
persist. Therefore, only a few species with similar traits find it possible to survive, leading to
limitations on biotic interactions such as competition. This selective process, through which
environmental conditions restrict which members of the regional pool can persist, is termed

environmental filtering and represents the dominant community assembly mechanism under



high stress. Additionally, most consumers also find it hard to colonise this zone, ultimately
curbing interactions such as predation and herbivory. As a result, communities in the upper
intertidal become simplified, often dominated by a few stress-tolerant species. These species
benefit from facilitative interactions, wherein neighbouring species can ameliorate harsh
conditions, e.g., oyster beds create microhabitats that help other taxa withstand desiccation
(McAfee et al., 2018). On proceeding to lower stress levels, there comes a transition zone where
populations build up, which in turn intensifies competition for space. However, continued
abiotic stress limits predator abundance and efficiency, preventing strong top-down control.
Lastly, at lower stress regimes, all trophic levels can persist, and predation becomes a major
factor in shaping the intertidal community. Keystone predation also reduces prey abundances
and prevents monopolisation of space by a single prey species. In doing so, predators alleviate
the effect of competition, therefore becoming the main driver of community assemblages at

lower stress regimes.

Collectively, the environmental stress gradient represents spatial and temporal variation
in physical and physiological conditions that alter mortality risk and regulate community
structure by shifting the relative importance of physical disturbance, predation and competition

(Menge et al., 1987, 1990, 2002).

Hence, the environmental stress model attributes community assemblages to a set of
deterministic processes whose relative importance varies along a gradient of environmental
stress. In doing so, it provides a framework for examining how abiotic factors shape
assemblages in the present study (Chapter 1).

1.1.2 Environmental filtering and functional assemblages

The environmental stress gradient operates through the process of environmental

filtering (Fattorini & Halle, 2004). Keddy (1992) best describes this as analogous to the process

of evolution through natural selection. As habitats filter out less-fit genotypes while allowing



better-suited ones to propagate, environmental factors filter out specific species traits,
eliminating those that are unable to withstand environmental conditions. The resultant set of
species that comprise the community are those that survive the filter. In the intertidal context,
the intertidal stress gradient acts as a primary filter, wherein communities at any given position
along this gradient consist of taxa whose functional trait combinations confer enough tolerance

to persist there.

Consequently, in areas with higher environmental stress, only taxa sharing specific
stress-tolerant trait combinations can persist. This restriction of viable trait space leads to
functional convergence, wherein communities are composed of taxa that are more functionally
similar to one another than expected by chance (Keddy, 1992; Cornwell, 2006). The upper
intertidal, subjected to prolonged aerial action and higher physiological stress, is therefore
expected to hold functionally convergent communities dominated by a narrow set of stress-

tolerant strategies.

With a decrease in stress towards the lower intertidal, environmental filters are relaxed,
and a greater range of functional strategies becomes feasible. Additionally, as stress decreases,
populations grow, and competition intensifies. The relaxed environmental filters, along with
increased competition, lead to functional divergence through the mechanism of limiting
similarity. This idea posits that species that coexist cannot be too functionally similar without
competitive exclusion, which, in turn, results in functional differentiation as a mechanism of
coexistence (MacArthur & Levins, 1967; Chesson, 2000). Therefore, filtering and coexistence
through limiting similarity work concurrently at opposite ends of the intertidal gradient;

convergence under high stress and divergence under low stress.

Biotic interactions such as competition, predation and herbivory may also lead to

filtering alongside the primary environmental stress gradient, resulting in biotic filtering



(Keddy, 1992; Boet et al., 2020; Bauer, 2021). Additionally, biotic facilitation may also occur
along a biotic stress gradient depending on the ecology of a species group. Positive interactions
between species can ameliorate harsh conditions, leading to a wider range of viable functional
strategies and thereby causing functional divergence (Bertness & Callaway, 1994; Bruno et al.,
2003). Therefore, depending on the species group in question, the biotic gradient may act as a

filter or a facilitator.

Previous studies along an intertidal stress gradient have shown that communities shift
towards functional convergence under high stress and diverge under low stress (Valdivia et al.,
2017). This is consistent with filtering and limiting similarity concepts, respectively. Although
differential responses of motile and sessile taxa to abiotic gradients are well established (Sousa,
1984; Scrosati et al., 2011), studies comparing their functional responses to a biotic gradient

remain scarce and, to my knowledge, have not been explicitly studied.

The present study investigates how these filtering mechanisms influence two
functionally distinct groups of animals: motile and sessile taxa (Chapter 2). Both groups
experience the same environmental stress gradient, but their interaction with the biotic algal
gradient differs fundamentally.

1.1.3 Keystone predation

In previous sections, the environmental stress model posits that predation increases with
a decrease in environmental stress (Menge & Sutherland, 1987) and environmental filtering
was also shown to operate through biotic interaction (Bauer, 2021), including predation.
Therefore, where predation is strong, identifying the predator and understanding its effect on

the community is as essential as the stress gradient itself (Boaden & Kingsford, 2015).

Paine’s (1966) Pisaster (predatory sea stars) removal experiments revealed how a

predator can maintain community diversity by preventing monopolisation of space (a limited



resource in the intertidal). In the absence of the predatory sea stars, mussels monopolised space
and excluded most taxa, leading to a collapse of the food web. The concept of a keystone
predator was an outcome of this experiment (Paine, 1969). A keystone predator has a
disproportionately large effect on the community relative to its abundance (Power et al., 1996).
The mechanism involves interspecific competitive release among primary consumers: by
suppressing the dominant consumer, predators reduce competitive exclusion and allow weaker

competitors to persist, resulting in coexistence (Paine, 1974).

Predator effects have been largely tested in temperate intertidal systems, but tropical
shores lack studies. There is a need to understand the effect of predation in tropical intertidal
systems because they differ greatly from temperate shores in two ways. Firstly, it is well
established that biotic interactions, including predation, increase in strength at lower latitudes
(Sousa, 1981; Schemske et al., 2009; Freestone et al., 2013). Secondly, tropical ecosystems
support more diverse communities (Brown, 2014), by virtue of which they have greater
functional redundancy (Mouillot et al., 2014). Thus, removal of a dominant competitor by a
predator may be neutralised by another species assuming that role, buffering the community
against strong top-down effects. The effect of a candidate keystone predator cannot be
predicted from temperate shores alone, as strong predation pressure may be counterweighed

by higher prey redundancy.

One manipulative ichthyofaunal predation study in India uses tethering experiments in
mesotidal mangroves (Namboothri, 2015). Apart from this, there are no published predator-
exclusion experiments conducted anywhere on the Indian coast, leaving the role of top-down
control entirely unresolved. The present study addresses this by conducting predator-exclusion

experiments on the rocky shores in Goa (Chapter 3).
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1.2 SIGNIFICANCE OF THE STUDY

The environmental stress models and environmental filtering theories have been developed
and largely tested in the temperate zones of the world. Whether these models apply in warmer,
seasonally driven, tropical ecosystems remains underexplored. The present study addresses
both community composition and functional trait assembly, along with the influence of
predators in tropical intertidal ecosystems. It further aims to elucidate the mechanisms that
shape community assemblages, taking into account both broad and fine-scale drivers. Finally,
the study establishes a methodological foundation for community ecology and predator
exclusion studies attuned to the nature of the Indian intertidal. Understanding how these factors
influence the communities is essential for detecting environmental change and evaluating the
ecological consequences of coastal disturbance. The results provide a framework for advancing

hypothesis-driven intertidal ecology in India.
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OBJECTIVES AND RESEARCH QUESTIONS

1. To examine the effect of the environmental stress gradient and fine-scale
habitat drivers on the community assemblages of the rocky intertidal
ecosystem.

How do community composition and structure change across intertidal zones?
What mechanisms and taxa drive the shift in community composition?

How do fine-scale habitat drivers such as substrate complexity, sand cover and wave action
influence community structure within the broader effects of intertidal zonation?

2. To assess the functional trait assemblages of motile and sessile animals in
response to environmental stress gradients.

Do motile and sessile animals exhibit different functional responses to environmental and biotic
gradients?

Which functional trait combinations are associated with specific environmental factors?

3. To understand the influence of predation on the community assemblage of
the rocky intertidal system through predator exclusion experiments.

How do top-down effects like predation shape the community assemblages of rocky intertidal
ecosystems?

Do keystone predators exist in tropical intertidal ecosystems?
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STUDY AREA

Goa lies on the western coast of India, bounded by the Arabian Sea to the west and the
Western Ghats to the east. It has a coastline of 193.95 km and is ecologically part of the larger
Arabian Sea marine biome (Rajendra et al., 2026). The rocky intertidal patches, particularly in
central Goa, are primarily composed of lateritic and basaltic substrates, forming platforms,
crevices, boulder fields, and tidepools that create diverse microhabitats for intertidal species
(Figure 4). Species assemblage in Goa is strongly shaped by monsoonal seasonality, with heavy
rainfall influencing sediment load, freshwater input, and salinity dynamics across the coast.
The state is drained by nine rivers, which form estuarine systems that influence nutrient supply

and larval recruitment to coastal intertidal habitats (Usmani et al., 2020).

The rocky intertidal habitats of Siridao, Cacra, Hollant, and Odxel beaches were
selected as the study sites (Figure 2). The observational part (Chapters 1 & 2) of this study was
conducted in Siridao (15.4451° N, 73.85497° E), Cacra (15.4428° N, 73.8346° E) and Hollant
(15.3544° N, 73.8839° E), whereas the experimental part (Chapter 3) of the study was
undertaken in Odxel (15.453716° N, 73.829868° E). Sites were selected based on similar
environmental conditions to avoid confounding effects outside the scope of the study.
Specifically, all sites were wave-sheltered and characterised by laterite rock as the main
substrate. The supratidal zone was sandy in nature, whereas the intertidal areas under study
were entirely rocky (Figure 3). Each of these sites was mostly visited by locals and had low
tourism pressure. Siridao had an intertidal patch that was 220 meters long and 90 meters wide,
Cacra, 400 meters long and 90 meters wide, and Hollant, 400 meters long and 50 meters wide.
Odxel lacked a continuous intertidal gradient but presented a large exposed middle intertidal

suitable for predator-exclusion cage placement.
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Figure 2 Location of study sites on the Goan coast
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Figure 3 Typical rocky intertidal habitat sampled during the study (Siridao).
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Figure 4 Representative assemblages across the upper, middle and lower intertidal zones. Top row (left
to right): Oyster beds, Siphonaria false limpet congregations, and an algal bed comprising Padina,
Dictyota, Centroceras and Ulva. Bottom row (left to right): Chthamalus barnacles, Amphibalanus
barnacle-Brachidontes mussel beds, and Caulerpa spp. algal beds.
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Chapter 1
Drivers of Community Assemblages

4.1 INTRODUCTION

In light of the environmental stress gradient discussed earlier, this chapter aims to
understand how community assemblages change in composition and structure along the
gradient in an Indian intertidal ecosystem. A strong compositional shift is expected from the
high-stress upper zone to the lower-stress zone (Heaven & Scrosati, 2008). The upper intertidal
is expected to hold a subset of the downshore communities (Bertness et al., 1999). Additionally,
a decrease in stress is predicted to increase richness and diversity (Scrosati & Heaven, 2007).
Beyond the environmental stress gradient, additional abiotic factors are expected to modulate
intertidal community structure at finer spatial scales. These factors include substrate

complexity, sand cover and wave action.

Substrate complexity includes features such as crevices, pits, ridges and variation in
surface relief (Meager et al., 2011). It creates microhabitats that provide stress refugia and
support higher species richness (McGuinness & Underwood, 1986; Loke & Todd, 2016). A
more volatile factor is sand cover, which refers to the deposition of a shallow layer of sand on
the predominantly rocky substrate due to seasonal changes, sediment availability and substrate
structure. Sand cover is known to have varying effects on intertidal community assemblages,
depending on its location in the intertidal and the taxa in question (Littler et al., 1983). Sand
can provide refugia for certain species while causing burial-induced mortality in others.
Therefore, sand has a variable effect on intertidal communities (Taylor & Littler, 1982;
D'Antonio, 1986). Lastly, wave action pertains to the hydrodynamic forces generated by waves
(Denny, 1988). Much like sand cover, the effect of wave force on intertidal communities is

nuanced. Negative effects include mechanical stress (Jonsson et al., 2006), while positive
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effects include increased nutrient supply (Flores et al., 2015). A more context-dependent effect
of wave action is its ability to mediate species interactions like predation (Menge, 1978) and

herbivory (Jonsson et al., 2006) by causing disturbance (Kraufvelin, 2007).

All the aforementioned factors are expected to be mediated by intertidal zonation. Sand
cover and wave action may have variable effects on the community depending on stress levels.
Substrate complexity is expected to have a greater positive effect in the high-stress upper zone.
How these factors interact with the intertidal stress gradient to shape community composition
and diversity is explored through an information-theoretic approach. Furthermore,
understanding which environmental factors structure communities will provide the ecological
context necessary to ask the deeper mechanistic question of how these gradients shape the

functional organisation of communities, addressed in Chapter 2.

4.2 METHODS

4.2.1 Field methods
The field work for this objective was conducted from 4™ December 2025 to 1%t March

2026 across 3 rocky shores (Siridao, Cacra & Hollant) along the Goan coast. Sites were selected
based on accessibility and representation of key environmental gradients. Sampling was
undertaken during low tide conditions (0.3 meters or less) to ensure full access to all intertidal
zones. To equitably distribute effort over time, each site was visited equally in every low-tide
cycle. However, this was not always possible due to erratic field conditions and shortened low-

tide cycles.

The transect-quadrat method was employed for sampling rocky intertidal organisms.
Four transects were placed at each site perpendicular to the waterline. The location for these
transects was chosen based on accessibility and the presence of a contiguous rocky intertidal
area. Transects were spatially fixed and spanned the upper, middle, and lower intertidal zones

(Gonor & Kemp, 1978; Underwood, 1981; Miller & Ambrose, 2000).
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25 x 25 cm quadrats (0.0625 m?) were placed on rock surfaces along the transect at 10-
meter intervals. Two a priori placement criteria were applied: (1) quadrats could not be placed
within tidal pools, as pools retain water through tidal emersion and support community
assemblages that are substantially different from those on emergent rocks, making them
ecologically isolated from the desiccation-driven stress gradient under study (Raffaelli &
Hawkins, 1996). (2) The intertidal stress gradient is determined by the duration and frequency
with which a point along the gradient remains submerged. Therefore, each quadrat had to be at
a lower elevation than the quadrat immediately landward of it, ensuring that the transect
consistently descended toward the sea, and the assumption of this gradient was met (Valdivia
et al., 2011). Placing a quadrat at a relatively higher position (such as on a protruding rock)
within the lower intertidal would have disrupted this gradient, as it would remain submerged
for shorter times than at other points in the same zone. Where either criterion wasn’t met, the
quadrat was repositioned laterally until both were satisfied (Menge et al., 1999), with a
maximum lateral displacement of 2 m from the transect. Quadrats were not permanently fixed;
positions were re-established at each visit using the aforementioned criteria. This approach
samples the assemblage extensively at each relative position rather than repeatedly measuring
a single fixed microsite, consequently improving ecological representation. The high-tide line
was taken to be the last rocky point beyond which the supratidal sandy system began, while

the low-tide line varied daily with that day’s low-tide height.

Organisms that formed continuous cover across the substrate (mat-forming taxa) were
quantified as per cent cover (resolution: 5 x 5 cm), while other taxa were recorded as counts.
Multiple images of every organism were taken using an Olympus TG-6 camera. Each image
had a unique code that linked the recorded organism to its image. These uniquely coded images
were used to identify organisms post hoc. Organisms were identified up to the genus level.

When taxonomic identification could not be achieved, a morphospecies approach was used to
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assign it a unique label (Oliver & Beattie, 1996; Brind’Amour et al., 2014). This is a well-
established method employed in numerous ecological studies from regions where taxonomic
expertise for certain taxa is limited (Loke & Todd, 2016; Raijman-Nagar et al., 2024).
Identification was undertaken using multiple field guides (Agadi & Untawale, 1978; Joseph,
2007; Jha et al., 2009; Apte, 2012; Sonak, 2017; Palanasamy & Yadav, 2022), online databases
like AlgaeBase (Guiry & Guiry, 2026), WoRMS (2026) and iNaturalist (2026) and through
expert communication. Ichthyofauna and fast-moving taxa like Brachyuran crabs were not
quantified, as the former are transient visitors rather than permanent residents (Gibson, 1982)
in the intertidal, while the latter are capable of actively tracking tidal movement, thereby
avoiding prolonged exposure to the desiccation and thermal stress that structure the

assemblages of less mobile taxa (Mclntire & Miller, 2025).

Variables, such as relative distance to high tide line, rugosity, undulation, crevice
availability, sand cover and wave action level, were recorded for every quadrat. Relative
distance was essentially the distance of a quadrat from the high tide line divided by the
maximum length of the transect; this maximum length was taken to be the length of the transect
at the lowest tide throughout sampling sessions. Relative distance to the high-tide line served
as a proxy for the stress gradient; quadrats located farther away from the high-tide line
experienced lower stress (Raffaelli & Hawkins, 1996; Tomanek & Helmuth, 2002; Viejo, 2009;
Scrosati et al., 2011; Valdivia et al., 2011; Eckersley & Scrosati, 2012). Rugosity, undulation
and crevice availability captured different aspects of habitat structure. Rugosity quantifies the
overall surface roughness of the substrate. Undulation refers to broad substrate features that
materialise at the quadrat scale, including slopes, troughs and crests that influence desiccation
patterns. Conversely, crevices are microhabitats within the quadrat, including fissures and other
narrow cavities that provide refugia from abiotic stressors and biotic interactions. These

variables were subsequently converted into an index of substrate complexity as described in
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the Analytical Methods section. Rugosity was measured using the chain-and-tape method along

the quadrat’s diagonals (Risk, 1972). These values were then averaged for every quadrat to

give an index of rugosity. Undulation, crevice availability, sand cover and wave action level

were evaluated on a scale of 1 to 4, estimated ocularly. The criteria for the ocular scores are

displayed in the table below.

Variable

Score

Table 1 Grading criteria for ocularly estimated habitat variables.

Description

Undulation

Crevice

availability

Sand Cover

Wave Action

P A WNRPRDNMNWNRAWNEPR

Flat

Gentle irregularities

Distinct undulation

Strong undulation

No crevices

Rare small cracks

Several crevices

Abundant crevices

Rock surface free of sand

1-25% of rock surface covered by sand

26—-66% of rock surface covered by sand

66—100% of rock surface covered by sand

Sheltered: Quadrat sits behind a large rock, where the force of the
waves is mostly blocked.

Slightly Exposed: Quadrat is on a flatter surrounding substrate with
some wave splash but low force.

Exposed: Quadrat is in an open area that is regularly subject to
direct wave action.

Highly Exposed: Quadrat lies in the active wave-crash zone where
waves break with strong force.

4.2.2 Analytical methods

Relative position for each quadrat along the intertidal gradient was calculated by

dividing its distance to the high tide line by the maximum length of the same transect. This

made relative position a standardised scale ranging from 0 to 1; 0 for the uppermost quadrats

and 1 for the lowermost ones. Quadrats were then assigned to upper, middle and lower intertidal

using relative position values: Upper intertidal < 0.33, Middle intertidal >= 0.33 and < 0.66,
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Lower intertidal >= 0.66 (Scrosati & Heaven, 2007; Valdivia et al., 2011). This zonation
framework was used for community composition, structure and modelling analyses.

A presence-absence community matrix was used to assess sampling adequacy using
species accumulation curves. Chao2 was used to estimate asymptotic richness. Wisconsin
double standardisation was utilised to ensure comparability between taxa quantified in counts
and those recorded as per cent cover for each quadrat (McCune & Grace, 2002). To evaluate
whether data could be pooled across sampling occasions, a PERMANOVA was run using
month-wise data using Bray-Curtis dissimilarities (9999 permutations). Spatial autocorrelation
was assessed by plotting within-transect Bray-Curtis dissimilarities against their quadrat
separation distance within each intertidal zone, with significance evaluated using a Mantel test.
Subsequently, NMDS ordination was plotted. It was used to visualise the shift in community
composition across zones. The effect of zone on community composition was tested using
PERMANOVA with 999 permutations, both for zone alone and for site and zone together.
Additionally, pairwise PERMANOVA was used to compare zone pairs, and betadisper was
used to compare the homogeneity of dispersion among zones as a diagnostic test. Betapart was
then used to decompose total beta diversity into turnover and nestedness components, to assess
the mechanisms underlying the Bray-Curtis dissimilarity. Furthermore, similarity percentage
analysis (SIMPER) was used to identify the taxa contributing most strongly to the dissimilarity.
Complementing this, an indicator species analysis (IndiVal) was used to identify taxa most
strongly associated with specific intertidal zones.

Following this, to understand differences in communities across zones, indices for
community structure were calculated. Quadrat-level taxa richness and Wisconsin-standardised
Shannon diversity were pooled by zone and plotted with boxplots. To statistically test for zonal

differences in richness and diversity, Kruskal-Wallis tests were used. Additionally, zone-wise
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boxplots were plotted separately for algal and animal taxa to assess whether consumer and
producer assemblages respond differently to the environmental stress gradient.

To understand how environmental variables shape quadrat-level richness and diversity,
generalised linear models (GLMs) were used. Before this, undulation, rugosity, and crevice
availability were z-standardised and averaged to form a substrate complexity index (Rescaled
0-1), and predictor multicollinearity was assessed using Pearson correlations. The nested
sampling structure was first assessed by fitting GLMMs with site and transect random effects.
Poisson and Gaussian GLMs were then run using taxa richness and Shannon diversity,
respectively, with Zone, Sand cover, Wave action and Substrate complexity as predictors.
Model selection used Akaike information criteria (AICc) values (MuMIn::model.sel),
overdispersion was checked via the deviance/degrees of freedom ratio, and predicted
associations from the best supported models were visualised. All analyses were performed in
RStudio using the vegan, dplyr, tidyr, ggplot2, ggeffects, Hmisc and corrplot packages.

4.3 RESULTS

Over the course of this study, from 4™ December 2025 to 1%t March 2026, 412 quadrats
were sampled along 12 transects across 3 sites. Species accumulation curves were plotted to
understand whether the communities across the 3 sites (Figure 5 a), as well as the three zones

(Figure 5 b) within these intertidal sites, were adequately sampled.
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Figure 5 (a) Site-wise species accumulation curve. (b) Zone-wise species accumulation curve.

Species accumulation curves approached their asymptotes at all three sites and all three
zones. Chao2 estimates (Table 2) indicated that Siridao was the most undersampled site,
followed by Cacra and Hollant. It is important to note that Siridao’s Chao2 estimate is
associated with a large standard error value. According to the zonation Chao2 estimates, the

middle intertidal was the most undersampled.

Table 2 Site and zone-wise Chao?2 estimates.

Sites Taxa Observed Chao?2 estimates
Siridao 42 62.03+17.31
Cacra 48 57.92 +8.31
Hollant 59 69.79 + 7.55
Zone Taxa Observed Chao?2 estimates
Upper 28 28.74+1.26
Middle 56 65.32 +6.76
Lower 68 75.14 +5.41

Within the 412 quadrats sampled across these sites, a total of 66 genera and 13
morphospecies were identified (Appendix 1). These comprised 51 animal taxa and 28 algal
taxa. Seven phyla contributed to the 51 animals, whereas three phyla contributed to the 28
algae. The seven animal phyla were Annelida (6 genera/morphospecies), Arthropoda (3

genera), Bryozoa (2 genera), Chordata (1 genus), Cnidaria (4 genera), Mollusca (30
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genera/morphospecies), and Porifera (5 genera). The 3 algal phyla were Chlorophyta (green
alga), Ochrophyta (brown alga), and Rhodophyta (red alga), contributing 7, 8 and 14

genera/morphospecies, respectively.

The six annelid genera/morphospecies comprised polychaete worms, while the three
arthropod genera were barnacles. A tunicate represented the chordate genus, and the five
poriferan genera were sponges. The four cnidarian genera include two genera of sea anemones
and two genera of soft corals. The 30 molluscan genera/morphospecies comprised six bivalve
genera, two limpet genera, and one genus each of chitons, tube snails, and sea slugs, in addition
to 19 genera of marine sea snails. The distribution of these genera across intertidal zones and

the environmental factors structuring this distribution are examined in the sections below.

Before examining spatial factors driving community composition, a PERMANOVA
was utilised to assess temporal variation among sampling months. Although community
composition differed significantly among months (PERMANOVA, F = 2.16, p < 0.001),
months explained a negligible proportion of the total variation in assemblages (R*= 0.016).
Consequently, temporal variation was considered minor relative to the spatial patterns
investigated below, and data from all sampling months were pooled for subsequent analyses
without introducing meaningful temporal bias. Additionally, distance-decay analysis revealed
statistically significant but negligible distance-decay relationships across all three zones
(Mantel r=0.097 — 0.118, p <0.001). The baseline Bray-Curtis dissimilarity already exceeded
0.80 at minimum quadrat separations, indicating that spatial autocorrelation was negligible in
magnitude and did not represent any biologically meaningful source of non-independence at

the scale of the sampling design (Appendix 2).
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To visualise community composition across intertidal zonation, an NMDS ordination
was plotted using Wisconsin double-standardised data (Figure 6). It revealed a clear separation

of assemblages across intertidal zones.

NMDS of community composition across intertidal zones
Wisconsin standardisation | Bray-Curtis | stress = 0.15
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Figure 6 Non-metric multidimensional scaling (NMDS) ordination of intertidal community composition
across upper, middle, and lower intertidal zones based on Bray-Curtis dissimilarities calculated from a
Wisconsin-standardised community matrix. Each point represents a quadrat, and colours indicate the
intertidal zone. The two-dimensional ordination provided an acceptable representation of community
dissimilarity.

A PERMANOVA showed community composition differed significantly among
intertidal zones (PERMANOVA: F = 25.03, R?= 0.114, p = 0.001). In a PERMANOVA
including site and zone, both site (F = 15.68, R?=0.066, p = 0.001) and zone (F =27.81, R?=

0.117, p = 0.001) remained significant. Pairwise comparisons showed significant differences

among all zone pairs, with the strongest separation between upper and lower zone assemblages
(F=31.90,R>=0.115, p=0.001), followed by middle and lower zones (F =24.41, R?=0.086,

p = 0.001), while upper and middle zones showed the weakest separation (F = 19.26, R? =
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0.065, p = 0.001). Beta dispersion analysis revealed a significant difference in within-zone
community variability between zones (F = 6.2, p = 0.005). Given the significant zonal
differences in community composition identified by NMDS and PERMANOVA, beta diversity
was subsequently partitioned to evaluate the relative contributions of taxa turnover and

nestedness to patterns of community dissimilarity (Table 3).

Contrast BSOR (Total dissimilarity)  Turnover Nestedness
Upper-Middle | 0.405 0.107 0.298
Middle-Lower | 0.258 0.179 0.079
Upper-Lower | 0.542 0.214 0.328

Table 3 Pairwise beta-diversity decomposition across intertidal zones. Higher turnover values indicate
greater taxa replacement between zones, whereas higher nestedness values indicate that assemblages
in one zone largely comprise subsets of those occurring in another zone.

Beta diversity varied across zones, with the largest compositional dissimilarity between
the upper and lower zones and the lowest between the middle and lower zones. Dissimilarity
involving the upper zone was primarily driven by nestedness, while turnover contributed most

strongly to differences between middle and lower zone assemblages.

Given the significant differences in community composition and the contrasting
contributions of turnover and nestedness to the zonal differences, subsequent analyses were
conducted to identify the taxa contributing most strongly to this dissimilarity. Similarity
percentage analysis (SIMPER) identified taxa that contributed disproportionately to
community dissimilarity among intertidal zones (Figure 7). The Upper-Middle zone contrast
was primarily driven by Saccostrea oysters, followed by algal taxa and Siphonaria, a false
limpet. Differences between the middle and lower zones were mainly associated with a
suspension feeder and three red algae. Lastly, the dissimilarity between upper and lower
intertidal was primarily driven by both the suspension feeder and Saccostrea oysters, followed

by two biofilm-grazing sea snails, Planaxis and Echinolittorina.
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Principal taxa driving intertidal community dissimilarity
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Figure 7 Principal taxa contributing to Bray-Curtis dissimilarity among intertidal zones as identified
by SIMPER analysis. Bars indicate the percentage contribution of each taxon to average community
dissimilarity for each pairwise zonal comparison.

To complement SIMPER analysis and identify taxa most strongly associated with
particular shore zones, an indicator species analysis (IndVal) was undertaken. This analysis
identified taxa that were significantly associated with a specific intertidal zone. The upper
intertidal was characterised by Chthamalus barnacles (IndVal = 0.471), and three biofilm-
grazing sea snails, Planaxis (0.457), Echinolittorina (0.331) and Littoraria (0.228). The middle
intertidal showed association with only two taxa, red algae 1 (0.556) and Ergalatax (0.556), an
omnivorous sea snail. In contrast, the lower intertidal consisted of the greatest number of
significant indicator taxa and was most strongly associated with Suspension feeder 1 (IndVal
= 0.697), a predatory sea snail, Indothais (0.559), and two genera of brown algae, Padina
(0.542) and Dictyota (0.580). Altogether, the indicator taxa reflected clear zonation patterns,
with the lower intertidal holding a large number of characteristic taxa in contrast to the middle

and upper intertidal.

The analyses presented above reveal differences in community composition along the
environmental stress gradient, the processes underlying beta diversity, and the characteristic

taxa associated with each zone, as well as the ones driving community dissimilarity. Having
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established how key taxa identities and community composition vary across the stress gradient,
the following section investigates changes in community structure through patterns of richness

and diversity.

Boxplots were used to ascertain the patterns of community richness and Wisconsin-
Standardised Shannon diversity across the intertidal gradient (Figure 8 a, b). Taxa richness
differed significantly among intertidal zones (Kruskal-Wallis: ¥*> = 160.4, df = 2, p < 0.001).
Pairwise Wilcoxon tests indicated that richness was significantly different between all zone
pairs (all p < 0.05). Median richness increased from the upper to the middle intertidal and
remained high in the lower intertidal, although substantial variation was observed within each
zone (Figure 8 a). Similarly, Wisconsin-standardised Shannon diversity differed significantly
among zones (Kruskal-Wallis: y*> = 153.98, df = 2, p < 0.001), with all pairwise zone
comparisons remaining significant (all p < 0.001). Diversity increased from the upper to the

lower intertidal, with the highest median values observed in the lower zone (Figure 8 b).
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Figure 8 Boxplots showing (a) taxa richness and (b) Wisconsin-standardised Shannon diversity across
intertidal zones. Indices were calculated for individual quadrats and are displayed as boxplots.
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Building on this, to determine whether the observed diversity patterns were consistent
across ecologically dissimilar components of the community (consumers and producers),
Wisconsin-Standardised Shannon diversity was examined using boxplots separately for animal

and algal communities (Figure 9 a, b).

Wisconsin-standardised Shannon diversity across intertidal zones
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Figure 9 Boxplots showing (a) Wisconsin-standardised diversity for animal communities and (b)
Wisconsin-standardised Shannon diversity for algal communities across intertidal zones. Indices were
calculated for individual quadrats and are displayed as boxplots.

Animal diversity differed significantly among intertidal zones (Kruskal-Wallis: > =
28.11, df = 2, p < 0.001), with pairwise comparisons also indicating significant differences
between all zone pairs (all p < 0.005). However, changes in animal diversity across the
intertidal gradient were relatively modest (Figure 9 a). In contrast, algal diversity demonstrated
a stronger zonation pattern and differed significantly among zones (Kruskal-Wallis: y*> = 194 .4,

df =2, p <0.001; all pairwise comparisons p < 0.001) (Figure 8 b). Algal diversity increased

substantially from the upper to the lower intertidal, as opposed to animal diversity.

The analyses presented above investigated patterns of community structure across
broader zonal differences but did not examine the influence of local habitat characteristics on

richness and diversity. To determine whether the nested sampling design introduced non-
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independence among observations, taxa richness was first analysed using a generalised linear

mixed model (GLMM) framework, with substrate complexity, wave action, and sand cover as

fixed effects and site and transect as random effects. Random effects variance was negligible

at both the site (SD = 0.036) and transect (SD = 0.063) levels, suggesting that observations

were largely independent across quadrats. Consequently, general linear models (GLMs) were

used to investigate the effects of substrate complexity, wave action, and sand cover on richness

and diversity, and to determine whether these relationships differed among intertidal zones.

Table 4 Model selection results for candidate Poisson GLMs explaining taxa richness across the
intertidal gradient. Models were ranked using the corrected Akaike's Information Criterion (41Cc).

Model Predictors df AlCc  AAlICc Weight

Sand—Wave | Zone x Sand cover + Zone x Wave action 10 1841.5 0.00 0.728
+ Substrate complexity

Global Zone x Sand cover + Zone x Wave action 12 18445 2.98 0.164
+ Zone x Substrate complexity

Sand Zone x Sand cover + Wave action + 8 1845.8 4.26 0.087
Substrate complexity

Sand—- Zone x Sand cover + Zone x Substrate 10 1848.6 7.07 0.021

Complexity complexity + Wave action

Wave Zone x Wave action + Sand cover + 8 1868.2 26.71 <0.001
Substrate complexity

Wave— Zone x Wave action + Zone x Substrate 10 1869.0 27.44 <0.001

Complexity complexity + Sand cover

Additive Zone + Sand cover + Wave action + 6 1876.3 34.80 <0.001
Substrate complexity

Complexity | Zone x Substrate complexity + Sand 8  1876.3 34.84 <0.001
cover + Wave action

Zone-only Zone 3 1879.9 38.43 <0.001
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Model selection (Table 4) strongly supported the Sand-Action model (AICc = 1841.5,

weight = 0.728), which included zonal interactions with both sand cover and wave action, with

substrate complexity as an additive predictor of taxa richness (Table 2). The global model

received some support (AAICc = 2.98, weight = 0.164), whereas all remaining models received

substantially less support (AAICc > 4).

There was no meaningful indication of overdispersion in the selected model

(Dispersion ratio = 1.09). The model also explained 41.9% of the variation in taxa richness

(pseudo-R? = 0.419). Residual diagnostics showed no substantial divergence from model

assumptions. Variable estimates for the selected model are presented in Table 5.

Table 5 Estimates from the selected GLM explaining variation in taxa richness. Estimates are presented
on a log scale, along with standard errors (SE) and Z-values.

Predictor Estimate SE Z-value
Intercept 1.028 0.153 6.701
Zone (Middle) 0.805 0.188 4.290
Zone (Lower) 0.882 0.205 4.302
Sand cover 0.225 0.044 5.114
Wave action -0.110 0.045 -2.431
Substrate complexity 0.366 0.119 3.082
Zone (Middle) x Sand cover | -0.256 0.052 -4.900
Zone (Lower) x Sand cover -0.290 0.051 -5.717
Zone (Middle) x Wave action | 0.121 0.057 2.128
Zone (Lower) x Wave action | 0.170 0.059 2.877

Consistent with previous findings, taxa richness differed among intertidal zones (Table

5). Relative to the upper intertidal, both middle and lower intertidal zones exhibited higher

richness values (Figure 10 a). Furthermore, substrate complexity had a positive effect on taxa
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richness (Figure 10 b). The effect of sand cover varied across intertidal zones. In the upper
intertidal, richness increased with sand cover, whereas the relationship was negative in the
middle and lower intertidal zones (Figure 10 c). Lastly, the effect of wave action was highly
variable across intertidal zones. Wave action was negatively associated with taxa richness in
the upper intertidal, while effects were minimal in the middle intertidal and positive in the

lower intertidal (Figure 10 d).
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Figure 10 Effects of intertidal zone, substrate complexity, sand cover and wave action on taxa richness.
(a) Variation in taxa richness with zonation is presented as boxplots with overlaid quadrat-level
observations. (b) Predicted relationship between substrate complexity and taxa richness, with the
shaded area representing 95% confidence intervals. (C) Predicted effects of sand cover on taxa richness
across intertidal zones, displaying a significant interaction between sand cover and zone. (d) Predicted
effects of wave action on taxa richness across intertidal zones, displaying a significant interaction
between action level and zone. Predictions are shown with 95% confidence intervals and were derived
from the best supported model identified using AICc-based model selection.
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Overall, taxa richness was significantly influenced by intertidal zone, substrate
complexity, sand cover and wave action. Furthermore, to determine whether the environmental
drivers of community diversity differed from those influencing richness, a similar modelling
framework was applied to Wisconsin-standardised Shannon diversity. Candidate models were
compared using an information-theoretic approach, and the selected model was subsequently
examined to identify the key environmental variables associated with varying diversity. The
diversity results were identical to those for richness, with the Sand-Wave model being the best

supported. The direction and magnitudes of all predictors were also similar. (Appendix 3, 4 &

5).

Taken together, these analyses demonstrated how community composition varied along
the intertidal gradient and identified the taxa contributing most strongly to the observed patterns
of beta diversity. They further revealed patterns of richness and diversity along the gradient,
including contrasting patterns between animal and algal communities, and identified taxa that
were characteristic of each intertidal zone. Finally, the effect of local habitat characteristics on
taxa richness and diversity was examined alongside the broader effects of intertidal zonation.
4.4 DISCUSSION

The environmental stress gradient strongly drives the compositional and structural shifts
in community assemblages. The three zones: upper, middle and lower showed a different
community composition and held communities of varying richness and diversity. The upper
intertidal showed the lowest richness, which increased in the middle intertidal and was
maintained in the lower intertidal. Diversity shows a similar pattern but increases even more in
the lower intertidal. Scrosati & Heaven (2007) found an identical relation of richness and
diversity with the environmental stress gradient. The further increase in diversity denotes a
similarly rich community with taxa abundances more evenly distributed compared to the

middle intertidal (Krebs, 1999). This corroborates well with the environmental stress model,
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wherein the middle intertidal is characterized by tense competition due to species abundance
build up, leading to a few taxa dominating the assemblages, whereas in the lower intertidal, the
competition is alleviated by lower stress as well as the effect of predation, leading to a more

equitable distribution amongst taxa that make up the community (Menge & Sutherland, 1987).

The decomposition of pairwise beta diversity into turnover and nestedness components
demonstrated a clear distinction in mechanisms driving community-level shifts. Dissimilarity
between the middle and lower zones was dominated by taxon turnover (0.179), indicating that
these communities differ mainly through taxa replacement. This pronounced turnover is
consistent with the shift from stress-driven environmental filtering to biotic interactions
structuring community composition (Menge & Sutherland, 1987). In contrast, the dissimilarity
between the upper zone and both the middle and lower zones was driven by nestedness (Upper—
Middle: 0.298; Upper—Lower: 0.328), suggesting that the upper intertidal harbours a
diminished subset of the taxa found in less stressed zones. This aligns with the environmental
stress gradient hypothesis, which posits that in high-stress zones, environmental filtering will
restrict community composition to a few stress-tolerant taxa (Menge & Sutherland, 1987;

Valdivia et al., 2011).

The SIMPER and Indicator species analysis help understand these concepts at the taxon
level. Chthamalus barnacles, along with three sea snails, Planaxis, Echinolittorina and
Littoraria, were associated with the upper intertidal. Chthamalus barnacles have been famously
demonstrated to be competitively excluded in the lower intertidal by other barnacles (Connell,
1961); this aligns with field observations. Additionally, the three sea snails are all highly stress-
tolerant taxa (Han, 2019; Marshall, 2015). Furthermore, the upper-middle intertidal SIMPER
results show that the Oysters from the upper intertidal and the algal taxa from the lower
intertidal drive the dissimilarity between the zones. The shift from oyster beds to the Red algae
1 and Green algae 1 beds signify a shift from hard-bodied heat-tolerant animals to soft-bodied
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animals. The middle intertidal is strongly associated with only two taxa, an omnivorous
gastropod, Ergalatax and the Red algae 1. This aligns with the idea that the middle intertidal
acts as a transitional zone and doesn’t host many zone specialists. The differences between
middle and lower are driven by Suspension feeder 1 and 3 kinds of red algae. The indicator
species analysis shows Indothais, a predatory gastropod, and brown macroalgae (Padina &
Dictyota) as representatives of the lower intertidal. Lower stress also allows for the growth of
larger habitat-forming algal taxa, as indicated by the analysis. The presence of Ergalatax in the
middle intertidal and Indothais in the lower intertidal signifies a gradual accumulation of

trophic types as predicted by the environmental stress hypothesis.

Fine-scale habitat characteristics strongly shaped community structure within the broader
intertidal stress gradient. Through an information-theoretic approach, the best model fit found
that the effects of sand cover and wave action on richness differ among zones. Whereas
substrate complexity increased taxa richness similarly across zones. The observed pattern for
substrate complexity deviated from the prediction that it would have a greater influence in the
high-stress zones. A structurally complex substrate can produce refugia from desiccation and
thermal stress, making it all the more essential in high-stress zones and relatively obsolete in
low-stress ones (Helmuth & Hofmann, 2001). The finding suggests that substrate complexity
plays an important role even in low-stress environments. This could be due to complex surfaces
providing escape terrain for prey taxa or even an increase in available niches (Kohn & Leviten,
1976). Sand cover decreases richness in the middle and lower intertidal zones, while having
the opposite effect in the upper intertidal zone. The decrease in richness could be attributed to
burial under sand (Airoldi, 2003). However, the positive effect of sand cover on richness may
be due to its moisture-retaining nature, which alleviates stress. Lastly, wave action showed a
negative association with richness in the upper intertidal, which is likely due to the exclusive

presence of oyster beds along the high wave action zones in the upper intertidal, as observed
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in the field. The middle intertidal did not show a biologically meaningful relationship with
wave action. Whereas the lower intertidal showed a mild positive relation, which could be
attributed to high taxa turnover due to mechanical stress caused by wave force (Sousa, 1979).
Similar patterns were also found for taxa diversity, indicating that the community's abundance

structure does not substantially differ with fine-scale habitat characteristics.

Put together, the findings point to a hierarchically structured community in which broad-
scale zonation patterns serve as primary drivers of community assemblages, with finer-scale
habitat characteristics operating within the boundaries set by zonation. The fact that this pattern
holds across three intertidal sites improves its generality across Goan rocky intertidal zones.
However, compositional and structural patterns alone cannot reveal why particular taxa occupy
particular zones. Understanding which functional assemblages characterise each zone within

the environmental stress gradient is the question addressed in Chapter 2.
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Chapter 2
Drivers of Functional Assemblages

5.1 INTRODUCTION

The previous chapter reported a differential response to the reduction of environmental
stress between animals and algal taxa. Animals persisted across much of the intertidal zone,
whereas algae appeared to thrive primarily in lower-stress conditions. This pattern may reflect
the inability of algal taxa to evade stress through locomotion, resulting in distributions that are
more tightly constrained by stress gradients, especially in high-stress zones such as the upper
intertidal (Huey et al., 2002).

Within animals, both motile and sessile forms occur in the intertidal. Motile animals are
composed mainly of slow-moving organisms that contribute to food-web structure by grazing
on algae, preying on grazers and other sessile animals, and scavenging dead matter. For these
taxa, food availability is the limiting resource, whereas the dominant pressures are imposed by
the environmental stress gradient discussed in Chapter 1. Sessile animals, in contrast, are
mostly suspension feeders, although some are capable of predating and photosynthesising
through mutualistic microorganisms. For these taxa, space is the principal limiting factor, while
their main stressors are similar to those experienced by motile animals. As a result, sessile
animals compete with both algal taxa and one another for space in the intertidal, since the
availability of suitable substrate largely governs their larval settlement (Jenkins et al., 2009).
To summarise, motile animals encounter algae as a food resource that expands trophic
opportunity, whereas sessile ones encounter algae as a competitor for the same limiting

resource (substrate).
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Figure 11 Conceptual illustration showing variation in environmental stress and algal increase (biotic
gradient) across the intertidal zone.

Consequently, motile taxa are expected to benefit not only from reduced stress but also
from greater resource availability in the lower intertidal zone. However, for sessile taxa,
coexistence with highly specialised algal taxa inhabiting lower intertidal zones may lead to
intense competition for space. Thus, reduced environmental stress in the intertidal may not
have the same alleviating effect on sessile taxa as it does on motile taxa. Instead, sessile taxa
may experience a biotic stress gradient that has the opposite effect of the abiotic stress gradient.

Based on environmental filtering theory, as discussed in the Conceptual underpinnings
section, motile taxa are predicted to show functional divergence in high-algal zones, where
algal cover facilitates a wider range of foraging strategies by expanding resource availability.
Sessile taxa, by contrast, are predicted to show functional convergence in high-algal zones,
where competition for primary substrate intensifies and filters communities toward effective
space-holding strategies. The environmental stress gradient, therefore, is expected to exert a
similar directional effect on both groups, while the biotic gradient drives them in opposite

functional directions.
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5.2 METHODS

5.2.1 Compilation of Functional Trait Data

To achieve Objective 2, functional trait information (Table 6) was compiled for all taxa
from the kingdom Animalia using published literature and scientific databases. Key sources
include AlgaeBase (Guiry & Guiry, 2026), WoRMS (2026) and expert communication. A
fuzzy-coded matrix was used (Chevene et al., 2024), wherein every trait modality was scored

on a scale from 0 to 3 (Table 7) (Mondy et al., 2014).

Table 6 Functional trait categories and associated modalities used in the study.

Trait Categories

S<2cm:-M2—-6cm - L6-10cm -

Body Size
XL 10-20cm - XXL > 20cm

Conical - Encrusting - Fusiform - Globose -
Growth Form ]
Prostrate - Colonial mat - Tubular

, Autotroph - Suspension feeder -
Feeding Mode .
Grazer - Predator - Detritivore

, Planktonic Egg Laying - Planktonic Broadcast -
Reproductive Mode .
Non-Planktonic Development

, Cement - Byssus - Pedal adhesion -
Attachment Mechanism . .
Basal disc - Free-living

Calcification Calcareous - Non-calcareous

Table 7 Fuzzy coding scoring criteria. Adapted from Patrohay et al., 2022.

Code Explanation
3 Taxon has total and exclusive affinity for a certain trait modality.
5 Taxon has a high affinity for a certain trait category, but other categories can
occur with equal (2) or lower (1) affinity.
1 Taxon has a lower affinity for a certain trait category.
0 Taxon has no affinity for a certain trait category.
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Trait compilation for algal taxa was attempted but was unsuccessful due to a lack of
detailed trait literature for Indian marine algae. The available traits were too similar for all algal
taxa, leading to inevitable clustering in functional space. As a result, algal taxa were not

included in functional analysis.

5.2.2 Analytical methods

Within each trait category in the fuzzy-coded matrix, scores were normalised so that
they sum to one per taxon. Taxon abundances (cover and counts) were rescaled using a max-
standardisation wherein the abundance was divided by the taxon’s maximum observed value
across all quadrats (Oksanen, 2015; Uno et al., 2025). Quadrats with fewer than three taxa were
excluded, as subsequent functional dispersion analyses require a minimum of taxa for stable
estimation (Lalibert¢ & Legendre, 2010). Trait modalities with zero variance within a given
subset (motile or sessile) were excluded as they could not contribute to distinguishing taxa.
Pairwise functional distances between taxa were computed using Gower’s distance (Gower,
1971) with inverse block-size weighing (Pavoine et al., 2009) applied across trait categories,
to ensure that categories with more modalities did not disproportionately drive the distance

matrix.

Functional dispersion analysis within the FD package (Laliberté & Legendre, 2010)
was used to understand how environmental gradients shape functional trait space. Functional
dispersion (FDis) measures the mean distance of community assemblages from the abundance-
weighted centroid of the occupied trait space of that community. To evaluate whether observed
FDis exceeded or fell below what would be expected in the case of random assembly,
standardised effect sizes (SES-FDis) were calculated by comparing observed values against a
null distribution generated from 999 randomised communities (Swenson, 2014; Valdivia et al,

2017). Independent swap randomisations (Gotelli, 2000) were used to produce randomised taxa
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co-occurrence matrices that preserved both the rarity of taxa and quadrat richness. This
generated a null model, representing an unfiltered community, allowing comparisons between
the filtered observed communities and the unfiltered null community. Additionally, to generate
ecologically realistic null abundances, the observed abundances of each taxon were then
resampled from its observed distribution across sites and assigned to the independently
swapped null cells (Bernard-Verdier et al., 2012; Laliberté & Legendre, 2010). This abundance
shuffle null was chosen over a presence-absence null to account for dominance structure; not
doing so would ignore the dominant role of a few abundant taxa in shaping community trait
space. Analyses were conducted separately for motile and sessile animal assemblages, since
these groups were expected to respond differently to the abiotic and biotic gradients. SES-FDis
was then regressed against relative position and algal cover, using generalised mixed models

with site as a random effect.

Subsequently, RLQ analysis (Dolédec et al., 1996; Beauchard et al., 2022) was
conducted separately for motile and sessile assemblages using the ade4 package (Dray &
Dufour, 2007). RLQ analysis identifies the trait combinations associated with different
environmental gradients across the community. Before ordination, environmental variables (R
matrix) were z-standardised, since they were originally measured in different ranges. This
ensured that no single variable dominated the ordination because of a larger numerical range.
Taxon abundances (L matrix) were also Wisconsin double-standardised, in addition to max-
standardisation, to prevent numerically dominant taxa and high-abundance quadrats from
disproportionately driving the ordination. The environmental variables (R matrix), taxon
abundances (L matrix), and their traits (Q matrix) were simultaneously ordinated to identify
the major trait-environment relationships structuring the assemblages (Gusha & McQuaid,
2025). For the sessile and motile subsets, trait ordination (Q matrix) used the Hill-Smith

method (dudi.hillsmith), as this method accommodates mixed and non-continuous trait data
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more appropriately than standard PCA (Hill & Smith, 1976; Dray & Dufour, 2007). A
preliminary fourth-corner screen was run before ordination to identify trait modalities with
meaningful associations to the environmental matrix, which were retained in the final RLQ
(Gusha & McQuaid, 2025). The overall significance of each RLQ ordination was tested using
Monte Carlo permutation (999 permutations; randtest, ade4). Lastly, fourth-corner analysis
(Legendre et al., 1997; Dray & Legendre, 2008) was used to test the statistical significance of
trait-environment associations identified by the RLQ ordinations, using 9999 permutations
with Benjamini-Hochberg correction for multiple testing. This analysis evaluates whether
particular trait combinations are associated with specific environmental variables to a greater
extent than expected by chance. Together, the RLQ and fourth-corner approaches were used to
determine both the direction and significance of trait responses along environmental gradients

(Dray et al., 2014; Gusha & McQuaid, 2025).

All analyses were performed in RStudio. Packages used include FD, Ime4, ade4, ggplot2

and ggeffects.

5.3 RESULTS

To set the premise for the forthcoming analysis, algal cover was plotted against relative
position (Figure 12). A strong, significant positive association was found between the two (f =
1.059 + 0.090 SE, t = 11.78, p < 0.001). Due to this relationship, algal cover and relative
position were treated as potentially collinear predictors with different biological effects;
relative distance served as a proxy for environmental stress, and algal cover represented a biotic

gradient. Therefore, these were tested separately in the following analysis.
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Figure 12 Summed algal cover per quadrat plotted against relative position.

As algal cover increased, a biotic gradient materialised along the environmental stress
gradient represented by relative position. To test whether animal communities were more or
less functionally dispersed than expected by chance, standardised effect sizes of functional
dispersion (SES-FDis) were computed using an abundance-shuffle null model. SES-
FDis values for these communities were then plotted against relative position and algal
cover to reveal their variations in functional space. Positive values are associated with
communities where taxa occupy more functional space than random assembly would predict
(functional dispersion). In contrast, negative values indicate communities that occupy less

functional trait space than would be expected under random assembly.
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SES FDis - motile animals
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Figure 13 Relationship between SES functional dispersion (SES-FDis) of motile taxa and (a) relative
position along the intertidal gradient and (b) algal cover. The fitted line represents fitted linear models,
and shaded areas indicate 95% confidence intervals.

A SES-FDis analysis was run for sessile and motile animals separately. The SES-FDis
plots for motile taxa (Figure 13) showed significant functional dispersion when plotted against
algal cover (GLMM: p = 0.022, Site SD = 0.523); however, relative position did not generate
a significant result (GLMM: p = 0.269, Site SD = 0.527). Motile animal communities in higher

algal cover showed greater functional dispersion than expected by chance.

SES FDis - sessile animals
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Figure 14 Relationship between SES functional dispersion (SES-FDis) of sessile taxa and (a) relative

position along the intertidal gradient and (b) algal cover. The fitted line represents fitted linear models,
and shaded areas indicate 95% confidence intervals.
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In contrast, when plotted against relative position (GLMM: p =0.970, Site SD = 0.897)
and algal cover (GLMM: p = 0.077, Site SD = 0.921), no significant differences in functional
dispersion were observed for sessile taxa. This pattern is consistent with random assembly in

sessile communities along both gradients (Figure 14).

Building on this, RLQ analysis was conducted. RLQ analysis identifies how
environmental factors are linked to the functional trait composition of communities. It does
this by simultaneously ordinating sites by their environment and taxa by their traits through the
abundance matrix. In contrast to the SES-FDis analysis, which determines if trait space is wider
or narrower than expected, RLQ determines which functional traits increase or decrease in

response to environmental gradients (Appendix 6).

For motile animal assemblages, RLQ axis 1 (RLQI1, Figure 15 a) explained 68.7% of
co-inertia, and RLQ axis 2 (RLQ2, Figure 15 b) explained another 18.08%. Environmental
structuring of community composition was significant (Model 2: permutation test, p = 0.001).
Both gradients, algal cover and relative position, loaded on RLQ1 (negative direction, Figure
15 a), implying that the primary axis describes a gradient from lower intertidal/high algal cover
to upper intertidal/low algal cover. Along this gradient, detritivores, predators and non-
calcareous animals are mostly found in the algae-dominated lower intertidal, whereas the algae-

poor upper intertidal predominantly comprises grazers (Figure 15 c).
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Major environmental and trait loadings for motile taxa
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Wave Action Algal cover
Substrate complexity Wave Action
Sand cover Sand cover

Algal cover

Relative position

Relative position Substrate complexity

06 04 0.2 0.0 0.5 0.0
RLQ1 loading RLQ2 loading

Grazer Detritivore

Calcareous Prostrate

Pedal adhesion Conical
Suspension feeder Calcareous
Free-living Non-calcarecus
Non-calcareous Fusiform
Detritivore Pradator
Predator Globese

-0.50 -0.25 0.00 0.25 050 -06 -03 00 03 06

RLQ1 loading RLQ2 loading

Figure 15 Major environmental variables and functional trait modalities associated with the first two
RLQ axes for motile taxa. Panels (a) and (b) show the loadings of environmental variables on RLQOI
and RLQ?2. While panels (c) and (d) show the corresponding functional trait loadings. Positive and
negative values indicate the strength and direction of association with each RLQ axis. Variables and
traits in the same direction along an axis tend to be associated with one another.

For sessile animal assemblages, RLQ1 represents 70.19% of co-inertia, while RLQ2
adds another 19.99%. Environmental structuring was significant once more (Model 2: p =
0.001). The dominant environmental factor loading on RLQ1 was relative position (Figure 16
a), with sand cover also contributing. Algal cover loaded strongly on RLQ2 (Figure 16 b).
Along the RLQ1 gradient, tubular, non-calcareous, mat-forming animals were associated with
the lower intertidal, while prostrate, calcareous forms characterised the upper intertidal (Figure
16 c¢). On the other hand, along RLQ?2, byssate organisms represented areas with high algal
cover, whereas low algal cover habitats were associated with prostrate, cemented taxa (Figure

16 d).
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Major environmental and trait loadings for sessile taxa
a b
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Figure 16 Major environmental variables and functional trait modalities associated with the first two
RLQ axes for sessile taxa. Panels (a) and (b) show the loadings of environmental variables on RLQ1
and RLQ?2. While panels (c) and (d) show the corresponding functional trait loadings. Positive and
negative values indicate the strength and direction of association with each RLQ axis. Variables and
traits in the same direction along an axis tend to be associated with one another.

Lastly, the fourth corner analysis was used to test whether particular trait modalities
were associated with specific environmental variables along the RLQ ordination axes. For
motile animals, algal position and relative position showed a strong association but were
statistically non-significant. However, for sessile organisms, relative position was significantly
associated with the RLQ1 trait gradient (BH-adjusted p = 0.004). This confirmed that the shift
in trait combinations from calcareous/prostrate ones up-shore to tubular/non-calcareous ones

down-shore is statistically robust.

The global fourth-corner (Model 4) permutation that tests the trait-environment

association was non-significant (p = 0.246). However, this is a known property of the combined
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RLQ/Fourth corner test, in which the global model is extremely conservative relative to the
axis-specific tests, which show significance for sessile taxa RLQ 1. Underlying biological
gradients can exist even when model 4 results show non-significance (Ter Braak et al., 2012).
5.4 DISCUSSION

In rocky intertidal ecosystems, abiotic and biotic gradients affect motile and sessile taxa
differently. Motile taxa exhibit significant functional dispersion in high-algal zones, potentially
indicating biotic facilitation. The RLQ showed that the increase in algal cover in lower zones
was associated with predators, detritivores, and non-calcareous animals, while the upper
intertidal zones with low algal cover were linked to biofilm grazers. Put together, this makes a
case for stress release, further ameliorated by biotic facilitation in motile taxa. The association
of the RLQ axis with trophic-level traits may point to a trophic shift consistent with increased
food resources (primary producers) in the lower zones (Abrams, 1993). Overall, a decrease in
stress is linked to increased primary productivity, which, in turn, may result in higher trophic
richness (Oksanen et al., 1981). This inference serves as a secondary mechanism through which
the environmental stress model can be perceived. Menge & Sutherland’s (1987) model
suggested an increase in trophic levels with the lowering of stress. However, this increase in
trophic levels could also be attributed to biotic facilitation, through an indirect effect of the
stress gradient. This idea aligns with Bruno et al.’s (2003) newer model that incorporates
facilitation into the earlier stress model. Biotic facilitation, in this context, may occur through
microhabitat creation: algal taxa may increase niche availability and provide respite from
desiccation stress (Bertness & Leonard, 1997; Bertness et al., 1999; Watt & Scrosati, 2013). It
should be noted that the fourth corner tests did not show significance for specific trait-
environment associations. This is because RLQ tests for overall covariation structure among

environment, site, and traits, while fourth-corner tests each trait-environment pair individually
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under conservative correction, so the two can disagree without contradiction (ter Braak et al.,

2012; Dray et al., 2014).

For sessile taxa, environmental filtering is the primary driver of functional assemblages
(Fourth-corner: p = 0.004). The organisms shift from calcareous, prostrate forms to tubular,
soft-bodied mats. Calcareous exteriors and prostrate body plans are associated with stress-
tolerant organisms, such as oysters and barnacles, found in the upper intertidal (Jackson, 1977),
while the tubular, soft-bodied mats are associated with taxa that experience comparatively little
thermal stress (Vermeij, 1973). In contrast to prior expectations, the functional assemblages of
sessile taxa are structured by stress (relative position), instead of algal cover. However, both
variables loaded strongly on different RLQ axes, meaning both variables filter traits in different
directions. That, alongside the non-significant functional dispersion responses to algal cover
and relative position, may indicate a change in trait composition but no change in trait space.
More speculatively, a potential cancellation of effects is also possible. The environmental stress
gradient may lead to functional dispersion for sessile taxa if it weren’t for intense competition
with algae for space. The non-significant dispersion result may in itself be indicative of abiotic
stress release and biotic algal competition having opposing effects of similar magnitude (Kraft

et al., 2015). However, further studies would be required to tease apart these effects.

Together, these findings highlight that biotic and abiotic gradients do not have the same
effects on all functional groups. They elicit different responses in taxa with different life-history
traits. Future work should combine the trait-based surveys with manipulative experiments to

test whether the hypothesised cancellation in sessile taxa is potentially true.
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Chapter 3
Effects of Predation on Community Assemblages

6.1 INTRODUCTION
Odxel’s middle intertidal hosts a sparsely distributed predator and its ubiquitous prey.

The predators are Muricid sea snails, and the prey species are primarily Brachidontes mussels.

The keystone predator concept discussed earlier was tested in this system.

Two similar muricid sea snails, Indothais blanfordi (Blanford's rock shell) and
Semiricinula tissoti (Tissot's Rock Shell), were commonly encountered during the study. Both
species were restricted to the middle and lower intertidal zones. Throughout the study, 215
individuals were recorded in the lower intertidal, while 42 were recorded in the middle
intertidal. /ndothais blanfordi was approximately 2.7 times more abundant than Semiricinula
tissoti, making Indothais the focal predator. Muricid sea snails are known to feed primarily on
mussels and barnacles (Xu et al., 2017), and repeated field observations revealed that
Brachidontes mussels were their main prey. These predators employ a chemo-mechanical
mechanism wherein shell-softening chemicals are secreted onto the prey’s shell, after which
the radula is used to rasp through the weakened shell and consume the mussel (Lau & Leung,

2004).

Brachidontes (scorched mussel) is a suspension-feeding bivalve, and approximately
80.4% of all recorded individuals occurred in the middle intertidal zone during the study period.
It is the dominant space-holding taxa and therefore the most likely candidate for competitive
monopolisation in the absence of predators. The community also included another suspension
feeder, Amphibalanus barnacles, although these occurred at lower densities in the middle
intertidal and are usually more common in the upper intertidal. Co-occurring with these are ten

types of algae that compete with suspension feeders for space. The algal assemblage also
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supported several molluscan grazers, including Cerithium, Siphonaria, Clypeomorus, Turbo
and Peronia. In addition, a few subordinate groups, such as polychaetes, oysters and crabs,
were present. Together, these characterise the immediate rocky-shore community associated

with Indothais and Brachidontes (Figure 17).

Major Trophic Interactions in the Odxel Intertidal Community

PREDATION
HERBIVORY
SPATIAL COMPETITION

Indothais (Predator) Grazers

Brachidontes mussels Amphibalanus Algal species
(Principal prey) barnacles

Figure 17 Conceptual representations of the major trophic interactions within the Odxel rocky
intertidal community.

A collapse of the above-mentioned community is expected following predator
exclusion. The mechanisms underlying this collapse are the monopolisation of space by
mussels, which would reduce the availability of substrate for algal taxa. As algal abundance
declines, the grazers that depend on these resources are also expected to decrease. Over longer
timescales, this could result in a simplified community dominated by suspension-feeding
mussels. However, given the time scale of this study, a complete collapse is not expected. This

is because peak recruitment of Brachidontes occurs during and after the south-west monsoons,
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and mussel growth then takes almost a year to grow to perceivable sizes (Rajagopal et al.,
2006), limiting the extent to which mussel dominance can develop within the study period.
Instead, an effect on the primary prey species is anticipated, potentially accompanied by

declines in algal taxa.

The experiment tests whether predator exclusion initiates the trajectory towards
competitive dominance predicted by Paine (1966, 1974) for temperate shores, within a tropical
intertidal system where stronger biotic interactions and greater functional redundancy may alter

the trajectory.

6.2 METHODS
6.2.1 Field methods

For this chapter, manipulative experiments were conducted at a single rocky intertidal
site from 24 March 2026 to 4 June 2026. This was undertaken at a single site due to logistical
constraints. Among several suitable locations, Odxel was chosen due to its proximity to a
fishing village with a cooperative local community and relatively low levels of tourism
pressure. A secondary survey identified the middle intertidal zone as the experimental area
because it supported a good population of Indothais snails and extensive Brachidontes mussel
beds with a diverse assemblage of algae and grazing gastropods. Six experimental units were
placed in the middle intertidal zone, each consisting of a treatment plot, a procedural control,
and an open control plot (Menge, 1976; Miller & Gaylord, 2007). Plot descriptions are as

follows:

Treatment plot: This was a 25 x 25 x 10 cm stainless steel (grade 304) predator-exclusion cage
with a 5 cm skirt anchored to the substrate using screws, aluminium bands, and washers. A 1

x 1 cm mesh size excluded adult and most juvenile predatory gastropods while allowing access
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to grazing gastropods and most small fish. The cage included an opening flap for sampling,

which was sealed with zip ties afterwards (Figure 18 a).

Control plot: This was an open, unmanipulated 25 x 25 cm area. It was marked with stainless
steel nails at the corners and sampled using a quadrat of the same size. This served as the

baseline for experimentation (Figure 18 b).

Procedural control plot: A partial cage was used that was identical in size and material but had
two 15 x 4 cm openings at the base on opposite sides, allowing predator movement while
retaining cage-related effects such as shading and altered water flow (Carroll et al., 2015). This

allowed the effects of caging artefacts to be separated from predator exclusion (Figure 18 c).

a) Predator exclusion cage b) Open control c) Procedural control cage

Figure 18 Schematic representation of the treatments used in the predator exclusion experiment.

Plots within each experimental unit were spaced sufficiently to minimise spillover
effects while avoiding the introduction of confounding factors. All experimental units were
located within the middle intertidal and served as spatial replicates. Cages were cleaned
regularly to prevent biofouling, and any opportunistic predatory gastropod that entered
treatment plots was removed. Sampling was conducted during low tide conditions (<0.4 m)

using the same protocol described for Chapter 1.
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6.2.2 Analytical methods

To test whether procedural control cages affected community structure, procedural
controls and open controls were first compared before assessing predator exclusion effects.
Presence-absence data were combined into a single matrix, aggregated by experimental unit,
sampling replicate, treatment and genus, and analysed using Jaccard dissimilarity. Differences
in composition were tested using PERMANOVA with 9999 permutations, with experimental
unit identity set as a permutation stratum. Dispersion was checked using PERMDISP. The
difference in key prey species, Brachidontes, was also assessed between control and procedural
controls. A negative binomial GLMM was used with treatment, replicate, and their interactions
as fixed effects, while experimental unit identity was a random effect. After confirming that
the cage artefact was not altering community composition meaningfully, predator exclusion
effects were assessed by comparing exclusion and open control plots using the same
PERMANOVA framework. Subsequently, Brachidontes' response to predator exclusion was
quantified using a log response ratio (LRR) calculated for each experimental unit and sampling

replicate.

Brachidontes abundance in Predator Exclusion plot
LRR =In < - - )
Brachidontes abundance in Control plot

Mean LRR values calculated across experimental units for each sampling unit were
then plotted through time. Temporal trends in LRR were analysed using a linear mixed model.
Finally, algal cover was analysed using a similarly computed LRR ratio and changes in overall
richness were analysed using a linear mixed model with experimental unit ID as a random
effect.

6.3 RESULTS
Differences in community composition of procedural control and control plots through

time were assessed so as to test for cage artefacts. A PERMANOVA revealed a non-significant
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interaction between these treatments and time (F = 1.70, R? = 0.0238, p = 0.052), indicating
that communities in these plots did not differ through time. Additionally, a negative binomial
mixed-model showed no difference in temporal trajectories of Brachidontes between the
procedural control and control (y*> = 0.20, p = 0.655). Although both treatments showed a
decline in abundance through time (y* = 63.05, p < 0.001), the rate of decline was similar
(Figure 19). Overall, these analyses attested that the cage did not produce any meaningful
procedural artefacts, as a consequence of which open controls were taken as baselines for

evaluating the effects of predator exclusion.

Brachidontes response in procedural and open control

@ Open control @ Procedural control
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100
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25

Brachidontes abundance

1 12 26 42 56 72
Time since experiment initiation (days)

Figure 19 Brachidontes abundances for procedural and open control plotted against time since
experiment initiation. Shaded areas represent +1 SE.

Subsequently, log response ratios were analysed using a linear mixed model with
sampling replicate number as a fixed effect and experimental unit ID as a random effect. A

significant positive effect of sampling replicate on LRR was observed (B = 0.298 + 0.070 SE,
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F=18.34, p <0.001). This analysis revealed that Brachidontes mussel abundance in exclusion

plots increased relative to open controls over the course of the experiment (Figure 20).

Brachidontes response to predator exclusion

Log response ratio (Brachidontes EX/CO)

1 12 26 42 56 72
Time since experiment initiation (days)

Figure 20 Brachidontes LRR calculated using exclusion/control values plotted against time since
experiment initiation. Shaded areas represent +1 SE.

Building on this, predator exclusion produced a significant change in overall
community composition relative to open control plots (PERMANOVA: F =4.749,R*=0.1919,
p <0.001). As Brachidontes’ LRR values showed an increase, a linear mixed model was used
to examine whether co-occurring algal taxa showed a decrease in their LRR values through
time. No significant association was found in the case of algae (p = 0.174). Additionally, the
response of taxonomic richness to predator exclusion was tested. Richness showed no

significant difference between treatments through time (p = 0.113).
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To investigate the mechanisms underlying the observed effects of predator exclusion,
further analysis was conducted. Brachidontes abundance declines across both treatments,

though the decline was steeper in control plots (Figure 21).

Brachidontes abundance decreases through time
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Figure 21 Brachidontes raw abundances plotted against time from experiment initiation for exclusion
and control plots. Shaded areas represent +1 SE.

To test whether this pattern was seasonal or mediated by higher /ndothais abundances
over time, a negative binomial mixed model was used. The model used the community dataset
from chapters 1 and 2, with sampling replicate as a fixed effect and site/transect as a random
effect, with Indothais/Brachidontes abundances as the response variable. Both showed weak

non-significant decrease over time.

Overall, these results show that cage artefacts did not confound the experiment and that

open controls served as appropriate baselines. Predator exclusion produced a clear shift in
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community composition and a strong effect on the principal prey species’ abundance. In

contrast, algal taxa and overall richness showed no treatment-driven changes.

6.4 DISCUSSION

Predation was a dominant ecological force shaping the communities of the rocky
intertidal ecosystem studied. In the absence of predators, the focal prey species showed
decreased mortality; however, a clear increase in abundance wasn’t seen. In addition, as the
monsoon approached, Brachidontes abundances declined steadily in control plots, while only

a slight decline was observed in predator-exclusion plots.

This pattern may reflect a combination of seasonal changes in the prey abundance and
predator feeding ecology. Brachidontes mussels are known to exhibit narrow tolerance limits
to fluctuations in temperature and salinity (Astudillo et al., 2017). Other species in the same
genus have also shown a decline in abundance during summer temperature spikes (Alhassan,
2025). Similar responses have been reported for other mussel taxa, including blue mussels,
which are highly sensitive to seasonal variation (Carrington, 2002) and may even experience
mass mortalities. Comparable patterns have also been observed in the Mediterranean mussels
(Bracchetti et al., 2024). Some studies have further shown that mussels can shift their

reproductive efforts in anticipation of seasonal stress or mortality (Zajac & Zajac, 2025).

These seasonal effects were likely compounded by predator activity. Indothais and other
muricid species are known to target physiologically stressed prey. Environmental stressors can
force mussels to reallocate energy away from defence, reducing their ability to maintain anti-
predator responses (Manriquez et al., 2021). This can cause altered shell composition and
weaken byssal attachment (Shen et al., 2026). Consequently, predatory gastropods tend to
prefer physiologically stressed prey individuals because they require less handling time and
lower effort to drill through the shell (Gestoso et al., 2015).
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Together, these factors corroborate the patterns observed in the experiment. The decline
in Brachidontes abundance likely reflects both rising temperatures and the approaching
southwest monsoon. In addition, the stronger decline in control plots suggests an added effect
of predation on already stressed individuals. Both treatment and control plots showed declining

mussel abundances, but the effect was more pronounced in the control plots.

Although the community as a whole changed in the absence of predators, algal taxa did
not exhibit the predicted decline. This outcome could be ascribed to two causes. Firstly, the 72-
day study period was too short for Brachidontes mussels to monopolise space and produce a
substantial indirect effect on algal cover. Even though mussels show constant recruitment
throughout the year, their settlement peaks towards the end of the south-west monsoon. After
which Brachidontes mussels take 30 to 49 days to grow to an observable size (Rajagopal et al.,
2006). A longer study would therefore be needed to detect any delayed effects on the mussel
expansion on algal taxa. Secondly, the algal taxa were measured as per cent cover within 5 x 5
cm subsections of the quadrat, whereas Brachidontes abundances were recorded as counts.
Hence, the algal covers were quantified at too coarse a resolution for meaningful comparison

between the two groups.

Indothais had a strong effect on its immediate prey species, but did not produce
community-level changes consistent with those expected of a keystone species. Given the study
period, the role of functional redundancy in Goa’s tropical intertidal communities could not be
assessed. Even so, predation appears to be an important biotic interaction in this system and
may be stronger than in temperate intertidal communities. Similar studies in temperate areas
showed little or no community change even after more than seven months (Menge, 1976,
1978), whereas this study recorded a change in community composition within three months

of predator removal. This could indicate genuinely strong predation intensity, but it may also
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reflect the seasonal decline of mussels on tropical shores, which could have amplified the

apparent effect of predator removal.

In conclusion, although predatory interactions strongly shaped the intertidal
communities, monopolisation was not observed, and the keystone predation hypothesis could
not be tested. Longer predator exclusion experiments are required to assess whether functional
redundancy and stronger biotic interactions play a role in tropical intertidal ecosystems, and
whether muricid gastropods in Goa function as a keystone predator. Ideally, a multi-year
dataset would answer these questions conclusively, as suggested by Menge (1976). This study
provides a methodological framework for exclusion experiments under tropical shore
conditions and may serve as a baseline for future research into predator-prey interactions in

Indian intertidal ecosystems.
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CONCLUSION

The study set out to determine the drivers of community assemblages in Goa’s rocky
intertidal ecosystem. A system that remains mechanistically underexplored despite India’s
extensive coastline. The influence of environmental stress, functional trait assemblages, and
top-down predation on the community structure of this ecosystem was examined. Collectively,
the three chapters demonstrate that the environmental stress gradient is the key determinant of
community assemblages. This was broadly consistent with the predictions of Menge &

Sutherland’s (1987) environmental stress model.

Chapter 1 demonstrated that community composition and structure shift along the
environmental stress gradient, with the upper intertidal representing a nested subset of the taxa
found in the lower zones and taxon replacement driving the middle-lower zonal dissimilarities.
Within these zones, each with its stress regimes, finer-scale habitat characteristics further
mediate community structure. These include sand cover and wave action. The complexity of
the substrate increased taxa richness throughout the intertidal, irrespective of zonation. Thus,
the drivers of community assemblages were found to be a hierarchical structure, wherein broad-
scale abiotic stressors dictate which species can persist, while local habitat characteristics
determine how taxa are distributed within each stress regime. Chapter 2 examines the same
gradient through a functional trait-based approach. The stress gradient mediates functional
responses in animals depending on fundamental differences in their life histories. Motile taxa
showed significant functional dispersion in algae-rich zones, possibly due to increased food
resources and spatial niches. This was consistent with Bruno et al.’s (2003) newer facilitation-
based stress model, as well as the trophic increase predicted by Menge & Sutherland (1987) at
lower stress levels. In contrast, sessile taxa showed a significant functional shift along the stress

gradient. Contrary to expectations, the increase in algal cover did not elicit functional
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convergence; instead, it had no effect. This may indicate a simultaneous opposing force
between stress release and competitive pressures from algae, effectively cancelling out their
effects. Chapter 3 tested the influence of top-down interactions on the community assemblages.
A strong effect of the muricid predators on their principal prey, Brachidontes mussels, was
found. The prey species showed a slight decline in the absence of predators, while a steeper
decline was observed in the unmanipulated plots due to the combined effects of seasonal
change and predation pressure. Predator removal also significantly altered community
composition at a shorter timescale than similar experiments conducted along temperate shores.
This is tentatively consistent with the idea that biotic interactions are stronger in tropical

regions.

Several limitations affect how these findings can be interpreted. The dataset for chapters
1 and 2 spanned three environmentally similar sites and two seasons (winter and summer),
while that for Chapter 3 covered one site and 72 days. Additionally, all sites were sheltered and
lateritic, without any representation of exposed basaltic sites. This design, while intensive,
compromises on generalisability. Additionally, taxa could only be identified to the genus level,
and a morphospecies approach was resorted to when identification was not possible. This may
have resulted in a slight overestimation of community structure by separating congeneric
individuals into multiple morphospecies. Functional traits were also assessed using categorical
classifications rather than continuous quantitative measures due to data unavailability. The
abiotic variables were ocular estimates rather than quantitative measurements, which limited
the resolution needed to tease apart finer-scale variations. The use of Wisconsin double-
standardised data did not preserve evenness data very well, making it unsuitable for analysing
evenness patterns. Moreover, the functional analysis did not control for the confounding effect
of phylogenies, making it difficult to distinguish between the effects of ecological processes

and those of shared evolutionary history. Lastly, within the experimental setup, the algal taxa
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were quantified at too coarse a resolution. Quantification at higher resolutions would have
allowed the detection of the monopolisation signal if it existed. Collectively, these constraints
mean that the findings are best interpreted as an ecological baseline rather than a definitive

characterisation of Indian intertidal community dynamics.

Nevertheless, the study makes several contributions. It provides ecological information
for a predator exclusion experiment conducted along a tropical Indian shoreline. The
differential functioning responses for motile and sessile taxa to the biotic gradient, which test
facilitation and filtering, represent a distinction that, to the best of my knowledge, has not been
explicitly examined in a tropical intertidal ecosystem. The coherence of the studies' results with
temperate intertidal ecosystems shows that the basic mechanistic framework that structures
communities is generalisable to a tropical system. Furthermore, much like temperate shores,
Indian intertidal ecosystems can serve as natural laboratories for testing ecological theory.
Future work should prioritise a larger spatial and temporal scale to improve the generalizability
of results. Based on this study, the effects of the environmental stress gradient across shores
with variable exposure levels and substrate composition should be tested. Furthermore,
manipulative experiments should be undertaken to tease apart the effects of environmental and
biotic gradients on the functional responses of sessile animals. Additionally, the keystone
predation concept should be tested in light of stronger biotic interactions and higher functional
redundancy. The present study provides an ecological foundation and methodological

framework from which these questions can now be pursued.
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APPENDICES

Appendix 1 Genera/Morphospecies recorded in the rocky intertidal ecosystems of Cacra,
Hollant and Siridao, with the study site(s) at which each taxon was observed.

Sr. No. Genus

Sites(s) where recorded

1| Acanthochitona Cacra, Siridao
2 | Amphibalanus Cacra, Siridao
3 | Anachis Cacra, Hollant
4 | Anthopleura Cacra, Hollant
5| Arakawania Hollant
6 | Ascidia Cacra
7 | Brachidontes Cacra, Hollant, Siridao
8 | Bunodosoma Cacra
9 | Caloglossa Cacra, Hollant, Siridao
10 | Catenella Hollant, Siridao
11 | Caulerpa Hollant
12| Cellana Cacra, Hollant, Siridao
13 | Celleporina Siridao
14 | Centroceras Cacra, Hollant
15| Cerithium Cacra, Hollant
16 | Chaetomorpha Cacra, Hollant
17 | Champia Cacra, Hollant, Siridao
18 | Chondracanthus Cacra, Hollant, Siridao
19 | Chthamalus Cacra, Hollant, Siridao
20 | Cladophora Cacra
21 | Clanculus Hollant
22 | Clypeomorus Cacra, Hollant, Siridao
23| Colpomenia Cacra, Siridao
24 | Conopeum Siridao
25 | Costacallista Siridao
26 | Dictyota Cacra, Hollant, Siridao
27 | Dysidea Hollant
28 | Echinolittorina Cacra, Hollant, Siridao
29 | Ectocarpus Cacra, Siridao
30| Engina Hollant
31| Ergalatax Hollant
32 | Euchelus Cacra, Siridao
33 | Gelidium Cacra, Hollant, Siridao
34| Gyrineum Hollant
35 | Haliclona Cacra, Hollant
36 | Haloa Siridao
37 | Hymeniacidon Hollant
38 | Hypnea Cacra, Hollant, Siridao
39 | Indothais Cacra, Hollant, Siridao
40 | lyengaria Cacra, Siridao
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41 | Kappaphycus Cacra
42 | Lithophyllum Cacra, Hollant
43 | Littoraria Cacra, Hollant, Siridao
44 | Lobophora Hollant
45 | Mactra Siridao
46 | Megabalanus Hollant
47 | Nerita Cacra, Hollant
48 | Padina Cacra, Hollant, Siridao
49 | Palythoa Hollant
50| Perna Cacra, Siridao
51| Peronia Cacra, Siridao
52| Phyllodictyon Hollant
53| Planaxis Cacra, Hollant
54 | Pseudoralfsia Hollant
55| Sabellaria Hollant
56 | Saccostrea Cacra, Hollant, Siridao
57| Sargassum Cacra
58 | Semiricinula Cacra, Hollant, Siridao
59 | Siphonaria Cacra, Hollant, Siridao
60 | Suberites Hollant
61 | Tethya Hollant
62 | Timoclea Hollant
63| Trochus Hollant
64 | Turbo Hollant, Siridao
65 | Ulva Cacra, Hollant, Siridao
66 | Zoanthus Hollant
Sr. No.  Morphospecies
1| Greenalgae 1 Cacra, Hollant, Siridao
2 | Greenalgae 2 Cacra, Hollant, Siridao
3 | Muricid gastropod 1 Cacra, Hollant
4 | Polychaete 1 Cacra, Hollant
5| Polychaete 2 Cacra, Siridao
6 | Redalgae 1 Cacra, Hollant, Siridao
7 | Redalgae 2 Cacra, Hollant, Siridao
8 | Redalgae 3 Hollant
9| Red algae 4 Siridao
10 | Suspension feeder 1 Cacra, Siridao
11| Tubeworm 1 Hollant, Siridao
12 | Tubeworm 2 Hollant
13| Vermetid snail 1 Hollant, Siridao




Appendix 2 Distance decay plots for each intertidal zone.

Within-zone distance-decay relationships
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Appendix 3 Model selection results for candidate GLMs explaining Wisconsin-standardised
diversity across the intertidal gradient. Models were ranked using corrected Akaike's
Information Criterion (A1Cc).

Model Predictors df AlCc AAICc Weight

SAND—-WAVE Zone x Sand cover + Zone x Wave Action 11 501.1 0.00 0.521
+ Substrate complexity

SAND Zone x Sand cover + Wave Action + 9 502.7 1.54 0.242
Substrate complexity

GLOBAL Zone x Sand cover + Zone x Wave Action 13 503.5 2.37 0.159
+ Zone x Substrate complexity

SAND— Zone x Sand cover + Zone x Substrate 11 504.9 3.80 0.078

COMPLEXITY complexity + Wave Action

WAVE Zone x Wave Action + Sand cover + 9 5222 21.10 <0.001
Substrate complexity

WAVE—- Zone x Wave Action + Zone x Substrate 11 522.4 21.26 <0.001

COMPLEXITY complexity + Sand cover

COMPLEXITY Zone x Substrate complexity + Sand 9 525.9 24.82 <0.001
cover + Wave Action

ADDITIVE Zone + Sand cover + Wave Action + 7 526.2 25.04 <0.001
Substrate complexity

ZONE-ONLY Zone 4 5294 2830 <0.001
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Appendix 4 Estimates from the selected GLM explaining variation in taxa diversity. Estimates

are presented, together with standard errors (SE) and t-statistics.

Predictor Estimate  SE t
Intercept 0.623 0.132 4.731
Zone (Middle) 0.741 0.181 4.105
Zone (Lower) 1.030 0.210 4.910
Sand cover 0.149 0.042 3.592
Wave action -0.085 0.037 -2.289
Substrate complexity 0.342 0.128 2.681
Zone (Middle) x Sand cover | -0.206 0.052 -3.966
Zone (Lower) x Sand cover -0.255 0.052 -4.930
Zone (Middle) x Wave action | 0.115 0.054 2.143
Zone (Lower) x Wave action | 0.109 0.058 1.867
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Appendix 5 Effects of intertidal zone, substrate complexity, sand cover and wave action on
Wisconsin-standardised Shannon diversity. (a) Variation in Wisconsin-standardised Shannon
diversity with zonation presented as boxplots with overlaid quadrat-level observations. (b)
Predicted relationship between substrate complexity and Wisconsin-standardised Shannon
diversity, with shaded area representing 95% confidence intervals. (C) Predicted effects of sand
cover on Wisconsin-standardised Shannon diversity across intertidal zones, displaying a
significant interaction between sand cover and zone. (d) Predicted effects of wave action on
Wisconsin-standardised Shannon diversity across intertidal zones, displaying a significant
interaction between action level and zone. Predictions are shown with 95% confidence
intervals and were derived from the best supported model identified using AICc-based model
selection.

1.2
215 z
2 4
2 g
o i)

g g
g 1.0 2
c c
© ©
£ T s
7] 0n

3 30°
:§ 0.5 §
T b=
@ [
a a

0.0 0.6

Upper Middle Lower 0.00 0.25 0.50 0.75 1.00
Intertidal zone Substrate complexity

-
2]

l

-
(=

P
Predicted Shannon diversity

Predicted Shannon diversity

0.5 0.5
1 2 3 4 1 2 3 4

Sand cover Wave action

Upper . Middle . Lower w= Upper == NMiddle == |ower

76



Appendix 6 RLQ ordination for motile & sessile taxa. (a) Environmental variables, (b)
functional trait modalities, and (c) taxa. The direction of arrows indicates increasing values of
environmental variables or trait modalities, and arrow length represents the strength of their
association with the ordination. Taxa positioned closer to an arrow are more strongly
associated with that environmental variable or trait modality. Because all of these are projected
onto the same RLQ axes, their directions and positions can be interpreted together to infer
associations between environmental gradients, functional traits, and taxa.
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Appendix 7 Left: Quadrat in the upper intertidal, Right: Quadrat in the lower intertidal.

Appendix 8 Top: Indothais blanfordi in its habitat; Bottom: Clypeomorus grazing on algae.
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Appendix 9 Left: Experimental setup Right: Indothais gastropods feeding on Brachidontes
mussels around the experimental plots.

Appendix 10 Experimental cages at Odxel.

79



Appendix 11 Setting up experimental plots.
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