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Abstract

Marine biogeographic provinces based on species composition are taxon and
method-dependant and cannot be extrapolated. Dispersal is not the first
barrier to a region’s species composition in the neritic oceans. Environ-
mental filtering does not universally dictate community composition. Using
public species presence and oceanographic data, we create standardised bio-
geographic provinces for all data-rich faunal groups within the Indian Ocean.
We find three provinces for several taxa: the Australian Bight, the Northern
Indian Ocean, and the rest of the Indian Ocean. Next, we test if environ-
mental filtering drives community composition within and across provinces.
We find that environmental filtering pooly predicts community composition
within the Indian Ocean. We also find that the former Tethys basin once
forming a contiguous neritic region acts as a biogeographic axis within the
Indian Ocean. Our results suggest that species composition in the Indian
Ocean is based on past faunal patterns influenced by tectonic activity.

Plate tectonics regulates marine diversity patterns, but quantifications
of the timescales involved are lacking. The former Tethys basin is an ideal
system to attempt to quantify this. This is because it once formed a shallow
marine basin stretching from today’s Mediterranean in the West to today’s
Indo-Australian Archipelago (IAA) in the East and contained three different
hotspots at different time periods within it arranged in a NW-SE direction.
We create testable models of marine diversity using publicly available oc-
currence data incorporating hotspot location along with the oceanographic
parameters dictating community composition for various present-day neritic
faunal groups. We find that the present [AA hotspot regulates diversity
patterns today for non-planktonic shallow marine groups, and has masked
the effects of the hotspots preceding it. This allows us to place an upper
bound on the timescales regulating marine diversity to when the demise of
the Arabian hotspot preceding the current IAA hotspot occurred.
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Chapter 1

Introduction and Motivation

1.1 Marine biogeography lacks consensus and
consistency

In pioneering work, Wallace |1 partitions the terrestrial world into six regions
based on species endemism and faunal assemblage distinctness that he calls
“regions” (today usually called biogeographic realms). Each region has sev-
eral “sub-regions” (today usually called biogeographic provinces) nested in it.
To this end, he adopts Sclater’s [2| partitioning scheme originally employed
for birds and applies them to mammals as a model taxon after minor modifi-
cation. He claims that this partitioning of the terrestrial world is applicable
to other taxa like insects and molluscs with minor modifications explainable
when their specific “conditions of existence” [1| (p. 58) are accounted for.
Recent studies that partition the world into regions analogous to Wallace’s
obtain results similar to his. This holds true when non-overlapping, large
datasets of distributional data are used across a variety of land taxa group-
ings such as mammals only [3], mammals and birds |4], mammals, birds, and
amphibians [5], and angiosperms [6].

On the other hand for shallow marine regions, foundational texts such
as Ekman [7] and Briggs [8] recognise that there is little evidence for such
congruous partitionings across taxa. Classification schemes vary based on the
choice of taxon. For example, delimiting biogeographic realms and provinces
using fish [9] and molluscs [10] give different, non-comparable results. Figure
1 (A-E) compares such provinces in the Indian Ocean obtained by different
studies. Moreover, different clustering methods for province-demarcation on
the same dataset lead to different results |11].

As Wallace himself acknowleges, any biogegoraphic partitioning including
Wallace’s own biogeographic realms [1] is ultimately arbitrary [12|. However,
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having one common scheme across different taxa like mammals, reptiles, and
molluscs provides a common framework and acts as a reference point across
disparate studies [4, [12]. In the absence of such a framework for shallow
marine fauna, studies |13} [14] extrapolate classification schemes to different
taxa without justification and attempts to arrive at a common classification
scheme by comparing congruous patterns across literature [15] are arbitrary.
At other times, studies demarcate their own provinces and use those for
further analyses [16,17]. Others use an existing province-demarcation scheme
as a given [18-23]. Because of multiple, often arbitrary schemes with no clear
consensus, results across studies are not comparable.

Costello et al. [24] use a large, global dataset and species occurrence
records of taxonomically distantly related organisms (plants and animals) to
arrive at a single global, nested, classification scheme for the oceans, thus
resolving many such inconsistencies. However, because marine provinces are
dissimilar across various taxa, their provinces are not useful for studies on
finer taxonomic groups.

1.2 Does the environment filter in the neritic
oceans?

Dispersal is not the first barrier to community composition in marine regions.
Biodiverse marine regions affect the diversity of adjacent regions through dis-
persal, by acting as sources of biodiversity [30-33|. Although early evidence
showed that shallow marine regions were completely unstructured with very
high population connectivity, there is mounting evidence that this is not the
case [34]. However, even then, dispersal distances for most shallow marine
taxa range from 100s of meters to 100s of kilometers [35]. This relatively
well-connected nature of shallow marine ecosystems along with the fact that
most marine dispersal occurs in the pelagic larval stage [34] results in marine
ecosystems being more spatially homogeneous than terrestrial ones.

For benthic organisms, this dispersal occurs in life-history stages which
are planktic [34]. Motile organisms may disperse in adult stages as well.
On the other hand, taxa which are fully planktonic may disperse through-
out their lifespan [34]. Moreover, planktonic organisms inhabiting the water
column are not limited to neritic regions where most benthic and motile
taxon-diversity lies. Thus deep-ocean dynamics, which are distinct and rela-
tively well-understood [34], regulate their diversity patterns as well. Because
the mechanics of shallow and deep-water dynamics as well as their timescales
are different, we group taxa into benthic, actively motile, and passively free-

10
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Figure 1.1: Provine demarcations clipped to the boundaries of the Indian
Ocean and Indo-Pacific from available literature. Valentine, 1973 = [10];
Spalding, 2007 = [15]; Briggs, 2011 = [9]; Costello, 2017 = [25]; Hellweger,
2014 = ; Lower right = Metagenomic study sampling sites from the Indian
Ocean including the Indo-Australian Archipelago compiled from available
literature. Points are approximated. Red = Sommeria-Klein et al., 2021
[27], Blue = Sanchez et al., 2024 [28], Orange = Ibarbalz et al., 2019.
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floating life-modes and check for biogeographic patterns and their drivers in
them.

In the absence of dispersal limitations primarily affecting community com-
position, environmental filtering—the second barrier to community compo-
sition on land—might be expected to dictate marine biogeographic patterns.
While it has long been recognised that marine biogeographic partitionings are
primarily dependant on oceanographic variables such as abiotic parameters
and productivity |7, |10], recent studies show that this is not universally true.
For neritic benthic and motile macrofauna, oceanographic parameters such
as temperature and salinity govern species distribution |7 |14} 36|, although
this is not true for plankton [27].

1.3 The Indian Ocean housed a contiguous, ner-
itic region

Mechanistically, over evolutionary timescales, origination rates, extinction
rates, and migration determine the richness of a given region. For shallow
marine regions which are a part of the continental shelf, however, plate tec-
tonics is recognised as the primary regulator of marine diversity |37, [38].
Specifically for the Indian Ocean, it was once the Tethys Sea stretching from
today’s Mediterranean to today’s Indo-West Pacific. The Tethys Sea had
large and contiguous neritic regions. Because of the high connectivity of ner-
itic regions, we expect the Tethys Sea to have had relatively homogeneous
community composition. However, after the closure of the Tethys Sea during
the mid-Miocence [39], by the formation of the Gomphotherium land bridge
connecting the Eurasian and Afro-Arabian landmasses [40], this connectiv-
ity was disrupted. Vicariance emerging in populations after this event been
shown across a wide range of neritic taxa [41}-45]. Because of this, we ex-
pect community composition today to vary from one end to the other of this
former Tethyian axis from the Mediterranean to the Indo-Pacific.

1.4 The timescales regulating marine diversity
are poorly quantified

Plate tectonics drives marine diversity patterns |37, 38]. While this oper-
ates over several millions of years, there are few [46] attempts to quantify

these timescales. Available results correlating marine diversity through time
with oceanographic parameters show that both very long-term (200Myr) and
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short-term (< 50Myr) timescale processes regulate marine diversity patterns
[46], but these do not provide finer-scale insight. The former Tethys basin is
an ideal system for testing such finer-scale processes. This region stretches
from the Mediterranean in the northwest to the Indo-Australian Archipelago
(TAA) in the southeast. This is because over the past 50Myr, there have been
three successive diversity hotspots within the Tethys basin. The fossil record
shows that around 42-39 Mya, the West Tethys, corresponding to today’s
Mediterranean, was the region of maximum marine diversity. By 23-16 Mya,
this region of maximum marine diversity was centred at Arabia with a sec-
ondary hotspot in the IAA [47]. This is followed by a hotspot centered at the
TAA which continues till today |47, |48|. Since each of these datable hotspots
appeared successively south-eastwards, testing the effects of these hotspots’
locations on present-day diversity patterns allows us to put an upper bound
on the residual effects of these hotspots in regulating marine richness pat-
terns. This in turn puts an upper bound on the timescales regulating marine
diversity.

Biodiverse marine regions affect the diversity of adjacent regions through
dispersal, by acting as sources of biodiversity [30-33]. For benthic organisms,
this occurs in life-history stages which are planktic [34]. Motile organisms
may disperse in adult stages as well. On the other hand, taxa which are fully
planktonic may disperse throughout their lifespan [34]. Moreover, plank-
tonic organisms inhabiting the water column are not limited to the shallow
ocean where most benthic and motile taxon-diversity lies. Thus deep-ocean
dynamics, which are distinct and relatively well-understood [34], regulate
their diversity patterns as well. Because the mechanics of shallow and deep-
water dynamics as well as their timescales are different, we check for the
factors driving marine diversity for benthic, actively motile, and passively
free-floating organisms separately. For shallow benthic and motile macro-
fauna, oceanographic parameters such as temperature and salinity govern
species distribution |7, |14, 36|, although this is not true for plankton [27].
This motivates us to also incorporate oceanographic parameters into our
models for marine richness.
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Chapter 2

Objectives

We propose the following two sets of testable hypotheses:

1.

For a region, benthic taxa composition is driven by oceanographic vari-
ables such as temperature and salinity.

. Taxa closely associated with benthic taxa such as neritic fishes are also

driven by oceanographic variables.

The length of the Tethys Sea from the Mediterranean to the Indo-
Pacific is a biogeographic axis for benthic taxa and taxa associated
with them.

. The composition of free-floating neritic taxa is not affected by these

drivers.

. Richness patterns for benthic taxa and taxa associated with them such

as neritic fishes are predicted by the distance from the current TAA
hotspot.

Richness patterns for free-floating taxa are unrelated to distance from
current or past hotspots.

14



Chapter 3

Methods

3.1 Species occurrence data processing

The Ocean Biodiversity Information System (OBIS) (https://obis.org/)
is a freely accessible subset of the Global Biodiversity Information Facility
(GBIF) (https://www.gbif.org/) providing presence-only data for marine
taxa. We queried and downloaded all data from here with the following
keywords to generate three datasets (henceforth called basins):

e Indian Ocean: Scientific name = “Animalia”, “Plantae”; Areas = “Indian
Ocean”, “Laccadive Sea”, “Andaman or Burma Sea”, “Red Sea”, “Per-
sian Gulf”, “Gulf of Oman”, “Gulf of Aden”, “Mozambique Channel”,
“Great Australian Bight”, “Timor Sea”, “Arafura Sea”, “Bay of Bengal”,
“Arabian Sea”. We classify these seas and oceans as within the Indian
Ocean Basin. This region encompasses the margin of the Indian Ocean.

e Western Pacific: Scientific name = “Animalia”, “Plantae”; Areas =
“Philippine Sea”, “Bismarck Sea”, “Gulf of Thailand”, “Java Sea”, “Makas-
sar Strait”, “South China Sea”, “Celebes Sea”, “Banda Sea”, “Molukka
Sea”, “Sulu Sea”, “Solomon Sea”, “Solomon Islands”. This corresponds
to all the seas and oceans we classify as the Western Pacific. This re-
gion contains the IAA as well as the Coral Triangle completely within
it.

e Mediterranean Scientific name = “Animalia”, “Plantae”; Areas = “Mediter-
ranean Sea”. This corresponds to the Mediterranean basin.

Verbatim query expressions are available in S1. Figure 3.1 displays the
boundaries of these regions.
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Figure 3.1: Left: Regions under consideration: Blue = Mediterranean, Red
= Indian Ocean, Green = Western Pacific, light-green = The Coral Triangle
as defined by Hoeksema, 2007 [48]. Right: Grid-cells considered

We filtered these datasets to retain only the columns corresponding to a
recorded species’ coordinates, scientific (binomial) name, genus, phylum, and
class using custom scripts. We removed records without species-level classi-
fication. We also removed all records for birds (Aves) and mammals. This
is because there are no completely marine Aves and this would include land-
based taxa in our dataset. The only fully marine mammals (Cetaceans) are
not not restricted to the shallow ocean and therefore do not follow shallow-
marine faunal distribution patterns. We then rounded down each record’s
latitude and longitude to classify each record into one-by-one degree latitude-
longitude grid-cells. These grid-cells have a size of approximately 111 km by
111 km at the equator. Kingdom Plantae was excluded by inspection because
of uneven coverage (S2).

Next, we filtered this data to only retain shallow marine regions (<200
m deep). This was done in two steps using custom shapefiles that were cre-
ated using the General bathymetric Chart of the Oceans (GEBCO) gridded
bathymetry data (https://download.gebco.net/) to extract depth con-
tours ranging from 0 to 200 meters for our three basins. These were used
to create shapefile polygons of the shallow regions. This was done using
QGIS (|http://www.qgis.org|(http://www.qgis.org/)). Excluding deep ob-
servations was done in two steps. First, we removed all grid-cells which are
fully in the deep ocean. Next, where a grid-cell has both shallow and deep
regions within it, this results in also including observations from deep re-
gions. We eliminated these in our second filtering step by using the precise
coordiantes of each observation from OBIS.

Because GBIF data has well-documented biases such as undersampling
in the tropics and undersampling of less charismatic taxa [49], we only use
presence-absence data for all analyses. We confirm the data-completeness
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of OBIS data for our three basins by creating occurrence based rarefaction
curves at the species and genus levels (S4). Because of the undersampling of
the Western Pacific, we do not combine its data with the data for the Indian
Ocean even though it has some connectivity with the Indian Ocean. Figure
3.2 is a flowchart of the processing steps involved. Figure 3.3 visualises the
final OBIS datasets generated.

Mode of life groupings were generated by pooling taxa with similar life-
modes together:

e Organisms with a benthic non-larval stage: Phylum Porifera, class An-
thozoa, class Pycnogonida, class Thecostraca, class Gastropoda, class
Bivalvia, phylum Echinodermata, class Asicidacea

e Organisms with a motile non-larval stage: Class Elasmobranchii, class
Teleostei, class Cephalopoda

e Organisms with a free-floating non-larval stage: Class Copepoda, class
Scyphozoa, phylum Ctenophora

Figure 3.2: A flowchart depicting the processing done with the raw OBIS
data.
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3.2 Oceanographic data

We downloaded all available ocean-surface data for ocean temperature, salin-
ity, dissolved Oxygen, silicate, phosphate, and nitrate for the year 2018 from
NOAA (https://www.ncei.noaa.gov/access/world-ocean-atlas-2018/)).
This data is available at a resolution of one-by-one degree grid-cells. For
oceanic productivity, Behrenfeld-CbPM data were downloaded from [50], and
subset for the date 01-01-2018. We further subset the productivity data to
retain observations nearest to the midpoints of one-by-one degree latitude-
longitude grid-cells. All data were subset to only retain records from shallow
grid-cells for all basins, and were z-transformed to rescale them (S5). This
allows us to compare between values recorded in different units and different
precisions.

3.3 Calculating distances from the Coral Tri-
angle and the Mediterranean

To calculate the distances of grid-cells from the Coral Triangle (CT), we first
computed the centroid of the Coral Triangle (Figure 3.1). We then used the
coordinates of this centroid (-0.85856°S, 125.67995°E) as a reference point to
calculate distances from. We used the coordinates 31°N, 31°E as a reference
point for calculating distances from the Mediterranean. We then used a cus-
tom code using GeoPandas [51] in Python and the following crs proj strings
for the Mediterranean and the CT respectively:

crs="+proj=aeqd+lat_0=31+lon_0=31+x_0=0+y_0=0+datum=WGS84+units=m+no_defs"
crs="+proj=aeqd+lat_0=-0.85856+1lon_0=125.67995+x_0=0+y_0=0+datum=WGS84+units=m+no_defs"

These proj strings represent an azimuthal equidistant projection centered
at the reference points. We use these because azimuthal equidistant projec-
tions preserve globe-distances from their centres to any other point on the
map.
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3.4 Data analyses

3.4.1 Province creation and their environmental corre-
lates

We non-hierarchically clustered grid-cells based on genus presences in the
Indian Ocean using Principal Coordinate Analyses (PCoA). On obtaining a
similar, two or three-pronged pattern for all faunal groupings considered, we
used Partition Around Medoids (PAM), an independent clustering algorithm.
The number of medoids to cluster around is user-defined, and we set this to
two or three depending on the number of prongs visible in each PCoA for
each faunal grouping. Because both PCoA and PAM are non-hierarchical
clustering methods, this implies that the clusters are split at similar levels
of dissimilarity. Next, we plotted these grid-cells on a map of the Indian
Ocean and coloured them by the PAM cluster they belong to. Dissimilarity
matrices for Principal Coordinate Analyses (PCoA) and Partition Around
Medoids (PAM) were made using the packages “fossil” [52] and “vegan” [53|
in R. PCoA vectors were generated using the library “ecodist” [54] in R. PAM
clustering was done using the library “cluster” [55] in R.

In order to interpret PCoA axes, we correlated them with various oceano-
graphic variables and distances from the Mediterranean and the CT. We
calculated Pearsons’ correlation coefficients and significances for each faunal
group’s PCoA axes with the oceanographic variables and distances consid-
ered using the Python package “scipy.stats” [56].

3.4.2 Comparing grid-cell tuples

For kingdom Animalia, for each cluster obtained by PAM clustering, we
compared tuples of grid-cells within each cluster to see how biotically and
abiotically different they are. We computed the biotic dissimilarity of two
grid-cells as the Jaccard’s distance between them. To compute the abiotic dis-
similaity between two grid-cells, we calculated the Euclidean distance of the
z-transformed oceanographic variables between them using the base library
“stats” in R [57]. Grid-cells with missing values of any oceanographic variable
were not considered. Mantel tests were run using the library “ecodist” [54]
in R.

3.4.3 Implementing Generalised Linear Models (GLMs)

We implemented Generalised Linear Models (GLMs) for grid-cell genus rich-
ness in R using z-transformed oceanographic variables and the distance from
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the Mediterranean and CT as predictor variables for the entire dataset, and
for each life-mode. All grid-cells with missing values for any predictor variable
were excluded. This does not alter the structure of our data upon inspection
(S7). We then adapted Zuur et al.’s [58] protocol for data exploration before
running GLMs (S5, S8). We do not exclude any outliers as per Zuur et al.
[58].

Next, we check for highly correlated predictor variables using the R pack-
age “corrplot” [59] and exclude them (S8). Correlations of explanatory vari-
ables show that temperature is strongly negatively correlated with dissolved
oxygen and silicate content is strongly positively correlated with DO and
phosphorous content. Because temperature directly controls DO, we exclude
the latter as a derived variable. Phosphate is limiting to life in the oceans [60],
and although marine phosphorous dynamics are complex, ocanic phosphate’s
primary sink is precipitation in sediments [60]. Phosphate and other ions in
the system like silicate influence each other’s concentrations by competitive
sorption and precipitation [61]. Because of this and phosphate’s central role
as a limiting nutrient, we choose to exclude silicate as an explanatory vari-
able.

We calculate Akaike’s Information Criterion (AIC) values for all single
and multiple models considered. Finally, we run a negative binomial single
and multiple GLMs for genus richness using the R package MASS [62] for the
best model as indicated by AIC values. Results from a Poisson GLM using
a log link showed extreme overdispersion and were not used.
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Chapter 4

Results

4.1 Provinces in the Indian Ocean

For kingdom Animalia, the PCoA and PAM clusters correspond to each other
(Figure 4.1). Even though there is agreement between the PCoA and PAM
clusters, the first two principal components together explain a very small
percentage of the total variation in the data (Table 4.1). These PAM clusters
correspond to the Australian Bight along with parts of the southwestern
coast of Australia and the southern tip of South Africa, the northern Indian
Ocean, and the rest of the margin of the Indian Ocean (Figure 4.1). Similar
results are obtained on repeating this for various phyla, classes, and life-
modes (Figure 4.2 — 4.5). Some PCoA plots show two clusters instead of
three. In these cases as well, the PAM clusters largely agree with the PCoA
clusters. Porifera does not show any clustering. The Great Australian Bight
emerges as a distinct region for most taxa, along with other parts of the
Southern Ocean depending of the taxon. For taxa showing three clusters,
the Northern Indian Ocean separates as a third cluster along with these two.
This holds for groupings based on mode of life as well, except for planktonic
species which spend their entire life cycle floating with the water column.

4.2 Environmental correlates

For all phyla considered, oceanographic variables are only weakly correlated
to PCoA axes (Figure 4.6). This implies that no oceanographic variable
alone explains the variation captured by the first two principal components.
Echinodermata’s first principal component shows the strongest correlations
which are significant. These are negatively correlated to oceanographic vari-
ables. For various chordate groups and life modes as well, oceanographic
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S. No. Taxon PC1 PC2
1 Animalia 4.46 2.93
2 Porifera 4.76 3.94
3 Cnidaria 6.31 3.98
4 Annelida 5.34 4.02
5 Arthropoda 6.83 4.03
6 Mollusca 5.87 3.67
7 Echinodermata 4.44 3.42
8 Chordata 7.26 4.48
9 Demospongiae 4.89 4.42

10 Anthozoa 7.11 4.97
11 Hydrozoa 8.56 7.26
12 Polychaeta 5.42 4.10
13 Copepoda 16.67 7.05
14 Malacostraca 4.03 2.68
15 Ostracoda 27.43 11.37
16 Bivalvia 5.33 4.17
17 Cephalopoda 18.49 10.35
18 Gastropoda 7.30 3.88
19 Asteroidea 9.35 6.21
20 Crinoidea 10.92 7.37
21 Echinoidea 6.81 6.26
22 Holothuroidea 14.49 6.68
23 Ophiuroidea 8.25 7.04
24 nonChordata 3.76 2.99
25 Ascidiacea 10.07 7.04
26 Sagittoidea 56.45 14.19
27 Holocephali 74.38 15.11
28 Elasmobranchii 11.06 7.61
29 Teleostei 7.50 4.48
30 BenthicAdults 3.33 2.51
31 MotileAdults 7.32 4.55
32 FloatingAdults 16.35 6.43

Table 4.1: The percentages of the total variation explained by PC1 and PC2
for each group considered.
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variables are weakly correlated to PCoA axes, except for Sagittoidea. For
non-chordate classes, Asteroidea shows patterns similar to Echinodermata,
implying that it could account for its patterns. Ophiuroidea’s first principal
component correlates moderately positively and significantly with oceano-
graphic variables, implying that its patterns are contrary to the patterns of
the overall phylum Echinodermata.

Distances from the Mediterranean and Coral Triangle (CT) are weakly
correlated to both PCoA axes as well. For most faunal groups, a positive cor-
relation with distance from the Mediterranean has a corresponding negative
correlation with distance from the CT. This implies that these two regions
which correspond to the ends of the former Tethys basin, are axes of vari-
ation for genus similarities among grid-cells in the Indian Ocean. Notably,
this pattern does not hold for organisms with a free-floating adult stage.

4.3 Environmental dissimilarity poorly predicts
compositional dissimilarity

Environmental dissimilarity poorly predicts compositional dissimilarity for
all provinces and ocean basins we consider (Figure 4.7). This is evidenced by
the fact that most points cluster into the top-left of the figure. Most grid-cell
tuples have very few species in common, resulting in biotic compositional
dissimilarities close to one.

Medoid 1 (red) has the largest geographic spread and includes north Aus-
tralia as well as parts of the African coast, the Red Sea, and the Indian coast.
Thus, geographically far away points would be compared in tuples. This is
reflected in its large values along the x-axis with large standard deviations.
Medoid 2 (blue) is largely confined to the Australian Bight. In spite of this,
it displays large values of abiotic compositional dissimilarity even exceeding
that of medoid 1 at the genus level. On the other hand, the Mediterranean
and Western Pacific are both geographically smaller regions and thus show
smaller variations in abiotic parameters with smaller standard deviations.
Medoid 3 (green) is largely confined to the northern Indian Ocean and dis-
plays an intermediate value.

The Western Pacific region contains the Coral Triangle and has high genus
richnesses for several taxa. Moreover, dispersal is not the first barrier to com-
munity composition in shallow marine regions. However, tuples of grid-cells
in it have compositional dissimilarity values close to one, implying very few
species in common. This could be attributed to high spatial heterogeneity or
incomplete lists of species/genus presences. Hughes et al. [49] show that the
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Medoid Mantel’s r pl (HO r < p2 (HO r > p3 (HO r =

0) 0) 0)
A -0.068490 0.960 0.041 0.077
B 0.072355 0.050 0.951 0.100
c 0.062513 0.111 0.890 0.211

Table 4.2: Mantel test results for kingdom Animalia at the genus level. Bold
p-values (< 0.05) are significant.

Mediterranean is well sampled with respect to the Indian Ocean and Indo-
Pacific in OBIS. In spite of using species-presence data and binning our data
into grid-cells, both of which reduce data disparity, we still obtain composi-
tional dissimilarities between grid-cells in the Mediterranean comparable to
that of the Western Pacific. This may be attributed to data incompleteness
in the Western Pacific, as indicated by occurrence-based rarefaction curves
(S4).

Medoid 3 including geographically faraway regions like the South African
and Indian coasts, has the maximum compositional similarity of all. Because
these regions have a high abiotic dissimilarity, especially compared to the
Mediterranean and Western Pacific, this evidences a poor match between
abiotic and biotic dissimilarities. That is, regardless of whether tuples of
grid-cells are close or far apart by abiotic distance, they continue to remain
compositionally dissimilar. Moreover, medoids 1-3 separate out into distinct
provinces as shown by PCoA plots and PAM clustering (Figure 4.2). In
spite of this, tuples of grid-cells within each medoid are abiotically far apart
regardless of values of compositional dissimilarity. This is further evidence
that compositionally similar regions need not be abiotically similar. We
confirm this by running Mantel tests for medoids in the Indian Ocean (Table
4.2). Most correlations are very weak and not significant.

4.4 Predictive models with distance from the
TIAA

The distance from the Coral Triangle (CT) is the best single predictors of
a grid-cell’s genus richness and outperforms oceanographic variables for all
faunal groups except free-floating adults (Table 4.3 — 4.6). AIC weight values
indicate that this distance from the CT is by far the most parsimonious
amongst all the models tested for all faunal groups except free-floating adults,
where the values are comparable (similar orders of magnitude) (Table 4.6).
The negative values of model coefficients for distance from the CT show
that genus richness decreases on moving away from it (Table 4.7). This is
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Model names AIC AAIC AICWt Model names AIC AAIC AICWt

scaledDistCT 5480.305626 0.000000 9.999750e-01 scaledDistMed 5453.761709 0.000000 1.000000e+-00
Phos 5502.484166 22.178539 1.530000e-05 Phos 5502.484166 48.722456 2.630000e-11
Nit 5503.391977 23.086351 9.700000e-06 Nit 5503.391977 49.630268 1.670000e-11
Sal 5518.166342 37.860716 6.010000e-09 Sal 5518.166342 64.404633 1.030000e-14
Temp 5521.206797 40.901170 1.310000e-09 Temp 5521.206797 67.445087 2.260000e-15
Productivity 5521.322196 41.016570 1.240000e-09 Productivity 5521.322196 67.560486 2.140000e-15

Table 4.3: AIC table for single GLMs for predicting grid-cell genus richness
for kingdom Animalia.

Model names AIC AAIC AICWt Model names AIC AAIC AICWt
scaledDistCT 3658.331733 0.000000 0.603850 scaledDistMed 3638.977077 0.000000 9.999589¢-01
Phos 3660.112990 1.781257 0.247819 Phos 3660.112990 21.135913 2.570000e-05
Nit 3661.509882 3.178149 0.123255 Nit 3661.509882 22.532805 1.280000e-05
Sal 3665.087383 6.755650 0.020604 Sal 3665.087383 26.110306 2.140000e-06
Temp 3669.500318 11.168585 0.002268 Temp 3669.500318 30.523241 2.350000e-07
Productivity 3669.558048 11.226315 0.002204 Productivity 3669.558048 30.580970 2.290000e-07

Table 4.4: AIC table for single GLMs for predicting grid-cell genus richness
for organisms with a benthic adult stage.

consistent with the fact that the IAA is the most biodiverse region in the
Indian Ocean, and correlations with latitude confirm this (Figure 4.8). This
implies that the IAA hotspot is currently regulating marine richness patterns
for all the life-modes we consider.

4.5 Predictive models with distance from the
Mediterranean

The distance from the Mediterranean is also the best predictor of genus rich-
ness when compared to oceanographic variables for all faunal groups except
free-floating adults (Table 4.3 — 4.6). For the latter, although the distance
from the CT is the best predictor for genus richness, sea surface tempera-
ture is a better model than the distance from the Mediterranean although
a AAIC value of less than 2 between the latter two shows that these mod-
els are not significantly different (Table 4.6). AIC weight values once again
indicate that the distance from the Mediterranean is the most parsimonious
model for all faunal groups except free-floating adults, where the values are
comparable (similar orders of magnitude). The positive coefficients for the
distance from the Mediterranean imply that there are no persisting effects

Model names AIC AAIC AICWt Model names AIC AAIC AICWt
scaledDistCT 4367.490239 0.000000 9.994755e-01 scaledDistMed 4322.106376 0.000000 1.000000e+00
Phos 4382.595370 15.105131 5.244868e-04 Phos 4382.595370 60.488994 7.330000e-14
Nit 4401.495031 34.004793 4.130000e-08 Nit 4401.495031 79.388655 5.770000e-18
Temp 4425.591040 58.100802 2.420000e-13 Temp 4425.591040 103.484664 3.380000e-23
Productivity 4428.205466 60.715227 6.540000e-14 Productivity 4428.205466 106.099089 9.140000e-24
Sal 4428.399559 60.909321 5.940000e-14 Sal 4428.399559 106.293183 8.290000e-24

Table 4.5: AIC table for single GLMs for predicting grid-cell genus richness
for organisms with a motile adult stage.
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Model names AIC AAIC AICWt Model names AIC AAIC AICWt

scaledDistCT 1319.687667 0.000000 0.738096 Temp 1323.184246 0.000000 0.407171
Temp 1323.184246 3.496579 0.128481 scaledDistMed 1324.931150 1.746905 0.169997
Phos 1325.177572 5.489905 0.047424 Phos 1325.177572 1.993326 0.150291
Productivity 1325.179794 5.492127 0.047371 Productivity 1325.179794 1.995548 0.150124
Sal 1326.772839 7.085172 0.021359 Sal 1326.772839 3.588593 0.067690
Nit 1327.197973 7.510307 0.017269 Nit 1327.197973 4.013728 0.054728

Table 4.6: AIC table for single GLMs for predicting grid-cell genus richness
for organisms with a free-floating adult stage.

Parameter Estimate Std. Error z-value p-value
Animalia, distCT

Intercept 5.41340 0.10960 49.380 < 2e-16
scaledDistCT -0.11540 0.01850 -6.240 4.37E-10
Animalia, distMed

Intercept 3.76155 0.13176 28.548 <2e-16
scaledDistMed 0.12642 0.01496 8.448 <2e-16
Benthic adults, distCT

Intercept 4.32831 0.12380 34.963 < 2e-16
scaledDistCT -0.07113 0.02155 -3.301 0.000963
Benthic adults, distMed

Intercept 3.08343 0.16177 19.060 < 2e-16
scaledDistMed 0.10105 0.01762 5.737 9.65E-09
Free floating adults, distCT

Intercept 2.99724 0.13207 22.694 < 2e-16
scaledDistCT -0.06293 0.02178 -2.889 0.00387
Free floating adults, distMed

Intercept 2.46398 0.15179 16.233 <2e-16
scaledDistMed 0.02526 0.01705 1.481 0.139
Motile adults, distCT

Intercept 4.78096 0.11194 42.710 < 2e-16
scaledDistCT -0.14317 0.01917 -7.468 8.13E-14
Motile adults, distMed NalN NaN NaN NaN
Intercept 2.57290 0.13560 18.970 <2e-16
scaledDistMed 0.17330 0.01520 11.400 <2e-16

Table 4.7: Single GLM model coefficients for the optimal models run for all
life-modes.
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Model names AlC AAIC Model names AlC AAIC AICWt
Nit | Sal | Temp | scaledDistCT 5149884377 0.000000 Sal | Phos | Temp | Productivity | scaledDistMod 0.000000  2.4558080-01
Nit + Sal + Temp + Productivity + scaledDistC'T 5 0.136198 Sal + Phos + Temp -+ scaledDistMed 0275081  2.140312e
Nit + Sal + Phos + Temp + scaledDistCT 1.209869 Sal + Temp + scaledDistMed 0493728 1.9186630-01
Nit + Sal + Phos + Temp + Productivity + scaledDistCT 1.698250 Sal 4 Temp | Productivity | scaledDistMed 1.222580  1.332688e-01
Sal + Phos + Temp + scaledDistCT 5.957355 Temp + scaledDistMed 5.37
Sal 4 Phos + Temp + Productivity + scaledDistCT 6.638217 Temp + Productivity + scaledDistMed 4.7452

Sal + scaledDistCT 6.921300 Sal ledDistMed 3.2

1 + Productivity + scaledDistC'T 7.102852 al + Phos + Temp + Productivity + scaledDistMed

Phos + Productivity + scaledDistCT 8.377780 Phos + Temp + scaledDistMed

al + Phos + scaledDi:
Sal - Temp + Productivity
Sal + Temp + scaledDistCT
Sal + Productivity + scaledDistCT

Sal + scaledDistCT

roductivity + scaledDistCT
scaledDistC’

Nit | Phos + Temp | scaledDistCT

Nit + Temp + scaledDistCT

Nit + Temp + Productivity + scaledDistCT

Nit + Phos + Temp + Productivity + scaledDistCT

scaledDistCT

Phos + Temp + scaledDistCT
Nit + scaledDistCT
Phos + Temp + Productivity

np scaledDistCT
Nit + Productivity + scaledDistCT

Nit + Phos + scaledDistCT

Nit + Phos + Productivity + scaledDistCT

Phos + scaledDistCT

Phos + Productivity +

Temp + scaledDistCT
Productivity + scaledDistCT

scaledDistCT

Temp + Productivity + scaledDistCT
Nit + Phos + Temp
Nit | Sal + Phos | Temp

Nit + Phos + Temp + Productivity
Phos + Temp

Nit + Sal + Phos + Temp + Productivity
Sal + Phos + Temp

Temp + Productivity
Temp + Productivity
Nit | Phos + Productivity

Nit + Sal + Phos + Productivity

Nit + Sal

Phos + Productivity

Nit + Tem

Sal - Phos + Productivity
Nit + Sal + Temp.

Nit 4 Productivity

Nit + Sal + Productivity

Nit + Temp + Productivity
Temp + Productivity

Sal + Productivity
Sal + Temp + Productivity
Temp + Productivity

Table 4.8: AIC table for multiple GLMs for predicting grid-cell genus richness

5461.640063
5161.748317
5462.507095
5462.672442
5462.711674
5465.613311
5165.811900

5472.265627
5472.823460

22431
5480.233940
5481.138235
5481.147210
5498.054417
5499.012206

5523.106244

for kingdom Animalia.

of either the West Tethyian or Arabian diversity hotspots today and that
the TAA hotspot, after its emergence, has masked the influences of these
past hotspots. AIC values show that the distance from the Mediterranean
is a better predictor of richness than the distance from the CT for all faunal
groups except free-floating adults. This is corroborated by the higher magni-
tudes of the model coefficients for the distance from the Mediterranean over

8.535305

11.863941
12622719
12788066
12.827207
15.728934
15.960523
11983

17.471759
19.920230
21.016193
21.760764
22.381250
22.939083

26.6.
28.138054
30.349563
31.253850
31.262834
48.170040
49127830
19728107
50.062506
50.776003
50.812000
51.067000
51.454885
51.562826

69.831396
70.281443
71.834350
73.311868

5.855836¢-04
5.391185¢-04
5.286463¢-04
1.239033¢-04

8.810000¢-06
6.070000¢-06
4.450000¢-06
3.370000¢-06
1.660000¢-06
5.280000¢-07
2.500000e-07
8.280000¢-08
5.270000e-08
5.250000¢-08
1.120000¢-11
6.930000¢-12
5.130000e-12
4.340000¢-12
3.040000e-12
2.980000¢-12
2.630000¢-12
2.160000¢-12
2.050000¢-12
1.330000-12
1.110000e-12
1.090000¢-12
8.670000¢-13
7.550000¢-13
5.080000¢-13
5.070000¢-13
4.430000¢-13
4.140000¢-13
3.010000¢-13
2.880000¢-13
2.000000¢-13
1.590000c-13
2.210000¢-16
1.770000¢-16
8.130000e-17
3.880000e-17

al + Phos + Productivity + scaledDistMed
Phos + scaledDistMed
+ Phos + Productivity + scaledDistMed
sealedDistMed
Productivity + scaledDistMed
Temp + scaledDistMed
~+ scaledDistMed
Temp + Productivity | scaledDistMed
+ Phos + Temp + scaledDistMed

Phos.
Productivity tMed 4.195876
Phos + Temp scaledDistMed 6548

od t 5.
Nit + Phos + Productivity + scaledDistMed 5445.785691
Temp + scaledDistMed

Phos + Temp + scaledDistMed

Phos + scaledDistMed

Temp + Productivity + scaledDistMed

Phos | Temp + Productivity | scaledDistMed
Phos + Productivity + scaledDistMed
Productivity + scaledDistMed

Nit + Phos

Phos + Temp

Nit + Sal + Phos + Temp + Productivity
Sal + Phos + Temp.

Nit + Phos

Nit + Sal 4 Phos

Phos + Temp + Productivity

Sal + Phos + Temp + Productivity

Sal + Phos
Nit + Phos + Productivity

Nit + Sal + Phos + Productivity
Nit + Sal

Phos + Productivity

Nit + Temp

Sal + Phos | Productivity
Nit + Sal + Temp

Nit + Productivity

Nit + Sal + Productivity

Nit + Temp + Productivity
Nit + Sal + Temp + Productivity
Sal + Temp

Sal + Productivity

Sal + Temp + Productivity
Temp + Productivity

the distance from the CT except for free-floating adults.

4.6 Incorporating oceanographic variables im-

proves models’ predictive powers

Combining oceanographic parameters along with our two distance parame-
ters improves our models’ predictive powers significantly (Table 4.13). Model
predictions improve the least for free-floating adults (Table 4.11). For king-
dom Animalia, any model including a distance parameter is better than all
models without it (Table 4.8). This pattern holds for life-modes except for
benthic adults for distance from the CT and free-floating adults for distance
from the Mediterranean. Models with all variables included are often signifi-
cantly worse than models with fewer parameters. Model coefficients’ p-values
show that the distance parameters are the most significant for all groups ex-

cept free-floating adults (Table 4.12).
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7.05
10.721500
12037881

75338
14.993490
21.719682
22.411398
23.451211
23.667160

27.285721

20.471606
30.040124
35.455036
78.088818
79.046608
79.646885
79.981284
80.604782
80.730869
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81.373664
81.481604
82.351323
82.714941

100.200221
101.753129
103.230646

2.370000e-07
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7.360000e-08
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1.680000¢-18
1.240000¢-18
1.050000¢-18
7.370000e-19
7.240000¢-19
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5.250000¢-19
4.970000¢-19
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2.680000¢-19
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2.100000¢-19
1.830000¢-19
1.230000¢-19
1.230000e-19
1.070000c-19

9.420000¢-24



Model names

Sal + Phos + Temp + scAledest(,T
Nit + Sal + Phos + Temp + scaledDistCT
Nit + Sal + Temp + realedDImCT
Sal + Phos + Temp + Productivity + scaledDistCT
Nit + Sal + Phos + Temp + Productivi
Nit + Sal + Temp + Productivity | scaledDistCT
Sal + Temp + scaledDistCT
Nit + Sal + scaledDistCT
Phos 4 Temp + scaledDistCT
Sal + Temp + Productivity + scaledDistCT
Sal + scaledDistCT
Nit + Phos + Temp + scaledDistCT
Sal + Phos + scaledDistC'T
Nit + Sal + Phos + scaledDistCT
Nit + Sal + Productivity + scaledDistCT
Phos 4 Temp + Productivity + scaledDistC'T
Nit + Phos + Temp + Productivity + scaledDistCT
Sal + Productivity + scaledDistCT
Nit + Temp + scaledDistCT
Sal + Phos + Productivity + scaledDistCT
Nit + Sal + Phos + Productivity + scaledDistCT
Nit + Temp + Productivity + scaledDistCT
mp

Sal + Phos + Te

Phos + Tem)
Nit + Phos + Temp.
Nit + Sal + Phos + Temp.

Phos + Temp + Productivity
Sal + Phos + Temp + Productivity
Nit + Phos + Temp + Productivity
Nit + Sal + Phos + Temp + Productivity
Nit + scaledDistCT

Phos + scaledDistCT

Nit + Phos + scaledDistCT

Nit + Productivity | scaledDistCT

Nit + Phos + Productivity + realedDistCT
Sal + Phos

Nit + Sal +
Temp + Productivity + scaledDistCT
Nit + Sal
+ Sal +
Producti ity \ ealedDistCT
Nit +
Sal | Phos + Productivity
Nit + Phos
Nit + Sal + Temp + Productivity

Nit + Phos + Productivity
Nit + Producti
Sl £ Broductivity

Sal + Temp

s+ Tomp + Productivity
Temp + Productivit

ity + sealedDistCT

3639.449036
3639.490122
3640.134305
3641.422316
3641.459563
3642.133610
3645.431633
3646.711996
3647.206215
3647.337933
3647.353403
3647.440318
3648.505098
3648.652804
3648.711331

3648.802001
3649.043366
3649.293304
3650.338187
3650.586413
3650.649904
3652.199390
3652.926213
3652.971361
3653.717647
3653.777838
3653.934862
3654.081599
3654.662752
3654.893866
3654.939985
3656163807
3656.475914
3656.848404

3660.204651
3660.228593
3660.326638
3660.339161
3660.903610
3660.930592
3661.036306
3661.577444
3661.719113
3661.742580
3661.794237
3662.336917

3671.243621

ic
0.000000  2.550799e-01
2.498033¢-01

10889151
11137378 9.
11.200868  9.428411e-04
12.750354  4.344822¢-04
13.477177
13.522325
14.268611
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14.485826

4.632563

4.632563
15.213716
15.444830  1.129468¢-04

15.490949  1.103721¢-04
16.714771  5.990000¢-05
17.026878  5.120000e-05
17.399368  4.2500000-05
18.536577  2.410000¢-05
18.602075  2.330000¢-05
18.894989  2.010000¢-05
10.875959  1.230000e-05
20097162 1.100000e-05

20.526522
20.755615
20.779557
20.877602
20.890125
21.454574
21.481557
21.587270
22.128408
22.270077
22.293553
22.345201
22.887881
23.562366
27.477080
27.517829
29.318818
31.794585

8.9000000-06
7.940000¢-06
7.840000¢-06
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3.180000¢-08

Model names

Nit + Sal | scaledDistMed
Nit + Sal + Temp + scaledDistMed

Nit  Sal + Phos + scaledDistMed

Nit + Sal + Productivity + scaledDistMed

Sal + Phos + scaledDistMed

Sal + Temp + scaledDistMed

Sal + scaledDistMed

Nit + Sal + Temp + Productivity + scaledDistMed
Nit + Sal + Phos + Temp + scaledDist Mo

Nit + Sal + Phos 4 Productivity + scaledDistMed
Sal + Phos + Temp + scaledDistMed

Sal + Phos + Productivity + scaledDistMed

Sal 4 Temp + Productivity + scaledDistMed

Sal + Productivity + scaledDistMed

Nit | Sal | Phos | Temp +

Sal + Phos + Temp + Productivity + scaledDistMe

Nit + Phos + scaledDistMed

Nit + Productivity + scaledDistMed

Nit + Temp + scaledDistMe

Phos + Temp + scaledDistMed

Nit + Phos + Temp + scaledDistMed

Phos + Productivity + scaledDistMed

Nit 4 Phos  Productivity + scaledDisthed
caledDistMed

¥ L tealedDistMed

Productivity + scaledDistMed
Temp + Productivity + scaledDistMed
Sal + Phos + Temp

Phos + Temp

Nit + Phos + Temp.

Nit + Sal + Phos + Temp
Phos + Temp + Productivity
Sal  Phos + Temp + Product
Nit + Phos - Tomp + Productivity

Nit + Sal + Temp + Productivity
Phos + Productivity

Nit + Temp + Productivity
Nit + Sal + Phos + Productivity
Nit  Sal + Productivit

Sa1 & Productivity
Sal + T

Sal 1 Temp + Productivity
Temp + Productivity

Productivity + scaledDistMed
d

+ scaledDistMed

3621.083012
3622.812070

3622.987265

3671.243621

Table 4.9: AIC table for multiple GLMs for predicting grid-cell
for organisms with a benthic adult stage.

Model names

Model names

Nit + Sal + Phos + Temp + scaledDistCT
Nit + Sal + Phos + Temp
Sal + Phos  Temp + scaledDistCT

Sal + Phos + Temp + Productivity + scaledDistCT
Nit + Sal + Phos + scaledDistCT|

Nit + Phos + Temp + scaledDistCT

Nit + Sal + Phos - Productivity + scaledDistCT
Sal + Phos + scaledDistCT

scaledDistCT

Phos + Temp -+ scaledDist
Nit + Phos + Temp + Productivity + scaledDistCT
Nit + Sal + Productivity + scaledDistCT
Nit + Sal + Temmp - Productivity - scaledDistGT
Phos 4 Temp | Productivity | scaled
Nit + Sal o Temp 1 scaledDis

+ Sal + scaledDistCT
Nit & Phos © scstedDisecT
Phos + scaledDistCT
Nit + Phos + Productivity + scaledDistCT
Phos + Productivity + scaledDistCT
Nit + Temp + scaledDistC"
+ scaledDistCT
Nit + Temp + Product + scaledDistCT
Nit + Productivity + scaledDistCT
Sal + Productivity + scaledDistCT
Sal + Temp | Productivity | scaledDistCT
Sal + scaledDistCT
Sal + Temp
Productivity + scaled]
Temp | Productivity + ealedDisCT
Temp + scaledDistC”
Nit + Phos
Phos + Productivity
Phos + Temp
Sal + Phos
Nit + Phos + Temp
Nit + Phos + Productivity
Phos + Temp + Productivity
Nit + Sal + Phos
Nit + Phos + Temp + Productivity
Sal + Phos + Temp
Sal + Phos + Productivity
Nit + Sal + Phos + Temp
Nit + Sal + Phos + Productivi
+ Phos + Temp -+ Productivity
+ Sal + Phos + Temp -+ Productivity

vity

p + Producti
+ Sal + Productivit
+ Sal + Temp

+ Sal 4 Temp + Productivity
+ Temp.

p + Productivity

Sal + Temp + Productivity

Sal + Productivity

+ Productivity + scaledDistCT

1335101608
4335826555
4336432180
4337.264205
4338.799213
4338.842001
4338.858210

339.721211
4339.862601
4340.108787
4340.371340
4341.010610
4341.239521
4341.716757
4341.857341
4341.805689
4343.151504
4343.998709
4344.253246
4345.169383
4347935340
4348406865
4348.541903
4348.791590

4385.150864
4385.482017
4385.493360
4385527899
4386.068388
4386.269917
4386327939

4427.462664
4428.691649
4430.140458

Table 4.10: AIC table for

ness for organisms with a

0.724946  1.926084c-01
1330572 1.422870e-01
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Nit | Sal  Temp | scaledDistNed
Nit + Sal + Temp + Productivity + scaledDistMed
Nit | Sal | Phos | Temp - scaledDistMed

Nit + Sal 4 Phos 4 Temp + Productivity + scaledDistMed

Sal + Temp + Productivity + scaledD;
Sal + Phos + Temp + scaledDistMed

Sal + Phos + Temp + Productivity + scaledDistMed
Sal - Temp + scaledDistMed

ol + Phos + scalodDistMed
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5007179  2.263603¢-02  Nit + Temp | scaled

3300732 ToRaI0s  Nit | Phot 1 Tomp+ ceoledDisthied
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6137913 1.286070-02  Nit -+ Temp + Productivity + scaledDistMed
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33.735475 Sal + Productivity + scaledDistMed
34051340 Productivity + scaledDistMed
48273580 Nit + P
48.631512 Phos 1 Productivity

48.746867 Phos + Temp

49323623 Sal + Phos

49.422794 Nit + Phos + Temp

49.427780 Nit + Phos + Productivity

49.677174 Phos | Temp | Productivity

50.049256 Nit + Sal + Phos

50380409 Nit | Phos | Temp | Productivity
50.391752 Sal + Phos + Temp

50.426290 Sal + Phos + Productivity

50.966780 Nit + Sal + Phos + Temp

51168308 Nit + Sal + Phos + Productivity

51.226330 Sal 4 Phos + Temp + Producti

51.830005 Nit + Sal 1 Phos | Tomp 4 Productivity
67.976715 Nit + Productivity

67.083052 Nit + Temp

68200011 Nit + Sal

69.612330 Nit f Temp + Productivity

69872801 Nit + Sal + Productivity
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91681538 Sal + Tem

92361056 Temp + Pro

93590040 Sal + Temp + Productivi
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T274.708504
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41.927490  1.910000¢-10
45.842204  2.690000e-11
45.882953  2.640000e-11
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genus richness
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16.808865
17.720807
17.873830
17.961619
18.426276
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19.427176
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21.736952
23.168303
23.918228
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26.085617
27.253627
30.529729
32.360026
37.738984
39.017560
49.071007
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108.934527

109.049882

109.626637

109.725808

109.730794

109.980188

110.352270

110.683424

110.694767

110.729305

111.269794
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111.529345

112.133020
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128.602025

129.915345
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multiple GLMs for predicting grid-cell genus rich-
motile adult stage.
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Model names AIC AICWt _ Model names AIC AAIC  AICWt
Sal | scaledDistCT 1317.184359 0114717  Sal | Phos | Temp | scaledDistMed 1319.056439 0000000  0.110428
Sal + Productivity + scaledDistCT 1317.260618 0.110426  Sal + Temp + Productivity + scaledDistMed 1319.113242  0.056803  0.107336
Sal + Temp + Productivity + scaledDistCT 1318.000135 0.076293  Sal + Phos + Temp + Productivity + scaledDistMed ~ 1319.348896  0.292457  0.095405
Sal + Temp + scaledDistCT 1318.099153 0.072608  Sal + Temp + scaledDistMed 1319.527035  0.470596  0.087275
Nit + Sal + scaledDistCT 1319.114478 0.043703  Temp + scaledDistMed 1320.349668  1.293229  0.057844
Sal + Phos + scaledDistCT 1319.184324 0.042203  Nit + Sal + Te Productivity + scaledDistMed 1320.392502  1.336062  0.056618
Sal + Phos + Productivity + scaledDistCT 1319.217141 0.041516 Ternp + Productivity + scaledDistMed 1320.455230  1.398790  0.054870
Nit + Sal + Productivity + scaledDistCT 1319.223776 0.041379 + Temp + scaledDistMed 1320.703764  1.647325  0.048458
Sal + Phos + Temp + scaledDistCT 1319.260414 0.040627 t + Sal + Phos + Temp + scaledDistMe: 1320.985332  1.928893  0.042094
Sal + Phos + Temp + Productivity + scaledDistCT  1319.498678 0.036065  Nit + Sal + Phos + Temp + Productivity + scaled... ~ 1321251952  2.195513  0.036841
Temp + scaledDistCT 1319.618251 0.033972 Temp + scaledDistMed 1321.605898  2.549459  0.030865
Nit + Sal + Temp + Productivity + scaledDistCT 1319.641241 0.033583  Nit + Temp + scaledDistMed 2.723028  0.028300
Nit + Sal + Temp + scaledDistCT 1319.676555 0.032996  Nit + Temp + Productivity + scaledDistMed 2919511 0.025652

p + Productivity + scaledDistCT 1319.965580 0.028556  Phos + Temp + Producuvm + scaledDistMed 3203 0.024234
Productivity + scaledDistCT 2 2 0.024250  Temp + Produc 0.018122
Nit + Sal + Phos + Productivity + scaledDistCT 1321.084970 0.016316  Nit + Phos + Ternp " ccaledDistMed 1323.421332 0.012452
Nit + Sal + Phos + scaledDistCT 1321.087789 0.016293  Sal + Temp + Productivity 1323.839841 0.010101
Nit + Sal + Phos + Temp -+ scaledDistCT 1321.195565 0.015439  Nit + Phos + Temp + Pmducmny + scaledDistMed  1323.859308 0.010003
Phos + scaledDistCT 1321.294807 0.014691  Sal + Productivity + scaledDistMed 1324.282951 0.008094
Nit + Temp + scaledDistCT 1321.309400 0.014584  Phos + Productivity 1324.304078 0.008009
Nit + Sal 4 Phos | Temp - Productivity + scaled...  1321.406173 0.013895  Sal + scaledDistMed 1324.495328 0.007278
Phos + Temp -+ scaledDistCT 1321.451793 0.013582  Phos + Temp + Productivity 1324.533915 0.007139
Phos + Productivity + scaledDistCT 1321.571290 0.012794  Nit + Temp + Productivity 1324.621895  5.565456  0.006832
Nit + scaledDistCT 1321.683900 0.012094  Sal + Temp 1324.699975 5 0.006571
Nit + Temp + Productivity + scaledDistCT 1321.710802 0.011932  Sal + Phos + Productivity + scaledDistMed 1324.747205  5.690766  0.006417
Phos + Temp -+ Productivity + scaledDistCT 1321.928646 0.010701  Phos + Pmducumy + scaledDistMed 1324.869875  5.813436  0.006035
Nit + Productivity + scaledDistCT 1322.292413 0.008921  Nit + Ten 1325.120068  6.063629  0.005326
Temp -+ Productivity 1322.670930 0.007383 Producuvn.y + scaledDistMed 1325.150960  6.094521  0.005244
Nit + Phos + scaledDistCT 1323.078163 0.006023 hos + Te 1325.154052  6.097613  0.005236
Nit + Phos + Temp + scaledDistCT 1323.279892 0.005445 Phos ! scaledDistMed 1325247201 6.190762  0.004998
Nit + Phos + Productivity + scaledDistC'T 1323.297353 0.005398  Sal + Phos + scaledDistMed 1325.430401  6.373962  0.004560
Nit + Phos + Temp + Productivity + scaledDistCT 66: 0.004394  Sal + Phos + Productivity 1325.624331  6.567892  0.004139
Sal + Temp + Productivity 3.8398 0.004115  Sal + Phos + Temp + Productivity 1325777068  6.720629  0.003835
Phos + Productivity 1324.304078 0.003263  Nit + Sal + Temp + Productivity 1325.786637 30198 0.003816
Phos + Temp -+ Pruduchvn_y E 3915 0.002909  Nit + Phos + Productivity 1326.056270  6.999831  0.003335
Nit + Temp + Productivity 1324.621895 0.002783  Sal + Productivity 1326.158150  7.101711  0.003169
Sal + Te 1324.699975 0.002677  Nit + Sal + Productivity + scaledDistMed 1326.184352  7.127913  0.003128
Nit + Temp 1325.120068 0.002170  Nit + Phos + Temp + Productivity 1326.329568  7.273129  0.002909
Phos 4 Temp 1325.154052 0.002133  Nit + Sal + scaledDistMed 1326.434353  7.377914  0.002760
Sal + Phos + Productivity 1325.624331 0.001686  Nit + Sal + Phos + Productivity + scaledDistMed 1326.554629  7.498190  0.002599
Sal + Phos + Temp + Productivity 1325.777068 0.001562  Nit + Phos + Productivity + scaledDistMed 1326.588483  7.532044  0.002556
Nit + Sal + Temp + Productivity 1325.786637 0.001555  Nit + Sal + P 1326.631015  7.574575  0.002502
Nit + Phos + Productivity 1326.056270 0.001359 + Phos + Temp 1326.694215  T.637776  0.002424
Sal + Productivity 1326.158150 0.001291 + Phos 1326.782778  7.726339  0.002319
Nit + Phos + Temp + Productivity 1326.329568 0.001185 + scaledDistMed 1326.835721  7.779281  0.002259
Nit + Sal + Temp 1326.631015 0.001019 + Productivity 1326.904169  7.847730  0.002183
Sal + Phos + Temp 1326.694215 0.000988 + Phos 1327.001425  7.944986  0.002079
Sal + Phos 1326.782778 0.000945 t Phos | Temp 1327.009224  7.952785  0.002071
Nit + Productivity 1326.904169 0.000889 t Productivity + scaledDistMed 1327.012491  7.956052  0.002067
Nit + Phos 1327.001425 0.000847 + Phos + scaledDistMed 1327.033337  7.976898  0.002046
Nit + Phos + Temp 1327.009224  9.824864  0.000844 + Sal + Phos + scaledDistMed 1327.288281  8.231841  0.001801
Nit + Sal + Phos + Productivity 1327.423691  10.239331  0.000686  Nit + Sal + Phos + Productivity 27.423691  8.367252  0.001683
Nit + Sal + Phos + Temp + Productivity 1327.618078  10.433719  0.000622  Nit + Sal + Phos + Temp + Product 1327.618078  8.561639  0.001527
Nit + Sal + Productivity 1327.886959  10.702600  0.000544 t + Sal + Productivity 1327.886959  8.830520  0.001335
Nit + Sal 1328.553413  11.369054  0.000390 t + Sal 1328.553413  9.496974  0.000957
Nit + Sal + Phos 4 Temp 1328579162 11.394802  0.000385  Nit + Sal + Phos + Temp 1328579162 9.522723  0.000945
Nit + Sal + Phos 1328637135  11.452776  0.000374  Nit + Sal + Phos 1328.637135  9.580696  0.000918

Table 4.11: AIC table for multiple GLMs for predicting grid-cell genus rich-

ness for organisms with a free-floating adult stage.
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Parameter Estimate Std. Error z value p value
Animalia, distCT

(Intercept) 5.59933 0.15652 35.774 < 2e-16
Nit -0.44140 0.12138 -3.637 2.76E-04
Sal 0.47936 0.09103 5.266 1.40E-07
Temp -0.33909 0.09955 -3.406 6.58E-04
scaledDistCT -0.15139 0.02047 -7.395 1.42E-13
Animalia, distMed

(Intercept) 2.62287 0.24059 10.902 < 2e-16
Nit -0.35449 0.14023 -2.528 0.01147
Sal 0.51994 0.08913 5.833 5.43E-09
Phos 0.26238 0.13641 1.924 0.05442
Temp 0.45955 0.13829 3.323 0.00089
Productivity 0.06898 0.04555 1.514 0.12999
scaledDistMed 0.18222 0.01837 9.918 < 2e-16
Benthic adults, distCT

(Intercept) 4.59747 0.17694 25.984 < 2e-16
Sal 0.45609 0.11860 3.846 0.00012
Phos -0.36271 0.12741 -2.847 0.004415
Temp -0.48596 0.13632 -3.565 0.000364
scaledDistCT -0.09666 0.02513 -3.846 0.00012
Benthic adults, distMed

(Intercept) 2.60818 0.17620 14.802 < 2e-16
Nit -0.25872 0.13012 -1.988 0.0468
Sal 0.50076 0.10840 4.620 3.84E-06
scaledDistMed 0.12698 0.01813 7.004 2.48E-12
Free floating adults, distCT

(Intercept) 3.03240 0.13190 22.991 <2e-16
Sal 0.19754 0.09110 2.168 0.0301
scaledDistCT -0.08284 0.02340 -3.540 0.0004
Free floating adults, distMed

(Intercept) 1.70254 0.27477 6.196 5.78E-10
Sal 0.20502 0.09538 2.150 0.03159
Phos 0.21720 0.13244 1.640 0.101
Temp 0.48848 0.16109 3.032 0.00243
scaledDistMed 0.06472 0.02170 2.983 0.00285
Motile adults, distCT

(Intercept) 4.71232 0.16197 29.094 < 2e-16
Nit -0.28208 0.14840 -1.901 0.057322
Sal 0.31300 0.09599 3.261 0.001112
Phos -0.47138 0.13695 -3.442 0.000577
Temp -0.31829 0.12379 -2.571 0.010135
scaledDistCT -0.15107 0.02168 -6.969 3.19E-12
Motile adults, distMed

(Intercept) 1.36720 0.20672 6.614 3.75E-11
Nit -0.27796 0.12102 -2.297 0.0216
Sal 0.43939 0.08680 5.062 4.14E-07
Temp 0.63063 0.10887 5.792 6.94E-09
scaledDistMed 0.21476 0.01676 12.816 < 2e-16

Table 4.12: Multiple GLM model coefficients for the optimal models run for
all life-modes.

Dataset CT/Med Model AlICsingle AICmultiple AAIC

Animalia CT Nit + Sal + Temp + scaledDistCT 5480.305626 5449.884377 30.421250
Animalia Med Nit + Sal + Phos + Temp + Productivity + scaledDistMed 5453.761709 5419.965598 33.796111
Benthic Adults CcT Sal + Phos + Temp + scaledDistCT 3658.331733 3639.449036 18.882697
Benthic Adults Med Nit + Sal + scaledDistMed 3638.977077 3621.083912 17.893165
Motile Adults cT Nit + Sal + Phos + Temp + scaledDistCT 4367.490239 4335.101608 32.388630
Motile Adults Med Nit + Sal + Temp + scaledDistMed 4322.106376 4274.798594 47.307782
Floating Adults cT Sal + scaledDistCT 1319.687667 1317.184359 2.503307
Floating Adults Med Sal + Phos + Temp + scaledDistMed 1324.931150 1319.056439 5.874711

Table 4.13: Comparing between the best single and multiple GLMs run for
each life-mode.
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Chapter 5

Discussion

5.1 Provinces in the Indian Ocean

The province-patterns we obtain are similar to published province-demarcations
|15, 24} 36| within the Indian Ocean in that the Australian Bight emerges as a
distinct province, but are similar to only Spalding’s provinces |15] in dividing
the northern Indian into a distinct province. Although broadly similar, by
using a standardised procedure across taxa and functional groups, we enable
our results to be replicable, comparable, and objective.

The first two principal components for all our faunal groups explain a
very small proportion of the total variation in the data (Table 4.1). This
implies that the Indian Ocean is overall heterogeneous with respect to genus
composition. This is unlikely to be because of poor data coverage, because
we consider only genus-presences and the Indian Ocean is relatively well
sampled (S4). This heterogeneity implies that overall, there are no regions of
distinct faunal composition within the Indian Ocean. Because global province
schemes place large parts of the neritic Indian Ocean but not the Atlantic or
Pacific oceans together |10, |15] [24], this could imply that the Indian Ocean
is overall more unstructured and heterogeneous than they are.

5.2 The Tethys could regulate diversity pat-
terns in the Indian Ocean

Dispersal is not limiting in the oceans and we find environmental filtering
to poorly predict community composition in the Indian Ocean (Figure 4.7).

This suggests that other processes such as past faunal patterns from the
Tethys Sea could govern community composition in the Indian Ocean today.
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The fact that distances from the CT and the Mediterranean are moderately
and oppositely correlated to the principal components suggests that relict
populations from the former Tethys Sea could dictate community composi-
tion in the Indian Ocean.

The TAA has the maximum richnesses for several taxa, and descriptive
contours of diversity with a maximum in the TAA have been generated for
some taxa such as stomatopods [63] and corals [64]. This combined with the
fact that large parts of the margins of the Indian Ocean including the TAA
form a single province suggests that the IAA houses a superset of the taxa
in the rest of the Indian Ocean’s margins. Plate tectonics regulates marine
diversity [37, [38], and the break up of the Tethys Sea could be the possible
process operating here. This implies that the fauna along the margins of the
Indian Ocean derives from Tethyian fauna. The segregation of the North
Indian Ocean including the coast of India into a province for some faunal
groups suggests that these could derive from fauna on the Indian plate before
its collision with the Eurasian plate.

Our results look at diversity patterns in a systematic manner across faunal
groups within the Indian Ocean for the first time. We suggest that our
standardised provinces be used in future studies for comparability. Although
our results suggest that Tethyian compositional patterns govern composition
in the Indian Ocean, further studies directly testing this using fossil and
genetic evidence are possible.

5.3 The timescales regulating marine richness

We formulate testable equivalents for descriptive contours of richness from
the TAA for the first time. We find the distance from the CT to the best
predictor of the genus richness of a given location (grid-cell) regardless of fau-
nal group. Broadly, the two points taken as references to measure distances
from the Mediterranean and the CT are on opposite ends of the former
Tethys basin. The marine biodiversity hotspot migrated within the Tethys
basin from one end of this to the other, and so these two points can be con-
sidered inverses of each other to measure distances from. This is evidenced
by negative coefficient values for distance from the CT and positive values
for distance from the Mediterranean.

Results for benthic and motile groups are comparable. This is corrob-
orated by the fact that shallow organisms from these groups have similar
scales of dispersal |35] and are rarely found in the deep ocean as well. Such

shallow-water taxa have been used to study the Latitudinal Diversity Gradi-
ent (LDG) and propose the Out of The Tropics (OTT) model of biodiversity

40



several taxa [65H67] (but also see [68] for a Gastropod counterexample). Al-
though the CT and TAA are tropical regions and are therefore consistent with
this, the longitudinal diversity gradient shows that this is not true for parts
of the tropical African coast and the North Indian Ocean. This could be
because the IAA today has a much larger tropical, shallow-marine area and
therefore would dominate in global studies considering the tropics. Larger,
contiguous, shallow-tropical regions are more likely to be preserved in part
with climactic fluctuations. Since such refugia preserved shallow-marine di-
versity [22] which can then emigrate elsewhere 33|, this could be a possible
mechanism by which the TAA has regulated marine diversity patterns after
its emergence. Note that we do not address the mechanisms by which the
current IAA hotspot emerged from the former West Tethyian and Arabian
hotspots in the first place. Hotspot generation is tectonically driven |37, |38].
However, we show that once established, the effects of a hotspot overrule the
effects of any former hotspots in regulating diversity.
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A.1 S1: OBIS query expressions
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Figure A.1: The filtered OBIS datasets plotted on geographic maps
dom Plantae has extremely uneven coverage.

A.2 S2: OBIS Records
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phylum IORecords MedRecords WPacRecords%datasetIO %datasetMed %datasetWPac

Annelida 14110 43752 6947 0.814704 13.505621 3.159566
Arthropoda 179683 55877 18482 10.374798 17.248437 8.405800
Brachiopoda 251 525 37 0.014493 0.162060 0.016828
Bryozoa 2517 1658 525 0.145330 0.511801 0.238775
Chaetognatha 3418 1772 64 0.197353 0.546991 0.029108
Chordata 1295678 128177 138805 74.811741 39.566420 63.129912
Cnidaria 34830 27684 18476 2.011065 8.545658 8.403071
Ctenophora 241 909 4 0.013915 0.280595 0.001819
Echinodermata 28195 13504 12565 1.627964 4.168493 5.714689
Hemichordata 175 71 2 0.010104 0.021917 0.000910
Kinorhyncha 11 17 4 0.000635 0.005248 0.001819
Mollusca 156811 44808 22529 9.054182 13.831593 10.246416
Nematoda 1590 521 37 0.091806 0.160825 0.016828
Nemertea 409 19 7 0.023615 0.005865 0.003184
Platyhelminthes 429 1 4 0.024770 0.000309 0.001819
Porifera 13554 4630 1381 0.782601 1.429215 0.628093
Tardigrada 16 29 3 0.000924 0.008952 0.001364

Table A.1: A summary of the filtered OBIS dataset for kingdom Animalia,
subset by phylum. Bold phyla are data-rich phyla considered for further
analyses.

A.3 S3: The Filtered OBIS datasets
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phylum IORecords MedRecords WPacRecords%datasetIO %datasetMed %datasetWPac

Allomalorhagida 4 8 2 0.000231 0.002472 0.000910
Anthozoa 30629 11490 17993 1.769264 3.550548 8.186376
Appendicularia 114 171 44 0.006585 0.052841 0.020019
Arachnida 8 4 2 0.000462 0.001236 0.000910
Ascidiacea 3722 3736 668 0.214999 1.154469 0.303924
Asteroidea 8780 2863 3344 0.507171 0.884701 1.521438
Bivalvia 21750 16818 7335 1.256374 5.196964 3.337246
Branchiopoda 831 1769 21 0.048002 0.546642 0.009554
Calcarea 1219 97 23 0.070415 0.029974 0.010464
Cephalopoda 85552 14168 549 4.941854 4.378082 0.249782
Chromadorea 1063 415 21 0.061403 0.128240 0.009554
Clitellata 72 26 4 0.004159 0.008034 0.001820
Copepoda 100496 19375 1127 5.805085 5.987108 0.512758
Crinoidea 2985 225 1334 0.172427 0.069528 0.606937
Cubozoa 158 328 15 0.009127 0.101356 0.006825
Cyclorhagida 7 9 2 0.000404 0.002781 0.000910
Demospongiae 12204 4420 1294 0.704956 1.365833 0.588738
Echinoidea 5594 3513 2768 0.323134 1.085559 1.259372
Elasmobranchii 235321 8724 3485 13.593161 2.695821 1.585590
Enoplea 527 106 16 0.030442 0.032755 0.007280
Enteropneusta 165 71 1 0.009531 0.021940 0.000455
Gastropoda 48226 12587 14208 2.785743 3.889534 6.464294
Gymnolaemata 1854 1558 496 0.107095 0.481441 0.225668
Heterotardigrada 16 29 3 0.000924 0.008961 0.001365
Hexactinellida 55 1 37 0.003177 0.000309 0.016834
Holocephali 2508 8 12 0.144873 0.002472 0.005460
Holothuroidea 3195 2672 2774 0.184557 0.825680 1.262102
Homoscleromorpha 76 112 27 0.004390 0.034609 0.012284
Hoplonemertea 151 3 2 0.008722 0.000927 0.000910
Hydrozoa 3962 12211 420 0.228862 3.773346 0.191090
Malacostraca 73524 34151 16801 4.247065 10.553070 7.644045
Monogenea 72 1 4 0.004159 0.000309 0.001820
Myxini 66 1 31 0.003812 0.000309 0.014104
Ophiuroidea 7641 4231 2345 0.441377 1.307430 1.066918
Ostracoda 3940 175 13 0.227591 0.054077 0.005915
Pilidiophora 55 16 5 0.003177 0.004944 0.002275
Polychaeta 14038 43726 6943 0.810896 13.511860 3.158896
Polyplacophora, 601 328 119 0.034716 0.101356 0.054142
Pycnogonida 377 64 93 0.021777 0.019777 0.042313
Rhynchonellata 212 486 31 0.012246 0.150180 0.014104
Sagittoidea 3418 1772 64 0.197438 0.547569 0.029118
Scaphopoda 682 807 318 0.039395 0.249373 0.144682
Scyphozoa 75 3655 47 0.004332 1.129439 0.021384
Stenolaemata 663 100 29 0.038298 0.030901 0.013194
Teleostei 1053418 112763 134533 60.849991 34.845123 61.209234
Tentaculata 168 737 4 0.009704 0.227742 0.001820
Thaliacea 498 2743 29 0.028767 0.847620 0.013194
Thecostraca 480 339 356 0.027727 0.104755 0.161971

Table A.2: A summary of the filtered OBIS dataset for kingdom Animalia,
subset by class. Bold classes are data-rich classes considered for further
analyses, defined as having more than 2500 records in the Indian Ocean.

A.4 S4: Occurrence-based rarefaction curves
for each ocean basin
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Figure A.2: Occurrence-based rarefaction curves for each ocean basin. While
the Indian Ocean and Mediterranean are well-sampled, the Western Pacific
is not.

A.5 S5: Box-plots of z-transformed oceanographic
variables
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Figure A.3: Box-plots of oceanographic variables. Nitrate, dissolved oxygen
(DO), phosphate, and productivity values are right-skewed while temperature
and salinity are left-skewed.

A.6 S6: Taxa reported from “n” grid-cells
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Figure A .4: x-axis = number of genera. y-axis = the number of grid-cells that
report those many taxa. Most genera are reported from very few grid-cells.
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Figure A.5: Histograms of genus richness with the number of grid-cells re-
porting a given genus richness value. The data does not change qualitatively
after dropping grid-cells with missing values.

A.7 ST7: Data structure before and after drop-
ping grid-cells with missing values
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Figure A.6: Correlations between oceanographic parameters A: Numbers
and colour intensities indicate Pearson’s correlation coefficients. B: Circle
sizes indicate the strength of correlation, numbers are p-values.

A.8 S8: Correlations of oceanographic variables
with each other
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Appendix B

Appendix

This appendix contains details of how spatial rangethrough was implemented
with its analyses along with all analyses done at the species level.

B.1 Implementing spatial rangethrough

For a given species, we implemented this by listing all the grid-cells reporting
said species and took the cartesian product of the minimum and maximum
latitudes and longitudes it was reported from to generate an augmented,
assumed range for each species. Then, only the grid-cells intersecting with
the 200m shapefile were retained from these. Analyses were repeated using
these augmented ranges alongside the species/genus occurrences as recorded
in OBIS.
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