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ABSTRACT
Species richness has been found to increase from the poles to the tropics but with a
small dip near the equator over all marine fishes. Phylogenetic diversity measures offer
an alternative perspective on biodiversity linked to evolutionary history. If phylogenetic
diversity is standardized for species richness, then it may indicate places with relatively
high genetic diversity. Latitudes and depths with both high species and phylogenetic
diversity would be a priority for conservation. We compared latitudinal and depth
gradients of species richness, and three measures of phylogenetic diversity, namely
average phylogenetic diversity (AvPD), the sum of the higher taxonomic levels (STL)
and the sum of the higher taxonomic levels divided by the number of species (STL/spp)
for modelled ranges of 5,619 marine fish species. We distinguished all, bony and
cartilaginous fish groups and four depth zones namely: whole water column; 0–200
m; 201–1,000 m; and 1,001–6,000 m; at 5◦ latitudinal intervals from 75◦S to 75◦N,
and at 100 m depth intervals from 0 m to 3,500 m. Species richness and higher
taxonomic richness (STL) were higher in the tropics and subtropics with a small dip
at the equator, and were significantly correlated among fish groups and depth zones.
Species assemblages had closer phylogenetic relationships (lower AvPD and STL/spp)
in warmer (low latitudes and shallow water) than colder environments (high latitudes
and deep sea). This supports the hypothesis that warmer shallow latitudes and depths
have had higher rates of evolution across a range of higher taxa. We also found distinct
assemblages of species in different depth zones such that deeper sea species are not
simply a subset of shallow assemblages. Thus, conservation needs to be representative
of all latitudes and depth zones to encompass global biodiversity.

Subjects Aquaculture, Fisheries and Fish Science, Biodiversity, Biogeography, Marine Biology,
Zoology
Keywords Latitudinal diversity gradient, Species richness, Phylogenetic indices, Marine fish,
Depth zones

INTRODUCTION
The latitudinal diversity gradient (LDG) has interested ecologists for a long time since
it generalizes over local and regional patterns, and thus helps us to understand where
species have evolved and survived on both ecological and evolutionary time scales (Ekman,
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1953; Gaston, 2000; Willig, Kaufman & Stevens, 2003; Pontarp et al., 2019). Dozens of
mechanisms have been proposed to explain the formation of LDG, and many of them are
intercorrelated (Gaston, 2000; Jørgensen et al., 2007). Temperature directly and indirectly
influences physiology, environmental conditions and ecological interactions which may
affect the LDG (Rohde, 1992; Davies et al., 2004; Allen et al., 2006; Wright, Keeling &
Gillman, 2006; Wright et al., 2011; Gillman et al., 2010; Brown, 2014). The general LDG
of species richness decreasing from the equator to poles has been attributed to the high
speciation and low extinction rates in the tropics, with glaciations triggering extirpations
and cold temperatures slowing speciation rates in high latitudes (Brown, 2014; Costello &
Chaudhary, 2017).

Until recently, the literature presented the typical LDG to be a decrease in species
richness from the equator to the poles. However, present LDGs of marine species are
now recognized to be bimodal with a dip at or near the equator (Powell, Beresford &
Colaianne, 2012; Chaudhary, Saeedi & Costello, 2016; Chaudhary et al., 2021; Chaudhary
& Costello, 2023; Arfianti & Costello, 2020; Lin et al., 2021). This dip was absent during
the last glaciation (Yasuhara et al., 2020) and has been deepening with climate change
since the 1950s (Chaudhary et al., 2021). This temporal variation in the LDG indicates sea
temperature is now too high for some species at the equator and that it is the primary
driver of the LDG (Chaudhary, 2019; Yasuhara et al., 2020; Chaudhary et al., 2021; Lin et
al., 2021).

Species richness is themost common and simplest way tomeasure biodiversity.However,
biodiversity comprises variation within species, between species and amongst ecosystems
(Wilson, 1992; Purvis & Hector, 2000). Measures of phylogenetic diversity are based on the
phylogenetic tree and provide a view of biodiversity related to evolutionary history (Faith,
1994; Purvis & Hector, 2000; Clarke & Warwick, 2001). Average phylogenetic diversity
(AvPD) reflects the phylogenetic relationship of species within an assemblage, and has
been applied to latitudinal studies on terrestrial (Fergnani & Ruggiero, 2017) and one study
in the marine environment (Wu, Chen & Zhang, 2016). A higher AvPD indicates that
species in the assemblage are more (phylogenetically) distantly related. In contrast, a lower
AvPD indicates the species are more closely related. Wu, Chen & Zhang (2016) found that
AvPD for marine nematodes increased with latitude on the coast of China, showing that
nematodes had closer phylogenetic relationships at lower latitudes.

In this study, two additional phylogenetic indices were created to offer a simpler way
to understand the higher taxonomic richness and phylogenetic relationship. One was the
sum of the higher taxonomic levels (STL) that added the number from classes to genera
as a measure of higher taxonomic richness. Because STL is dependent on the number of
species present, this study also divided STL by the number of species present (STL/spp) in a
given latitude and depth zone to standardize higher taxonomic (phylogenetic) richness for
species richness. Thus, a given area with few species but lots of higher taxa will have higher
STL/spp (distant phylogenetic relationship). In contrast, a given area with more species
but a less or similar number of higher taxa will have lower STL/spp (closer phylogenetic
relationship). The concept of STL/spp is similar to AvPD but by directly using the number
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of taxonomic levels, it is a simpler way to understand the phylogenetic relationship in a
given area.

In the marine environment, species richness is also related to depth. Generally, species
richness declines with depth, although it may peak at intermediate depths for some taxa
in some places (Rex, 1981; McClain & Etter, 2005; Rosa et al., 2008; Costello & Chaudhary,
2017). Depth may also influence the LDG. The environment at the sea surface is generally
more variable than near the seabed (Costello et al., 2018a). Variation in sea surface
temperature is higher in mid-latitudes than low and polar latitudes (Basher & Costello,
2020). In contrast, the temperature in the deep sea is always low with no significant
latitudinal gradient (Costello & Breyer, 2017; Sayre et al., 2017; Basher & Costello, 2020).
Therefore, it might be expected that species richness varies across latitudes in the surface
zone, but would bemore constant in the relatively homogenous cold deep-sea environment.
However, studies found that the LDG of brittle stars (Woolley et al., 2016) andmarine fishes
(Lin et al., 2021) were still bimodal in the deep sea. Therefore, it would be expected that
phylogenetic indices would also have clear gradients in the surface water and deep sea with
both latitude and depth.

How marine fish composition changes along latitudes in different depth zones, and
along depth zones at the global scale has not been studied. A previous global-scale study
showed that multiple marine taxa, including fishes, in 5-degree latitude bands could
be divided into five assemblages: tropical (between 32.5◦S and 27.5◦N), two temperate
groups, and two polar groups (Chaudhary, 2019). Therefore, it could be expected that the
latitudinal distribution of fish species assemblages fits the boundaries of climate zones
in the surface water. However, this may not be the case in the deep sea because of the
consistently low temperature across latitudes. Furthermore, it could also be expected that
species composition would change with depth because the environment in the surface sea
is very different to that in the deep sea (Costello et al., 2018a). Marine species usually have
geographic distributions determined by their thermal tolerance (Somero, 2010; Sunday,
Bates & Dulvy, 2011). Anderson, Tolimieri & Millar (2013) found that latitudinal turnover
of demersal fishes in the North-Eastern Pacific between 32.57◦N and 48.52◦N and between
51 m and 1,200 m depth was significant shallower than 200 m depth but not clear deeper
than 800 m, and turnover was greatest at 43◦N, 39◦N, 35◦N, and 31◦N. For species
composition along with depth, Zintzen et al. (2011) found marine fishes between 0 m and
2,000 m depth could be divided into five assemblages (0–300 m, 300–600 m, 600–900
m, 900–1,200 m, and >1,200 m) in the region of the Norfolk Ridge and Lord Howe Rise
(Western Pacific). In the present context, species assemblage clustering (i.e., turnover)
may identify latitudes and depths where boundaries may separate assemblages differing in
phylogenetic and/or species richness.

Here, we describe species richness and turnover, higher taxonomic richness (STL),
phylogenetic relationships using conventional and novel indices (AvPD and STL/spp),
and species assemblages of marine fishes across latitudes in the whole water column and
three depth zones from 75◦S to 75◦N, and in depths from 0 m–3,500 m. We also describe
gradients among all, bony and cartilaginous fishes to see the difference among fish groups
and we illustrate the relationship between the phylogenetic indices and species richness.
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The hypotheses in this study are that higher taxonomic richness will be highly correlated
to species richness, and there will be distinct fish assemblages with latitude and depth. If
this is not the case, it would suggest some latitudes or depths have higher recent rates of
speciation than others.

MATERIALS AND METHODS
Data
The distribution ranges of all 5,619 fish species for which ranges were available were
obtained from AquaMaps (Kaschner et al., 2019) (Table S1). They represent about one-
third of all marine fish species (Froese & Pauly, 2019). Five taxonomic levels (class, order,
family, genus, and species) were used for calculation of phylogenetic indices. The richness
of classes, orders, families, genera, and species in the 5◦ latitude band were derived from
the taxonomy in FishBase (Froese & Pauly, 2019) as used in Lin et al. (2021). The Fish Tree
of Life used 24 genes to generate a phylogenetic tree for 11,368 fish species (Rabosky et al.,
2018). However, we found the latitudinal and depth gradients had no significant change
when using the taxonomy from FishBase or the Fish Tree of Life (Figs. S1 & S2). Thus, we
report results from the former here.

Phylogenetic indices
Average phylogenetic diversity (AvPD) is a measure of the average phylogenetic distance
(branch length) between any two chosen species within a given phylogenetic tree (Clarke
& Warwick, 2001). It is calculated by summing the total branch lengths between each
pair of species and dividing by the total number of species. When a dataset has species
concentrated on a few branches, they will have lower AvPD compared to a dataset with
species distributed over many branches. Therefore, a lower AvPD means species are more
(phylogenetically) closely related, and a highAvPDmeans species aremore distantly related.
AvPD was calculated using PRIMER v6 software (Clarke & Gorley, 2006). Five taxonomic
levels (class, order, family, genus, and species) of marine fishes were used based on the
taxonomic classification in FishBase (Froese & Pauly, 2019) (Table S1). The assignment of
weights (ω) to branch lengths adhered to the methodology outlined by Clarke & Warwick
(1999). Therefore, the weighting between taxonomic levels is ω = 20 for different species
in the same genus, ω = 40 for species in the same family but different genera, ω = 60 for
species in the same order but different families, ω = 80 when species are in the same order
but different classes, and ω = 100 when species are in different classes (Clarke & Warwick,
1999; Clarke & Gorley, 2006).

In addition, two new and simple methods of phylogenetic diversity based on the number
of the five taxonomic levels in a given latitude band or depth band were applied. One was
the sum of the higher taxonomic levels (STL). We used 5 for classes, 4 for orders, 3 for
families, and 2 for genera as assignment of weights. Therefore, the equation of STL for
each latitude band or depth band in this study was classes×5 + orders×4 + families×3 +
genera ×2. For example, the STL of an assemblage with one class, one order, two families
and four genera would be 23 from [(1× 5) + (1× 4) + (2× 3) + ( 4× 2)]. The second
simple measure was the sum of the higher taxonomic levels divided by the number of
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species (STL/spp). This measure was used to account for the number of species because
where very few species occur then fewer higher taxa can occur.

Data analysis
The latitudinal distribution range (northern and southern limits) and the preferred
maximum depth were derived from the species geographic and depth ranges.We compared
bony (Class Actinopterygii, 5,117 species) and cartilaginous (Class Elasmobranchii, 470
species) fishes. Overall, three groups including ‘‘All Fish’’, ‘‘Bony Fish’’, and ‘‘Cartilaginous
Fish’’ were analysed for species richness and three phylogenetic indices in the whole water
column and three depth zones. The number of taxa in the depth zones among the three
fish groups are in Table S5.

The calculation of the species richness and three phylogenetic indices used a 5◦ latitude
band between 75◦S and 75◦N and four depth zones (whole water column, surface (0–200
m), middle (201–1,000 m), and deep (1,001–6,000 m)) reflecting the photic, mesophotic
and aphotic zones of light penetration (Costello & Breyer, 2017). We also calculated the
species richness and three phylogenetic indices for every 100m depth band from the surface
to 3,500 m. The phylogenetic indices were only calculated when there were more than 10
species per latitude and depth band to avoid low sample size artefacts following Plazzi,
Ferrucci & Passamonti (2010). The raw values of species richness, AvPD, STL, and STL/spp
in 5◦ latitude bands among four depth zones and 100 m depth bands among all, bony,
and cartilaginous fishes are shown in Tables S2–S5. A quadratic polynomial regression was
used to prevent overfitting of the relationship between the indices AvPD, STL, STL/spp,
and species richness with depth among all, bony, and cartilaginous fishes. It was a better fit
to the data than linear and exponential regressions, indicating that these indices may not
show a simple gradient with depth.

The Jaccard similarity coefficient (Jaccard, 1912) was used to estimate fish species
assemblage similarities and turnover as it is the simplest and most widely used measure
(Kreft & Jetz, 2010), including formarine fishes and other taxa (Angel et al., 2007;Anderson,
Tolimieri & Millar, 2013;Navarrete, Lagos & Ojeda, 2014) and it produces the samepatterns
as alternative similarity coefficients at global scales (Costello et al., 2017; Costello et al.,
2018b):

Ji,j =
a

a+b+ c

where a is the number of species that are common in samples i and j, b is the number
of species present in sample i but absent in sample j, and c is the number of species
present in sample j and absent in sample i (Jaccard, 1912). The index was clustered using
the unweighted pair group method with arithmetic mean (UPGMA), and the similarity
profile routine (SIMPROF) test used to determine which latitude and depth bands had a
significantly different species composition at the 95% level using PRIMER v6 (Clarke &
Gorley, 2006).
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Figure 1 Latitudinal gradients for all species. For all fish, latitudinal gradients of species richness (A, D,
G, J), average phylogenetic diversity (AvPD, B, E, H, K), the sum of the higher taxonomic levels (STL) and
the sum of the higher taxonomic levels divided by the number of species (STL/spp) (C, F, I, L) between
75◦ S and 75◦ N in the whole water column, surface (0 m–200 m), middle (201 m–1,000 m), and deep
(1,001 m–6,000 m) zone. The dashed lines indicate the distinct fish assemblages from clustering results in
Fig. 7. Note axes scales vary.

Full-size DOI: 10.7717/peerj.16116/fig-1

RESULTS
Species richness
Species richness of all and bony fish had similar latitudinal gradients in each depth zone
(Fig. 1 & Fig. S3). Because the gradients of all and bony fish were very similar in the latitudes
and depths, wemoved the gradients of bony fish to the Supplemental Information to reduce
the number of figures here.

The highest species richness was at 10◦N–15◦N in the whole water column (Figs. 1A)
and surface zones (Fig. 1D & Fig. S3D). Highest species richness was at 30◦N in the middle
(Fig. 1G & Fig. S3G) and deep zones (Fig. 1J & Fig. S3J). Similarly, species richness of
cartilaginous fishes was highest at 20◦N –25◦N in each depth zone (Fig. 2). In addition,
species richness of cartilaginous fishes was bimodal in the surface (Fig. 2D) and middle
zones (Fig. 2G). Species richness among all, bony, and cartilaginous fishes all had a small
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Figure 2 Latitudinal gradients for cartilagenous fish. For cartilaginous fish, latitudinal gradients of
species richness (A, D, G, J), average phylogenetic diversity (AvPD; B, E, H, K), the sum of the higher
taxonomic levels (STL) and the sum of the higher taxonomic levels divided by the number of species
(STL/spp) (C, F, I, L) between 75◦S and 75◦N in the whole water column, surface (0 m–200 m), middle
(201 m–1,000 m), and deep (1,001 m–6,000 m) zone. Note axes scales vary.

Full-size DOI: 10.7717/peerj.16116/fig-2

dip at the equator, was higher at the tropics and subtropics, and decreased with latitude in
all depth zones (Figs. 1 and 2, & Fig. S3).

Phylogenetic indices in the whole water column
Both species richness and the sum of higher taxonomic levels (STL) were low in polar
latitudes and high in the tropics and subtropics in all depth zones (Fig. 1). In contrast,
when adjusted for species richness as the average phylogenetic diversity (AvPD) and the sum
of the higher taxonomic levels divided by the number of species (STL/spp), phylogenetic
diversity for all, bony, and cartilaginous fish groups were lower at tropical and subtropical
areas (between 30◦S and 30◦N) but higher at high latitudes. At higher latitudes, AvPD and
STL/spp increased and peaked at 55◦S and 75◦N, respectively (Figs. 1B, 1C, 2B, 2C & Figs.
S3B, S3C). However, in the Southern Ocean, the AvPD and STL/spp of all and bony fishes
slightly decreased indicating that species there were more phylogenetically closely related
relative to species at other high latitude areas (Figs. 1B, 1C & Figs. S3B, S3C).
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The STL among all, bony and cartilaginous fishes showed a similar gradient to species
richness with a small dip at the equator (Figs. 1C, 2C, & Fig. S3C). The STL of all and
bony fishes peaked at 25◦N, then decreased poleward (Fig. 1C & Fig. S3C). The STL of
cartilaginous fishes was bimodal, peaking at 30◦S and 25◦N, respectively (Fig. 2C). Thus,
subtropical latitudes had slightly more species frommore different higher taxonomic levels
than at the equator.

Phylogenetic indices in depth zones
The latitudinal gradients of AvPD, STL and STL/spp of all, bony and cartilaginous fish
groups in the surface zone were similar to the gradients in the whole water column (Figs. 1
and 2 & Fig. S3). This is because about 73% of all fishes, 75% of bony fishes, and 58%
of cartilaginous fishes were in the surface zone, and their distribution influenced the
latitudinal gradients of the whole water column more than species in other depths. In
addition, latitudinal gradients of AvPD, STL, and STL/spp for all and bony fishes were
also similar in different depth zones because 91% of all fish species were bony fish in our
dataset. The main differences were that the gradients became less pronounced with depth
and more variable when there were fewer species.

AvPD and STL/spp of all, bony and cartilaginous fishes were all lower between 30◦S and
30◦N in the surface and middle zones and between 40◦S and 40◦N in the deep zone, and
they all peaked at 55◦S and 75◦N (Figs. 1 and 2, & Fig. S3). In addition, AvPD and STL/spp
of all and bony fishes decreased in the surface and middle zones of the Southern Ocean
but increased in the deep zone of the Southern Ocean (Figs. 1 and 2 & Fig. S3). There were
no phylogenetic data for cartilaginous fishes in the high southern latitudes because there
were less than 10 species present (Fig. 2). This result showed that all bony and cartilaginous
fish species had closer phylogenetic relationships in the tropics and subtropics than high
latitudes in all depth zones.

The STL of all and bony fishes in the surface, middle and deep zones were all similar
to species richness, being highest in the northern subtropical areas (between 25◦N and
35◦N), and they all had a small dip at the equator in the three depth zones (Fig. 1 &
Fig. S3). For cartilaginous fishes, STL was also similar to species richness in the surface
(Fig. 2F) and middle zones (Fig. 2I) but not in the deep zone (Fig. 2L). In the deep zone,
the species richness of cartilaginous fishes was highest at 15◦N–35◦N (Fig. 2J). However,
STL of cartilaginous fishes was flattened across the tropics and subtropics in the deep zone.
Thus, cartilaginous fishes had similar higher taxonomic richness across the tropics and
subtropics in the deep sea (Fig. 2L).

Overall, we found that the species were on average more phylogenetically closely related
in the tropics and subtropics (between 30◦S and 30◦N) in all four depth zones. In contrast,
the species assemblages in the southern temperate latitudes and Arctic Ocean were more
phylogenetically distantly related in all depth zones. The species in the Southern Ocean
were more closely phylogenetically related in the surface and middle zones, but not in the
deep zone compared to the temperate latitudes (Figs. 1 and 2, & Fig. S3).
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Figure 3 Gradients in depth zones for all fish. For all fish, polynomial regression of species richness,
average phylogenetic diversity (AvPD; A, D, G, J), the sum of the higher taxonomic levels (STL; B, E, H,
K)), and the sum of the higher taxonomic levels divided by the number of species (STL/spp; C, F, I, L) in
5-degree latitude bands in the whole water column, surface (0 m–200 m), middle (201 m–1,000 m), and
deep (1,001 m–6,000 m) zone. Asterisks (***) indicate p-value < 0.001. Note axes scales vary.

Full-size DOI: 10.7717/peerj.16116/fig-3

Relationships of phylogenetic indices and species richness
AvPD, STL, and STL/spp were all significantly correlated to species richness among all,
bony, and cartilaginous fishes in the whole water column, surface, middle, and deep zones
(R2
= 0.34–0.99, p-values <0.001) (Figs. 3 and 4, & Fig. S4). These relationships were not

linear. Most latitudes with more species had lower AvPD and STL/spp for all, bony and
cartilaginous fishes. However, both higher and lower indices of AvPD and STL/spp for
all and bony fishes existed in the areas where species richness was low. This was because
both the Arctic Ocean and the Southern Ocean had low species richness, but species were
phylogenetically more distantly related (higher AvPD and STL/spp) in the Arctic than the
Southern Ocean (Figs. 3 and 4, & Fig. S4).

That the STL of all, bony, and cartilaginous fishes increased with species richness among
four depth zones reflected that areas with high species richness also had higher phylogenetic
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Figure 4 Gradients in depth zones for cartilagenous fish. For cartilaginous fish, polynomial regression
of species richness, average phylogenetic diversity (AvPD; A, D, G, J), the sum of the higher taxonomic
levels (STL; B, E, H, K), and the sum of the higher taxonomic levels divided by the number of species
(STL/spp; C, F, I, L) in 5-degree latitude bands in the whole water column, surface (0 m–200 m), middle
(201 m–1,000 m), and deep (1,001 m–6,000 m) zone. Asterisks (***) indicates p-value < 0.001. Note axes
scales vary.

Full-size DOI: 10.7717/peerj.16116/fig-4

richness (Figs. 3 and 4, & Fig. S4). However, this pattern was weaker for cartilaginous fishes
in the deep zone (Fig. 4K).

Depth gradients
Species richness and STL among all, bony and cartilaginous fish groups were all highest
in the shallow water (<100 m), then decreased with depth (Figs. 5 and 6 & Fig. S5). There
were fewer than 10 species deeper than 3,300 m for all and bony fishes, and deeper than
1,800 m for cartilaginous fishes (Figs. 5 and 6, & Fig. S5). In our dataset, there were no
cartilaginous fishes deeper than 2,300 m (Fig. 6A).

The AvPD and STL/spp were all lowest shallower than 100 m and they increased with
depth among all, bony and cartilaginous fishes (Figs. 5 and 6, & Fig. S5). AvPD and
STL/spp peaked at ∼2700 m for all and bony fishes (Figs. 5B, 5D & Figs. S5B, S5D), and
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Figure 5 Depth gradients for all fish. For all fish, gradients of (A) species richness, (B) average phyloge-
netic diversity (AvPD), (C) the sum of the higher taxonomic levels (STL), and (D) the sum of the higher
taxonomic levels divided by the number of species (STL/spp) in 100 m depth bands from 0 m to 3,500 m.
The dashed lines indicate the distinct fish assemblages as in Fig. 8.

Full-size DOI: 10.7717/peerj.16116/fig-5

Figure 6 Depth gradients for cartilagenous fish. For cartilaginous fish, gradients of (A) species richness,
(B) average phylogenetic diversity (AvPD), (C) the sum of the higher taxonomic levels (STL), and (D)
the sum of the higher taxonomic levels divided by the number of species (STL/spp) in 100 m depth bands
from 0 m to 3,500 m.

Full-size DOI: 10.7717/peerj.16116/fig-6

at ∼1,700 m for cartilaginous fishes (Figs. 6B, 6D). Thus, both species richness and higher
taxonomic richness (STL) decreased with depth, and with increased depth, the phylogenetic
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relationships (AvPD, STL/spp) of species became more distant (i.e., less phylogenetically
similar).

Species assemblages by latitude
Fish species assemblages formed spatially coherent clusters by latitudinal bands (Fig. 7).
The SIMPROF test showed significant differences over scales of 15◦ latitude but often not
at 5◦. Over all depth zones, and shallower than 200 m, there were distinct tropical and
subtropical (± 30◦ latitude), and southern and northern hemisphere groups (Figs. 7A,
7B). Within these groups, there were five assemblages: Arctic Ocean (>70◦N), northern
temperate (35◦N–65◦N), southern temperate (40◦S–55◦ S), Southern Ocean (60◦S–75◦S),
and tropical and sub-tropical assemblages (Fig. 7A).

In contrast to the surface zone, below 200 m depth the first division in the dendrogram
separated out the Southern Ocean, indicating its fish fauna was dissimilar from all the
rest (Figs. 7C, 7D). The second most distinct assemblage below 200 m was the Arctic
Ocean. Thus, in the deep sea the polar assemblages are the least similar to the rest of the
world fish fauna. In both the middle and deep depth zones, there were distinct tropical
and subtropical groups between 35◦S and ∼35◦N, and northern and southern hemisphere
groups. These results show the different latitudinal biogeographic distribution for the
shallow and deep-sea fish assemblages, with the polar assemblages being most distinct
below 200 m depth.

Fish assemblages by depth
The most distinct fish assemblages separated at 500 m, closely followed by a shallower
than 100 m, 101–500 m, 501–1,400 m, 1,401–2,300 m, and deeper than 2,301 m (Fig. 8A).
Because most species live in the surface zone, we also clustered the species in 10 m depth
bands from 0 m to 500 m. Although further subdivisions of depth zones were suggested
by the SIMPROF test, we are cautious in discriminating these using the present modelled
range data. Three fish assemblages, 0–20 m, 21–100 m, 101–500 m, were grouped at the
same similarity level as in the 100m band analysis (Fig. 8B). Therefore, there was increasing
similarity and homogeneity in fish assemblages with depth.

DISCUSSION
We found higher species and taxonomic richness (STL) within the tropics and subtropics,
with a slight dip at the equator, and similar correlations across fish groups and depth zones.
Phylogenetic relationships of species assemblages demonstrated greater closeness (lower
AvPD and STL/spp) in warmer environments, encompassing lower latitudes and shallower
waters, compared to colder environments, which included higher latitudes and deeper
seas. Additionally, distinct species assemblages were evident across various depth zones,
indicating that deeper sea species are not mere subsets of shallow-water assemblages. Here,
we discuss the possible mechanisms for our findings.

Latitudinal gradients
In general, we found gradients of higher taxonomic richness (STL) were similar to gradients
of species richness among fish groups and depth zones. The only difference was that the
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Figure 7 Smilarity clustering of all species by latitude. Clustering of species assemblages in 5-degree lat-
itude bands from 75◦ S to 75◦ N in the (A) whole water column, (B) surface zone (0 m–200 m), (C) mid-
dle zone (201 m–1,000 m), and (D) deep zone (1,001 m–6,000 m). The dashed lines show the cut-offs, and
the solid lines indicate the species assemblages. Red lines between latitudes indicate no significant differ-
ence between assemblages (SIMPROF test, P < 0.05).

Full-size DOI: 10.7717/peerj.16116/fig-7
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Figure 8 Clustering of all species by depth. Clustering of species assemblages along with depth in the (A)
100 m depth bands from 0 m to 3,500 m and (B) 10 m depth bands from 0 m to 500 m. The dashed lines
show the cut-offs, and the solid lines indicate the species assemblages. Red lines between latitudes indicate
no significant difference between assemblages (SIMPROF test, P < 0.05).

Full-size DOI: 10.7717/peerj.16116/fig-8
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species richness of cartilaginous fishes in the deep zone peaked at 15◦N–35◦N (Fig. 2J), but
the latitudinal gradient of STL was flattened across the tropics and subtropics (Fig. 2L).
This was because there were only 21–24 cartilaginous fishes in the deep zone at 15◦N–35◦N,
and four of the genera (i.e., Apristurus, Bathyraja, Galeus, Rajella) contained more species
than other genera.

Equatorial dip
Species richness and STL of all, bony, and cartilaginous fishes all peaked in the northern
subtropics with a small dip near the equator. Using the same dataset as the present study,
Lin et al. (2021) found that species richness of marine fishes decreased when the mean
annual temperature was greater than 25 ◦C. Previous studies similarly indicated that
some tropical species cannot tolerate present temperatures at the equator, and they move
into subtropical latitudes in concert with global warming (Garciá Molinos et al., 2016;
Chaudhary, 2019; Yasuhara et al., 2020; Chaudhary et al., 2021; Chaudhary & Costello,
2023). Furthermore, species richness across all taxa, including pelagic fish, declines above
20 ◦C, except for reef fish where it peaks at 25 ◦C (Chaudhary et al., 2021). The present
analysis indicates that these latitudinal shifts also apply not only to fish species, but similarly
to higher taxa.

Phylogenetic gradients with latitude
Our results showed that the latitudinal gradients in species richness of all, bony and
cartilaginous fishes were significantly correlated with three phylogenetic indices among
all depth zones. Areas with more species, such as the tropics and subtropics (between
30◦S and 30◦N) had relatively lower phylogenetic similarity (low AvPD and STL/spp)
despite higher taxonomic richness (high STL). That is, the tropics and subtropics not only
had more species with a closer phylogenetic relationship but had more diverse higher
taxonomic levels. In contrast, areas with low species richness, such as temperate areas,
had higher AvPD and STL/spp but lower STL reflecting that species within assemblages at
high latitudes were less phylogenetically related and from fewer higher taxonomic levels.
In addition, the results showed that phylogenetic similarity (lower AvPD and STL/spp)
was lower in the tropics and subtropics, but higher at 55◦S and 75◦ N, respectively, from
the surface to the deep depth zone. These results confirmed the initial expectation that
phylogenetic indices would have clear latitudinal gradients because the species richness
also had clear latitudinal gradients in all depth zones (Woolley et al., 2016; Lin et al., 2021).

Here, we suggest two reasons that may explain the findings that species and higher
taxonomic richness were more diverse and species assemblage was more phylogenetically
closely related in the tropics and subtropics than temperate latitudes.

First, temperature is the main driver affecting marine biodiversity at a global scale.
The higher temperature in the tropics, resulting in shorter generation times, higher
rates of metabolism, faster rates of mutation, and faster selection, which generate and
maintain higher biodiversity (Rohde, 1992; Wright et al., 2011; Brown, 2014; Costello &
Chaudhary, 2017). Empirical studies that analyzed large datasets on several different taxa
from the terrestrial to the marine environment, such as angiosperm families (Davies et al.,
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2004), rain forest plants (Wright, Keeling & Gillman, 2006; Gillman et al., 2010), marine
foraminifera (Allen et al., 2006), and marine fishes (Wright et al., 2011) also found that
rates of evolution were greater in the tropics. Although there are claims indicated that
marine fishes had higher speciation rates at both poles (Rabosky et al., 2018; Friedman &
Muñoz, 2023), this was based on the interpretation of molecular data which is subject
to many confounding variables and their use in inferring speciation or diversification
is questionable (e.g., Louca & Pennell, 2020). Further support for higher speciation and
diversification in the tropics includes that the number of endemic freshwater fish species is
highest in low latitude lakes when lake size and age are accounted for (Hanly, Mittelbach &
Schemske, 2017), and the number of endemic marine fish is highest in the Coral Triangle
near the equator (Asaad et al., 2018). Moreover, genetic diversity in marine fish shows a
similar LDG to our findings for species richness, including a dip at the equator (Manel et
al., 2020).

This pattern of higher tropical speciation and diversification is not limited to marine
species and fish; a global analysis of the LDG in mammals found speciation and
diversification rates higher, and extinction and dispersal rates lower, in the tropics to
subtropics than temperate latitudes (Rolland et al, 2014). Similarly, warmer temperature
shortens the duration of planktonic eggs and larvae in the tropics (O’Connor et al.,
2007; Álvarez Noriega et al., 2020), resulting in reduced gene flow and higher rates of
diversfication and speciation in the tropics and subtropics (O’Connor et al., 2007).

It has been suggested that the absence of glaciations (that would have extirpated polar
fauna during ice ages) has allowed more time for speciation and lower extinction rates
in the tropics (Pellissier et al., 2014; Leprieur et al., 2016; Miller et al., 2018). However,
interglacials may have extirpated species in low latitudes due to excessive temperatures
(Reddin et al., 2022), thereby limiting speciation there.While there is evidence of recent and
past temperature-driven declines in species in low latitudes, including local extirpations,
these species could have survived by shifting their range into higher latitudes as is already
occurring due to anthropogenic climate change (Chaudhary et al., 2021; Reddin et al.,
2022). Thus, rather than glacial extinction in polar regions being a cause of present species
and taxonomic richness latitudinal gradients, it is more simply explained by temperature
alone because species would have shifted their latitudinal distribution to maintain their
preferred thermal niche.

Second, habitat complexity and niche diversity are higher in the tropics and subtropics.
The tropics and subtropics have higher habitat complexity, notably coral reefs which
contain 27% of marine fish species (Costello, 2015), that provide more ecological niches
leading to higher species diversity (Rocha et al., 2005; Grosberg, Vermeij & Wainwright,
2012; Kovalenko, Thomaz & Warfe, 2012).

Together these reasons allow phylogenetic diversity and species to originate and
accumulate, even in the deep sea of the tropics and subtropics because species’ may
extend their distribution from the shallow water to the deep sea (Friedman & Muñoz,
2023). In contrast, the colder and seasonal environment at high latitudes limits growth and
slows generations times (Meseguer & Condamine, 2020; Yasuhara et al., 2020). Therefore,
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fish assemblages at high latitudes are more phylogenetically distantly related than they are
at low latitudes, reflecting the higher tropical and sub-tropical speciation rates.

Southern Ocean
Species richness, AvPD, STL and STL/spp of all and bony fishes decreased in the Southern
Ocean in the whole water column, surface, andmiddle zones. The SouthernOcean has been
a relatively enclosed environment compared to adjacent southern temperate latitudinal
areas since the opening of the Drake Passage 23–25 million years ago, the formation of
the Antarctic Circumpolar Current, and the subsequent ocean cooling, resulting in the
evolution of a unique fish fauna with a high rate of endemism (McGonigal & Woodworth,
2002; Duhamel et al., 2014), and over 45% of all its marine species are endemic (Costello
et al., 2010). The fish assemblage is dominated by the Notothenioidei (notothenioids)
which accounts for over 35% of fish species in the Southern Ocean (Eastman, 1997).
Other major fish groups are the Zoarcidae (eelpouts) and the Scorpaeniform family
Liparidae (snailfish) (Eastman & McCune, 2000). The adaptive radiation of Antarctic
notothenioids is characterized by the presence of antifreeze glycoproteins, originating near
the Oligocene-Miocene transition (mean 23.9 million years ago) during a major period of
global cooling and ice-sheet extension. This allowed notothenioids to live and evolve in
this cold environment (McGonigal & Woodworth, 2002; Duhamel et al., 2014). In contrast
to this stability of the Southern Ocean developing an endemic fauna, the Arctic Ocean is
an extension of the Pacific and Atlantic Ocean, and is a more environmentally variable
environment (Lin & Costello, 2023). Thus, the species richness of the Arctic is higher than
of the Antarctic and Southern Ocean fish fauna (Fig. 1, Lin & Costello, 2023).

Depth gradients
Species and phylogenetic richness not only declined into higher, colder latitudes but also
with depth in the ocean. Similarly, zooplankton genetic diversity declined with depth to
1,500 m in the North Pacific subtropical gyre (Sommer et al., 2017). Because temperature
variation with depth is less in high latitude, there is greater phylogenetic similarity amongst
fish with depth in higher latitudes, and thus lower overall phylogenetic diversity compared
to the tropics, as noted by Friedman & Muñoz (2023).

Our results showed that species richness and STL among all, bony and cartilaginous fish
groups were all highest in the shallowest waters and decreased with depth. This is consistent
with the shallow depths being the driver for deep-sea species origins (Miller et al., 2022).
In contrast, AvPD and STL/spp increased with depth. In shallower depths, phylogenetic
relationships between species were closer reflecting higher rates of speciation due to greater
productivity, generally warmer temperatures, and habitat complexity. Shallowwater has the
highest species richness and taxonomic richness (STL), and thus appears to be an ‘‘engine
of speciation’’ for marine fishes as it is for marine species overall (Costello & Chaudhary,
2017; Eme et al., 2020; Miller et al., 2022).

Deeper than 2,300 m, there was only one class (i.e., Actinopterygii) and most of the
species were from different families. At a depth of 2,701–2,800 m, 3 of 14 species were
from the family Macrouridae, and the other 11 species were all from different families.
Therefore, the fishes at 2,700–2,800 m were far less closely related than in shallower depths.
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We found that, as expected, the extent of marine fishes’ depth ranges, as indicated by
species assemblages occupying larger depth intervals, declined with depth. Zooplankton
genetic diversity shows a similar pattern with depth (Sommer et al., 2017). There were three
distinct assemblages shallower than 500 m (Fig. 8B), and only three assemblages deeper
than 500m (Fig. 8A). This supports the hypothesis that species richness declines with depth
because of decreasing environmental heterogeneity, productivity and temperature (Costello
& Chaudhary, 2017; Costello et al., 2018a). Thus, deeper assemblages occupy larger depth
intervals and spatial area, with lower species turnover and biogeographic distinctiveness.

CONCLUSIONS
The analyses in this study found that species richness and higher taxonomic richness (STL)
were higher in the tropics and subtropics than in high latitudes, with a small dip at the
equator in all fish groups and depth zones. In addition, species assemblages had closer
phylogenetic relationships (lower AvPD and STL/spp) in warmer (low latitudes and shallow
water) than colder environments (high latitudes and deep sea). This result was significantly
related to species richness and different fish groups among latitudes and depth zones. The
results in this study support the hypothesis that a warmer temperature environment fosters
speciation and thus generates higher biodiversity and a closer phylogenetic relationship.
However, the cold environment in the Southern Ocean was dominated by endemic
notothenioids, so it had a closer phylogenetic relationship than other temperate latitudes
because of its unique isolated environment.

ACKNOWLEDGEMENTS
We thank Dr Kristin Kaschner and Cristina Garilao in AquaMaps team for sharing the
modelled range data of marine fishes. Han-Yang Lin thank Dr Libby Liggins (Massy
University, New Zealand) for sharing experience and suggestions on phylogenetic study.
We thank Dr Nicolas Bailly for sharing the knowledge of using phylogenetic trees and
taxonomy.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
Han-Yang Lin received funding from the Faculty of Science Strategic Initiative 2021 PhD
Output Award, The University of Auckland, New Zealand. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Faculty of Science Strategic Initiative 2021 PhDOutput Award, TheUniversity of Auckland,
New Zealand.

Competing Interests
Mark John Costello is an Academic Editor for PeerJ.

Lin et al. (2023), PeerJ, DOI 10.7717/peerj.16116 18/24

https://peerj.com
http://dx.doi.org/10.7717/peerj.16116


Author Contributions
• Han-Yang Lin conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.
• Shane Wright conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.
• Mark JohnCostello conceived and designed the experiments, analyzed the data, authored
or reviewed drafts of the article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The list of species analysed and the distribution ranges of all 5,619 fish species for which
ranges were available are available as a Supplementary File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.16116#supplemental-information.

REFERENCES
Allen AP, Gillooly JF, Savage VM, Brown JH. 2006. Kinetic effects of temper-

ature on rates of genetic divergence and speciation. Proceedings of the Na-
tional Academy of Sciences of the United States of America 103(24):9130–9135
DOI 10.1073/pnas.0603587103.

Álvarez Noriega M, Burgess SC, Byers JE, Pringle JM,Wares JP, Marshall DJ. 2020.
Global biogeography of marine dispersal potential. Nature Ecology and Evolution
4(9):1196–1203 DOI 10.1038/s41559-020-1238-y.

AndersonMJ, Tolimieri N, Millar RB. 2013. Beta diversity of demersal fish assem-
blages in the North-Eastern Pacific: interactions of latitude and depth. PLOS ONE
8(3):e57918 DOI 10.1371/journal.pone.0057918.

Angel MV, Blachowiak-Samolyk K, Drapun I, Castillo R. 2007. Changes in the composi-
tion of planktonic ostracod populations across a range of latitudes in the North-east
Atlantic. Progress in Oceanography 73(1):60–78 DOI 10.1016/j.pocean.2006.11.002.

Arfianti T, Costello MJ. 2020. Global biogeography of marine amphipod crustaceans:
latitude, regionalization, and beta diversity.Marine Ecology Progress Series 638:83–94
DOI 10.3354/meps13272.

Asaad I, Lundquist CJ, ErdmannMV, Costello MJ. 2018. Delineating priority areas
for marine biodiversity conservation in the Coral Triangle. Biological Conservation
222:198–211 DOI 10.1016/j.biocon.2018.03.037.

Basher Z, Costello MJ. 2020.World maps of ocean environment variables. Encyclopedia
of the World’s Biomes 2020:479–493 DOI 10.1016/B978-0-12-409548-9.12076-7.

Brown JH. 2014.Why are there so many species in the tropics? Journal of Biogeography
41:8–22 DOI 10.1111/jbi.12228.

Lin et al. (2023), PeerJ, DOI 10.7717/peerj.16116 19/24

https://peerj.com
http://dx.doi.org/10.7717/peerj.16116#supplemental-information
http://dx.doi.org/10.7717/peerj.16116#supplemental-information
http://dx.doi.org/10.7717/peerj.16116#supplemental-information
http://dx.doi.org/10.1073/pnas.0603587103
http://dx.doi.org/10.1038/s41559-020-1238-y
http://dx.doi.org/10.1371/journal.pone.0057918
http://dx.doi.org/10.1016/j.pocean.2006.11.002
http://dx.doi.org/10.3354/meps13272
http://dx.doi.org/10.1016/j.biocon.2018.03.037
http://dx.doi.org/10.1016/B978-0-12-409548-9.12076-7
http://dx.doi.org/10.1111/jbi.12228
http://dx.doi.org/10.7717/peerj.16116


Chaudhary C. 2019. Global-scale distribution of marine species diversity: an analysis of
latitudinal, longitudinal and depth gradients. Doctoral dissertation, University of
Auckland, New Zealand Available at https://researchspace.auckland.ac.nz/docs/uoa-
docs/rights.htm.

Chaudhary C, Costello MJ. 2023.Marine species turnover but not richness, peaks at
the Equator. Proceedings in Oceanography, Progress in Oceanography 210:102941
DOI 10.1016/j.pocean.2022.102941.

Chaudhary C, Richardson AJ, Schoeman DS, Costello MJ. 2021. Global warming is
causing a more pronounced dip in marine species richness around the equator.
Proceedings of the National Academy of Sciences of the United States of America
118(15):1–14 DOI 10.1073/pnas.2015094118.

Chaudhary C, Saeedi H, Costello MJ. 2016. Bimodality of latitudinal gradients
in marine species richness. Trends in Ecology and Evolution 31(9):670–676
DOI 10.1016/j.tree.2016.06.001.

Clarke KR, Gorley RN. 2006. PRIMER v6: user manual/tutorial Plymouth routines in
multivariate ecological research. Plymouth: PRIMER-E.

Clarke KR,Warwick RM. 1999. The taxonomic distinctness measure of biodiversity:
weighting of step lengths between hierarchical levels.Marine Ecology Progress Series
184:21–29 DOI 10.3354/meps184021.

Clarke KR,Warwick RM. 2001. A further biodiversity index applicable to species lists:
variation in taxonomic distinctness.Marine Ecology Progress Series 216(June):265–278
DOI 10.3354/meps216265.

Costello MJ. 2015. Biodiversity: the known, unknown, and rates of extinction. Current
Biology 25(9):R368–R371 DOI 10.1016/j.cub.2015.03.051.

Costello MJ, Basher Z, Sayre R, Breyer S, Wright DJ. 2018a. Stratifying ocean sampling
globally and with depth to account for environmental variability. Scientific Reports
8:11259 DOI 10.1038/s41598-018-29419-1.

Costello MJ, Breyer S. 2017. Ocean depths: the mesopelagic and implications for global
warming. Current Biology 27(1):R36–R38 DOI 10.1016/j.cub.2016.11.042.

Costello MJ, Chaudhary C. 2017.Marine biodiversity, biogeography, deep-sea gradients,
and conservation. Current Biology 27(11):R511–R527 DOI 10.1016/j.cub.2017.04.060.

Costello MJ, Coll M, Danovaro R, Halpin P, Ojaveer H, Miloslavich P. 2010. A census
of marine biodiversity knowledge, resources, and future challenges. PLOS ONE
5(8):e12110 DOI 10.1371/journal.pone.0012110.

Costello MJ, Tsai P, Cheung AKL, Basher Z, Chaudhary C. 2018b. Reply to ‘dissimilarity
measures affected by richness differences yield biased delimitations of biogeographic
realms. Nature Communications 9(1):2–5 DOI 10.1038/s41467-018-07252-4.

Costello MJ, Tsai P, Wong PS, Cheung AKL, Basher Z, Chaudhary C. 2017.Marine
biogeographic realms and species endemicity. Nature Communications 8:1057
DOI 10.1038/s41467-017-01121-2.

Davies TJ, Savolainen V, Chase MW,Moat J, Barracloug TG. 2004. Environmental
energy and evolutionary rates in flowering plants. Proceedings of the Royal Society B:
Biological Sciences 271(1553):2195–2200 DOI 10.1098/rspb.2004.2849.

Lin et al. (2023), PeerJ, DOI 10.7717/peerj.16116 20/24

https://peerj.com
https://researchspace.auckland.ac.nz/docs/uoa-docs/rights.htm
https://researchspace.auckland.ac.nz/docs/uoa-docs/rights.htm
http://dx.doi.org/10.1016/j.pocean.2022.102941
http://dx.doi.org/10.1073/pnas.2015094118
http://dx.doi.org/10.1016/j.tree.2016.06.001
http://dx.doi.org/10.3354/meps184021
http://dx.doi.org/10.3354/meps216265
http://dx.doi.org/10.1016/j.cub.2015.03.051
http://dx.doi.org/10.1038/s41598-018-29419-1
http://dx.doi.org/10.1016/j.cub.2016.11.042
http://dx.doi.org/10.1016/j.cub.2017.04.060
http://dx.doi.org/10.1371/journal.pone.0012110
http://dx.doi.org/10.1038/s41467-018-07252-4
http://dx.doi.org/10.1038/s41467-017-01121-2
http://dx.doi.org/10.1098/rspb.2004.2849
http://dx.doi.org/10.7717/peerj.16116


Duhamel G, Hulley PA, Causse R, Koubbi P, Vacchi M, Pruvost P, Vigetta S, Irisson
J-O, Mormède S, Belchier M, Dettai A, Detrich HW, Gutt J, Jones CD, Kock KH,
Lopez Abellan LJ, Van de Putte A. 2014. Biogeographic atlas of the Southern Ocean.
In: De Broyer C, Koubbi P, Griffiths HJ, Raymond B, Udekem d’Acoz Cd’, et al.,
eds. Scientific committee on Antarctic research. Oxford: Clarendon Press, 328–362
DOI 10.13140/2.1.1828.3203.

Eastman JT. 1997. Comparison of the Antarctic and Arctic fish faunas. Cybium
21(4):335–352.

Eastman JT, McCune AR. 2000. Fishes on the Antarctic continental shelf: evolution of a
marine species flock? Journal of Fish Biology 57:84–102 DOI 10.1006/jfbi.2000.1604.

Ekman S. 1953. Zoogeography of the Sea. AIBS Bulletin 3(2):17
DOI 10.1093/aibsbulletin/3.2.17-e.

Eme D, AndersonMJ, Myers EMV, Roberts CD, Liggins L. 2020. Phylogenetic measures
reveal eco-evolutionary drivers of biodiversity along a depth gradient. Ecography
43(5):689–702 DOI 10.1111/ecog.04836.

Faith DP. 1994. Phylogenetic diversity: a general framework for the prediction of
feature diversity. In: Forey PL, Humphries CJ, Vane-Wright RI, eds. Systematics and
conservation evaluation. Oxford: Clarendon Press, 251–268.

Fergnani PN, Ruggiero A. 2017. The latitudinal diversity gradient in South American
mammals revisited using a regional analysis approach: the importance of climate at
extra-tropical latitudes and history towards the tropics. PLOS ONE 12(9):e0184057
DOI 10.1371/journal.pone.0184057.

Friedman ST, MuñozMM. 2023. A latitudinal gradient of deep-sea invasions for marine
fishes. Nature Communications 14(1):773 DOI 10.1038/s41467-023-36501-4.

Froese R, Pauly D. 2019. FishBase. Available at http://www.fishbase.org .
Garciá Molinos J, Halpern BS, Schoeman DS, Brown CJ, KiesslingW,Moore PJ,

Pandolfi JM, Poloczanska ES, Richardson AJ, BurrowsMT. 2016. Climate velocity
and the future global redistribution of marine biodiversity. Nature Climate Change
6(1):83–88 DOI 10.1038/nclimate2769.

Gaston KJ. 2000. Global patterns in biodiversity. Nature, 405 6783:220–227
DOI 10.1038/35012228.

Gillman LN, Keeling DJ, Gardner RC,Wright SD. 2010. Faster evolution of highly
conserved DNA in tropical plants. Journal of Evolutionary Biology 23(6):1327–1330
DOI 10.1111/j.1420-9101.2010.01992.x.

Grosberg RK, Vermeij GJ, Wainwright PC. 2012. Biodiversity in water and on land.
Current Biology 22(21):R900–R903 DOI 10.1016/j.cub.2012.09.050.

Hanly PJ, Mittelbach GG, Schemske DW. 2017. Speciation and the latitudinal diversity
gradient: insights from the global distribution of endemic fish. The American
Naturalist 189(6):604–615 DOI 10.1086/691535.

Jaccard P. 1912. The distribution of the flora of the Alpine Zone. New Phytologist
11:37–50 DOI 10.1111/j.1469-8137.1912.tb05611.x.

Lin et al. (2023), PeerJ, DOI 10.7717/peerj.16116 21/24

https://peerj.com
http://dx.doi.org/10.13140/2.1.1828.3203
http://dx.doi.org/10.1006/jfbi.2000.1604
http://dx.doi.org/10.1093/aibsbulletin/3.2.17-e
http://dx.doi.org/10.1111/ecog.04836
http://dx.doi.org/10.1371/journal.pone.0184057
http://dx.doi.org/10.1038/s41467-023-36501-4
http://www.fishbase.org
http://dx.doi.org/10.1038/nclimate2769
http://dx.doi.org/10.1038/35012228
http://dx.doi.org/10.1111/j.1420-9101.2010.01992.x
http://dx.doi.org/10.1016/j.cub.2012.09.050
http://dx.doi.org/10.1086/691535
http://dx.doi.org/10.1111/j.1469-8137.1912.tb05611.x
http://dx.doi.org/10.7717/peerj.16116


Jørgensen SE, Bastianoni S, Müller F, Patten BC, Fath BD, Marques JC, Nielsen SN,
Tiezzi E, Ulanowicz RE. 2007. Ecosystem principles have broad explanatory power
in ecology. A New Ecology 2007:167–198 DOI 10.1016/b978-044453160-5/50008-8.

Kaschner K, Kesner-Reyes K, Garilao C, Segschneider J, Rius-Barile J, Rees T, Froese R.
2019. AquaMaps: predicted range maps for aquatic species. World wide web electronic
publicationVersion 10/2019. Available at http://www.aquamaps.org .

Kovalenko KE, Thomaz SM,Warfe DM. 2012.Habitat complexity: approaches and
future directions. Hydrobiologia 685(1):1–17 DOI 10.1007/s10750-011-0974-z.

Kreft H, JetzW. 2010. A framework for delineating biogeographical regions based on
species distributions. Journal of Biogeography 37(11):2029–2053
DOI 10.1111/j.1365-2699.2010.02375.x.

Leprieur F, Descombes P, Gaboriau T, Cowman PF, Parravicini V, Kulbicki M, Melian
CJ, de Santana CN, Heine C, Mouillot D, Bellwood DR, Pellissier L. 2016. Plate
tectonics drive tropical reef biodiversity dynamics. Nature Communications 7:11461
DOI 10.1038/ncomms11461.

Lin HY, Corkrey R, Kaschner K, Garilao C, Costello MJ. 2021. Latitudinal diversity
gradients for five taxonomic levels of marine fish in depth zones. Ecological Research
36(2):266–280 DOI 10.1111/1440-1703.12193.

Lin HY, Costello MJ. 2023. Body size and trophic level increase with latitude, and
decrease in the deep-sea and Antarctica, for marine fish species. PeerJ 11:e15880
DOI 10.7717/peerj.15880.

Louca S, Pennell MW. 2020. Extant time trees are consistent with a myriad of diversifica-
tion histories. Nature 580(7804):502–505 DOI 10.1038/s41586-020-2176-1.

Manel S, Guerin PE, Mouillot D, Blanchet S, Velez L, Albouy C, Pellissier L. 2020.
Global determinants of freshwater and marine fish genetic diversity. Nature Com-
munications 11(1):692 DOI 10.1038/s41467-020-14409-7.

McClain CR, Etter RJ. 2005.Mid-domain models as predictors of species diversity
patterns. Oikos 109(2004):555–566 DOI 10.1111/j.0030-1299.2005.13529.x.

McGonigal D,Woodworth L. 2002. Antarctica – the blue continent. Auckland, New
Zealand: Random House.

Meseguer AS, Condamine FL. 2020. Ancient tropical extinctions at high latitudes
contributed to the latitudinal diversity gradient. Evolution 74(9):1966–1987
DOI 10.1111/evo.13967.

Miller EC, Hayashi KT, Song D,Wiens JJ. 2018. Explaining the ocean’s richest biodiver-
sity hotspot and global patterns of fish diversity. Proceedings of the Royal Society B:
Biological Sciences 285:20181314 DOI 10.1098/rspb.2018.1314.

Miller EC, Martinez CM, Friedman ST,Wainwright PC, Price SA, Tornabene L. 2022.
Alternating regimes of shallow and deep-sea diversification explain a species-richness
paradox in marine fishes. Proceedings of the National Academy of Sciences of the
United States of America 119(43):e2123544119.

Navarrete AH, Lagos NA, Ojeda FP. 2014. Latitudinal diversity patterns of Chilean
coastal fishes: searching for causal processes. Revista Chilena de Historia Natural
87(2):1–11 DOI 10.1186/0717-6317-1-2.

Lin et al. (2023), PeerJ, DOI 10.7717/peerj.16116 22/24

https://peerj.com
http://dx.doi.org/10.1016/b978-044453160-5/50008-8
http://www.aquamaps.org
http://dx.doi.org/10.1007/s10750-011-0974-z
http://dx.doi.org/10.1111/j.1365-2699.2010.02375.x
http://dx.doi.org/10.1038/ncomms11461
http://dx.doi.org/10.1111/1440-1703.12193
http://dx.doi.org/10.7717/peerj.15880
http://dx.doi.org/10.1038/s41586-020-2176-1
http://dx.doi.org/10.1038/s41467-020-14409-7
http://dx.doi.org/10.1111/j.0030-1299.2005.13529.x
http://dx.doi.org/10.1111/evo.13967
http://dx.doi.org/10.1098/rspb.2018.1314
http://dx.doi.org/10.1186/0717-6317-1-2
http://dx.doi.org/10.7717/peerj.16116


O’ConnorMI, Bruno JF, Gaines SD, Halpern BS, Lester SE, Kinlan BP,Weiss JM. 2007.
Temperature control of larval dispersal and the implications for marine ecology,
evolution, and conservation. Proceedings of the National Academy of Sciences of the
United States of America 104(4):1266–1271 DOI 10.1073/pnas.0603422104.

Pellissier L, Leprieur F, Parravicini V, Cowman PF, Kulbicki M, Litsios G, Olsen SM,
Wisz MS, Bellwood DR, Mouillot D. 2014. Quaternary coral reef refugia preserved
fish diversity. Science 344(6187):1016–1019 DOI 10.1126/science.1249853.

Plazzi F, Ferrucci RR, Passamonti M. 2010. Phylogenetic representativeness: a new
method for evaluating taxon sampling in evolutionary studies. BMC Bioinformatics
11:209 DOI 10.1186/1471-2105-11-209.

PontarpM, Bunnefeld L, Cabral JS, Etienne RS, Fritz SA, Gillespie R, Graham CH,
Hagen O, Hartig F, Huang S, Jansson R, Maliet O, Münkemüller T, Pellissier L,
Rangel TF, Storch D,Wiegand T, Hurlbert AH. 2019. The latitudinal diversity
gradient: novel understanding through mechanistic eco-evolutionary models. Trends
in Ecology and Evolution 34(3):211–223 DOI 10.1016/j.tree.2018.11.009.

Powell MG, Beresford VP, Colaianne BA. 2012. The latitudinal position of peak marine
diversity in living and fossil biotas. Journal of Biogeography 39(9):1687–1694
DOI 10.1111/j.1365-2699.2012.02719.x.

Purvis A, Hector A. 2000. Getting the measure of biodiversity. Nature 405(6783):212–219
DOI 10.1038/35012221.

Rabosky DL, Chang J, Title PO, Cowman PF, Sallan L, FriedmanM, Kaschner K,
Garilao C, Near TJ, Coll M, AlfaroME. 2018. An inverse latitudinal gradient in spe-
ciation rate for marine fishes. Nature 559:392–395 DOI 10.1038/s41586-018-0273-1.

Reddin CJ, AberhanM, Raja NB, Kocsis ÁT. 2022. Global warming generates predictable
extinctions of warm-and cold-water marine benthic invertebrates via thermal habitat
loss. Global Change Biology 28(19):5793–5807 DOI 10.1111/gcb.16333.

RexMA. 1981. Community structure in the deep-sea Benthos. Annual Review of Ecology
and Systematics 12:331–353 DOI 10.1146/annurev.es.12.110181.001555.

Rocha LA, Robertson DR, Roman J, Bowen BW. 2005. Ecological speciation in tropical
reef fishes. Proceedings of the Royal Society B: Biological Sciences 272(1563):573–579
DOI 10.1098/2004.3005.

Rohde K. 1992. Latitudinal gradients in species diversity: the search for the primary
cause.Wiley on Behalf of Nordic Society Oikos 65(3):514–527.

Rolland J, Condamine FL, Jiguet F, Morlon H. 2014. Faster speciation and reduced
extinction in the tropics contribute to the mammalian latitudinal diversity gradient.
PLOS Biology 12(1):e1001775 DOI 10.1371/journal.pbio.1001775.

Rosa R, Dierssen H, Gonzalez L, Seibel B. 2008. Large-scale diversity patterns of
cephalopods in the Atlantic Open Ocean and Deep Sea. Ecology 89(12):3449–3461
DOI 10.1890/08-0638.1.

Sayre R,Wright D, Breyer S, Butler K, van Graafeiland K, Costello M, Harris P, Goodin
K, Guinotte J, Basher Z, KavanaughM, Halpin P, MonacoM, Cressie N, Aniello
P, Frye C, Stephens D. 2017. A three-dimensional mapping of the ocean based on
environmental data. Oceanography 30(1):90–103 DOI 10.5670/oceanog.2017.116.

Lin et al. (2023), PeerJ, DOI 10.7717/peerj.16116 23/24

https://peerj.com
http://dx.doi.org/10.1073/pnas.0603422104
http://dx.doi.org/10.1126/science.1249853
http://dx.doi.org/10.1186/1471-2105-11-209
http://dx.doi.org/10.1016/j.tree.2018.11.009
http://dx.doi.org/10.1111/j.1365-2699.2012.02719.x
http://dx.doi.org/10.1038/35012221
http://dx.doi.org/10.1038/s41586-018-0273-1
http://dx.doi.org/10.1111/gcb.16333
http://dx.doi.org/10.1146/annurev.es.12.110181.001555
http://dx.doi.org/10.1098/2004.3005
http://dx.doi.org/10.1371/journal.pbio.1001775
http://dx.doi.org/10.1890/08-0638.1
http://dx.doi.org/10.5670/oceanog.2017.116
http://dx.doi.org/10.7717/peerj.16116


Somero GN. 2010. The physiology of climate change: how potentials for acclimatization
and genetic adaptation will determine winners and losers. Journal of Experimental
Biology 213(6):912–920 DOI 10.1242/jeb.037473.

Sommer SA, VanWoudenberg L, Lenz PH, Cepeda G, Goetze E. 2017. Vertical
gradients in species richness and community composition across the twilight
zone in the North Pacific Subtropical Gyre.Molecular Ecology 26(21):6136–6156
DOI 10.1111/mec.14286.

Sunday JM, Bates AE, Dulvy NK. 2011. Global analysis of thermal tolerance and
latitude in ectotherms. Proceedings of the Royal Society B: Biological Sciences
278(1713):1823–1830 DOI 10.1098/rspb.2010.1295.

Willig MR, Kaufman DM, Stevens RD. 2003. Latitudinal gradients of biodiversity:
pattern, process, scale, and synthesis. Annual Review of Ecology, Evolution, and
Systematics 34(1):273–309 DOI 10.1146/annurev.ecolsys.34.012103.144032.

Wilson EO. 1992. The diverisity of life. Cambridge: Belknap Press of Harvard University
Press DOI 10.1177/027046769401400114.

Woolley SNC, Tittensor DP, Dunstan PK, Guillera-Arroita G, Lahoz-Monfort JJ,
Wintle BA,Worm B, O’Hara TD. 2016. Deep-sea diversity patterns are shaped by
energy availability. Nature 533(7603):393–396 DOI 10.1038/nature17937.

Wright S, Keeling J, Gillman L. 2006. The road from Santa Rosalia: a faster tempo of
evolution in tropical climates. Proceedings of the National Academy of Sciences of the
United States of America 103(20):7718–7722 DOI 10.1073/pnas.0510383103.

Wright SD, Ross HA, Keeling DJ, McBride P, Gillman LN. 2011. Thermal energy and
the rate of genetic evolution in marine fishes. Evolutionary Ecology 25(2):525–530
DOI 10.1007/s10682-010-9416-z.

Wu J, Chen H, Zhang Y. 2016. Latitudinal variation in nematode diversity and eco-
logical roles along the Chinese coast. Ecology and Evolution 6(22):8018–8027
DOI 10.1002/ece3.2538.

Yasuhara M,Wei CLL, Kucera M, Costello MJ, Tittensor DP, KiesslingW, Bone-
brake TC, Tabor CR, Feng R, Baselga A, Kretschmer K, Kusumoto B, Kubota
Y. 2020. Past and future decline of tropical pelagic biodiversity. Proceedings of the
National Academy of Sciences of the United States of America 117(23):12891–12896
DOI 10.1073/pnas.1916923117.

Zintzen V, AndersonMJ, Roberts CD, Diebel CE. 2011. Increasing variation in
taxonomic distinctness reveals clusters of specialists in the deep sea. Ecography
34(2):306–317 DOI 10.1111/j.1600-0587.2010.06546.x.

Lin et al. (2023), PeerJ, DOI 10.7717/peerj.16116 24/24

https://peerj.com
http://dx.doi.org/10.1242/jeb.037473
http://dx.doi.org/10.1111/mec.14286
http://dx.doi.org/10.1098/rspb.2010.1295
http://dx.doi.org/10.1146/annurev.ecolsys.34.012103.144032
http://dx.doi.org/10.1177/027046769401400114
http://dx.doi.org/10.1038/nature17937
http://dx.doi.org/10.1073/pnas.0510383103
http://dx.doi.org/10.1007/s10682-010-9416-z
http://dx.doi.org/10.1002/ece3.2538
http://dx.doi.org/10.1073/pnas.1916923117
http://dx.doi.org/10.1111/j.1600-0587.2010.06546.x
http://dx.doi.org/10.7717/peerj.16116

