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Abstract
The size and structure of the habitat provided by macro-algae are thought to be essential factors
in determining the diversity and abundance of the associated epifauna. This study used seven
Caulerpa species as model organisms to investigate the potential effects of morphological
variation in macroalgae on the species abundance, taxonomic richness, and structure of associated
invertebrate assemblages. With this aim, I collected individual Caulerpa species at Rottnest Island,
measured their biomass and morphological traits, and determined the biodiversity of associated
macro-invertebrates. Caulerpa biomass and morphological traits were used to estimate the
quantity and complexity of available habitats. I found that most of the Caulerpa species
investigated showed significant differences in at least one structural measure, and the structure of
associated invertebrate assemblages differed significantly among these species. Moreover, our
results indicated that greater invertebrate biodiversity would be expected among the species that
have greater biomass and fractal dimension, but lower lacunarity. Therefore, my results suggest
that both the biomass and fractal characteristics of macro-algae play an essential role in shaping
the structure of invertebrate assemblages, although Caulerpa fractal traits were the best predictor
variable.
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Introduction
Macro algae, the benthic marine macrophytes, is the collective term for a diverse group of
species across the divisions of Rhodophyta (red alga), Phaeophyta (brown alga), and
Chlorophyta (green alga) (Shams El-Din et al. 2014). On temperate subtidal reefs, macro-algae
are the dominant benthic organisms. As habitat formers, they contribute to the structural
complexity of the system and, in doing so, influence biodiversity, productivity, and other
ecosystem functions (Boyer et al. 2009). Macro-algae may contribute to the marine ecosystem
through different fundamental mechanisms: as food sources for herbivores; in habitat formation
(Bates 2009); in ameliorating environmental stress (e.g., light, sediment, water motion)
(Hayward 1988); and by providing shelter, in particular from predators(Norderhaug et al. 2005).
These ecological services have a potential relationship with the diverse community of marine
invertebrates. Therefore, the spatial distribution of marine invertebrates associated with
different macro-algae is affected by the biological and physical features of environmental traits,
such as the presence of habitat-forming species; species interactions like competition and
grazing; and environmental conditions such as sedimentation, variable salinity and water clarity
(Reeves et al. 2015).
The morphological traits of macro algae may influence and alter the physical structure of the
algae, which in turn influences the population of resident invertebrates. At a small spatial scale,
Schmidt and Scheibling (2006) showed that macro-algae with different morphologies can
profoundly affect the structure of invertebrate assemblages. One habitat can also have greater
power to support recruitment than another, thus increasing the population of larvae and juvenile
invertebrates (Tuya et al. 2008). They also proved that the greatest abundance of gastropods
was discovered on red alga, because the surface area per wet weight of this alga was greater
than that of the other investigated algae. Moreover, algae producing complex branched habitats
can create a sanctuary that better protects invertebrates from predators. For example, macroalgae with simple leaf-shaped morphologies have less ability to protect invertebrates from
visual predators (Jacobi & Langevin, 1996).
Defining the complexity of macro-algae is a challenging problem that has both qualitative and
quantitative aspects. The typical quantitative features of complexity include algal biomass,
volume, and surface area, while the qualitative features include algal length, ramet width, and
morphological traits (Veiga et al. 2014). Fractal dimension (FD) and lacunarity are both
essential traits of macro-algal morphology. FDs as geometrical metrics are used to estimate sets
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that are too irregular to be described in more classical ways (Falconer 2003). Currently, the FD
index is extensively used for measuring the complexity, branching intensity, and space-filling
characteristics of various plant structures (Da Silva et al. 2006; Bouda et al. 2016). Some studies
have estimated the effects of plant complexity on invertebrate habitat heterogeneity using the
FD index (Dibble & Thomaz 2009; Torres et al. 2015; Dijkstra et al. 2017). Lacunarity is
another fractal characteristic that is used to estimate the degree of structural heterogeneity,
gappiness, translational and rotational invariance (AndréRicardo 2013). Moreover, lacunarity
can overcome the weaknesses of FD. A high lacunarity value indicate that the texture has
dispersed large gaps or holes; in other words, the surface is heterogeneous. A low lacunarity
value indicate that the texture is homogeneous (Kemal Ihsan et al. 2011).
Various studies have compared how different habitat-forming macro-algae affect biodiversity
and ecosystem function. Davenport et al. (1996) investigated the effects of algal complexity on
epifaunal biomass and abundance using four macroalgae and they suggested that increased FD
and surface smoothness affect the biomass and abundance of epifauna. Hooper and Davenport
(2006) further demonstrated that algal species that have higher FD could support a greater
epifaunal biomass. In addition, three macro-algae with different habitat complexities were
found to have significant differences in their associated epifaunal assemblages (Veiga et al.
2014). Finally, it has also been demonstrated that invasive macro-algae, which have different
morphologies compared to native species, can cause alterations in the associated epifauna.
Torres et al. (2015) used six macroalgal species that have different morphologies to investigate
the effects of macroalgal morphology on the structure of the associated epifaunal assemblages.
They determined that the abundance and density of epifaunal species differ among the related
macro-algae, which suggests that habitat complexity plays an essential role in determining the
diversity and abundance of invertebrates. Ultimately, these studies of macro-algal
morphologies can give us new insights into the organization of invertebrate assemblages.
However, most studies have compared invertebrate communities among very different types of
macro-algae, comparisons that are influenced by different morphologies, anatomies,
physiologies, life strategies, and phylogenetic histories. In short, these studies are typically
‘confounded’ by strong evolutionary and phylogenic differences among the target macro-algae
species (i.e., comparing invertebrate assemblages associated with different brown, red, and
green algae species). Furthermore, several studies have tried to measure macro-algae
complexity by calculating variables such as algal biomass, area, volume, or number of fronds
7

(e.g., Davenport et al. 1996; Taniguchi et al. 2003). Estimating overall structure complexity
using these factors is difficult. It is therefore essential to develop standardized methods for
quantifying macro-algal structure complexity. Dijkstra et al. (2017) showed that the
morphological structures of macro-algae could be measured using composites of algal specific
traits, such as dry weight; size; number of branches; and morphological traits including fractal
dimension, lacunarity, and the surface area to dry weight ratio. On the other hand, invertebrates
associated with macro-algal hosts depend on the traits of the habitat-forming species. For
example, invertebrates will select a suitable host based on the host’s cell wall components,
storage products, and defensive biochemistry (Baumgartner et al. 2009); traits vary
dramatically among taxonomic lineages of macro-algae. A better test of how invertebrates
depend on the macro-algae they inhabit would be to compare congeneric species, thus
minimizing the phylogenetically confounding effects.
Understanding the mechanisms that control the abundance and richness of invertebrate fauna
associated with different macro-algae is important to an understanding of how biogenic habitatforming species control the biodiversity and productivity of coastal ecosystems. No studies
have investigated this mechanism using congeneric species which have relatively high
phylogenetic similarity. This study aims to address this gap by quantifying the invertebrate
abundance and biodiversity associated with different co-occurring species of Caulerpa at
Rottnest Island in Western Australia.
Caulerpa is a species-rich genus of green algae that is widely distributed from tropical to
subtropical regions (Huisman 2000); it includes 86 recognized species (Guiry 2010) that have
different morphologies and a well-described phylogeny. Carruthers et al. (1993) described the
ecology of local Caulerpa species in southwestern Australia, and noted that C. racemosa grows
from the intertidal area out to reef flats that are less than 6 m deep. Caulerpa reproduces both
sexually and asexually, with asexual reproduction appearing to be relatively common
(Roepstorff 2010). Caulerpa that are attached to soft sediment can extract nutrition from the
substratum using rhizoids, in addition to taking up nutrients from the water column through
their fronds (Williams 1984; Roepstorff 2010). Due to this efficient nutrient uptake, Caulerpa
species are often not limited by low nutrient levels (Ceccherelli & Cinelli 1999; Roepstorff
2010).
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In Caulerpa species, the general morphology is reflected in a uniaxial thallus, which is
generally divided into a creeping stolon and bearing erect photosynthetic ramets (Roepstorff
2010). Caulerpa ramets have an extremely diverse morphology that depends on the species
including pinnate, spongy, thread-like, blade-like, or vesicular structures, whereas the stolons
are smooth, hairy, or spiny with branched spines (Lamouroux 1809). Studies on invasive
Caulerpa in the Mediterranean Sea suggest that invertebrates can be highly abundant on
Caulerpa racemosa (Vázquez-Luiset al. 2008). For example, amphipod populations can reach
several thousand individuals per square meter in a Caulerpa racemosa meadow (VázquezLuiset al. 2008). These amphipods provide food for fauna at higher trophic levels, such as fish
(Stål et al. 2007), and can therefore be an important link in food webs in this macro-algal
ecosystem (Vázquez-Luis et al. 2010).
Due to their diverse morphologies, Caulerpa species are superb model organisms for
investigating the effects of morphology with minimal confounding effects of evolutionary
history. First, all Caulerpa species have a restively similar evolutionary history; other studies
have used different genera with diverse evolutionary histories. Moreover, Fama et al. (2002)
studied the chloroplast tufA sequences of 75 Caulerpa species to obtain a deeper understanding
of the evolutionary history of this genus. They found that Caulerpa is composed of two lineages:
a variety of comparatively ancient and species-poor clades and a series of relatively modern
and rapidly diversifying lineages. More importantly, the modern clades contain most of the
morphological and species diversity. Most of the investigated Caulerpa species in this study
belong to this modern clade, which started to diverge very recently on an evolutionary time
scale, especially compared to when algae were classified as red, brown, and green Algae circa
the year 1800 (Ragan 1998). Species that diverged longer ago have more time-related changes
in their morphological, cytological, anatomical, and secondary metabolites, reflecting the
degree of potential differences (National Academy of Sciences 1984). Therefore, because
Caulerpa species have only very recently diverged, they are less likely to have confounding
differences.
This project aims to investigate the aforementioned knowledge gap regarding the effects of
morphological attributes on invertebrate assemblages. To do so, Caulerpa species will be used
as a model organism, due to their close phylogenetic history and diverse morphologies. I
hypothesized that i) the biomass and structural complexity (morphological traits) will differ
among the investigated macro-algae, ii) the biodiversity of meso-invertebrate assemblages
9

differs among Caulerpa species, and iii) species abundance and taxanomic richness of mesoinvertebrate are significantly related to the biomass and morphological traits (e.g., fractal
dimension, lacunarity, and surface area to dry weight ratio) of Caulerpa species.
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Materials and Methods
Study Species and Study Site
The study site for this research was Rottnest Island (-32°00, 115°30), located in the Indian
Ocean approximately 19 km off the coast of mainland southwest Western Australia (Rottnest
Island Authority 2014). Rottnest Island has a distinct marine habitat (i.e., coral outcrop habitats,
seagrass meadows, and macro-algae beds) and a long coastline relative to its area (Clague &
Rosemary 2009). Due to its offshore position, the island is influenced by the warm Leeuwin
Current, resulting in a high diversity of marine species and habitats (Wells et al. 1993). Rottnest
Island therefore hosts a large number of sub-tropical and temperate species, including more
than seven Caulerpa species (Clague & Rosemary 2009).
As shown in Fig. 1, five sampling sites around Rottnest Island were chosen: Henrietta Rocks,
Little Parakeet Bay, Rocky Bay, Salmon Bay, and The Basin. Each Caulerpa sample was
collected from the shallow subtidal rock reef (<2 m depth) in July 2017. Table 1 shows the
collected Caulerpa species from each site. As mentioned before, the genus Caulerpa has
various morphologies, and each Caulerpa species has an obviously unique morphology.
Therefore, each species in collected sample was identified by its morphological characteristics
following Draisma et al (2014).

Fig. 1. The sampling sites at Rottnest Island.
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Table 1. Summary of which Caulerpa species were collected per site.
C.
hedleyi

C.
obscura
√

C.
flexilis
√

C.
sedoides
√

C.
cactoides
√

C.
distichophylla

Little Parakeet Bay

√

√

√

√

√

√

The Basin

√

√

√

√

√

√

Rocky Bay

Henrietta Rocks
Salmon bay

√

C.
racemosa

√

√

Sample Collection
To investigate the relationship between the morphology of Caulerpa species and associated
invertebrate biodiversity, this study collected seven Caulerpa species and their associated
invertebrates from different sites around Rottnest Island, Western Australia. For most species,
five replicates were removed from each sampling site. However, C. distichophylla and C.
racemosa are less abundant, which resulted in fewer replicates being collected. Samples were
collected from nicely monospecific stands where possible. All samples were carefully collected
on snorkel by hand, using small nylon stocking bags with holes smaller than 250 μm. Minimal
movement and direct closure of the nylon bag ensured most of the associated invertebrate
assemblage remained on the Caulerpa sample. During sampling, basic spatial information was
recorded, including date, time, depth, rugosity of substrate, and sea swell. In the laboratory,
samples were rinsed over a 500 μm sieve using fresh water to remove most sediment and retain
meso-invertebrates. The invertebrates were separated, identified, and counted using a Celestron
microscope, then stored in 70% ethanol.

Caulerpa Structural Complexity
Caulerpa sample dry weight, number of fronds, and surface area to dry weight ratio were used
as proxies for quantifying the amount of available habitat. Meanwhile, fractal dimension and
lacunarity were used as proxies for evaluating algal structural complexity. The box-counting
method was used to measure the fractal dimension of individual macro-algae which allowed
for comparison of morphological complexity across species (Tokeshi & Arakaki 2012; Dijkstra
et al. 2017). To calculate fractal dimension and lacunarity, each replicate Caulerpa sample was
extended on white waterproof paper, lightly pressed, and photographed using a Nikon digital
camera. The images were converted to a binary image in black and white using ImageJ. For
determining fractal dimensions, the box-counting method was used to calculate the fractal
perimeter of the macro-algal structural profile. Although Caulerpa are not true fractal objects,
fractal dimensions can provide a suitable approach for standardizing morphological complexity
12

(Davenport et al. 1999; Torres et al. 2015). This allows the associated structural complexity to
be compared across Caulerpa species (Tokeshi & Arakaki 2012; Dijkstra et al. 2017). The ROI
Manager tool in ImageJ was used to measure the surface area of each Caulerpa sample. Fig. 2
shows examples of the binary images for fractal and surface area calculation. Once
photographed, each macro-alga was dried at 55°C for at least 72 hours before calculating its
dry weight.

Fig 2. Examples of six Caulerpa images used for calculation of fractal dimension. All scale bars = 2 cm (A-C.
hedleyii, B-C. obscura, C-C. flexilis, D-C. sedoides, E-C. cactoides, and F-C. distichophylla).

Statistical Analysis
Data were analyzed using R Studio with ANOVA and Spearman’s test and Primer 6 with the
PERMANOVA extension package to test the hypothesis that the differences in invertebrate
abundance and richness are associated with the biomass and morphological traits of each
Caulerpa species.
Permutation multivariate analysis (PERMANOVA) based on Bray-Curtis dissimilarities was
used to test differences between Caulerpa species in whole invertebrate assemblages and
invertebrates per biomass. For these analyses, we used a two-way model including the fixed
factor of Caulerpa species (orthogonal with seven levels: C. hedleyi, C. obscura, C. flexilis, C.
sedoides, C. cactoides, C. distichophylla, and C. racemosa) and the random factor of site (five
levels: Henrietta Rocks, Little Parakeet Bay, Rocky Bay, Salmon Bay, and The Basin). Analysis
was performed in Primer 6 with the PERMANOVA extension package. Before running the
PERMANOVA test, data were transformed using log (X+1) to remove the heterogeneity of
13

variances, and the PERMDISP test was done to verify successful removal. When significant
differences were found, a pair-wise test with 9999 permutations was used to detect differences
among all pairs of levels of the selected factor. Finally, Principle Coordinate Ordination (PCO)
plots were made to show the relationship.
Analysis of variance (ANOVA), performed in R Studio, was used to test for differences in
structural complexity (dry weight, fractal dimensions, lacunarity, surface area to dry weight
ratio, number of fronds, and polygenetic relationship) among all Caulerpa species. These
analyses used a one-way ANOVA model including Caulerpa spp. as a fixed factor, as described
for PERMANOVA. The reason and method for data transformation were also the same as in
the PERMANOVA test. When an ANOVA test revealed a significant difference (p <0.05) for
a factor, a Tukey Honest Significant Differences (Tukey HSD) test was used to explore pairwise
differences among species levels within the factor.
The Generalized Linear Model function in R Studio was used to explore the relationship
between taxon richness and individual abundance of invertebrates and the morphological traits
of each Caulerpa species (dry weight, fractal dimensions, lacunarity, surface area to dry weight
ratio and number of fronds). Because of the non-normal distribution and heterogeneity of the
data, values were log-transformed, and the least square regression test was used to calculate the
p-value and coefficient of determination (R2) for each factor.
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Results
Caulerpa Individual Structure Complexity
Biomass and morphological traits varied considerably among the studied Caulerpa species (Fig.
3, Table 2). The results of ANOVA tests showed that the five studied morphological traits
(fractal dimension, lacunarity, dry weight, surface area: dry weight and the number of fronds)
significantly differed among all studied Caulerpa species (p<0.01). Figure 3 shows the Post
hoc test results for the mean values of these five morphological traits associated with each
Caulerpa species, indicating a significant degree of variability among the species (Appendix.
2-6).

Table 2. Summary of ANOVA tests for structural complexity measures of Caulerpa spp. *, p < 0.05; **, p < 0.01.
Source of variance

df

F

P (perm)

Log (Dry weight)

5

44.496

<0.01

Log (Fractal dimension)

5

29,144

<0.01

Log (Lacunarity)

5

7.9673

<0.01

Log (Surface area: dry weight ratio)

5

8.5073

<0.01

Log (The number of fronds)

5

25.2

<0.01

Total

25

Each Caulerpa species had a specific morphology and variable manifestations for the five
structural traits (Figs. 3A-E). However, the results for these factors showed different patterns
between species. C. hedleyi had higher dry weight, fractal dimension and surface area to dry
weight ratio and lower lacunarity compared with other species (Figs. 3A-D). In contrast, C.
sedoides, C. cactoides, and C. distichophylla all showed lower dry weights and higher surface
area to dry weight ratios (Figs. 3A and D). Finally, C. sedoides and C. cactoides showed similar
patterns of lower fractal dimension and lacunarity (Figs. 3B and C).
Additionally, C. distichophylla had the lowest fractal dimension and the highest lacunarity (Figs.
3B and C). C. obscura and C. flexilis also showed similar patterns for the five traits, with the
highest dry weights and fractal dimensions (Figs. 3A and B), and the lowest lacunarity, surface
area to dry weight ratios and number of fronds (Fig. 3C-E).
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In terms of the number of fronds, the density and structure of fronds differed among the
investigated Caulerpa species but could be classified in three categories. For example, C.
cactoides, C. sedoides and C. racemose have small and vesiculated ramets, C. flexilis, C. hedleyi
and C. obscura have spiny fronds, while C. distichophylla have flat ramuil. My results showed
that C. sedoides had the highest the number of fronds with following by C. hedleyi which had
the second-highest density (Fig. 3E).
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Fig 3. Mean values (±SE) of dry weight (A), fractal dimensions (B), Lacunarity (C), Surface area: dry weight ratio
(D) and number of fronds (E) for seven Caulerpa species. Different letters indicate significant differences between
species (p < 0.05) as detected by SNK test.
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Meso-invertebrate Assemblages
A total of 5,935 individual invertebrates were identified, belonging to 26 different taxa. The
most diverse and abundant groups were crustaceans (12 taxa and 3,343 individuals) and
molluscs (5 taxa and 1,175 individuals). PERMANOVA tests showed that the abundance and
richness of invertebrate assemblages significantly differed among the seven Caulerpa species
and the structures of invertebrate assemblages also varied among the five sampling sites (Table
3). There was no interaction between sample site and Caulerpa species (p>0.05). Therefore,
Caulerpa species and sampling sites significantly influenced the biodiversity of invertebrate
assemblages, and the influences of these factors were independent. The same patterns were
found for the abundance and richness of invertebrates per biomass (Table 3).
Table 3. Summary of PERMANOVA tests for the total invertebrate assemblages and invertebrate per biomass.
Two factors: the fixed factor Caulerpa spp. and random factor sampling sites. *, p < 0.05; **, p < 0.01).
source

df

MS

F

P (perm)

Sample sites

4

3128.1

2.6606

0.0069**

Caulerpa species

6

1994.6

1.9656

0.0031**

Sample sites * Caulerpa species

9

1200.6

1.1831

0.1908

Res

59

1014.8

Invertebrate assemblage

Invertebrate per biomass
Sample sites

4

4171.2

3.6733

0.0002**

Caulerpa species

6

1842.4

1.7647

0.0059**

Sample sites * Caulerpa species
Res

8
59

1149.7
1014.8

1.1012

0.2835

Figure 4 shows the Principal Coordinate Analysis based on a Bray-Curtis dissimilarity matrix
for the total invertebrate assemblages (A) and invertebrates per biomass (B). These results
revealed that not all pairs of studied Caulerpa species were significantly different from one
another. For whole invertebrate assemblages, there was a significant difference between C.
obscura and C. hedleyi (p<0.01, Fig.4A, Appendix 7). Additionally, C. sedoides had a
significantly different structure in whole invertebrate assemblages and invertebrates per
biomass compared with C. obscura, C. flexilis, and C. distichophylla, whereas C. hedleyi
differed from C. cactoides and C. flexilis (p < 0.05, Figs. 4A and B, Appendix 7).
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A

B

Fig 4. The PCO results for the total invertebrate assemblages (A) and invertebrate per biomass (B)

According to invertebrate taxon richness and species abundance, Amphipoda, Tanaidacea,
Isopoda, micro-gastropods and Foraminifera were the most abundant taxa found on seven
Caulerpa species (Table 4). Amphipoda was the most abundant invertebrate in C. obscura and
C. flexilis, while Tanaidacea was abundance in C. hedleyi, C. sedoides and C. racemosa.
Compared to other species, C. cactoides and C. distichophylla obtained relatively low
invertebrate abundance; Foraminifera was the most abundant taxon in these two species.
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Table 4: Mean biomass (±SE) of the five most abundant taxa found on each Caulerpa species

C. hedleyi

Amphipoda
5.79±2.996

Tanaidacea
11.83±8.073

Isopoda
0.73±0.854

Micro
Gastropods
0.96±1.035

Foraminifera
1.52±1.238

C. obscura

9.39±7.218

1.96±2.143

1.83±2.097

7.01±10.88

4.88±5.597

C. flexilis

8.78±12.466

1.88±2.59

0.73±0.958

1.4±2.339

5.56±11.088

C. sedoides

31.82±57.906

37.78±76.443

7.75±12.426

9.43±10.498

14.41±25.712

C. cactoides

14.6±14.684

8.22±5.621

9.59±15.975

6.65±16.025

36.54±41.367

C. distichophylla

8.24±0.432

8.24±0.432

6.26±3.238

4.27±6.044

44.72±57.63

C. racemosa

38.1±0.00

414.29±0.00

4.76±0.00

28.57±0.00

90.48±0.00

Species

Phylogenetic Relationship between Caulerpa Species and Invertebrate Biodiversity
Draisma et al (2014) created a phylogenetic tree to reassess the classification of the genus
Caulerpa. Based on this phylogenetic tree, C. hedleyi, C. obscura, and C. flexilis belong to
clade 1, and C. sedoides, C. cactoides, C. distichophylla, and C. racemosa belong to clade 2.
The total invertebrate assemblages differed between clades 1 and 2 (Fig. 5, F=8.8091,
p=0.0205). Significant differences were also found for invertebrate species richness and
abundance between clades 1 and 2 (richness, F=6.445, p=0.0131; abundance, F=7.3795,
p=0.0085; Fig.6).

Fig 5. The structural variations of total invertebrate assemblages in different phylogenetic clades.
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Fig 6. Mean values (±SE) of invertebrate taxon richness (A) and individual abundance (B) of different
phylogenetic clades. Different letters indicated significant differences between species (p < 0.05) as detected by
SNK test.

Linear Regression between Caulerpa Structural Complexity and Invertebrate
Biodiversity
Figure 7 shows that the dry weight, fractal dimension, and lacunarity of Caulerpa species had
a significant relationship with invertebrate abundance. Least squares regression showed that
relationships were positive for dry weight and fractal dimensions (Figs. 7A and B), but negative
for lacunarity (Fig. 7C). However, there were no significant relationships between invertebrate
abundance and either the surface area to dry weight ratio or the number of fronds (Figs. 7D and
E, p > 0.05). Similar results were found for invertebrate richness (Fig. 8). In addition, lacunarity
had a relatively higher R2 (coefficient of determination) compared with fractal dimension and
dry weight.
.
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Fig. 7 Mean value (±SE) of dry weight (A), fractal dimensions (B), Lacunarity (C), Surface area: dry weight ratio
(D) and the number of fronds (E) for seven Caulerpa species against invertebrate abundance. Using coefficient of
determination (R2) and overall regression line.
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Fig. 8 Mean value (±SE) of dry weight (A), fractal dimensions (B), Lacunarity (C), Surface area: dry weight ratio
(D) and the number of fronds (E) for seven Caulerpa species against invertebrate taxon richness. Using coefficient
of determination (R2) and overall regression line.
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Discussion
Variability of Caulerpa Biomass and Morphological Traits
The first hypothesis, that biomass and structural complexity (morphological traits) differed
among the seven investigated Caulerpa species, was generally supported (Fig. 3, Table 2).
However, one pair of species (C. obscura and C. flexilis) showed no significant differences for
any of measured traits, whereas all other pairs of Caulerpa species differed significantly for at
least one of the measured traits. Other studies have shown that evaluations of structural
complexity of macroalgae should consider several quantitative measurements that are based on
apparent differences in macroalgae morphologies rather than only measuring the amount of
habitat (Hull 1997; Taniguchi et al. 2003; Torres et al. 2015).
This study includes five factors to characterize the structural complexity of Caulerpa species.
For macro-algal biomass, the results from Torres et al. (2015) and Veiga (2014) were similar
to the findings of this study in that different macro-algae had significantly different biomass.
Moreover, I quantified fractal characteristics by combining two related indices (FD and
lacunarity) to produce a more nuanced morphological analysis. I found that FD and lacunarity
differed in each Caulerpa species (Figs 3B and C). For example, C. obscura had a high FD but
a low lacunarity value. Similar results have been found in other studies, in which FD and
lacunarity either can be independent parameters or sometimes have a negative correlation
(Pantic et al. 2013). For the structure of fronds, this study found that C. sedoides was the most
distinct of seven Caulerpa species, similar to the results from Roepstorff (2010).
This study shows that the investigated Caulerpa species have different morphologies, whereas
Baumgartner et al (2009) showed that congeneric algae (Caulerpa) have different chemical
defences. Additionally, another study points out that Caulerpa species have slightly different
distribution patterns within the same region (Roepstorff 2010). Therefore, these results, like
those of other studies, suggest that even congeneric species have different niches (CavenderBares et al. 2004a; Cavender-Bares et al. 2004b; Sedio et al. 2012). This is in contrast ‘neutral
theories’ as put forward by Hubbell (2001), that suggest that congeneric species should be
similar in all ecological variables.
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Invertebrate Biodiversity Associated with Caulerpa species
My second hypothesis is that invertebrate community structures differ among Caulerpa species,
and this hypothesis was partially supported as I found significantly different invertebrate
community structures among some, but not all, Caulerpa species. Similar to these results, many
studies have found that invertebrate communities differ among different co-existing algal
species (Davenport 1996; Kelaher 2003; Wernberg et al. 2004; Hooper & Davenport 2006;
Bates 2007; Torres et al. 2015). Additionally, I found that the invertebrate assemblages
significantly differed across sampling sites (Appendix 1). Similar to these results, many studies
have shown that the variance in invertebrate assemblages with different macro-algae could be
explained by the variation in the surrounding sampling area (Tuya et al. 2008; Tuya et al. 2009;
Thomsen et al. 2010; Kerson et al. 2011; Soler-Hurtado & Guerra-García 2011; Pacios et al.
2011; Jungerstam et al. 2014; Torres et al. 2015; Thomsen et al. 2016).
Algal-associated invertebrate communities typically vary between sites for many resons. For
example, different sites can have different temperatures (Tuya et al. 2008; Tuya et al. 2009),
biogeographical species pools (Tuya et al. 2008; Thomsen et al. 2010), desiccation and light
levels (Thomsen et al. 2016), epiphyte levels (Thomsen et al. 2016, Kerson et al. 2011), or wave
exposure (Kerson et al. 2011). Importantly, and as previously mentioned, the different macroalgal habitats will therefore provide different food resources and protective shelter for
invertebrates (Tuya et al. 2008; Baumgartner et al. 2009). Dijkstra et al. (2017) also showed
that the seaweed nutritional value, the ability to offer shelter, and the availability to support
food resources were key factors affecting the habitat selection of macro-invertebrates in the
environment. These characteristics of the macro-algae assemblage can affect the ecological
functions of the marine ecosystem, such as recruitment, biofouling, mortality, and behaviour
(Wright et al. 2014; Dijkstra et al. 2017). Therefore, the surrounding landscape could be a
potential element explaining the variation in whole invertebrate assemblages.
This study selected five sample sites around Rottnest Island and found that The Basin yielded
significantly different macro-invertebrates compared with other sample sites (Appendix 1). The
Basin is a small cove consisting of limestone and is located in the northern orientation of
Rottnest Island (Rottnest Island Authority 2014). This specific location protects invertebrates
from the southerly and south-westerly prevailing winds so that this area has relatively small
waves. In addition, The Basin is relatively free of the sea grass beds that wash up debris on
some of the island’s beaches. Therefore, it would be expected that there was a significantly
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different invertebrate assemblage in this area. Further research needs to be done to test the
effects of the sampling area on the structure of invertebrate assemblages with Caulerpa species.

Caulerpa Structural Complexity vs. Invertebrate Biodiversity
Many studies have highlighted that the structural complexity of a habitat is an essential element
in determining the biological diversity of the associated mobile invertebrates (Martin-Smith.
1993; Grabowski & Powers 2004; Vázquez-Luis et al. 2010). The third aim of this study was
to explore the role of Caulerpa biomass and morphological traits in shaping invertebrate
abundance and taxonomic richness. My results show that both algal biomass and morphological
traits are good predictors for both abundance and richness of macro-invertebrates.
Attrill et al. (2000) showed that the amount of plant material available (i.e., biomass) is an
important factor in invertebrate community structure and increasing biodiversity in seagrass
habitats. My results support this study as Caulerpa species with different biomass (dry weight)
supported different invertebrate assemblages (i.e., C. hedleyi-C. cactoides and C. sedoides-C.
obscura). Thus, I suggest that the quantity of macro-algal biomass could affect the structure of
associated invertebrate assemblages. However, I also found that Caulerpa species that had
similar dry weights (i.e., C. hedleyi, C. obscura, and C. flexilis) supported significantly different
invertebrate assemblages (Fig. 4). Due to these results, I suggest that invertebrate assemblages
are not only influenced by associated algae biomass but also are affected by other factors.
My results show that Caulerpa species with different fractal dimension and lacunarity support
different invertebrate assemblages (Figs.3 and 4). In agreement with my results, other studies
have found that the taxonomic richness and abundance of invertebrates is related to algal
complexity, typically showing that habitat forming species with higher complexity (e.g., higher
FD) support more invertebrates and taxa (Gee & Warwick 1994; Attrill et al. 2000; Taniguchi
et al. 2003; Hauser et al. 2006; Veiga et al. 2014). Regarding number of fronds, Dijkstra et al.
(2017) found that an introduced filamentous macroalgae increased habitat complexity and
thereby increased invertebrate biodiversity compared with less complex native macroalga.
Overall, when Caulerpa biomass and morphological traits were considered in concert, most of
the studied Caulerpa species had significantly different invertebrate assemblages. Interestingly,
C. obscura and C. flexilis had relatively similar biomass and morphological attributes but
nevertheless supported different invertebrate communities. Therefore, factors or process other
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than biomass, complexity, or evolutionary age, clearly can affect the observed patterns of
invertebrate assemblages. Thus, although my results suggest that Caulerpa morphology can
control invertebrate communities, additional ecological factors should be measured to develop
better invertebrate habitat-models
The general relationship between invertebrate biodiversity and macroalgae has been studied for
a long time (Taylor & Cole. 1994; Javenport et al. 1996; Christie et al. 2009; Torres et al. 2015).
Typically, these relationship studies, including my own, emphasize morphological traits (see,
e.g., Beck, 2000; Tuya et al. 2008). However, the biodiversity of invertebrates could also be at
least partly explained by phylogenetic relationships between host plants (Sedio et al. 2012;
Cavender-Bares et al. 2014a; Cavender-Bares et al. 2014b). Importantly, I found significant
differences in assemblage structure, species richness, and individual abundance of invertebrate
between Caulerpa species with different evolutionary development (Figs.5 and 6). Very few
studies have examined how the phylogeny of biogenic habitats affects habitat using
invertebrates, but Whitfeld et al. (2012) found that the abundance of herbivores in a rainforest
community can be explained by the phylogeny and functional traits of host plants. Therefore,
the phylogenetic relationship could be a factor in shifts in invertebrate biodiversity, and clearly
needs to be studied further in the future.

Linear Regression between Invertebrate Biodiversity and Macro-algae Structural
Complexity
Linear regression analysis confirmed my hypothesis that the abundance and richness of mesoinvertebrates correlates with biomass and complexity (fractal dimension, and lacunarity Figs 7
and 8). The coefficient of determination (R2) showed that the variability of invertebrate
abundance and taxa richness was explained best by fractal dimension and lacunarity, and less
so by dry weight. Therefore, these results partially support my third hypothesis.
Fractal dimension and lacunarity are two supplementary morphological complexity indexes,
and my results suggest that these two predictor variables were significantly correlated with
invertebrate abundance and taxa richness. Several other studies have shown that the abundance
and diversity of invertebrates correlate positively with the fractal indexes of algae (Gee
&Warwick 1994; Veiga et al. 2014; Dijkstra et al. 2017). Taniguchi et al. (2003) also found
that the architectural complexity of the stems of submerged plants affect the taxonomic richness
of invertebrates, independently of variability in other landscape metrics. However, other studies
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have shown that algal complexity only affects invertebrate abundance, not richness
(Norderhaug 2004; Hansen et al. 2011). Finally, Cremona et al. (2008) found no relationship at
all between structural complexity and richness or abundance of invertebrates. These contrasting
results could be due to the different macrophyte species investigated or that different
invertebrate species have different affinities for biogenic complexity.
I found that fractal dimension had a positive correlation with the individual abundance and taxa
richness of associated invertebrates, similarly to many other studies (e.g., Warfe et al. 2008;
Veiga et al. 2014; Dijkstra et al. 2017). In contrast to fractal dimension, species with high
lacunarity, such as C. cactoides and C. distichophylla, supported fewer invertebrates than
species with low lacunarity. Thus, in contrast to fractal dimension, lacunarity had a negative
correlation with invertebrate richness and abundance. Overall, my study suggests that these
morphological complexity traits have significant effects on the biodiversity of macroinvertebrates.
For Caulerpa biomass (dry weight), I found a significant positive correlation between
invertebrate biodiversity and algal dry weight (p<0.01), although, the coefficient of
determination (R2) value was smaller than for fractal indexes. Similar to my result, many other
studies have shown positive relationships between the biomass of macrophytes and invertebrate
species abundance and richness (Hall & Bell 1988; Attrill et al. 2000; Jones & Thornber 2010;
Thomsen 2010; Bishop et al. 2012; Thomsen et al. 2012; Bishop et al. 2013; Thomsen et al.
2013; Thomsen et al 2016). Therefore, the biomass of macro-algae is also a fundamental driver
affecting the abundance and richness of invertebrates.
To summarize, my results suggest that quantity (biomass), quality (morphological traits such
as fractal dimension and lacunarity), and history (evolutionary linkages) all modulate the
biodiversity of associated invertebrates, and lacunarity was the single best predictor to explain
the variation of invertebrate assemblages.

Data Limitations
There are several limitations associated with the data collection and interpretation in this study.
First, replication levels were low for several species in particular C. distichophylla and C.
racemose, which can result in biased data and large standard errors. Second, these data have no
temporal component, and both the phenology of Caulerpa and invertebrate community
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structures are likely to vary seasonally. For example, Roepstorff (2010) showed that the ramet
length and width of several Caulerpa species varied across seasons. In addition, many
ecological processes, such as predation and competition, change seasonallys (Torres et al.,
2014). Third, many of the Caulerpa species investigated here could not be collected from the
same reefs. It is therefore possible that reef specific conditions, such as the surrounding
biogenic habitat, depth, topography, rock type, and wave exposure, modify the invertebrate
communities, rather than traits related to Caulerpa species. This study only investigated
Caulerpa species around Rottnest Island, Western Australia during winter. Thus, a more
comprehensive spatial and temporal dataset should be created to verify my results. Furthermore,
this study did not consider plant chemistry, such as secondary metabolites and chemical
defenses, which are likely to affect the host association and diet preference of invertebrates
(Baumgartner et al. 2009). Therefore, future studies should also consider the relationship
between macro-algal chemistry and the community structure of invertebrates. Finally, this
study only quantified relationships between Caulerpa traits and associated invertebrate
communities using simple collections. To better control for spatial-temporal co-variates, future
studies should also carry out more controlled field experiments, such as reciprocal
transplantations and common garden experiments.

Conclusion
In conclusion, this study showed that the structure of macroinvertebrate assemblages differed
among some Caulerpa species, probably because these species had different biomass,
morphological traits, and evolutionary history. However, I also found exceptions to these
results. For example, C. obscura and C. flexilis had similar biomass and morphological traits
and are evolutionaily closely related, but they still supported different invertebrate assemblages.
Therefore, other processes that are not measured here likely affect the community structures
of seaweed associated invertebrates. Finally, both biomass and fractal characteristics of macroalgae affected the structures of invertebrate assemblages where the lacunarity of Caulerpa was
the single best predictor variable.
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Appendices A
Appendix 1. Summary of pair-wise test for the sampling sites. *, p < 0.05; **, p < 0.01.
Group

Invertebrate assemblage

Invertebrate per biomass

t

p-value

t

p-value

Little Paraket Bay, Rocky Bay

1.2625

0.1432

1.1544

0.2351

Little Paraket Bay, Henrietta Rocks

1.3586

0.0963

1.0457

0.3761

Little Paraket Bay, The Basin

1.6006

0.0108*

1.584

0.0093**

Little Paraket Bay, Salmon bay

0.9238

0.5552

1.0026

0.4313

Rocky Bay, Henrietta Rocks

1.3188

0.1176

1.3973

0.0756

Rocky Bay, The Basin

1.5514

0.0164*

1.485

0.0266*

Rocky Bay, Salmon bay

1.3427

0.0836

1.179

0.21

Henrietta Rocks, The Basin

1.6343

0.0236*

1.622

0.0113*

Henrietta Rocks, Salmon bay

1.3331

0.1237

1.413

0.0723

The Basin, Salmon bay

1.2902

0.1205

1.254

0.1306
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Appendix 2. Summary of pair-wise test for fractal dimension of each Caulerpa spp (P-value). *, p < 0.05; **, p <
0.01.

Group
C. distichophylla-C. cactoides
C. flexilis-C. cactoides
C. hedleyi-C. cactoides
C. obscura-C. cactoides
C. racemosa -C. cactoides
C. sedoides-C. cactoides
C. flexilis-C. distichophylla
C. hedleyi-C. distichophylla
C. obscura-C. distichophylla
C. racemosa -C. distichophylla
C. sedoides-C. distichophylla
C. hedleyi-C. flexilis
C. obscura-C. flexilis
C. racemosa -C. flexilis
C. sedoides-C. flexilis
C. obscura-C. hedleyi
C. racemosa -C. hedleyi
C. sedoides-C. hedleyi
C. racemosa -C. obscura
C. sedoides-C. obscura
C. distichophylla-C. cactoides

fractal dimension
differ

p-value

-0.0641
0.0243
0.0211
0.0332
0.0024
-0.0068
0.0885
0.0852
0.0973
0.0665
0.0573
-0.0032
0.0088
-0.0219
-0.0312
0.0121
-0.0187
-0.0279
-0.0308
-0.0400
-0.0092

0.0000**
0.0234*
0.0818
0.0005**
1.0000
0.9697
0.0000**
0.0000**
0.0000**
0.0000**
0.0000**
0.9988
0.8145
0.2120
0.0001**
0.5188
0.4028
0.0008**
0.0199*
0.0000**
0.9527
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Appendix 3. Summary of pair-wise test for lacunarity of each Caulerpa spp (P-value). *, p < 0.05; **, p < 0.01.

Group
C. distichophylla-C. cactoides
C. flexilis-C. cactoides
C. hedleyi-C. cactoides
C. obscura-C. cactoides
C. racemosa -C. cactoides
C. sedoides-C. cactoides
C. flexilis-C. distichophylla
C. hedleyi-C. distichophylla
C. obscura-C. distichophylla
C. racemosa -C. distichophylla
C. sedoides-C. distichophylla
C. hedleyi-C. flexilis
C. obscura-C. flexilis
C. racemosa -C. flexilis
C. sedoides-C. flexilis
C. obscura-C. hedleyi
C. racemosa -C. hedleyi
C. sedoides-C. hedleyi
C. racemosa -C. obscura
C. sedoides-C. obscura
C. distichophylla-C. cactoides

lacunarity
differ

p-value

-0.0095
-0.2012
-0.1996
-0.2412
-0.2433
-0.1248
-0.1917
-0.1901
-0.2317
-0.2338
-0.1153
0.0016
-0.0400
-0.0421
0.0764
-0.0416
-0.0437
0.0748
-0.0021
0.1164
0.1185

1.0000
0.0007**
0.0009**
0.0000**
0.0030**
0.1171
0.0009**
0.0012**
0.0000**
0.0042**
0.1592
1.0000
0.9535
0.9899
0.4836
0.9475
0.9881
0.5259
1.0000
0.0740
0.3852
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Appendix 4. Summary of pair-wise test for number of frond of each Caulerpa spp (P-value). *, p < 0.05; **, p <
0.01.

Group
C. distichophylla-C. cactoides
C. flexilis-C. cactoides
C. hedleyi-C. cactoides
C. obscura-C. cactoides
C. racemosa -C. cactoides
C. sedoides-C. cactoides
C. flexilis-C. distichophylla
C. hedleyi-C. distichophylla
C. obscura-C. distichophylla
C. racemosa -C. distichophylla
C. sedoides-C. distichophylla
C. hedleyi-C. flexilis
C. obscura-C. flexilis
C. racemosa -C. flexilis
C. sedoides-C. flexilis
C. obscura-C. hedleyi
C. racemosa -C. hedleyi
C. sedoides-C. hedleyi
C. racemosa -C. obscura
C. sedoides-C. obscura
C. distichophylla-C. cactoides

fronds
differ

p-value

0.2889
0.1128
0.4682
-0.0271
0.5441
0.7726
-0.1761
0.1793
-0.3160
0.2553
0.4837
0.3554
-0.1399
0.4314
0.6598
-0.4953
0.0760
0.3044
0.5713
0.7997
0.2285

0.8032
0.9552
0.0079**
1.0000
0.4426
0.0000**
0.9687
0.9721
0.6715
0.9836
0.1571
0.0127*
0.7216
0.6656
0.0000**
0.0003**
1.0000
0.0351*
0.3435
0.0000**
0.9762
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Appendix 5. Summary of pair-wise test for dry weight of each Caulerpa spp (P-value). *, p < 0.05; **, p < 0.01.

Group
C. distichophylla-C. cactoides
C. flexilis-C. cactoides
C. hedleyi-C. cactoides
C. obscura-C. cactoides
C. racemosa -C. cactoides
C. sedoides-C. cactoides
C. flexilis-C. distichophylla
C. hedleyi-C. distichophylla
C. obscura-C. distichophylla
C. racemosa -C. distichophylla
C. sedoides-C. distichophylla
C. hedleyi-C. flexilis
C. obscura-C. flexilis
C. racemosa -C. flexilis
C. sedoides-C. flexilis
C. obscura-C. hedleyi
C. racemosa -C. hedleyi
C. sedoides-C. hedleyi
C. racemosa -C. obscura
C. sedoides-C. obscura
C. distichophylla-C. cactoides

dry weight
differ

p-value

-0.0540
0.5400
0.4724
0.4628
-0.0440
0.0741
0.5940
0.5264
0.5168
0.0100
0.1281
-0.0676
-0.0772
-0.5840
-0.4659
-0.0096
-0.5164
-0.3983
-0.5068
-0.3887
0.1181

0.9994
0.0000**
0.0000**
0.0000**
1.0000
0.9174
0.0000**
0.0007**
0.0006**
1.0000
0.9164
0.9195
0.7893
0.0076**
0.0000**
1.0000
0.0328*
0.0000**
0.0345
0.0000**
0.9887
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Appendix 6. Summary of pair-wise test for surface area to dry weight ratio of each Caulerpa spp (P-value). *, p <
0.05; **, p < 0.01.

Group
C. distichophylla-C. cactoides
C. flexilis-C. cactoides
C. hedleyi-C. cactoides
C. obscura-C. cactoides
C. racemosa-C. cactoides
C. sedoides-C. cactoides
C. flexilis-C. distichophylla
C. hedleyi-C. distichophylla
C. obscura-C. distichophylla
C. racemosa-C. distichophylla
C. sedoides-C. distichophylla
C. hedleyi-C. flexilis
C. obscura-C. flexilis
C. racemosa-C. flexilis
C. sedoides-C. flexilis
C. obscura-C. hedleyi
C. racemosa-C. hedleyi
C. sedoides-C. hedleyi
C. racemosa-C. obscura
C. sedoides-C. obscura
C. sedoides-C. racemosa

surface area:dry weight ratio
differ

p-value

0.0803
-0.2538
0.0600
-0.2369
-0.0216
-0.0190
-0.3341
-0.0202
-0.3171
-0.1019
-0.0992
0.3139
0.0170
0.2322
0.2349
-0.2969
-0.0817
-0.0790
0.2152
0.2179
0.0027

0.9367
0.0354*
0.9721
0.0540
1.0000
0.9999
0.0114*
1.0000
0.0167*
0.9504
0.7958
0.0079**
1.0000
0.2862
0.0284*
0.0120*
0.9768
0.8530
0.3617
0.0457*
1.0000
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Appendix 7. Summary of pair-wise tests between Caulerpa species for the total invertebrate assemblages and
invertebrate per biomass. *, p < 0.05; **, p < 0.01.

Invertebrate
assemblage

Invertebrate per biomass

t

p-value

t

p-value

cac vs fle

1.1916

0.3457

1.9193

0.0767

cac vs sed

0.7665

0.7192

0.5714

0.8975

cac vs obs

1.3431

0.2496

1.1152

0.4009

cac vs rac

No test

No test

No test

No test

cac vs dis

0.6193

0.7281

0.4801

0.858

cac vs hed

1.5604

0.0271*

1.4352

0.0659

fle vs sed

1.5122

0.124

2.8342

0.0259*

fle vs obs

2.208

0.0316*

2.9067

0.0213*

fle vs rac

0.9667

0.4167

1.2658

0.186

fle vs dis

1.6775

0.1603

1.3601

0.243

fle vs hed

2.1101

0.0588

2.0846

0.0522

sed vs obs

2.141

0.0252*

2.4388

0.0173*

sed vs rac

0.6635

0.8326

0.6455

0.883

sed vs dis

2.3772

0.0409*

1.7241

0.0993

sed vs hed

2.097

0.048*

2.3425

0.0246*

obs vs rac

1.0291

0.4344

0.9604

0.4858

obs vs dis

2.0667

0.0679

1.7198

0.124

obs vs hed

4.0514

0.003**

3.1212

0.0076**

rac vs dis

No test

No test

No test

No test

rac vs hed

No test

No test

No test

No test

dis vs hed

2.05

0.0437*

1.6947

0.0458*

Group
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Abstract
Marine macrophytes are key ecosystem engineers and habitat formers that control and modify
biodiversity, productivity and other ecosystem functions of shallow coastal areas (Crooks 2002).
Species within the Caulerpa genus are important green algae that is widely distributed in
western Australia. It is well established that the physical features of macroalgae habitat affect
invertebrate abundances, in particular morphological attributes (Vázquez-Luis et al. 2012).
Therefore, understanding the mechanisms whereby different Caulerpa morphologies support
different invertebrate communities could have large implications for understanding ecological
functions of Caulerpa species. However, no studies that have quantified invertebrate
communities associated with different Caulerpa species. I will therefore quantify (i)
relationships between abundances and community structures of invertebrate and different
Caulerpa morphologies; (ii) underpinning mechanisms whereby different Caulerpa
morphologies support different invertebrate communities.
Therefore, this study will collect different Caulerpa species and their associated invertebrates
from different sites from Rottnest Island. Western Australia – a hot spot with at least 7 Caulerpa
species. I will, in the laboratory, measure morphological attributes of the different Caulerpa
species (i.e. Caulerpa ramet length, ramet width and morphological complexity etc.) and
identify and quantify invertebrates (Objective 1). In addition, I will do experiments where I add
different live and mimics of the different Caulerpa species to the same site, to explore in more
details the underpinning mechanisms whereby Caulerpa morphology affects invertebrate
biodiversity (Objective 2)

Background
The ecological significances of seaweed and their associated invertebrates
In marine ecosystem, macrophytes play an essential role as benthic organisms that contribute
to the structural complexity of the system. In many places, macrophytes are the main ecological
architects that control and modify biodiversity, productivity and other ecological functions of
marine shallow coast (Crooks 2002). Marine algae are a particular diverse group of marine
macrophytes with Rhodophyta (red alga), Phaeophyta (brown alga) and Chlorophyta (green
alga), being represented by a variety of form-functional groupings (Nelson et al. 2013). In
addition, different morphologies of algal (i.e. tall, low lying, erect, or encrusting etc.) can affect

the community structures of algal habitat (Vázquez-Luis et al. 2012). Therefore, researching,
interpreting and understanding the mechanisms whereby the algae ecological function is
receiving increased attention, and the discovered mechanisms maybe can widespread use of
quantifying the similar marine macrophyte communities.
Caulerpa is a species rich macroalgal genera that is widely distributed in tropical/subtropical
Australia. Several Caulerpa species have been accidentally introduced to new regions often
causing had significant impacts on local communities. For example, when Caulerpa racemosa
was introduced to the Mediterranean Sea, it modified the physical and chemical features of
marine environment, including wave action, sedimentation, substrate characteristics and native
benthic assemblages. Due to the dramatic impacts on habitat structures, Caulerpa racemosa
has been referred to as habitat modifier (Wallentinus and Nyberg 2007).
The spatial distributions of marine species are affected by the biological and physical features
of environment, such as presence of habitat forming species, species interactions like
competition and grazing, and environmental conditions like water temperature, and, particular
in intertidal systems on humidity and heat stress (Witman et al. 2003). At all of the marine
species, invertebrates are a main energy driver that have an important impact on the marine
ecosystem function (Horn 1989, Meyer 1992). For example, Carpenter (1986) proved that the
invertebrates which lived in the US Virgin Islands removed approximately 97 % annual algal
meadows in reef crest habitats. On the other hand, macroalgal support invertebrate communities
through 4 fundamental mechanisms: as a resources (food); place to find facilitators (i.e.mating
partners) (Bates 2009); as a habitat to avoid stress (i.e. sedimentation and wave action)
(Hayward 1988); and enemies (in particular predators) (Norderhaug et al. 2005). It is generally
unknown which of these four mechanisms control invertebrate community structures on the
macroalgal hosts, but it is typically assumed that resource provision is particular important (i.e.
most of the invertebrates are grazers that eat the host). Therefore, understanding the
mechanisms that control the abundances and richness of invertebrate fauna associated with
different Caulerpa species are important to understanding how biogenic habitat forming
species control biodiversity and productivity of coastal ecosystems.

The effects of different habitat-forming macroalgal on ecosystem biodiversity
A very large number of studies have compared how different habitat-forming macroalgal affect
biodiversity and ecosystem functioning differently. Davenport et al (1996) used 4 macroalgae

to investigate the effects of algal complexity on epifaunal biomass and abundances. They found
that epifaunal biomass were more associated with the different scale of dominated species with
different complexities rather than level of complexity itself only. Hooper and Davenport (2006)
proved that an algal species which have a higher fractal dimension could have a higher biomass
of epifaunal communities. In addition, three macroalgal species which have different habitat
complexities had a significant difference in the associated epifaunal assemblages (Veiga et al.
2014). Torres et al (2015) also used 6 macroalgal species which have different morphologies
as model organisms to investigate the effects of macroalgal morphology on the building of their
associated epifaunal assemblages. They determined that for different macroalgal, there are
significant differences between abundance and density of epifaunal species and macroalgal
morphology.
However, these studies are typically ‘confounded’ by strong evolutionary and phylogenic
differences (i.e. comparing inhabitants’ diversity associated with different brown, red and green
algae species). On the other hand, invertebrate selection of macroalgal hosts dependent on the
traits of the habitat forming species. For example, invertebrates will select suitable host relying
on its cell wall components, storage products, and defensive biochemistry - that vary
dramatically among taxonomic lineages (i.e. green, brown and red seaweeds have widely
different cell wall components, storage products, and light absorption molecules) (Baumgartner
et al, 2009). To provide a better test of how invertebrates inhabit marine macroalgal, congeneric
species could be compared minimize phylogenic confounding effects.

The distributions and characteristics of macroalgal host species: Caulerpa in
WA
At present, Caulerpa include 86 recognized species (Guiry and Guiry 2010) distributed from
tropical to subtropical regions (Huisman 2000). As stated above some Caulerpa species have
invaded temperate regions of Australia and large areas in the Mediterranean Sea due to new
marine trades (Jongma et al. 2013). Caulerpa species are relatively unusual seaweeds in that
several species can occupy both unconsolidated sand and rocky substrates (Roepstorff 2010).
It has been shown that up to 20 Caulerpa species can co-occur in Australia, especially in bays
and estuaries (Phillips and Price 2002). In southwestern Australia, the only paper that have
described the ecology of local Caulerpa species, noted that Caulerpa racemosa grow from the
intertidal area to the reef flats less than 6 m depth (Carruthers et al. 1993).

Although virtually nothing is known about the ecology of Caulerpa species from Western
Australia, a rich literature have described the ecology of invasive Caulerpa species from their
invaded regions. For example, C. racemosa and C. taxifolia can tolerant to environmental
changes (Flagella et al. 2008) and have rapid growth (Piazzi et al. 2001). A key trait that may
make Caulerpa species invasive is their ability to both sexual or asexual reproduction, where
asexual reproduction appears to be relatively common (Roepstorff 2010). Caulerpa species that
attached to soft sediment can extract nutrition from the substratum using rhizoids, in addition
to taking up nutrients from the water column through their fronds (Williams 1984, Roepstorff
2010). Due to their efficient nutrient uptake, Caulerpa species are often not limited by low
nutrient levels (Ceccherelli and Cinelli 1999, Roepstorff 2010). In addition, Caulerpa species
are also unusual in that they are coenocytic (i.e. they do not have cell walls). Caulerpa species
have therefore evolved an ability to heal injuries caused by herbivores or by physical damage,
by rapidly producing a proteinaceous plug and retracting the cytoplasm away from the wound
(Weissflog et al. 2008).
A uniaxial thallus of Caulerpa spp. are composed by the creeping stolon and bearing erect
ramets, and the erect ramets contributes to the various morphologies of Caulerpa species,
including pinnate, spongy, thread-like, blade-like and vesicular structures (Lamouroux 1809).
In addition, ramets morphologies are also classified by different sizes. For example, C.
geminata and C. racemosa have relatively small ramets, while other species, like C. cactoides,
have larger ramets. The most common Caulerpa species in WA can be classified into five
groups based on the shape of their ramets: spiny (C. brownii, C. flexilis, C. longifolia and C.
obscura); vesiculated (C. cactoides, C. geminata and C. racemosa); flat (C. distichophylla and
C. scalpelliformis); cactoid (C. cactoided); and embedded such as C. simpliciuscula (Roepstorff
2010).

Invertebrates in Caulerpa species habitats
Very little is know about invertebrate communities associated with different Caulerpa species.
However, various invertebrates are likely to inhabbitat different Caulerpa species, I will focus
on invertebrates, such as amphipods, decapods, gastropods and opisthobranch molluscs larger
than 250 m. Studies on invasive Caulerpa in the Mediterranean Sea suggest that invertebrates
can be highly abundant on Caulerpa racemosa (Vázquez-Luiset al., 2008). For example,
amphipods can reach several thousand individuals per square meter in a Caulerpa meadow
(Vázquez-Luiset al., 2008). These amphipods provide food higher trophic level, such as fishes

(Stål et al. 2007) and ae therefore an important link in food webs, transferring energy from the
macroalgal host to the fish communities (Vázquez-Luis et al. 2010). My project will provide
essential background data for how different Caulerpa species support invertebrate assemblages
in Western Australia.

Current knowledge about the effects of macroalgal morphology on invertebrate
abundances
Macroalgal morphology is an essential element on habitat physical structures. At small spatial
scales, Schmidt and Scheibling (2006) proved that different algae habitats which have different
morphologies could profoundly affect the structures of invertebrate, such as gastropods on
subtidal reefs (Tuya et al. 2008). Meanwhile, three general processes of invertebrate growth
maybe can explain the different situations in species structures and abundances at small scales.
There are: different recruitments; different mortality rates; and invasive abilities (Tuya et al
2008). One habitat can have a greater power to support recruitment so that larvae and juvenile
invertebrates can have an increased number in this habitat. Bell et al (1993) demonstrated that
the highest abundances of gastropods were discovered on one of the red algae, because the
surface area per wet weights of these algae were greater than other investigated algae. Moreover,
the complex branched habitats can become a better sanctuary to protect invertebrates from
predators. For example, the macroalgal which had simple leaf-shaped morphologies had less
power to protect invertebrates from visual predators (Jacobi and Langevin, 1996). Therefore,
all of those evidence can give us new insights into the potential function of macroalgal
morphologies on the organization of invertebrate assemblages.

The statement of the knowledge gap on this project
Macroalgae provide habitat for numerous invertebrates, and these invertebrate communities
depend on the morphology of the macroalgae. Most studies have compared invertebrate
communities between very different types of macroalgal – a comparison that thereby are
confounded by different morphologies, anatomies, physiologies, life strategies, and
phylogenetic histories. No studies have compared invertebrate communities associated with
many phylogenetically very similar species. I will address this research gap by quantifying
invertebrate community structures associated with at least 8 different co-occurring Caulerpa
species in Western Australia.

Caulerpa species are a diverse group of green algae that are widely distributed in Western
Australia, which have different morphologies and a well-described phylogeny. Fama et al (2002)
used 75 Caulerpa species to deeper understanding the evolutionary history of this genus. They
found that Caulerpa genus are composed of two lineages which obtained most of the species
morphologies and diversities: a variety of comparatively ancient and species-poor clades and a
series of relatively modern and fast varying lineages. More importantly, the morphological and
chloroplast features of Caulerpa could use to infer to these discrete lineages in the taxonomy.
This means that Caulerpa species are superb model organisms to investigates the effects of
morphology without confounding by evolutionary history. Therefore, I can compare
invertebrate assemblages from different Caulerpa species with different morphologies and use
genetic similarities as a well-described co-variate.
This project will collect different Caulerpa species and their associated invertebrate
assemblages to fill above knowledge gap between morphological attributes and invertebrate
assemblage. Moreover, this project also will also use experiments to better understand the
mechanisms whereby Caulerpa affect invertebrate communities.

Aims and Objectives
The main objective of project is to investigate the relation between different Caulerpa species
and their associated invertebrate assemblages. To achieving this objective, we aim to isolate
different morphological characteristics of different Caulerpa species (i.e. surface area to weight
ratio, fractal dimension, ramet structure etc.), and investigate how these features influence the
invertebrate assemblages associated with each species. To do so, the following hypotheses will
be tested:
Null hypothesis: There is no difference between different Caulerpa species and their associated
invertebrate assemblages.
If null hypothesis is rejected, I will test the following alternative hypotheses:
1.

In general, for different Caulerpa species, there will be an increase in invertebrate

assemblages correlate to the decreases of surface to weight ratio.
2. At different Caulerpa sampling sites, the Caulerpa morphology has a bigger impact on
invertebrate assemblage than site differences.
3. The abundance and density of invertebrates will be increased with (i) increased complexity
of Caulerpa morphologies; (ii) increased width of ramets. (iii) decreased length of ramets.

Significance and Potential Outcomes
As we mentioned before, different habitat-forming macroalgal affect biodiversity and
ecosystem functioning differently (Veiga et al. 2014). Macroalgal morphology is an essential
element on habitat physical structures (Tuya et al. 2008). A rich literature investigated the
ecological importance of habitat morphology, and gave us new insights into the potential
function of macroalgal morphologies on the organization of invertebrate assemblages.
However, these researches are typically ‘confounded’ by strong evolutionary and phylogenic
differences on different macroalgal species, and cannot demonstrate the fundamental ecological
principles of macroalgal morphology. Therefore, this project will use Caulerpa species which
are an ideal model species to test effects of morphology without confounding by evolutionary
history. Consequently, according to those potential outcomes, the significances of this project
are:
1. giving a deeper understanding of the effects of Caulerpa morphologies on invertebrate
assemblage structures, supporting the ecological functions of Caulerpa species.

2. underpinning mechanisms whereby different Caulerpa morphologies support different
invertebrate communities.

3. If we find morphological features of Caulerpa species can drive the differences of
invertebrate structures, we may prove a fundamental principle of habitat morphology and its
ecological importance.

Methodology
Study site
The study site for this project is Rottnest Island (-32°00,115°30), located in the Indian Ocean
approximately 19 km of the coast of mainland southwest Western Australia (Rottnest Island
Authority 2014). Rottnest Island has the especially ecological marine environments. Due to the
offshore position, this Island is more influenced by the warm Leeuwin Current, resulting in a
high diversity of marine species and habitats (Wells and Walker 1993). This makes it an ideal
study site conduct biodiversity related experiments.
Marine coastline of this Island is around 12000 km and spans three marine biogeographical
regions: the southern warm temperate coast; the northern tropical coastline; and the western
coast species (Clague et al. 2009). This island therefore contains a large number of tropical and
sub-tropical species. In addition, this island is a hot spot which has more than 7 Caulerpa
species (Clague et al. 2009). Therefore, this study will collect different Caulerpa species and
their associated invertebrates from different sites from Rottnest Island, Western Australia.
The sampling areas are showing in figure 1, and there are two marine biogeographical regions
we will collect samples: the southern warm temperate coast and the northern tropical coast. At
each region, 8 stations will be choosing by their abiotic features (i.e. distance to coast, substrate,
depth and temperature etc.) and biotic features (i.e. dominated Caulerpa species, Caulerpa
biological characteristics etc.). The environmental conditions of each station are fairly different,
so we will try to collect enough samples at each station.

Fig. 1. The sampling sites at Rottnest Island. The red stations are located in the northern tropical coast, and the
yellow stations are located in the southern warm temperate coast.

Field survey
Caulerpa species at Rottnest Island will be sampled from the nearshore areas at several sites in
May 2017. At each station, we will go snorkeling and look for nice monospecific stand of a
specific Caulerpa species. All Caulerpa and its associated invertebrates will carefully collect
by hand using small nylon stocking bags which the holes are smaller than 250 μm. After that,
we will bring all samples back to university’s laboratory. Meanwhile, during sampling, some
basic spatial information will be recorded at the same time (i.e. date, depth, GPS etc.).

In the laboratory, each replicate will be sieved out of the sediments in 70% ethanol using 500
μm and 250 μm sieves (i.e. the sample will be divided into invertebrates >500 μm,
invertebrates >250 μm). Invertebrates will be stored in labelled vial. For each Caulerpa sample
I will first spread the alga out on white a4-paper and take a perpendicular photo with a ruler in
the background (to measure surface area). I will also measure rhizoid density, ramet and stolon
widths and lengths and dry weights of each Caulerpa sample (Fig 2). Finally, each invertebrate
will be identified and counted using a Celestron microscope. Invertebrate densities and richness
will be standardized between Caulerpa species by the numbers per 100 g of algal dry weight.

Fig 2. Scheme of the morphological characters measured in each sample. (SL- Stolon length (cm), FL - Ramet
length (cm), FW - Ramet width (cm), R - Rhizoid density (rhizoids / 4 ramets)) (Roepstorff 2010).

Field experiment
If there is a difference between different Caulerpa species and their associated invertebrate
assemblages (reject null hypothesis), we will try to investigate what are the specific attributes
lead to this result. However, the natural environment of Caulerpa species live in are extremely
complex, a field experiment will be carried out to support the survey data. For the field
experiment, different Caulerpa species will be defaunated and transplanted in similar biomass
to the same site, depth and environmental conditions at the same time. After a period of growth,
I will check the abundance and density of associated invertebrates. Any differences in
invertebrate community structures that have colonized the different Caulerpa species thereby
reflect attributes related to Caulerpa only, and not external environmental conditions.
Therefore, the detailed steps of this field experiment are:
1. Collecting 8-10 live Caulerpa species from Rottnest Island (i.e. C. obscura, C. flexilis, C.
hedleyi, C. cactoides, C. geminate, C. racemosa, C. longifolia, C. simpliciuscula, C.
scalpelliformis and C. distichophylla etc.)
2. Swashing fronds gently and remove all fauna live in, keep them alive
3. Putting every Caulerpa species in the same location and make sure they have same biomass.
There are 4 replications for each Caulerpa species.

4. Also adding the non-living ‘mimics’ of the same Caulerpa species. ‘Mimics’ are the model
which look like the real species but only mirror the morphology of the species. In addition,
‘mimics’ will do not have any of the chemicals or edibility that the live Caulerpa species have.
There are also 4 replications for each ‘mimics’.
5. After 1 week growth, collecting all samples (10 species * 2 conditions (live vs. mimic) * 4
replicates = 80 samples).
6. Bringing all samples back to lab, and measure morphological features of the Caulerpa species
and invertebrate communities as done for the survey data.

Statistical analysis
This project will use R Studio and Primer 6 to analyze the data. The variables we will collect
from this study are invertebrate density, Caulerpa dry weight, Caulerpa fractal dimension,
Caulerpa surface area, Caulerpa ramet widths, Caulerpa ramet lengths, Caulerpa stolon
lengths, and morphological states etc.
In order to analyze the relationship between Caulerpa morphologies and associated
invertebrates, we will use Primer 6 doing PERMANOVA test, as species abundance data is
usually over dispersed. Data will be analysed by four factors: (1) Caulerpa species (i.e. C.
obscura, C. flexilis, C. hedleyi, C. cactoides and C. geminata etc.); (2) Caulerpa morphologies
(spiny, vesiculated, flat, and embedded etc.); (3) Two Regions (south and north); (4)Stations.
For multivariate analysis, Bray-Curtis will be used to create dissimilarity matrices. Then,
PERMANOVA test will calculate p-values from the raw data to test the significant differences
between these variables.
The Generalized Linear Model function in R Studio will be used to investigate whether there is
a regression between the density of invertebrates and the morphological features of the
Caulerpa species (i.e. the complexity of Caulerpa morphologies, the width of ramets, the length
of ramets etc.).
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