Richness and phylogenetic diversity are affected by space and time in the megadiverse Atlantic Forest of South America
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ABSTRACT

Understanding variation of species richness along latitudinal gradients, with more species toward the tropics, represents a
challenge for ecologists. Species richness also varies according to the available area, with more species in larger regions, with
area and latitude posited as major drivers of richness variations. However, species richness does not fully capture the
evolutionary history behind those patterns. Phylogenetic diversity can provide insights on the role of time and evolutionary
drivers of environmental gradients. We analyzed here the latitudinal gradient of endemic snakes from the Atlantic Forest of South
America, a megadiverse and highly threatened portion of the Neotropics. We assessed the effect of area and average clade age on
species richness and phylogenetic diversity, testing whether species richness and phylogenetic diversity increase with area
availability and in lower latitudes. We found that area can predict species richness, but not phylogenetic diversity. Brazilian
southeastern mountain ranges include larger patches of Atlantic Forest and the highest richness levels, but generally harboring
snakes from relatively recent clades (neoendemics). There is a negative relationship between species richness and average clade
age along the latitudinal gradient, with older clades found mainly in northern portions, increasing phylogenetic diversity at lower
latitudes. Different dimensions of diversity, species richness and phylogenetic diversity, are thus affected in different ways by

area and time for speciation in the Atlantic Forest, and this may be a trend in highly diverse tropical regions.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27450v1 | CC BY 4.0 Open Access | rec: 27 Dec 2018, publ: 27 Dec 2018



INTRODUCTION

Biodiversity distribution can be influenced by geographical extent, position and evolutionary time. Species richness can be
strongly affected by available area, with larger regions tending to contain more species (Hortal et al., 2009; Parent, 2012). One of
the reasons is that more habitat diversity can be present in larger areas, where more species can co-occur (Hortal et al., 2009).
Richer areas tend to harbor older clades due to more time for speciation and/or higher diversification rates (Wiens & Donoghue,
2004; Pyron & Burbrink, 2009; Wiens, 2012). Richer areas are also often found close to the equator, at lower latitudes, resulting
in a latitudinal gradient of species richness, a general biogeographical pattern across the globe. Latitudinal gradient of species
richness, or the increase of richness with decreasing latitude, is one of the most largely explored biogeographical patterns
(MacArthur, 1972; Gaston, 2000; Brown, 2014; Kerkhoff, Moriarty & Weiser, 2014). Explanations for megadiverse tropical
biotas may depend on complex interactions among latitude, time for speciation and available area, with tropical environments in

lower latitudes being often larger and older than temperate environments (Wiens & Donoghue, 2004; Wiens, 2012).

However, the number of species alone does not encompass all factors driving biogeographical patterns. Additional
components of diversity, such as phylogenetic diversity, can reveal how phylogenetic relationships and evolutionary time affect
species richness across environmental gradients. Phylogenetic diversity can be considered as the sum of branch lengths of
phylogenetic relationships in ecological communities or biotas (Faith, 1992). Thus, phylogenetic diversity can enhance our
understanding of drivers of biodiversity across space and evolutionary history (Wiens & Donoghue, 2004; Pyron & Burbrink,
2009; Qian et al., 2015).

One of the explanations for the distribution of clades along latitudinal gradients is the “tropical niche conservatism”
hypothesis (Wiens & Donoghue, 2004). This hypothesis is based on the assumption that most clades have tropical origins and
phylogenetic niche conservatism would be prevalent. The phylogenetic niche conservatism is the trend for each phylogenetic

lineage to retain adaptive traits along their evolutionary history (Holt & Gomulkiewicz, 2004; Wiens et al., 2010). It can
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constrain the range of a given lineage to ancestral latitudes of that particular clade, due to adaptive traits related to specific
climatic conditions (Wiens & Donoghue, 2004; Pyron & Burbrink, 2009). Under the same scenario, inverse latitudinal gradients
are present when clades have a temperate origin (see Pyron & Burbrink, 2009; Rivadeneira et al., 2011; Moriniere et al., 2016),

retaining a temperate range along its evolutionary history.

In this way, the term “biogeographical niche conservatism” (sensu Pyron & Burbrink, 2009) could integrate both tropical
and temperate origin of the clades, with the same premises of evolutionary time effect (Pyron & Burbrink, 2009; Rivadeneira et
al., 2011; Moriniére et al., 2016). Thus, area availability and age of clades are important factors driving species richness and
phylogenetic diversity along latitudinal gradients (Wiens & Donoghue, 2004; Pyron & Burbrink, 2009). Thus, species richness
and phylogenetic diversity would be higher near the region of origin (majoritarily in the tropics) due to older age and higher
diversification rates in these areas (Wiens & Donoghue, 2004; Romdal, Araldjo & Rahbek, 2013; Kerkhoff, Moriarty & Weiser,
2014).

The distinct geographical origins of different clades have been suggested to influence snake diversity in the Neotropical
region (see Cadle & Greene, 1993). The Atlantic Forest is one of the richest areas in the Neotropics, harboring one quarter of the
endemic species of the 25 global biodiversity conservation hotspots (Myers et al., 2000). The Atlantic Forest is highly threatened
by habitat loss, having lost around 90% of its original forest cover (see Myers et al., 2000; Ribeiro et al., 2009; Ribeiro et al.,
2011), and spans around 29 degrees of latitude in are area around 150.000.000 ha (Ribeiro et al., 2009).

We tested here how area and evolutionary time are related to endemic snake richness and phylogenetic diversity along the
latitudinal gradient of the Atlantic Forest. We first assessed whether species richness decreases with increasing latitude. We then
tested premises of “biogeographical niche conservatism” hypothesis, assessing the role of area and average clade age on species

richness and phylogenetic diversity. Our major aim is to promote a better understanding of the ecological and evolutionary
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drivers of biodiversity in the Atlantic Forest of South America, and to provide clues on the evolution of megadiverse tropical
ecosystems.

MATERIALS & METHODS

We used a dataset of Neotropical snake records housed in museums during the last 150 years, encompassing 147.515 records of
886 species with maps of one degree resolution (Guedes et al., 2018). We selected endemic snhakes of the Atlantic Forest region
(sensu Olson et al., 2001). We then summed raster files to calculate species richness of endemic snakes in the Atlantic Forest of
South America.

Evolutionary relationships were estimated from 100 phylogenetic trees derived from a fully sampled phylogeny for
Squamate reptiles, available in Tonini et al. (2016). In this way, all phylogenetic approaches were implemented 100 times, and
mean values were used. The only missing Atlantic Forest endemic species in phylogenies (Thamnodynastes cf. nattereri) was
excluded from subsequent analyses. Phylogenetic diversity was calculated as the standardized diversity metric of Faith (1992),
which is independent of species richness, in R package ‘PhyloMeasures’ (Tsirogiannis & Sandel, 2017).

To calculate average clade age, we pruned the phylogenies including only species found in each latitudinal degree, with
function prune.sample of ‘picante’ R package (Kembel et al., 2018). We then determined the average age of endemic lineages in
each latitudinal degree. Area was measured as the sum of raster cells in each degree of latitude across the Atlantic Forest (sensu
Olson et al., 2001). We analyzed relationships among species richness, phylogenetic diversity, average clade age and area across
the latitudinal gradient by linear and quadratic regressions (Wiens & Donoghue, 2004; Buckley et al., 2010; Kerkhoff, Moriarty
& Weiser, 2014). All analyses were performed in R software (R Core Team, 2018).
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RESULTS

We recovered 69 endemic snakes belonging to eight families in the Atlantic Forest region (Table 1). Species richness was lower
in lower latitudes, being concentrated in the Southeastern portion of Atlantic Forest. Richness presented a unimodal pattern with
a peak between 22 and 24° degrees south (Fig. 1; Fig. 2A), fitted to a quadratic model (R? = 0.67, p < 0.01; Fig. 2A). Average
clade age presented an inverse pattern, also fitted to a quadratic model (R? = 0.66, p < 0.01), with lower values between 25 and
29° degrees south (Fig. 2B). The relationship between area and species richness was also fitted by a quadratic model across the
latitudinal gradient (R? = 0.51, p < 0.01), with highest richness between 21 and 24° degrees south (Fig. 2C). Northern areas
presented higher values of phylogenetic diversity, despite lower values of species richness (Fig 1). Phylogenetic diversity
increased at lower latitudes (R2 = 0.30, p < 0.01), with highest values in 7, 8, 14, 15 and 17 degrees south (Fig. 2D).

Table 1: Species composition of endemic snakes from the Atlantic Forest ecoregion.

Species/Family

Tropidophiidae Dipsas albifrons (Sauvage 1884)

Tropidophis grapiuna (Curcio, Nunes, Argolo, Skuk & Rodrigues 2012) Dipsas alternans (Fischer 1885)

Tropidophis paucisquamis (Miller 1901) Dipsas sazimai Fernandes, Marques & Argolo 2010
Tropidophis preciosus (Curcio, Nunes, Argolo, Skuk & Rodrigues 2012) Echinanthera amoena (Jan 1863)

Boidae Echinanthera cephalomaculata Di-Bernardo 1994
Corallus cropanii (Hoge 1953) Echinanthera cephalostriata Di-Bernardo 1996
Anomalepididae Echinanthera cyanopleura (Cope 1885)
Liotyphlops caissara Centeno, Sawaya & Germano 2010 Echinanthera melanostigma (Wagler 1824)
Liotyphlops trefauti Freire, Caramaschi & Argolo 2007 Echinanthera undulata (Wied 1824)
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Leptotyphlopidae

Trilepida salgueiroi(Amaral 1955)

Viperidae

Bothrops alcatraz Marques, Martins & Sazima 2002
Bothrops cotiara (Gomes 1913)

Bothrops fonsecai Hoge & Belluomini 1959
Bothrops insularis (Amaral 1921)

Bothrops jararaca (Wied 1824)

Bothrops jararacussu Lacerda 1884

Bothrops leucurus (Wagler 1824)

Bothrops muriciensis Ferrarezzi & Freire 2001

Bothrops otavioi Barbo, Grazziotin, Sazima, Martins & Sawaya 2012

Bothrops pirajai Amaral 1923

Elapidae

Micrurus corallinus (Merrem 1820)

Micrurus decoratus (Jan 1858)

Dipsadidae

Atractus caete Passos, Fernandes, Bérnils & Moura-Leite 2010
Atractus francoi Passos, Fernandes, Bérnils & Moura-Leite 2010
Atractus guentheri (Wucherer 1861)

Atractus maculatus (Gunther 1858)

Atractus potschi Fernandes 1995

Atractus ronnie Passos, Fernandes & Borges-Nojosa 2007

Atractus serranus Amaral 1930

Elapomorphus quinquelineatus (Raddi 1820)
Elapomorphus wuchereri (Giinther 1861)
Erythrolamprus atraventer (Dixon & Thomas 1985)
Helicops carinicaudus (Wied-Neuwied 1825)
Mussurana montana (Franco, Marques & Puorto 1997)
Oxyrhopus clathratus Duméril, Bibréon & Duméril 1854
Oxyrhopus formosus (Wied-Neuwied 1820)

Philodryas arnaldoi (Amaral 1932)

Pseudoboa haasi Boettger 1905

Pseudoboa serrana Morato, Moura-Leite, Prudente & Bérnils 1995
Ptychophis flavovirgatus Gomes 1915

Sibynomorphus neuwiedi (Ihering 1911)

Siphlophis longicaudatus (Andersson 1907)

Siphlophis pulcher (Raddi 1820)

Sordellina punctata (Peters 1880)

Taeniophallus affinis (Glnther 1858)

Taeniophallus bilineatus (Fischer 1885)

Taeniophallus persimilis (Cope 1869)

Thamnodynastes longicaudus Franco, Ferreira, Marques & Sazima 2003
Thamnodynastes cf. nattereri (Mikan 1828)

Tomodon dorsatum Duméril, Bibrén & Duméril 1854
Tropidodryas serra (Schlegel 1837)

Tropidodryas striaticeps (Cope 1869)

Xenodon guentheri Boulenger 1894
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Atractus trihedrurus Amaral 1926 Xenodon neuwiedii Giinther 1863

Atractus zebrinus (Jan 1862) Colubridae

Caaeteboia amarali (Wettstein 1930) Chironius foveatus Bailey 1955

Calamodontophis ronaldoi Franco, Cintra & Lema 2006 Chironius laevicollis (Wied 1824)

Clelia hussami Morato, Franco & Sanches 2003 Dendrophidion atlantica Freire, Caramaschi & Gongalves 2010

Coronelaps lepidus (Reinhardt 1861)
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Figure 1: The Atlantic Forest of South America (left). Species richness (center) and phylogenetic diversity (right) of endemic snakes

from the Atlantic Forest in 1 degree resolution. Species richness presents higher values in the southeastern region, with maximum

value of 39 species per grid, highlighting the coastal mountain ranges. Lower values of phylogenetic diversity are located in areas with

more recent lineages (see details in text and Fig. 2).

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27450v1 | CC BY 4.0 Open Access | rec: 27 Dec 2018, publ: 27 Dec 2018



10

Richness

Area

50

40

30

20

10

12

10

A B
. »
-» ISR
L [i}]
o
. < B
se==a., T @ .
.o'. * ., » =] o _] .s
” - ] ‘. - L'_'U Lo “
o ‘e © . e
» . @ g .
- * o q.
+ B \ © L ] - - -
» L * - - [ - * r‘
* - m T . - "
'o . = * ..‘. * .t
., b =T s .
‘e* . & - apee_, "
¢ ~F -t
LI Y - 3.8 ....
L
[ I I | 1 [ I I | 1
10 15 20 25 30 10 15 20 25 30
Latitude Latitude
C D
) A I
.
.-@ . e *
L] w - - -,
L] © Pl I . @ *e
= "“..
- - . . o (=T ... “"q.
+ i L} e ™
. -2 2 $-. .
L .. g ‘",
» * -
. te TR . * el
s. 00 @ . ", =) . * . "~
A L
K . » t. £ o .
- v
" - o .
Y see e
: [ I I | 1 [ I I | 1
10 15 20 25 30 10 15 20 25 30
Latitude Latitude

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27450v1 | CC BY 4.0 Open Access | rec: 27 Dec 2018, publ: 27 Dec 2018



11

Figure 2: Latitudinal gradient of snake species richness (A) fitted by a quadratic model with highest values between 22 and 24 latitude
south (R? = 0.67; p < 0.01). Average clade age (B) had an inverse relationship with species richness, also fitted by a quadratic model
(R2 = 0.66, p < 0.01). Area in square degrees (C) followed the species richness, with greatest geographical extent between 21 to 24
latitude south (R2 = 0.51, p < 0.01). Phylogenetic diversity (D) of snakes was partially explained by a linear model with higher values
generally in lower latitudes (R? = 0.30; p < 0.01). Dashed lines correspond to fitted models.

Area had a strong relationship with species richness, explaining 78% of the variation of species number for endemic snakes
throughout the Atlantic Forest (p < 0.01, Fig. 3A). In contrast, decreasing phylogenetic diversity was associated to increasing area (R2
=0.31, p <0.01, Fig. 3B). Increasing area was negatively associated to average clade age across the latitudinal gradient (Fig. 3C; R? =
0.44, p < 0.01 for the quadratic model).
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DISCUSSION

The distribution of endemism is strongly affected by climatic variation along the Atlantic Forest (Carnaval et al., 2014). Phylogenetic
structure is variable across the latitudinal gradient of the Atlantic Forest (Moura et al., 2017). Northern areas show overdispersed
phylogenetic structure, with more distinct lineages of snakes. Southern portions, on the other hand, have a clustered phylogenetic
structure, with more proximally related species (Moura et al., 2017). An important gap in this context is the age of such clades.
Variations in species richness and phylogenetic diversity along environmental gradients are expected to be related to clade age across
space (Stephens & Wiens, 2003; Wiens, Pyron & Moen, 2011).

The presence of older lineages should be one of the most important evolutionary factors generating higher number of species
along latitudinal ranges (e.g. Wiens & Donoghue, 2004; Hawkins & DeVries, 2009; Pyron & Burbrink, 2009; Buckley et al., 2010;
Stevens, 2011; Romdal, Araujo & Rahbek, 2013; Moriniére et al., 2016). Surprisingly, in our results species richness of snakes was
negatively associated to average clade age in the Atlantic Forest. However, the variation of phylogenetic diversity, with higher values
in lower latitudes, corroborates the “tropical niche conservatism” hypothesis (see Fig. 1, and Wiens & Donoghue, 2004). Moreover,
area explained species richness distribution (see Fig. 3), but not phylogenetic diversity of Atlantic Forest snakes.

Ecological factors can affect species diversity (Jenkins, Pimm & Joppa, 2013; Mannion et al., 2014), restricting clades to
climatic zones associated to latitudinal variation (Wiens & Donoghue, 2004; Kozak & Wiens, 2007; Pyron & Burbrink, 2009). Climate
regimes can determine “biogeographical affinities” of species groups in latitudinal ranges, limiting clade dispersion across such
gradients (Harrison & Grace, 2007). Snakes could be largely influenced by ecological factors such as temperature, solar radiation,
productivity, and resource availability (Morales-Castilla et al., 2011). However, different clades might respond in different ways to
these factors across habitats (see Currie, 1991).

Higher environmental heterogeneity can promote rapid divergence among populations, as observed in tropical mountain
regions (Janzen, 1967; MacArthur, 1972; Pyron et al., 2015). We found that endemic species richness is concentrated in coastal ranges

of southeastern Atlantic Forest, especially along the “Serra do Mar” and “Serra da Bocaina” ranges. The latitudinal ranges with highest
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values of species richness include these complex mountain ranges harboring many endemic species. These areas encompass the higher
geographical extent in the Atlantic Forest latitudinal gradient, and are an important stronghold of ombrophilous dense forests (see also
Olson et al., 2001), with high numbers of endemic snakes. However, species richness alone does not fully capture all processes driving
snake diversity in the Atlantic Forest, and phylogenetic diversity provides additional clues on the drivers of endemic species

distribution.

The Atlantic forest can be considered as a complex mosaic with different ecological constraints among different habitats
(Ribeiro et al., 2011). Its northern portion could present phylogenetic relationships with Amazonian clades, which was already detected
with data on mammals (Costa, 2003). If the “tropical niche conservatism” hypothesis (sensu Wiens & Donoghue, 2004) is prevalent,
the northern fauna should present higher average clade age, as we show here for snakes. The relative age of clades influences
phylogenetic diversity values throughout the Atlantic Forest snakes. Furthermore, the presence of younger and phylogenetically
clustered clades suggest that southeastern mountain ranges act as a current cradle of snake diversity in the Atlantic Forest (Moura et
al., 2017).

The prevalence of recent clades in the larger portions of the Atlantic Forest is probably a result of higher diversification rates in
regions where area is not a limiting factor. The trend of snake specialization regarding habitat use, including the restriction to forested
areas and microhabitats (see Cadle & Greene, 1993; Greene & Greene, 1997), could result in reduced faunal interchange with adjacent
non forested areas. Species distribution patterns are the result of the evolutionary history and ecological affinities of their ancestors
(Wiens, 2004; Wiens & Graham, 2005; Losos, 2008; Pyron & Burbrink, 2009; Cooper, Jetz & Freckleton, 2010; Rivadeneira et al.,
2011; Peterson, 2011; Giehl & Jarenkow, 2012; Ulrich et al., 2012; Romdal, Araljo & Rahbek, 2013; Kerkhoff, Moriarty & Weiser,
2014; Pyron et al., 2015). Thus, phylogenetic niche conservatism might favor geographical restrictions of a given clade to ancestral
latitudinal ranges (see also Wiens & Donoghue, 2004; Pyron & Burbrink, 2009) and to particular habitats, which could explain the
patterns found here.
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CONCLUSIONS

Higher average clade age was not related to species richness along the Atlantic Forest latitudinal gradient. Species richness was
positively related to area, a possible result of higher carrying capacity and resource availability (Holt, 1993). Larger areas could also
reduce stochastic extinctions (Kadmon & Allouche, 2007). Thus, area effect should be considered the most significant driver of species
richness in the Atlantic Forest snakes. Furthermore, the “tropical niche conservatism” can explain the presence of many different
lineages in lower latitudes, but not the number of species, indicating that clade history and age is also an important factor in
understanding current biodiversity distribution.

ACKNOWLEDGEMENTS

We are grateful to Dr. Cristiano de Campos Nogueira for valuable comments on earlier versions of the manuscript.

REFERENCES
Brown JH. 2014. Why are there so many species in the Tropics? Journal of Biogeography 41:8-22.

Buckley LB, Davies TJ, Ackerly DD, Kraft NJB, Harrison SP, Anacker BL, Cornell HV, Damschen EI, Grytnes JA, Hawkins
BA., McCain CM, Stephens PR, Wiens JJ. 2010. Phylogeny, niche conservatism and the latitudinal diversity gradient in
mammals. Proceedings of the Royal Society B-Biological Science 277:2131-2138.

Cadle JE, Greene HW. 1993. Phylogenetic patterns, biogeography, and the ecological structure of Neotropical snake assemblages. In:
Ricklefs RE, Schluter D, eds. Species diversity in ecological communities: historical and geographical perspectives. Chicago:

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27450v1 | CC BY 4.0 Open Access | rec: 27 Dec 2018, publ: 27 Dec 2018



16

University of Chicago Press, pp. 281-293.

Carnaval AC, Waltari E, Rodrigues MT, Rosauer D, VanDerWal J, Damasceno R, Prates I, Strangas M, Spanos Z, Rivera D,
Pie MR, Firkowski CR, Bornschein MR, Ribeiro LF, Moritz C. 2014. Prediction of phylogeographic endemism in an
environmentally complex biome. Proceedings of the Royal Society B 281:20141461.

Cooper N, Jetz W, Freckleton RP. 2010. Phylogenetic comparative approaches for studying niche conservatism. Journal of
Evolutionary Biology 23(12):2529-2539.

Costa LP. 2003. The historical bridge between the Amazon and the Atlantic forest of Brazil: a study of molecular phylogeography

with small mammals. Journal of Biogeography 30:71-86.
Currie DJ. 1991. Energy and large-scale patterns of animal- and plant-species richness. The American Naturalist 137:27-49.
Faith DP. 1992. Conservation evaluation and phylogenetic diversity. Biological Conservation 61:1-10.
Gaston KJ. 2000. Global patterns in biodiversity. Nature 405:220-227.

Giehl ELH, Jarenkow JA. 2012. Niche conservatism and the differences in species richness at the transition of Tropical and
Subtropical climates in South America. Ecography 35(10):933-943.

Greene HW, Greene A. 1997. Snakes: the evolution of mystery in nature. Berkeley: University of California Press, 351.

Guedes TB, Sawaya RJ, Zizka A, Laffan S, Faurby S, Pyron RA, Bérnils RS, Jansen M, Passos P, Prudente ALC, Cisneros-
Heredia DF, Braz HB, Nogueira CC, Antonelli A. 2018. Patterns, biases and prospects in the distribution and diversity of
Neotropical Snakes. Global Ecology and Biogeography 27:14-21.

Harrison S, Grace JB. 2007. Biogeographic affinity helps explain productivity-richness relationships at regional and local scales. The

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27450v1 | CC BY 4.0 Open Access | rec: 27 Dec 2018, publ: 27 Dec 2018



17

American Naturalist 170:S5-S15.

Hawkins BA, DeVries PJ. 2009. Tropical niche conservatism and the species richness gradient of North American butterflies. Journal
of Biogeography 36:1698-1711.

Holt RD. 1993. Ecology at the mesoscale: the influence of regional processes on local communities. In: Ricklefs RE, Schluter D, eds.
Species diversity in ecological communities. Chicago: University of Chicago Press, pp. 77-88.

Holt RD, Gomulkiewicz R. 2004. conservation implications of niche conservatism and evolution in heterogeneous environments. In:

Ferriere R, Dieckmann U, Couvet D, eds. Evolutionary conservation biology. UK: Cambridge University Press, pp. 244-264.

Hortal J, Triantis KA, Meiri S, Thébault E, Sfenthourakis S. 2009. Island species richness increases with habitat diversity. The
American Naturalist 174(6):E205-17.

Janzen DH. 1967. Why mountain passes are higher in the Tropics. The American Naturalist 101(919):233-249.

Jenkins CN, Pimm SL, Joppa LN. 2013. Global patterns of terrestrial vertebrate diversity and conservation. Proceedings of the
National Academy of Sciences of the United States of America 110(28):E2602-E2610.

Kadmon R, Allouche O. 2007. Integrating the effects of area, isolation, and habitat heterogeneity on species diversity: a unification of

island biogeography and niche theory. The American Naturalist 170(3):443-454.

Kembel SW, Ackerly DD, Blomberg SP, Cornwell WK, Cowan PD, Helmus MR, Morlon H, Webb CO. 2018. Package ‘picante’.
Available at https://cran.r-project.org/web/packages/picante/picante.pdf.

Kerkhoff AJ, Moriarty PE, Weiser MD. 2014. The latitudinal species richness gradient in new world woody angiosperms is

consistent with the tropical conservatism hypothesis. Proceedings of the National Academy of Sciences of the United States of

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27450v1 | CC BY 4.0 Open Access | rec: 27 Dec 2018, publ: 27 Dec 2018



18

America 111(22):8125-8130.

Kozak KH, Wiens JJ. 2007. Climatic zonation drives latitudinal variation in speciation mechanisms. Proceedings of the Royal Society
B 274(1628):2995-3003.

Losos JB. 2008. Phylogenetic niche conservatism, phylogenetic signal and the relationship between phylogenetic relatedness and
ecological similarity among species. Ecology Letters 11(10):995-1003.

MacArthur RH. 1972. Geographical ecology: patterns in the distribution of species. New Jersey: Princeton University Press, 269.

Mannion PD, Upchurch P, Benson RBJ, Goswami A. 2014. The latitudinal biodiversity gradient through deep time. Trends in
Ecology and Evolution 29:42-50.

Morales-Castilla 1, Olalla-Tarraga MA, Bini LM, Marco Jr P, Hawkins BA, Rodriguez M. A. 2011. Niche conservatism and

species richness patterns of Squamate reptiles in eastern and southern Africa. Austral Ecology 36(5):550-558.

Moriniére J, Van Dam MH, Hawlitschek O, Bergsten J, Michat MC, Hendrich L, Ribera I, Toussaint EF, Balke M. 2016.

Phylogenetic niche conservatism explains an inverse latitudinal diversity gradient in freshwater arthropods. Nature 6:26340.

Moura MR, Costa HC, Argblo AJS, Jetz W. 2017. Environmental constraints on the compositional and phylogenetic beta-diversity
of Tropical forest snake assemblages. Journal of Animal Ecology 86:1192-1204.

Myers N, Mittermeier RA, Mittermeier CG, Fonseca GAB, Kent J. 2000. Biodiversity hotspots for conservation priorities. Nature
403:853-858.

Olson DM, Dinerstein E, Wikramanayake ED, Burgess ND, Powell GVN, Underwood EC, D’Amico JA, Itoua I, Strand HE,
Morrison JC, Loucks CJ, Allnut TF, Ricketts TH, Kura Y, Lamoreux JF, Wettengel WW, Hedao P, Kassem KR. 2001.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27450v1 | CC BY 4.0 Open Access | rec: 27 Dec 2018, publ: 27 Dec 2018



19

Terrestrial ecoregions of the world: a new map of life on Earth. BioScience 51(11):933-938.

Parent CE. 2012. Biogeographical and ecological determinants of land snail diversification on islands. American Malacological
Bulletin 30:207-15.

Peterson AT. 2011. Ecological niche conservatism: a time-structured review of evidence. Journal of Biogeography 38(5):817-827.
Pianka ER. 1966. Latitudinal gradients in species diversity: a review of concepts. The American Naturalist 100(910):33-46.

Pyron AR, Burbrink FT. 2009. Can the tropical conservatism hypothesis explain temperate species richness patterns? An inverse
latitudinal biodiversity gradient in the New World snake Tribe Lampropeltini. Global Ecology and Biogeography 18(4):406—
415.

Pyron RA, Costa GC, Patten MA, Burbrink FT. 2015. Phylogenetic niche conservatism and the evolutionary basis of ecological
speciation. Biological Reviews 90(4):1248-1262.

Qian H, Wiens JJ, Zhang J, Zhang Y. 2015. Evolutionary and ecological causes of species richness patterns in North American

Angiosperm trees. Ecography 38(3):241-250.

R Core Team. 2018. R: A Language and environment for statistical computing. R foundation for statistical computing, Vienna.
Available at https://www.R-project.org.

Ribeiro MC, Martense AC, Metzger JP, Tabarelli M, Scarano F, Fortin MJ. 2011. Biodiversity hotspots: distribution and
protection of conservation priority areas. Berlin: Springer, 546.

Ribeiro MC, Metzger JP, Martensen AC, Ponzoni FJ, Hirota MM. 2009. The Brazilian Atlantic Forest: how much is left, and how

is the remaining forest distributed? Implications for conservation. Biological Conservation 142(6):1141-1153.

Rivadeneira MM, Thiel M, Gonzalez ER, Haye PA. 2011. An inverse latitudinal gradient of diversity of Peracarid crustaceans along

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27450v1 | CC BY 4.0 Open Access | rec: 27 Dec 2018, publ: 27 Dec 2018



20

the pacific coast of South America: out of the deep south. Global Ecology and Biogeography 20(3):437-448.

Romdal TS, Aradjo MB, Rahbek C. 2013. Life on a Tropical planet: niche conservatism and the global diversity gradient. Global
Ecology and Biogeography 22(3):344-350.

Stephens PR, Wiens JJ. 2003. Explaining species richness from continents to communities: the time-for-speciation effect in Emydid
turtles. The American Naturalist 161:112-128.

Stevens RD. 2011. Relative effects of time for speciation and tropical niche conservatism on the latitudinal diversity gradient of
Phyllostomid bats. Proceedings of The Royal Society B 278:2528-2536.

Tonini JFR, Beard KH, Ferreira RB, Jetz W, Pyron RA. 2016. Fully-sampled phylogenies of squamates reveal evolutionary
patterns in threat status. Biological Conservation 204:23-31.

Tsirogiannis C, Sandel B. 2017. Package ‘PhyloMeasures’: fast and exact algorithms for computing phylogenetic biodiversity

measures. Available at https://cran.r-project.org/web/packages/PhyloMeasures/PhyloMeasures.pdf.

Ulrich W, Piwczynski M, Maestre FT, Gotelli NJ. 2012. Null model tests for niche conservatism, phylogenetic assortment and
habitat filtering. Methods in Ecology and Evolution 3(5):930-939.

Wiens JJ. 2004. Speciation and ecology revisited: phylogenetic niche conservatism and the origin of species. Evolution 58:193-197.

Wiens JJ. 2012. Why biogeography matters: historical biogeography vs. phylo-geography and community phylogenetics for inferring

ecological and evolutionary processes. Frontiers of Biogeography 4(3):128-135.

Wiens JJ, Ackerly DD, Allen AP, Anacker BL, Buckley LB, Cornell HV, Damschen EI, Davies TJ, Grytnes JA, Harrison SP,
Hawkins BA, Holt RD, McCain CM, Stephens PR. 2010. Niche conservatism as an emerging principle in ecology and

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27450v1 | CC BY 4.0 Open Access | rec: 27 Dec 2018, publ: 27 Dec 2018



21

conservation biology. Ecology Letters 13(10):1310-1324.

Wiens JJ, Donoghue MJ. 2004. Historical biogeography, ecology and species richness. Trends in Ecology & Evolution 19(12):639—
644.

Wiens JJ, Graham CH. 2005. Niche conservatism: integrating evolution, ecology, and conservation biology. Annual Review of
Ecology and Systematics 36:519-539.

Wiens JJ, Pyron RA, Moen DS. 2011. Phylogenetic origins of local-scale diversity patterns and the causes of Amazonian
megadiversity. Ecology Letters 14(7):643-652.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.27450v1 | CC BY 4.0 Open Access | rec: 27 Dec 2018, publ: 27 Dec 2018



