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ABSTRACT
Do thermal barriers limit biotic composition and community similarity, potentially
helping to shape biodiversity patterns at continental scales? Are environmental variables
responsible for broadcale patterns of species endemism? Are these patterictaivk® And,
how can patterns of endemism can inform global conservation strategies? These are some of the

guestions that | attempted to answer during my doctoral research.

In the first chapter, | tested one of the most contentious hypotheses in e@wogy:
thermal barriers, which grow stronger along elevational gradients across tropical mountains,
create a dispersal barrier to organisms and consequently contribute to the isolation and
divergence of species assemblages? If so, do patterns potentialigtgermrthis mechanism
detectably relate to dissimilarity of biotic assemblages along altitudinal gradients across the
mountains in the Americas? We found that mountain passes are not only higher in tropical
realms, as initially thought bjanzen (1967 and extensively popularized and assumed in further
researchbut they are also present in temperate regions along the western coast of North
America. We also found that the stronger the thermal barrier, the higher the dissimilarity
between communities. However, the variance explained was low, suggesting therie barr

play a minor role in creating and maintaining patterns of biodiversity.

The second chaptesisesthe question ofvhy are there more smathnged species in
some places than in othets¢esedfour macroecological hypothesdsX: climatevelocity; H2
climate seasonality; H3: climate distinctiveness or rarégg,H4: spatial heterogeneity in
contemporary climate, topography or habjtad predict broagcale patterns of species
endemismusingacrosscontinental validatiompproach. We found thdtdre is no empirical

reason, from the standpoint of model fitting, parameter estiatdsnodel validation, to claim
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that any of these hypothesgeates and maintains bresdale patterns of endemisiithough

we foundstatisticallysignificant relatioships they failed stronger tesof a causal relationship
namelyaccurate predictiorlhat is, thehypotheseslid not survive the test of cressntinental
validation, failing to predict observed patterns of endemism. Climate velocity was dropped from
same modelssuggesting that early correlations in some places probably reflect collinearity with
topographyThe effect of richness on endemism was in some cases neglsgigigesnhg that

patterns of endemism are not driven by the same variables asctutaiss. Despite low
explainedvariance spatial heterogeneity in potential evapotranspiration was the most consistent

predictor in all models

The third chapter is aimed to evaluate the extent to which global protected areas (PAs) have
included endemicpecies(species with small range size relative to thedian range sizeYVe
measure the relativeoverageof endemic species by overlapping species geographic ranges for
amphibians, mammaland birdswith theworld database d?As (19962016) Then we measure
the rate of expansion of the global PA network and the rate of change in endemic species coverage.

We found that-30% of amphibian;-6% of bird and~10% of mammal endemic species
are completelputsidePAs.Mo st endemi ¢ sepmecicthe @A detworka(antplkitsan i n
species= 58%; birds = 83%; mammals = 86%), but it usually covers less than 50%irof the
geographic range. Almost 50% of specmsdsidethe PA network are considered threatened
(critically endangered, endangered and wvidb&e). We identified that ecoregions in tropical
Andes, Mesoamerica, Pacific Islands (e.g., New Guinea, Solomon), Dry ,Glratdtlantic
forests are major conservation priorities areas.

The historic rates of new PAs added every year to the networkvsedm®et~6,000 to

~15,000. In contrast, wileund that rates ahcluding endemic species within the PA netwbéave
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been fairly slowHistoric data shows that every year, the entire geographic raBgaraphibians)
to 6 (birds and mammal®ndemic species 100% included insidide PA network (amphibians
= from 162 to 233; mammals = 10 to 84; and, amphibians = 8@)t@ased on these trends, it is
very unlikely PAs will include all endemic species (14% total endemic species, tiab@8-out
of 11,274 currently outside the PA network by 2020. It wéquirefive timesthe effort made in
the last two decadeblowever, projections also showed that is very likely that some portions of
the geographic ranges for all endemic birds and mammals, but not émdaimic amphibians,
will be covered by the future PA network.

| sum, | found that none of the hypotheses tested here can explairsbabaghatterns of
total species richnessatotal species endemism. My main contribution on this research area is
clearly rejecting these hypotheses from potential candidates that may explain biodiversity
patterns. By removing therwe advance in this field and open possibilities to test new
hypotresesand evaluate their mechanisms. | proposed that other drivers and mechanisms
(whether biotic and biotic) acting at local scales, and escaping the detection of macroecological
approaches, might be responsible for these patterns. Finakyms of coservation planning,
proposed that the international commurisan opportunity to protect a great number of

endemic species and their habitats before 20200ey strategically create new PAs.
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GENERAL INTRODUCTION

Identifying broadscale patterns of species distributions, and testing hypotheses aimed to
explain the origin and maintenance of these patterns, is a main tenet in detdadynset al,
2003, with important implications in conservatigdyerset al, 200Q Mittermeieret al, 2005
Ormeet al, 2006. My thesis tests some of the most contentions hypotheses in ecology intended
to explain broagscale patterns in species distributions. | am also interested in using these
biodiversity pattrns to inform biodiversity conservation, in particular by investigating broad
scale patterns of species endemism. To do this, | use a macroecological approach that attempts to
find generalities in species distributions, test important hypotheses withi@hg@ata, and draw

some recommendations for biodiversity conservation.

Geographical range size is one of the essential ecological and evolutionary traits of a
speciefGaston,2008 and spatial wvariation in speciesbo
and maintenance of global diversity pattgi@smeet al, 2006. Operationally, a terrestrial
species is considered endemic if it has a small geographic distribution (also known as range
restricted specieg)etzet al, 2004 Ohlemdlleret al, 2008aPimmet al, 20149, regardless of
the size of the land surroundingAnderson, 1994 So, endemic species are not only expected
in small and isolated islands, but also in large continental masses -Ratrgged species tend
tobeconcenr at ed i n particular regions in the worl
e n d e miLanoreuxet al, 2009. How did some species successfully thrive while
maintaining small range sizdanzen (1967/proposed an elegant mechanism to explain the
origins and maintenance of this phenomemranounced changes in climatic conditions along
elevation gradients may facilitate allopatric speciation by limiting species dispehnseth in

turn may promote speci@shabiting tropical montane environmemdsoonstrain elevational
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distributions, resulting in small geographic ranges. So, in my first chapter, | attem@asoire
and investigatéhe spatial variatiorof thermal barriergdifferences in yearound thermal
regimes between two locations, and the gaplic space between theralpng elevation
gradients in mountain ranges, and tegdiether theséhermalbarriers predict gradients of
assemblagsimilarity across the latitudinal extent of those mountain rarigesen (1967
argues that organismal dispersal of organisms attempting to cross mountaintops migiedbe lim
by strong differences in thermal regimes between lowlands and highlands. This effect should be
stronger in tropical realms becauseperature seasonalitytifeought to bdower in tropical than
temperate environmenfdanzen, 1967 That is a tropical species inhabiting a lowland area is
less likelyto encounter tolerablemperatures at high elevatiofitsis suggested that this
mechanism may isolate species, promote allopatric speciation, and affect biodiversity patterns
(Janzen, 196Ghalambolet al, 2006 Mittelbachet al, 2007. Here, | ask whether thermal
barriers are widespread or exclusively present in tropical realms, and whether stronger thermal
bariers in the tropics explains biotic dissimilarity along a latitudinal gradient across mountain
systems in the Americas.

In Chapter 2, | investigate broadale patterns of endemism. Highmbers of species
with relatively small rangeareconcentrated isome regionsf the Earth(Jetz & Rahbek,
2002, creating broagcale patterns of species endem{tamoreuxet al, 2009. For example,
rangerestricted species are more common on islands and mountain areas, predominantly in the
southern hemisphef®rmeet al, 2006. So, | ask why there are so many species with small
geographic ranges (endemic species) in some places and not slhkeos@hseveral
mechanism&ave been proposed to explain theseepast includingovariation with climate,

spatial heterogeneity, the effect of historical factors, and biotic intera¢E@idsa & Lovett,
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1997 Jansson, 200®hlemdlleret al, 2008a Sandekt al, 2011, theirrelative roles are still
contentiousHere, wetest the power of macroecological hypothestk ¢limate velocity; H2:
climate seasonality; H3climate distinctiveness or rarity; H4patial heterogeneity in
contemporary climate, topography or habitat; and, k#al species richney$o predict broad
scale patterns of species endemibgvaluate the robustnesstbé staistical models using
crosscontinental validation. We ask whether the strength of the signal is strong enough to yield
informative predictions of numbers of endemic species in independent geographithateas
whether the predictions are unbiased emasistently matched by observed trendtswever,|
beginby reviewing various methodological issues that complicate efforts to evaluate potential
explanations and/hich may affect final conclusions. These include: (i) the spatial resolution of
the analys (Buckley & Jetz, 2008 (ii) the nature of metrics to measure species endemism
(Crispet al, 2001) (iii) collinearity between predicto®ormannet al, 2013, (iv) the unusual
statistical properties of spatial patterns of species endemism, such-adlaémn (i.e., excess

of zeros in data setBjartin et al. (2005, (v) the strong correlation between metrics of species
endemism and species richngs$), the way metrics are corrected for this eff€Crispet al,

2001), and(vii) the lack of taxonomic congruence in patterns of endenflsamoreuxet al,

20069.

In the third chapter, | evaluate whether endemic species are protected in the global
Protected Areas (PA) network. In fachdemismalong with other factorsrasbeen used to
identify global priorities for conservation. For instance, biodiversity hotspots (i.e. cdregh
endemisnmundergoing severe habitat loss), are aimed to protect not only high number of, species
but evolutionary proceg§jeldsaet al, 1999, and places with bidiversity vulnerability and

irreparability(Myerset al, 200Q Ricketts, 2001Mittermeieret al, 2009. Extensive evidence
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suggests that climate change is likely to have a negative effect on global biod(\Rasitgsan,
2006 Bellardet al, 2012. In this context, species with small geographic ranges are more
vulnerable to go extinct because they are unaliteep pacevith climate changéGaston, 1998
Thomaset al, 2004 Malcolm et al, 2006 Moritz & Agudo, 2013h, aphenanenon thatan be
modulated by the interaction between spdéespersal capabilities, habitat specialization,
thermal adaptatigrand interactions with other spec{®alcolmet al, 2002 Gilmanet al,

201Q Sinervoet al, 201Q. In general, biodiversity hotspatislyerset al, 200Q are projected to
experience the disappearance of extdimates(Williams et al, 2007 Bellardet al, 2014, and
the interaction between climate change and habitat loss may exacerbate extinc{itnavisk
2003 Malcolmet al, 2006 Moritz & Agudo, 2013 So, in the third chapter, | ask whether the
historical rate of change in endemic species coverage by the global PA network is likely to
protect all endaic species by 202@y 2020,theinternational community has pledged to
increase terrestri@Asto at least 17% of current Earth surface exténthi biodiversity target
11) (CBD, 2010, so there is an opportunity to protect some features of biodiversity such as
endemic specied/ore specifically, | ask when would full endemic coverage be achieved at
present rates of change? In additiopetform a comprehensive gap analysis to quantify the
number of endemic species that are not covered byA@etwork and their relative threatede
status. provide detailed information on endemic species and geographic areas for conservation

that would help countries to mgabnvention of Biological Diversity (CBDargets.
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CHAPTER 1. Over the top: do thermal barriers alongelevation gradients limit biotic

similarity?

Note: this paper has been published in the-p@gew journal Ecography, with the following

citation:

Zuloaga, J. and Kerr, J. T. (2017), Over the top: do thermal barriers along elevation gradients

limit biotic similarity? Ecography, 40: 47886. doi:10.1111/ecog.01764

ABSTRACT

Organismal dispersal through mountain passes should be more constrained by temperature
related differences between lowland and highland sites in montane environments. This may lead
to higher rates of diversification through isolation of existing lineageard the tropics. This
mechanism, proposed by Janzen (1967), could influence-soadel patterns of biodiversity

across mountainous regions and more broadly across latitudinal gradients. We constructed two
complementary analyses to test this hypoth&sist, we measured topographicatlgrived

thermal gradients using recentlgveloped climatic data across the Americas, reviewing the

main expectations from Janzenbs climatic mode
predictassemblagsimilarity for amphibians and mammals along elevational gradients across

most of their latitudinal extent in the Americas. Thermal barriers between low and high elevation
areas, initially proposed to be unique to tropical environments, are comparably strong in some
temperate regions, particularly along the western slopes of North American dividing ranges.

Biotic similarity for both mammals and amphibians decreases between sites that are separated by
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elevationrelated thermal barriers. That is, the stronger the tHdyarderseparating pairs of

sites across the latitudinal gradigtiite lower the similaritpf their species assemblages

Thermal barriers explain 185% of the variation in latitudinal gradients of biotic similarity,
effectsthatwere stronger in compiapns of sites at high elevatiodda mmal s & str onger
dispersal capacities and homeothermy may explain weaker effects of thermal barriers on

gradients oiissemblagsimilarity than among amphibians. Understanding how temperature
gradients have shaped gradi&of montane biological diversity in the past will improve

understanding of how changing environments may affect them in the future.

INTRODUCTION

Barriers to dispersal arising from pronounced changes in climatic conditions along elevation
gradients mayacilitate allopatric speciation by limiting species dispersal, which influences
broadscale patterns of species richness and composgiteozen, 196Ghalamboret al, 2006
Mittelbachet al, 2007 Buckleyet al, 2013. Reduced temperature seasonality in tropical
environments is also likely to cause species to specialize on narrower climatic conditions and
reduce their capacity to acclimate to the wide range of tempesahat challenge organisms in
temperate or cold environmer{tevens, 198Bonebrake, 2013In other words, allopatric
speciatiorrates in mountainous areas depend strongly on climate and particularly on temperature
(Janzen, 1967 Because temperature seasonality is lower in tropical thapetate

environments, a tropical species inhabiting a lowland area is unlikely to encounter tolerable
temperatures at high elevations. In comparison, thermal regimes between lowland and highland

areas overlap substantiallyregions with more pronounceenhperatureseasonality. Organisms



in suchareas are, as a result, less likely to experience strong dispersal limitations arising from
intolerance to temperature differences along elevation gradiéhtdamboret al, 2006.

Species inhabiting tropical montane environments occupy smaller elevational ranges
(Wake & Lynch,1976 Huey, 1978 Navas, 2002Ghalambotet al, 2006 Ormeet al,, 2008
McCain, 2009 and show narrower thermal tolerances than species in temperate montane
environmentgAddo-Bediakoet al, 200Q Kozak & Wiens, 2007Deutschet al, 2008 Cadena
et al, 2019. Colder temperatures at high elevatioapresent thermal barriers thiatit dispersal
rates among species wihichnarrow thermal tolerancegeducing gene flow between
subpopulations and increasialijppatric speciatiomates While this process could contribute to
the origin and maintenancoé global gradients of species diversityere is mixed evidence that
tropical speciation rates exceed those of temperate reffEnahamet al, 2004 Kozak &

Wiens, 2006Rissler & Apodaca, 20Q Peterson & Nyari, 20Q8Hua & Wiens, 2010Cadenaet

al., 2012. Niche conservatism could reduce the capacityeéoriginating under warm
conditionsto establish populations liigher elevationgooler areagMoritz et al, 200Q Wiens,
2004 Wienset al, 201Q Kozak & Wiens, 201Pandclimate changeelatedextinction riskfor
some taxgDeutschet al,, 2008 Sinervoet al, 201Q Kerr et al, 2013. Understanding how
climate i nter act dcalweharacterissciBeckleyet al.620183 Goyitineet | o0 g
al., 2014 and requirements for behavioraetmoregulatiorfKearneyet al, 2009 Meiri et al,
2013 Sundayet al, 2014 will help assessments of emerging conservation challdngegich
responses to climatic conditions play a White & Kerr, 2007.

Here, we test whether broadale gradients in assemblage similarity among mammals
and amphibians relate to thermal barriers associateddwitting mountain ranges in western

North and South AmericaVe predict that increasing thermal barriers associated with gradients



of temperature seasonality in mountainous areas across latitudes should lead to lower assemblage
similarity among sites separated by those barriers. Population isatatimre likelyin
mountainougocalitieswhere temperatureelateddispersal barrierare more persistent

seasonallyWiens & Graham, 20Q%5halambotet al, 2006 Kozak & Wiens, 2007Mittelbach

etal., 2007 Buckley & Jetz, 2008VicCain, 2009 Cadeneet al, 20139, leading to higher

allopatric speciation rate¥he spatial relationship between assemblage similarity and thermal
barriersshouldbe more pronouncemimongtaxa that are more singly affected by

environmental temperatures (i.e. ectotheramjthose with lowedispersal capacities

(Angilletta, 2009.

MATERIAL AND METHODS

Topography and thermal barriers

We constructed detailed measuremenftthermaloverlap between thermedgimesamongsites
acrosghe AmericasWe define a thermal regime as the temperature range between maximum
and minimum monthly temperature observed throughout the year for a particular site. Thermal
overlap is the similarity betwedhermal regimesin areas where thermal reginiffer

substantially (i.e. there is little or no thermal overlap), thermal barriers to dispersal are likely to
be present. Wmeasuredhermal regimes at the resolution of the climate datak@?) across
mainland areas of the Americas using monthly teatpee data from WorldClinfor the 1951

2000 periodCrossvalidated accuracy assessments of temperature measurements in the
WorldClim dataset indicate that temperature normals for this period are usually with@ .3
observed values, with uncertaintiagemperature measures rising in the most sparsely sampled

and mountainous areas, respectiélymanset al, 2005. The density of meteorological



stations and availability of long term monitoring varies across the Americas and likely increases
the uncertainty around estimates of thermal barriers that we hypothesize should limit species
dispersal rates across mountainous regiGesgraphic data weprojected into Lambert

Azimuthal EqualArea projection and processed using Arcinfo Grid 10.3 (ESRI, 2014).

We selected 404 focal sitedsigure 1.1) over which quadrats for biological
measurements could be centred and temperedlated data extractedrfeubsequent analyses.

This set of 404 focal sites includes 202 at low elevations (300 metres above sea level, m.a.s.l.)
and 202 at high elevations (2000 m.a.s.l.). Low and high elevation focal sites were each divided
into 101 eastvest pairs, separated Hividing mountain ranges (e.g. Andes). Focal sites were
situated from 69°N to 39°S with ~150 km latitudinal gaps between thegaré 1.1). The two

sets of 202 focal sites were divided evenly between eastern and western areas, so 101 focal sites
on the astern slopes were paired with 101 focal sites on western slopes at both low and high
elevations (Figre 1.1b). We computed the degree of thermal overlap between each focal site and
all other pixels throughout the Americas, creating 404 thermal overlggrssirelative to every

focal site (e.g., thermal overlap map for an example focal skeure 1.).

For all pixels in the Americas, we extracted the maximum temperature of the warmest
month and minimum temperature of the coldest mdritju¢e 1.t) (Hijmanset al, 2005. We
measured temperature in kelvins to avoid negative values in later calculations. Then, we used
resulting thermal regimeslues to parameterize EquationFlgure 1.H), which measures

pairwise thermal overlap between each focal site and all other areas in the Americas:
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whered is the temperature overlap between theaf site and each other site in the Americas for
theith month. Riis the difference in kelvins between the monthly mean maximum and minimum
for theith month of the focal site andiRs the corresponding value for each other site in the
Americas. Thanaximum thermal overlap value is 12 if thermal regimes between two sites share
identical monthly minimum and maximum temperatures throughout theFigard 1.E).

Thermal overlap decreases as thermal regimes between sites grows more dissimilar. @ero valu
are possible if there is no overlap between thermal regimes between a focal site and another site
and negative values will be observed if there is an annually persistent temperature difference
(e.g., the maximum temperature of one site is always |dveerthe minimum temperature of
another, Figrel.1le). Finally, we measured how thermal overlap changes along altitudinal
gradients across the Americas by regressing observed thermal overlap values against elevation
using ordinary least squares regressie.use the slope of these regressions to evaluate how
thermal regimes vary with respect to elevation across the Ameditasita are available freely

from http://www.macroecology.cahd Supplementary Materials, Appendix-ig(re S1.).

Assemblage sitairity

We used distribution data for 1771 terrestrial mammal sp@eatersoret al, 2007 from

IUCN (http://www.iucnredlist.org) and 3131 amphibian species from Natureserve
(http://www.natureserve.org/) in the western hemisphere. Distribotagrs generally have fewer
false absences than presepnody datasets but contain many false presences; compositional
similarity between pairs of quadrats may appear misleadingly high tenge map data. In

addition, species distributions are less certain in tropical regions, a trend that is likely to be more

pronounced at high elevations, where local distribution differences due to topographical



complexity may be undetectedo Bur knavledge, this uncertainty has not yet been directly
tested and is beyond the scope of this paperr&ults should be considered conservative (i.e.,
errors of commission in species range data are more common and increase appananiage
similarity amang paired quadrats).

We measured species presenagthin quadrats of ~100 kfreentered on each of the 404
focal sites, described above. A species was considered present if any portion of its range
intersected a quadrat. We centered quadrats at 300 a@d28G.1. (and focal sites for thermal
overlap calculations) to overcome two constraints. First, elevation contours at 2000 m.a.s.l. are
generally present across the study region of North and South America, while elevations greater
than this are not. Sead, some areas in Central America are narrow and have very small land
areas near sea level, with steep slopes rising quickly above. In these areas, placing quadrats at
300 and 2000 m.a.s.l., respectively, eliminated spatial overlap between adjacensgudnirht
would have misled measurements of similarity.

Pairwise similarity between species assemblagsie pairsvas measured using the
Sarensen coefficient in EstimateS versiqi€8lwell, 2013. We constructed a presence/absence
matrix for mammals and amphibians within each quadrat. We created tvad getsvise
comparisons: first between pairs of lowland quadrats (300 m.a.s.l.) and a second between pairs of
highland quadrats (2000 m.a.s.|.}fa same latitude to the east and west of the dividing
mountain rangeNigure 1.%). We compared eastest pairs of quadrats (i.e. separated by
dividing rangesFigure 1.D) at the same elevation, which are more likely to represent
biologically independenneasurements, reducing potential area effects on biodiversity patterns

that can mislead analyses in mountainous redi@omdal & Grytnes, 2007



The Sgrensemmdex uses presenadsence data and gives double weight to presences in

two quadratg§Legendre & Legendre, 1998This measure is calculated as:

Y —@

whereA is the number of species common to both quadatslj; B is the number of species
present only at quadrgtandC is the number of species present only at quadftaoet al,
2005. Values range between 0 and 1, where 1 indicates that the two quadrats have the same

species composition, and 0 means the two quadrats sharecresspe

Thermal barriers separating assemblages

We used the maximum difference in thermal regimes separating paired sites as an index of
thermal barriers that organisms would encounter while moving from one quadrat to another
across the dividing range. Th®logical impact of a thermal barrier should be greater if a
dispersing organism encounters temperatures that are rarely or never present in the area from
which it moved. Thermal barriers, as measured here (and described in Janzen, 1967), measure
the difference in thermal regimes between points of origin for dispersal (at low or high

elevations) and the mountain passes that separate this point of origin from a quadrat at the same

elevation across the dividing mountain range.

Statistical Analysis
We constucted ordinary least squares regression models to test whether thermal imagrlap
limit assemblageimilarity among pairs of quadrats across the Americas. Spatial autocorrelation

normally influences broadcale analyses across gridded sampling networks profoundly, which
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diminishes reliability of their probability tests by violating the assumptiondgpendence of
regression errors and biases predictor coefficiits et al, 2009. Analyses here rely on
assemblagsimilarity, a characteristic shared between paired sites separated by known distances.
This pairwise distance measurement accounts for the extent to which purely spatial effects
predct similarity, which decreases with geographic distgSm®ninenet al, 2007. We

included pairwise site separation as a covariate in all analyses. Distance and similarity were
square rootransformed to improve normality and homoscedasticity of residNalsola &

White, 1999.

We analyzed two sets of quadratsich werecentred on pairs of focal sites. First, we
compared lowland quadrats (300 m.a.s.|.; &dest,EWand WestEast, WE, Figure 1.%) and,
separately, highland quadrats on opposing sides of dividing ranges (2000 revaastyve,

Figure 1.E). The first letter indicates which focal site was used as the basis for thermal overlap
calculations. For instancEW pairwise comparisons of similar as a function of thermal

overlap use the thermal overlap value calculated from a site to th&easB800 m.a.s.l.).

Finally, we tested for differences between regression slopes for similarity in paired quadrats in
lowland and highland aredStatigical analyses were performed in R v 3.2.1. (R Core Team,

2012)

RESULTS

Thermal overlap along altitudinal and latitudinal gradients shows considerable variability. While
the rate of change of thermal overlap with elevation is usually lifggurg 1.2 Table S11; and

Figure S1.3), there is a region between 33°N and 48°N along the eastern side of the continental

divide where that relationship is clearly nonlinear (ifejfl.2; see alsdable S1.landFigure



S1.2). With respect to latitude, the greatestes of change of temperature with respect to
elevation are in the tropics, decreasing towardteyical areas, and stabilizing between 20
40°S and 36&0°N (Figure 1.2and1.3). Thermal regimes change similarly with elevation across
the tropics and whemeasured from coastal areas of North America around 60°N (e.g., model
estimates for a tropical region= -6.6 X 107 Elevation + 12.005; and model estimates for
western North America at 8R: y =-6.7 X 10° Elevation + 12.312Figure 1.2andFigureS1.3.
Thermal barriers along elevation gradients vargsiderably more than simple latitudinal
expectations suggest, so latitude cannot be used as a surrogate for the magnitude of thermal
barriers (or as an indicator of the absence of thermal overteyedeiow and high elevation
areas). Explicit measurements of thermal barriers are needed to test for their potential effects on
gradients of similarity across the Americas (Begire S1.3.

Broadly, mammal and amphibiassemblagdsecome less similar wheseparated by
more substantial thermal barriers imposed by the steep elevation gradients of mountain ranges in
the Americas. That is, the stronger the thermal barrier separating them, the lower the similarity of
species composition between paired quadrat®mes (amphibianB? = 0.11i 0.33; mammals:
R?=0.17i 0.34; Table 11). For pairwise comparisons of high elevation quadrats (i.e. at 2000
m.a.s.l.), this result remains robust after accounting for separation distances between quadrats
(amphibiansR? = 0.33;F = 26.4;df = 2,99:p<0.05; and mammal§? = 0.34;F = 26.9;df =
2,99;p < 0.05; Table 1la; Figure 1.4). However, the effect of thermal barriers on similarity is
more variable when measured from west to east (amphiliRarsd.20;F = 14.0;df = 2,99;p <
0.05; and mammal&® = 0.25;F = 18.3;df = 2,99;p < 0.05; Table 1b). For pairwise
comparisons of low elevation quadrat pairs, the effect of thermal barriers on similarity decreases

(amphibiansR? = 0.22:F = 15.4:df = 2,99:p < 0.05;and mammals®® = 0.26;F = 19.2;df =
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2,99;p<0.05; Table Iic; Figure 1.4). The relationship between thermal barriers and biotic
similarity at low elevations is not significant for mammals if measured fromteestst F =
12.1;df=2,99;p = 0.17; Table 11d) but is weakly significant for amphibiarR?(= 0.11;F =

7.5;df = 2,99;p < 0.05).

DISCUSSION

Mechanisms governing the origin and maintenance of gradients of biological diversity remain

the focus of intense interest in ecology and evoluiiturrieet al, 2004 Hawkinset al, 2004

Hillebrand, 2004Kozak & Wiens, 2010Wienset al, 201Q. If mountain passs are "higher” in

the tropicgJanzen, 1967 then population isolation arsdibsequent increase in speciation rate

could contribute to gradients of species richness and turnover on a continent@gtalleach

et al, 2007 Buckley & Jetz, 2008 Here, we measured and investigated spatial variation in

thermal barriers along elevation gradients in maumranges and tested whether these barriers

predict gradients aissemblagsimilarity across the latitudinal extent of those mountain ranges.
Mountain passes are "higher" in biological terms when they are associated with strong

thermal barriers, but these effects are not limited to the tropics. That Emilarity of species

assemblagedecreases in comparisonssitesseparated by more sstiantial thermal barriers

associated with higher elevations. These effects are stronger for amphibiandikehjidtave

lower effective dispersal rates than many mammal species and greater susceptibility to

temperature fluctuations associated with e&otty. However, we found robust evidence that

thermal barriers, initially thought to be uniquely strong in tropical environments, can be

comparably steep in temperate regions, particularly in western North Ameigeag 1.2and
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1.3). We find no evidencthat thermal barriers are unidquetrong intropical environments,

although they are momidespreadhere.

Our results suggest that thermal barriers associated with mountain liemgsgecies
dispersal and increapotential for allopatric speciatiorComparisons betweespecies
assemblages in paired, highland sgieswed a detectable and consistent effect of thermal
barriers orassemblagsimilarity for both mammals and amphibiafsgure 1.4and Table 11).
Temperatureelated limitations on dispgal across high elevation areas caddtribute to
explanations ofvhy patterns odssemblagsimilarity across broad areas converge among
different taxa(Buckley & Jetz, 2008 Field measurements of thermal bars can reflect
sophisticated, locatieapecific information that reflect the operative temperature in an
environment for a particular organism. Emerging techniques for measuring operative
temperature account for factors such as incident solar radiafioth speed, humidity, and
ground temperature. Such approaches improve understanding of how short term environmental
condii ons i nf | ue n crathermpoegulateos réquiteraditauadayet al, 2014 or
species6 dispersal and accl i m@Bucklayetalc2@lBaa ci t i e s
Buckley et al. 2013b)ntegrating such sophisticated metrics with spatially explicit dispersal
rates estimates would enable tests of their potential effects on diversification rates and provide
insight into processes that shape gradients of diversity.

Patterns of thermal ovepanteract with species' dispersal capacities differently than
suggested in simple tropie@mperate comparisons. For example, temperaélated dispersal
barriers can be large if a species attempts to move inland from coastal North America, where
areaswith temperate rainforest have little or no thermal overlap with high elevation areas further

inland.Nevertheless, mammal and amphibian species may filter around or through mountain
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ranges and the thermal barriers they impose. Many lowland speciegigaltregions have
broad geographical ranges spanning the Andes and these ranges were likely established as
organisms dispersed through infemdean valleys at low altitud@laffer, 1967 Brumfield &
Capparella, 1996Ron, 2000 Miller et al, 2009. Lineages inhabiting neotropical lowlands may
have experienced itmal isolation as a result of Andean up(ieir & Price, 201). However,
transAndean dispersal events after Andean uplift reestablished contact among many such
populationgMiller et al, 2008. Lowlands with similar thermal regimegar the northern limits
of the Andes in Venezuela may have connectednidean (east of the Andes) and tr@rglean
(west of the Andes) biotdslaffer, 1967 Ron, 2000. The Andalucia pass in Colombia and the
Marafién and Porculbzalleys in Peru, where thermal regimes differ by only small margins from
neighboring lowlands, provide effective dispersal corridors connecting Amazonian, Pacific and
Central American biota@affer, 1967 Vuilleumier, 1971 Miller et al, 2009) (Supplementary
Materials Appendix 1kigure S1.5.

Thermal barrierare weaker or abseat low elevatios (Wright et al, 2009 Salisburyet
al., 2012 andour results cannot readily explain variatiorspecies assemblageghin such
areas. Alternative explanations must be sought. It is possible that species within regions with
relatively stable seasonal climates have lower dispersal capacities, making speciation more likely
in the presence of any kind learrier, thermal or otherwigdocqueet al, 2010. If so, the
intrinsic dispersal ability of speci¢kodandaramaig2009 Smith & Klicka, 2010 could
generate structured gradients of species richness across regions independesitly of
speciation rate@Cadotte, 2006Wiens, 201). Dispersal capacity also determines how rapidly

organisms can track shifting environmental conditigtance, 2007Lerouxet al, 2013.
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To the extent that themhbarriers limit species dispersal aahtribute to the origins and
maintenance of diversity gradientsing temperatures in mountains that force upslope shifts in
speci e d@d@mitroaehal, 2E2 Kerretal, 2019 coulder ode speciesd geogr
isolation and potentially confront distinctive, high eléwa populations with influxes of
individuals from historically disjunct areas. Such effects seem more likely for species in areas
where thermal barriers associated with elevation are largest, which are most common in, but not
restricted to, the tropiq§ ewksburyet al, 2008 Dillon et al, 201Q Sinervoet al, 2010Q. If so,
recently diverged populations may recombiiountainous areas have provided microrefugia
for organisms during historical climatic changéansson, 20Q03Villis & Bhagwat, 2009
Scherrer & Korner, 20)1and could improve species persistence following anthropogenic
climate chang€Ashcroft, 2010 Moritz & Agudo, 2013aRobillardet al, 2015. The role of
such areas in maintenance egoosion, of population isolation and allopatry relative to changing
thermal barriers could be significant. Climate change offers psexjglerimental opportunities
(Kerr et al, 2007 to test how thermal barriers associated with elevation gradients shape broad
scale gradients afssemblagsimilarity.

Processes intrinsic to tlassicimountain passeédypothesis (Janzen 196appear to
contribute to the origins and maintenance of brseale gradients of biological diversity. This
mechanism helps explain how environmental conditions shaped regidisihctive species
assemblages in the past, integrating ecological perspectives ersdispith evolutionary
consequences for speciation. Yet, thermal barriers in some temperate regions are comparably
strong to those observed in tropical areas. Differencegdniesassemblagescross

mountainous regions likely reflect some effect of eéhbarriers, but other factors, whether
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historical or contemporary, must contribute to gradients of biological diversity. Understanhding

suchmechanismsvill inform predictions of hovassemblagemay change in the future.
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TABLES
Table 11. Compositional similarity (COMP) as a function of timaximum thermal overlap (TOV) and accounting for geographical

distance (DIST) for pairwise comparison of quadrats in the highland énd lowlandsd, d) in the Americas.

Amphibians Mammals
Predictor Estimate Std.E. tvalue Pr(>t) R°Adj F p Estimate Std. E. tvalue Pr>t) R?Ad] F p
a.Quadratsat HIGHLANDS 2000n n n Y0 X dzaAy3d ¢hz+ FNRBY 9! {¢ at2LIS 6SsuL
Intercept  0.4466 0.0542 8.233  *** 0.33 26.4 0.8953 0.0359 24,93  w* 0.34 26.9  wxx
TOV 0.0339 0.0049 6.844  *** 0.0167 0.0032 5.11 ok
DIST -0.0094 0.0030 -3.121 ** -0.0115 0.0020 574w
b. Quadrats at HIGHLANDS (2€2D0m), using TOV from WEST slope (we)
Intercept  0.4384 0.5941 7.379 ¥+ 0.20 14.0 *** 0.8917 0.0381 23.34  w* 0.25 18.3 ¥
TOV 0.0303 0.0063 4.815  *** 0.0141 0.0040 3.48 ok
DIST -0.010 0.0033 -2.99 ** -0.0117  0.0021 -5.45 v
c.Quadrats at LOWLANDS (3800m), using TOV from EAST slope (EW)
Intercept  0.6873 0.0782 8.782  *** 0.22 15.4 = 1.0020 0.0642 1559  *** 0.26 19.2  w
TOV 0.0180 0.0039 4.521  *** 0.0109 0.0032 3.36 *
DIST -0.0126 0.0023 -5.270 *** -0.0121  0.0019 -6.18  w
d. Quadrats at LOWLANDS (38@0m), using TOV from WEST slope (WE)
Intercept  0.5541 0.0766 7.230  *** 0.11 7.58  *x* 0.8478 0.0622 13.61  *** 0.17 121
TOV 0.0109 0.0044 2.436 * 0.0002 0.0036 0.07 0.94
DIST -0.008 0.0022 -3.790 *** -0.0083 0.0018 -4.49 v
Signif. Codes (Pr (>t) )Df=(2,90)degrees 6ffieedod). 001 6 * * 6 0.01 o6*6
A the first | et tiewas isedddconattue thernmleriammieasudrements lfor the linear model analysis. For instamogses the thermal

overlap valuecalculated from a focal quadmatocated in the eastern slope2@00 mas.l.
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Figure1.1. Conceptual di agr am(Janheo,499nag addptedto ends app
measure the overlap between thermal regimd®4éffocal sites (a ~1 kipixel) relative to all

other sites in the Americda). These were divided into two sets of 101 focal site pairs at

identical latitudes and elevations: the first set of 101 focal site pairs is at high elevation (2000

metres aboveea level), and the second set is at low elevation (300 metres above sea level). The

sites in each pair are separated by the dividing mountain ranges of the western AlmeN¢as

placed ~100kfhquadr at s over each of dsamblageofmammals t o a
and amphibians. Minimum and maximum monthly temperatures were extracted, pixel by pixel,

throughout the America€). We used these values to quantify thermal overlap between each
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focal site and al |l dd).R@dasthe seasonalithgrmdl eeginzeefadosal e q u a
site,Ryi is the thermal regime for a compared site, dnsl the overlap between them. This

resulted in 404 thermal overlap maps of the Americas, relative to each fo¢a). Siteermal

overlap ranges fromale yellow, which represents complete overlap between two thermal

regimes for every month (a value of 12) to purple, which represents maximum observed

separation between thermal regimes (i.e., areas with negative values indicates a substantial

thermal regne difference with respect to this example focal site). A thermal barrier between two

sites is the maximum difference in thermal overlap encountered betweerfthem (
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Figure 1.2. Changing thermal overlap relative to latitude along elevational gradients in the
mountain ranges of the Americas. Black dots (left panel) represent slopes of thermal overlap
relative to elevation measured from east of the dividing mountain rangespesthelevation

within them, while magenta triangles represent same trend measured from the west. The gray
region indicates an area where thermal overlap is not linearly related to elevation and linear
regression slope values are consequently not shownp@mnels on the right give detailed
examples showing how thermal overlap changes apparently linearly from low with elevation in
many areas. The middle panel on the right shows a shallow thermal overlap slopO{sX

103) for temperate zones and thérdhpanel shows the steepest thermal overlap slop€/ (83

X 107%) for tropical regions.
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Figure 1.3. Maximum difference in thermal overlap between two sites across dividing mountain
ranges in the Americas. Focal sitesng compared along an elevational gradientariy to

high elevation focal sites on the western slopes of mountain ranges shown inlHigufs low

to high elevation focal sites along the eastern slopes of those mountain reniges) 6ites

between high elevations and) focal sites between low elevations. For instargestjows the
maximum difference in thermal overlap encountered between a low elevation focal site at 300 m
(W) and a nearby high elevation focal site at 200@vin This difference in thermal overlap
represents the thermal barrier that an organism must overcome when dispersing between focal
sites. Scatterplots with Loess curves are shown. Dashed lines show the point at which thermal

overlap declines to zero.
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Figure 1.4. Relationships between assemblage similarity for amphibians and mammals as a
function of the maximum thermal overlap (controlling for pairwise geographic distances)
between quadrats located a} igh elevations (2000 m) drgb) low elevations (300 m). Red
triangles represent tropical pairwise comparisons and blue dots represent temperate ones. Letters
in the top right of each graph indicate the focal site from which the thermal overlap was
measured (note that quadrats aetered on each focal site). For instance, in the first gvegh,
indicates focal sites located at 2000 m, one set in the weah(l the other set in the east (

The first letter indicates which focal site was used to initiate thermal overlap measis.droe
instancewe uses the thermal overlap value calculated from a focal site located to thevwagst (
2000 m), whereas in the second graph (the thermal overlap value used is from a focal site
located to the east of the dividing rangeat 20@ m). Stronger thermal barriers between sites

are suggested by negative thermal overlap values.
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CHAPTER 2. The origins and maintenance of global species endemism

Juan Zuloagla DavidJ. Currie? and Jeremyl. Kerr®

Note: this paper wasubmitted to Global Ecology and Biogeography dreeditor invited

submission of a revised version of the manuscript.

ABSTRACT

Aim

We test macroecological hypotheskEd ( climate stability; H2: climate seasonality; H3: climate
distinctiveness or rarityand, H4: spatial heterogeneity in contemporary climate, topography or

habitaf) to predict broagscale patterns of total species endemism.

Location

Continental areas worldwide and zoogeographic realms.

Methods

Using species distributions maps for mamnaald amphibians, we calculated five metrics of
species endemism at different spatial resolutions, based on range siaffs antl inverse and
median range size. We performed regression analyses, and we tested the accuracy of fitted
models using a crossontinental approach, comparing observed vs. predicted values of

endemism.

Results
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Simple correlations with all variables were statistically significant, but the variance explained

was low to moderate. Endemism was not consistently related to metrianafectability. This

was complicated by the fact that measurements of climate stability were highly collinear with
spatial heterogeneity an effect that increased at coarser resolutions. Endemism was not
systematically higher in areas of high species risenBespite low variance explained, spatial
heterogeneity in potential evapotranspiration was the most consistent predictor in all models. The

relationships were not predictive acras®geographic realms

Main conclusions

Our results do not consistenthdicate that any of the hypothesized processestes and

maintains global patterns of endemighithough we found significant relationships, they failed

the stronger test of a causal relationship: accurate prediction in independehhdata.
inconsisteheffect of richness in our models suggests that patterns of endemism are not driven by
the same variables as total richness. Neither were patterns of endemism consistently related to
measurements of climatic stability, suggesting that earlier correlaticosne places probably

reflect collinearity with spatial heterogeneity.
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INTRODUCTION

Exceptional numbers of species with relatively small ranges are concentrated in some regions of
the Earth(Jetz & Rahbek, 200Q2creating broasgcale patterns of species endem{samoreux

et al, 2009. Althoughseveral factors have been proposed to explain these patterns, including
climate, spatial heterogeneity, historical factors, and biotic interactijaklsa & Lovett, 1997
Jansson, 200®hlemdilleret al, 2008k Sandekt al, 201J), their relative roles are still

contentious.

One prominent hypothesis invoking the effect of historical climate on species endemism
(H1: climate stability hypothesigDynesius & Jansson, 2000ansson & Dynesius, 2002
suggests that recurrent and rapid climatic shifts, caused by periodic changes in the orbit of the
Earth during the Quaternary (i.e., Milankovitch oscillaamver 18100 thousand year periods;
Berger (1988, have led to significant changes in the size and the location of the geographical
distributions of clade®rbitally-forced species range dynaminay contribute to preseday
gradients oendemism in three wayPynesius & Jansson, 200 irst, areas of high climatic
instability may seledor species with high dispersal abilities that enable them to track rapid
spatial displacement of climatic conditiomssulting in species with broader distributions
Second, climatic instability may reduce the likelihood of specialization on a narrow array of
climatic conditions, which could reduce speciation rates and limit the evolution of novel clades.
Third, areas with unstable climates may have higher extinctes, with smaltanged species
facing greater extinction risks because of challenges of surviving stronger climatic variability. In
contrast, areas of high climatic stability select for species with low dispersal capabilities, offering
opportunities fopersistence and further diversificati®@andeket al. (2011 show that species

with broad geographical ranges are associated with areaghaflimatechange velocity (a
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variable that measures climate stability) during the Last Glacial Maximum (L&IVDOO years

ago). They further argue that species with small range sizes and low dispersal capabilities have
gone extinct in areas with highrolate velocity, most likely because they were unable to cope

with strong climate displacement prevalent in these d&ssdeket al, 2017). Fjeldsa and

Lovett (1997 offer another perspective: environmdlytastable areas may have enabled survival
and concentration of young species with small ranges, and also of relictual taxa with comparably
narrow ranges. Extinction in climatically unstable areas is not essential to explain

macroecological patterns in shinodel of endemisifiFjeldsa & Lovett, 199)7

A second set of hypotheses poses that contemporary climate shapes the spatial
distribution of endemism. First, great seasonal variation in temperature may select for species
that can tolerate a wider temperature raf@endayet al, 2011, resulting in species with wider
climatic niches and therefore larger geographic ranges. In contrast, low seasonality may select
for species with narrower thermal tolerances, resulting in species with smaller geographic ranges
(H2: climate seasonality hypothes{®ddo-Bediakoet al, 200Q. Second, areas that are
climatically distinct from their regional surroundings may select for species adapted to these
condtions, which in turn may promote small range sizes in those localitiex(idtate

distinctiveness or rarify(Ohlemdilleret al, 20081).

Another hypeohesis proposes that spatial heterogeneity Giétial heterogeneity in
contemporary climate, topography or habjteg the main factor that creates and maintains
patterns of species endemism. Spatial heterogeneity creates more ecological niche apgportunit
and resource partitioning in a given reg{@hesson, 20Q0and it promotes the persistence,
adaptation and diversification of rangestricted speciedetz & Rahbek, 2002Dhlemilleret

al., 20080
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In sum, several environmental drivéciimatei whether past or currenand/or spatial
heterogeneity) could shape spatial variation in the richness of-rastgieted species. If one or
more of these are the drivers of global variation in endemic richness, they must not only be
statisticdly significant and explain substantial variance in gradients of endemic species richness
(Mgller & Jennions, 2002 but also howvell the model makes predictions for data against
which it has not yet been tested (i.e., whether the model can only be fit retrospectively to existing
data or predict trends successfully in indepe
is igorously validateqWenger & Olden, 2012 Notwithstanding that the hypotheses mentioned
above hae received some support, tests of those models against independent data have not yet
been undertaken. If such factors drive global variation in endemic richness, then consistent
relationships between predictor variables and endemic richness should hed@detler &
Jennions, 2002and models should predict the response varigdj&iel, 1996. That is, patterns
of endemisnshould relate consistently to geographic variation of these drivers and models
should be not only an adequate representation of fsoald patterns of endemism but an
indication of how muchanfidence we caplace in inferences about the real system that are
based on model sé outcomes. This is important
identify meaningful potential determinants of endemism and the extent to which these

determinantsr& consistent across regiaiWenger & Olden, 2012

Here, we test each of these hypotheses by iexagnto what extent broascale patterns
of endemism related to the aspects of temporal and spatial climatic stability and heterogeneity
using different metrics of endemism. We evaluate the robustness of the statistical models using

crosscontinental valilation. Finally, we ask whether the strength of the signal is strong enough
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to yield informative predictions of numbers of endemic species in independent geographic areas,

that is, whether the predictions are unbiased.

MATERIAL AND METHODS

Speciedistributions
We used worldwide species distribution m@psCN, 2014 for terrestrial mammals (n=5291)
and amphibians (n=6312and projected them onto the Woi&hrmann projection to preserve

area across the extent of the analysis.

Spatial resolution

To test for the effect of spatial resolution, we used various spatial resolutions. First, we overlaid
vector maps of specigsstributions onto grids of approximately 1 degre€l(Okm X 110km),

the finest spatial resolution that is appropriate for this broad scale arfblydisert & Jetz,

2007 Buckley & Jetz, 2008 Given the likelihood of scale dependence in patterns of species
endemism(Belmaker & Jetz, 20)1and given that other studies have reported results at coarser
spatial resolutionéSandekt al, 2011, we repeated analyses at three additional spatial
resolutions ¢. 200 X 200, 500 X 500 and 1000 X 1000 km). We included only grid cells

consisting of more than 50% laadea.

Measuring species endemism
We constructed five metrics of endemism for each amphibian and mammal assemblage in a

guadrat. Our operational definition of endemism is: a concentration of species with small
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geographic range size. For the first threerrogtwe ordered species by range size, from smallest

to largest, and we retained species when their range sizes fell within one of tko#s. dtitst,

we counted species as endemic if their ranges fell within the smallest quartile (25%) of the

t a x oange siz€¢Jetz & Rahbek, 2002The second cubff was an arbitrary, but commonly

selected, range size of 50,000%®g., BirdLife International), which includes 71% of

amphibians (§maitranged= 4527) and 34% of mammalSsmaltranged= 1815). The third threshold

was 250,000 ki which includes 85% of amphibiansgarrangeds= 5354) and 54% of mammals
(Nsmaliranged= 2854), which we used to compare differences among regions in the endemism

climate relationshigSandekt al, 201). We over |l aid the speciesbd ra
these criteria, and we summed up the number of endemic speciesiofaisaand amphibians in

each grid cell. For the fourth metric of endemism, we wished to avoid defining arbitrary range

size cutoffs (as described above), so we calculated species endemism by counting all species

within each grid cell, but we weightedtbeount by t he i nverse of each
(hereafter, WE or weighted endemisf@yispet al, 200]). The final metric is baskon median

range size (hereafter Median) of all species occurring in a grid cell. Because range size

distributions are positively skewed, median range size is recommended instead of mean range

size(Ormeet al, 2009.

Spatial taxonomic congruence of patterns of endemism

To measure the spatial taxonomic congruence of patterns of endemism, we compared the
geographic variation of endemism for mammals and amphibians (i.e., taxonomic congruence)
(Lamoreuxet al, 200§. Formetrics base on rangesize cutoffs (first quartile, 50,000 kn,

250,000 knf), we compared the proportions of endemics in each of the four quartiles of range
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size (smallest quartile, etc.) between the two taxonomic groups. For WE and Median, we

calculatedthel i f f er ence bet ween amphibians and mammal

Climate and geographical predictors

To test the role of past and present climatic conditions on endemism, we used a set of variables
from various sources. From WorldCligHijmanset al, 2009 at 2.5 areminute resolution we

used mean annual temperature (MAT), temperature seasonality (TS), total annual poecipitat
(PT), precipitation seasonality (PS, the distribution of precipitation throughout the year), mean

annual temperature during Last Glacial Maximum (LGM, from the Community Climate System

Model: CCSM4), and altitude. Potential evapotranspiration (PE3) aresecond resolution

was obtained frorirabuco and Zommer (20Pand the gpbal dataset of yearly actual
evapotranspiration (AET, 5 arninutes) was downloaded from the Food and Adtice
Organization of the United Nations (http://www.fao.org/geonetwdbkaciated areas were
extracted from the broagtale vegetation map representing the Last Glacial Maximum (LGM)
period(Ray & Adams, 2001l We projected all grids to th&orld-Behrmanrequal area

projection.

To measure climate stability we used climate velocity (CV) as a metric that represents the
displacement of climatin units of distance (meters) per time (yeftsharieet al, 2009. So,
CV is the ratio between the temporal and spatial components of mean annual temperature (MAT
and MAT_LGM). The temporal component is the absolute difference between current MAT and
past MAT_LGM (in °C/year) in a cellThe spatial component is the change of MAT relative to
distance, that is the change of MAT from grid cell to grid cell (in °C/m). We derived the spatial

component from the calcul ated sl E€pR4,20i%i ng t he
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We adjusted areas with slopes equal to zero to small values (0.00001) to circumvent the issue of

dividing by zero(Sandelkt al, 201J).

To measure climate seasonality, we used two proxies for temperature and precipitation
seasonality (TS and PS respectiveifjmate distinctiveness (CD), or rarity, was calculated for
mainland grid cells a¢ach spatial resolution to assess the area asfosh climatic conditions
were comparableithin a moving window of 11 grid cell®©hlemdilleret al, 2008). We
searched for similar climates withimaoving window for each climatic measurement using four
thresholds for each climatic metric. These were 1. MAT: £0.5°C, £1°C, £2°C and +4°C; 2.
PT+10mm, £100mm, +200mm, £500mm; 3. PS: +5mm, £10mm, £20mm and £50mm; 4. TS:
+10mm, £100mm, £500mm, £1000mm. Fe@ch metric and threshold, we added up the number
of cells with climates outside these ranges, and we standardized this sum by the total number of
cells in that window. For example, a grid cell surrounded by areas with distinctive climatic
conditions has regionally rare climate (CD values approaching 1). In contrast, CD values
approaching 0 indicate climates similar to surrounding areas. We also tested for effects of
different moving windows (5, 11 and 15 cells for each resolutitie) excluded islandsgcause
they were sensitive to this moving window. For instance, a measurement of CD for a grid cell on
a Caribbean island, based on a large moving window, is affected by continental cell values
(which clearly are not connected with the island in questidmrefore, we included only

mainland areas for each continent.

To measure spatial heterogeneity (SH), we calculated and compared four metrics that
account for most of the spatial variability in climate (AET, PET, and MAT) and topography
(ALT, we used eleation from WorldClim). We calculated heterogeneity as both the range and

standard deviation for each of these measurements within each grid cell.
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Finally, we included variables that may exert effects on patterns of endemism and alter
model fit, such as tat species richnegKerr, 1997 Crispet al, 200J), the area of the continent
available for species to disperse (hereafter, Afdetget al, 2009, and glaciated areas from
LGM that may have affected speciesgaece and dispers@Vhittakeret al, 200 on which
each grid cell fell. We aimed to evaluate how suggested mechanisms can drive patterns of

species endemism independently of these covariates.

Statistical analysis

Endemisrclimate relationship: first approximation

To explain the extent to which patternseodemism relate to each predictor, we first explored
nonparametric correlations coefficients between all metrics of endemism and each predictor. We
used Spear mands r an k)todescribeariortoriicpoften otimearf, f i ci ent s

relationships.

Model fitting

To explore the relationships between endemism and all predictors, we used conventional
ordinary least squares (OLS). We first transformed the dependent variables (WE and Median
were the only metrics that allowed transformation, see resolisjgrove homoscedasticity and
normality, and the independent variables to improve linearity and the distributions of the
underlying data. We constructed single models that match all four working hypotheses and then
evaluated multiple regression modelspiementing a model selection approach that identify the
best model using the Akaike Information Criterion (AIC) score. For multiple regression models
we progressively identified and removed the variable with the highest Variance Inflation Factor

value (VIF, a measure of the strength of collinearity between variafiisgjith, 2003,
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Dormannet al, 2013. We retained only variables with VIF<2.5. We evaluated the contribution
of each variable using variation partitionifigegendre & Legendre, 20L2Because we were
interested in variables contributing substantially to the total variance explained, we removed
variables that explained <2% of the varianoé tested interaction for remaining variables. We
tested how stable the conclusions were after controlling for spatial autocorrelation using
simultaneous autoregressive models ($ARssling & Carl, 2008. Forvariables retained in
models, we also constructed path analyses to test whether each predictor directly or indirectly
affects endemism. To compare and contextualize our results we used tdeauetiented

statistical relationship between AET and richn@srrie, 1991 Hawkinset al, 2003, without
implying a causal relationship. We standardized all variables (mean of zero and standard

deviation 1) to allow the comparison of path coefficients.

Crosscontinental analysis: estimating accuyacf models

To evaluate the capability of models describe above on independent data, we used a cross
continental validation approacfWenger & Olden, 2012 We split the data into training and
testing samples: we used the trainiagiple to build the model and the test sample to evaluate
whether the model successfully predicts species endemism in the hold out (fidem &

Jackson, 20Q0Francis & Currie, 2008 Here, we used zoogeographic realms (ZRs) firtoit et

al. (2013 to split he dataset because they reflect phylogenetic relationships of the major
vertebrate taxa (i.e., taxa within a ZR share a similar evolutionary history and differentiate from
other ZRs). Using ZRs may inform us whether processes from the hypotheses pedseveed
might have operated leading to different regional patterns of endgiRiskiefs, 2004. So, we

constructed models using data from all ZRs except one, and we then predicted endemism on the
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hold-out ZR. We repeated this cregalidation procedure for all ZRs. Predicted values of

endemism were compared with observed values of endemism for each ZR.
Zeroinflated issue

Metrics of endemism based on range sizeofis (i.e., QE, 50K krhand 250K km) tend to

contain a large proportion of zero values, representing the absence of species with small
geographic ranges. This zardlation issue can mislead statistical inferences because zero

inflated datasets do not fit standard distributif@iviartin et al, 2005. One way to correct this is

by transforming species endemism. However, this process usually does not spread out the zero
values, so to deal with this issue we apptigd part modelsalso known as conditional or hurdle
models to explain patterns of endemi@vtartin et al, 2005. Hurdle models assume that zeroes
originate from a single process. The first component (thetaamie component) evaluates

species presence or absence and the second component (the count component) counts values
using a Poison error distributioiStefansson, 1996We compared hurdle models with Zero

Inflated Poisson (ZIP) and Poisson models as null hypotheses. So, our purpose here is to test for
whether the environmental process described in the hypotheses tested legdaiarbroae

scale patterns of endemism, using zieftated metrics. V& consi dered zer o valu
zeroes®6 because we are using speciesd ranges

reasonabl e t o asceentceBuckleygpetzc2D0Bs 6 pr esence/ abs

All statistical analyses were performed in R v 3(R1Core Team, 2037
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RESULTS

Spatial distribution of broad scale patterns of endemism

As reported in previous studié¥etzet al, 2004 Lamoreuxet al, 2009 rangerestricted

amphi bians and mammal s6 species are concentr a
la, Figure S1, S2). However, geographic congruence of mammal and amphibian endemism is
not the general rule, and it deplsrupon the metric used to measure endemism (Figure 1b and
Figure S3). The most general pattern is that high numbers ofresigieted species in both taxa

are found in tropical mountains but the variation within mountainous regions is quite high
(FigureS4a).Rangerestricted species often occur in areas of complex spatial heterogeneity, but
topographically complex places do not necessarily have higher richness ofesatngeed
speciesAlthough, rangeestricted species thrive in mountainous envirents they are also

found in low elevations (Figure S4b). Finally, the proportion of ranegéricted species within

areas of high species richness varies highly and it also depends upon the metric used to measure

endemism (Figure S5).

Metrics of endemism

Different metrics of endemism yield divergent patterns. Correlations among metrics of
endemism vary considerably (amphibians |r| = 0.2839; and, mammals |r| 205 to 0.859;

Table 1a, b)Median and WE showed more spatial similaritjgs<0.731 ax 0.685 for

amphibians and mammals respectively). In additietrics of endemism at broad spatial scales
were correlated with species richness (Table 1c), an effect that increased dramatically at coarser

spatial resolutions (Figure S6). Not surprisin@yE was strongly correlated with total species
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richness (Jr| = 0.860.74 for amphibians and mammals respectively) and in lower degree

Median ((|r] = 0.40 0.34).

Endemism and predictors relationships

Endemism among amphibians and mammals relatdbpedictors (Table S1). However, the
strength of the correlation varied among metrics and generally grew stronger as the range size
cut-off increased. Similarly, the strength of correlations increased at coarser spatial resolution,

although these relatiships varied unexpectedly (Tables S2 and S3).

Single regression models

Variance explained for all predictors ranged from low to moderate, depending on the metric of
endemism used in models, taxonomic group, and zoogeographic realm (Table 2). Climate
seasaality and climate distinctiveness showed the highest values of variance explained (ranging
from 0.306 to 0.408), followed by climate stability and spatial heterogeneity (ranging from 0.161
to 0.301).Climate seasonality models tended to explain more vegian temperate ZRs than

tropical ones; but the effect is not consistent across metrics and taxonomic groups. On the other
hand, models for climate distinctiveness and spatial heterogeneity tended to show similar
variance across ZRs and global modelssome of them showed contrasting values (Table 2).

So, there is not a clear signal to claim that similar realms in terms of low seasonality will respond

similarly, or vice versa, realms under contrasting seasonality will respond differently.

Crosscontineral analyses showed that singiariable models failed to predict bread
scale patterns of endemism (Figure 2). Despite moderate variance explained by some models,

they predict poorly areas of high endemism. For instance,-comgsental validation showed
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that climate seasonality tends to best predict areas with high numbers of species with large

ranges, but predict poorly in areas where ramgéricted species are concentrated (Figure 2).

Multiple regression models

SH_PET Epatial heterogeneity, H4and Richness consistently arose as the main predictors from
the best multiple regression models relating to endemism among amphibians (Table 3 and Figure
3a). In contrast, the best models for mammal endemism varied substantially in that other
variablesemer ged t o expl ain patterns of mammal s6 en
SH_PET and Richness were dropped from the best models. In addition, models including
predictors from different hypotheses, for example: SH_PET and CV (which happened to be
highly colinear; VIF = 34; Figures S7 and S8) were not more informative (based on AIC; Table
3). Interaction terms did little to render models more informative. In sum, the leading role of
climate seasonality in single models is replaced by spatial heterogemgigoaetimes, by

climate stability in multiple regression models (Figure S9 and S10). The fact that in some

multiple regression models, total species richness does not appear within the best model and a
weak relationship in path analysis, suggest thablesand the processes behind brsadle

patterns of total species richness are decoupled from-suadel patterns of total species

endemism (Figure 3a, 4a and S11).

The effect of SH_PET appeared to be consistent across all path analyses (Figure 3b and
4b). The effect of Richness on Median endemism almost disappeared in the relationship with
mammals (Figure 3b), suggesting a minor role of Richness on species endemism. The strong
effect of Richness on WE endemism is the result of the autocorrelatiorelbetiie and

Richness (Figure 4b). Path analysis for the best models showed that AET has strong and direct
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effects on amphibians and mammal sd Richness (

studies, allowing in some way to calibrate and contextualizeesuits.

Cross continental validation showed that there is no correlation between the best model
and validation correlation. Models tended to overestimate observed values of endemism for both
mammals and amphibians, effects that are particularly prondume@geas of high endemism
(Figure 3c and 4c). Finally, OLS models tended to overestimate predicted values of endemism
compared to SAR models (Figure S12). However, both OLS and SAR failed to prediet broad
scale patterns of endemism (Figure S13). Misdgation of the model most likely arises from
the omission of key variable (variables let out from the model) driving endemism. That is,
climate and topography may have a role, but other drivers not included in multiple models may

have a preponderant raleshaping broad scale patterns of endemism.

Two part models: addressing zerdlation

Hurdle models better captured the observed zero counts (Table S4 and Figure S14) and predicted
places where should be not species at all. However, some models pliddict all observed

zero values in crossontinental validation (Figure S). Models also showed differences ZRs

and did not predict well how many endemics should be there. While some models overestimated

values of endemic species others underestimagad (Rigure S15).

DISCUSSION
There is no empirical reason, from the standpoint of model fitting, parameter estimates and
model validation, to claim that any of the hypotheses or combinations of HErZ, H3 or

H4) adequately accoufr broadscale patterns of species endemism among mammals and
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amphibians. Although all relationships are statistically significant, most of the variance remains
unexplained and crosontinental tests of spatial models do not accurately predict observed
pattens of endemism in spatially independent continental mainland areas (i.e., ZRs). It suggests
that regression models between predictors and endemism do not capture fundamental processes

that generate endemism.

We showed that processes tested here are lyntikereate and maintain broadale
patterns of total species endemism. However, these models suggest that these climatic factors
may directly influence endemism within zoogeographical realimis. may explain the signal we
have detected for each meclamiand realrspecific differences. Metrics of climate stability
(CV) and spatial heterogeneity in climate (SH_PET) are highly collinear and variance explained
is low and similar between them, so patterns of endemism can be related to either one or the
othe. However, what is noteworthy here is that in the model selection approach the best models
tend to select for metrics of spatial heterogeneity instead of climate stability. So, the reported
influence of climate stability (measured as climate velocity, @Vylobal endemism patterns
(Sandekt al, 201] plays a secondary and very small role, at most, after accounting for possible
effects of spatial hetogeneity (SH_PET) on numbers of endemic species. That CV dropped out
from model selection suggests that CV might be a surrogate of spatial heterogeneity with an
element of climate in there. Disentangling the relative roles oftemg climatic stabilityand
spatial heterogeneity in climate on patterns of endemism, even if small, may be consequential in
the context of climate change effects on biological diversity.-pam models including climate
stability showed that there are many sites that areqteetiio have zero endemic species but
have many. Regardless of possible measurement errors or limitations of these data, longterm

climate stability may have exerted small, perhaps even undetectable, effects omegitinin
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extinction of endemics, contraty predictions for that hypothegiSandelet al, 201J. So,

elevated extinction rates in areas whereglastal climate velocities were high do little to

distinguish areas with high endemism from those where endemic species are absent.
Palaeoecological studies have shown that biological responses to postglacial climate changes are
primarily through changes ispecies abundance and distributions, rather than on species
extinctions(Willis & MacDonald, 201). Moreover, models based on palaeorecords suggest that
many taxa are unlikely to become extinct due to longterm, and presumably relatively gradual,

climate change@NoguésBravoet al, 201§.

Although seasonality has also been proposed to influence processes generating
endemism, models including seasonality failed a strongetat@ain test. This mechanism was
thought to be amplified in mountainous regionsatlo@t i t udes, where t her ma
differences between low and high were considered to be stronger than in mountain ranges in
temperate realm@anzen, 1967 However, recent evidence shows that thermal barriers limiting
organismal dispersal apgesent in temperate realfiloaga & Kerr, 201), challenging the
idea that this mechanism operates exclusively in tropical regions. Future research may explore
whether this mechanism might h&lgplain the origins and maintenance of gradients of

endemism.

Despite the coincidence of some areas of endemism with rare climates, models based on
climatic rarity predict endemism poorly, suggesting that rare climatic combinations do not play a

leading rde in creating or maintaining patterns of endemism.

Spatial heterogeneity in habitat systematically was the strongest correlate of endemism in
all models, but models failed to accurately predict unseen data. We have shown that endemic

species areftenfound in mountainous regions (high spatial heterogeneity in hébjetisaet
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al., 2012) but they are nagxclusivey present in mountainous areaspRl expansion of ranges

among endemics since the last LGM might have contributed to endemic becoming mere wide
spread. Alternatively, other factors that are contingent and historical, but as yet unmeasured, may
be neededotexplain where centres of endemism are situated. In addiigiorical processes (as

well as contemporary climate) may be collinear with some surrogates of spatial heterogeneity
(e.g., topography measured as altitudinal rafdgtyet al, 2009, complicating prospects for

distinguishingoetween historical and contemporary processes along topographical gradients

Gradients of species endemism can be clearly distinguished from underlying gradients of
species richness, suggesting that the two patterns arose from different processess et fac
models incorporating richness explained little variance of endemism for amphibians (except for
metrics that are by nature correlated with Richness) and that their effects tend to disappear in
path analyses reinforces the idea that species endasiigha consequence of species richness.
Globally, the richness of smathnged species is not well correlated with total species richness
(Rahbeket al, 2007. So, processes creating and maintaining beuade patterns of endemism
must be decoupled from those of species richriestsl species richness is unlikely to be an
effective surrogate or indicator of biotic interactions. Reseatohmetrics that can capture local
biotic interactions and scale them up for broad scale analyses would be valuable in efforts to

explain and predict gradients of endemic species.

If existing hypotheses do not explain the origin and maintenance of-bcasslpatterns
of endemism simply or consistently and drivers and processes explaining the origins and
maintenance of species richness are distinct from those contributing to endemism, how are
centres of high endemicity formed? It is likely that localdagtwhether biotic or abiotic,

contribute to patterns of endemism and brseale analyses do not account for such relatively
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localized effectsSpecies responses to climate are strongly sdepeenden(Schweiger &
Beierkuhnlein, 2016 Even thougtabiotic factors predominantly operate at larger sqaléhis

& Whittaker, 2002 some climat variables acting at local scales may shape species distributions
more strongly than factors commonly measured in macroecological an@dlgsesnet al,

2011 Opedalet al, 2015. For instance, microclimates reduce species exposure to-bcakel
climatic trends that@minate a region, potentially permitting their persistence in areas that are
generally no longer suitab{®acleanet al, 2015. Indeedtemperature, precipitation and

radiation can be modulated by topography andégetationDe Frenneet al, 2013. Secondly,

it has been also suggested thiatic factors may have a strong influence on species distribution
at local scale§Jablonski, 200Bandsome studies have shown macroecological signals of species
interactions acting locallgGotelli et al, 2010. Further research may integrate biotic factors,

such as competitiofMordecaiet al, 2016 and local coexistand&odsoeet al, 2019,
specializatior(Fjeldsa & Lovett, 199 population and community dynami@socey & Lennon,

2016 Ralstonet al, 2016, andniche differentiation{Brown et al, 2013. So, biotic and abiotic
factors operating at local scales may interact contingently in small areas, spurring opportunities
for diversfication or reducing local extinction rates or both. That so many centres of endemism
are located in mountainous areas suggests that such combinations of local conditions and/or

intrinsic biotic traits are more likely to occur in those areas.

Regionspecifc responses also suggest that historical contingency or the distinct origin of
continental biotas may play an important role in modulating the number of endemic species in
areas of high endemism. These inclddsinct historical factorgHaffer, 1969 Rahbeket al,

2007 andbiogeographical asymmetry (biota origin effects) between regijakisaet al,

1997 or processes (other than environmental filtering) that may lead to the geographic
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accumulation of phylogenetically distinct and range restricted sp@tossiue& Jetz, 2015.
Further research might evaluate whether regipecific historical factors might alter potential
effects of contemporary or historical environmental conditions (e.g., spatial heterogeneity of
climate, or climate velocity) on endemistrack of congruence of patterns of species endemism
between taxonomic groups also suggests that local biotic and abiotic conditions may lead to

taxonspecific responses.

Dispersal is another intrinsic species trait that likely contributes to prdagrspeies
distributions(Lerouxet al, 2013. This study did not attempt to evaluate potential roles for
dispersal limitation in shaping patterns of endemismnéte that other methodological
challenges complicate efforts to distinguish historical and contemporary influences on
endemism. We demonstrate that these obstacles can be overcome to enable clear tests of causal
hypotheses. Challenges include: (i) the isphatsolution of the analys{8uckley & Jetz, 2008
(ii) the nature of metrics to measure species endelf@sispet al, 2007 (iii) collinearity
between predictor®ormannet al, 2013 (iv) the unusual statistical properties of spatial
patterns of species endemism, such as-irdlation (i.e., excess of zeros in data s€itéartin et
al., 2005 and (v) the strong correlation between metrics of species endemism and species
richness, and the way metrics are corrected forefifest (Crispet al, 200J). In addition to these
issues, conclusions around the roles any of these hypotheses in shaping gradretgmism
typically emphasize statistical significance of models or the strength of observed signals
(variance explained), rather than the capacity of models to predict endemism in spatially

independent areas, such as on different continents.

Generatingaccurate predictive models on how species might persist at small population

sizes and in spatially restricted areas is needed to improve predictions for how changing
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environmental conditions will affect the o
endemism. Models from macroecological hypotheses tested here have failed to pass stronger

tests, suggesting that breadale main mechanism and drivers are yet to be discovered.
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TABLES

Table21l.Spear manods

rank

correlati on

coef fici

amphibians and b) mammals; and, c) between total species richness and five metrics of

endemism. Metrics of endemism were construatadg range size cuffs (first quartile, 50K

km? and 250K krf), inverse range size (Weighted endemism, WE) and median range size

(Median). Note that the negative correlations involving Median are to be expected: larger

median range size implies fewengerestricted species.

a) Correl

b) Correlatorc oef f i ci ent s

ation coefficients among

Quartile 50K kn? 250K kn? WE

Quartile

50K kn? 0.537

250K kn? 0.423 0.765

WE 0.413 0.708 0.839

Median -0.279 -0.485 -0.611 -0.731

among metrics

Quartile 50K kn? 250K knf WE

Quartile

50K kn? 0.731

250K kn? 0.501 0.665

WE 0.549 0.683 0.859

Median -0.295 -0.391 -0.517 -0.685

c) Correlation coefficients between endemism and sptaties richness

Metric of Endemism Amphibians Mammals
total richness total richness
Quartile 0.29 0.31
50,000 Km2 0.48 0.36
250,000 Km2 0.61 0.55
WE 0.85 0.74
Median -0.40 -0.34

metrics

of

ma mma |

44

ent s

of

s O



Table 2.2. Estimates from the relationship between endemism for a) amphibians and b)
mammals and various predictors. We presented results for two metrics of endemism that we
could transform: Median range size = Sgrt(Median)\&fighted endemism = LegfWE). For
predictors, we used: CV = Log10(Climate velocity); MATS = Seasonality in mean annual
temperature; CD_PT = Climate distinctiveness (rarity) in total precipitation; and, SH_PET =

Logio(Spatial heterogeneity in potential @adranspiration).

Amphibians? Mammals®
Hypotheses (Model) Model Sart Logo Sart Logio
(Median) (WE) (Median) (WE)
H1: Climate stability Global model 0.188 0.188 0.181 0.301
(Endemism ~ CV) Afrotropical 0.208 0.306 0.148 0.321
Australian 0.264 0.324 0.369 0.325
Nearctic 0.086 0.065 0.235 0.428
Neotropical 0.362 0.189 0.216 0.168
Oriental 0.399 0.326 0.368 0.310
Palearctic 0.159 0.101 0.162 0.310
Panamanian 0.487 0.609 0.114 0.289
SahareArabian 0.022 0.272 0.474 0.377
SinaJapanese 0.495 0.138 0.422 0.192
H2: Climate seasonality Global model 0.198 0.408 0.205 0.345
(Endemism ~ MATS) Afrotropical 0.226 0.273 0.331 0.343
Australian 0.256 0.357 0.447 0.272
Nearctic 0.733 0.615 0.669 0.659
Neotropical 0.256 0.040 0.412 0.004**
Oriental 0.364 0.296 0.520 0.229
Palearctic 0.387 0.449 0.312 0.260
Panamanian 0.045* 0.136 0.149 0.022.
SahareArabian 0.138 0.026 NS NS
SingJapanese 0.529 0.314 0.297 0.254
H3: Climate distinctivenes:  Global model 0.120 0.306 0.153 0.334
(Endemism ~ CD_PT) Afrotropical 0.056 0.197 0.257 0.328
Australian 0.300 0.462 0.478 0.262
Nearctic 0.177 0.131 0.070 0.111
Neotropical 0.372 0.094 0.412 0.037
Oriental 0.111 0.104 0.156 0.094
Palearctic 0.153 0.145 0.064 0.151
Panamanian NS 0.025. 0.063* NS
SahareArabian 0.017** 0.204 0.523 0.370
SinaJapanese 0.034 0.137 NS 0.189
H4: Spatial heterogeneity Global model 0.222 0.161 0.179 0.239
(Endemism ~ SH_PET) Afrotropical 0.144 0.209 0.075 0.206
Australian 0.267 0.361 0.349 0.294
Nearctic 0.207 0.163 0.354 0.489
Neotropical 0.373 0.169 0.204 0.180
Oriental 0.180 0.162 0.137 0.168
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Palearctic 0.239 0.170 0.238 0.340

Panamanian 0.240 0.387 0.221 0.213
SahareArabian 0.009* 0.200 0.424 0.421
SincJapanese 0.381 0.080 0.292 0.194

All r2 signifiant (***) unless other specified

Signiff. codes: 0O 6***06 (@M. 1004NENdsQaifitedht0 1 6* 6 0. 05
£ sample size for full models (n=9273)

Ssample size for full models (n=10443)
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Table23.Model selection for amphibians (a, b) WhB@ o;maaMMedahrange ( c ,
size P, d)) as a function of various predictof3Y = Log10(Climate velocity for); MATS = seasonality in mean annual temperature;
CD_PT= Climate distinctiveness (rarity) in total precipitatid®ti_PET= Logio(Spatial heterogeneity potential

evapotranspiration); an&ichness- Total species richness. In bold best model.

a) Amphibians (Weighted Endemism, WE) c) Mammals (Weighted Endemism, WE)

Model R2  Rankby AlCc Delta Weight Model R2  Rankby AlCc Delta Weight

WE ~ AlCc Al Coq) AIC WE ~ AlCc Al Cq) AIC
SH_PET + Richness 0.710 1 21204.6 0.00 1 CV + Richness 0.585 1 14594.1 0.00 1
CV + Richness 0.699 2 21555.0 350.42 0 SH_PET + Richness  0.582 2 14676.8 82.62 0
CD_PT + Richness 0.603 3 24136.0 2931.41 0 SH_PET + MATS 0.512 3 16288.5 1694.34 0
Richness 0.586 4 24506.7 3302.10 0 CV + MATS 0.509 4 16349.5 1755.35 0
SH_PET + MATS 0.506 5 26145.9 4941.29 0 CD_PT + Richness ~ 0.502 5 16514.6 1920.49 0
CV +MATS 0.481 6 26618.5 5413.85 0 Richness 0.472 6 17127.3 2533.13 0
MATS + CD_PT 0.463 7 26921.1 5716.48 0 CV +CD_PT 0.466 7 17230.4 2636.25 0
MATS 0.408 8 27830.6 6626.00 0 MATS + CD_PT 0.448 8 17579.8 2985.68 0
SH_PET + CD_PT 0.372 9 28384.4 7179.77 0 SH_PET + CD_PT 0.448 9 17591.3 2997.16 0
CV +CD_PT 0.368 10 28436.3 7231.73 0 MATS 0.345 10 19370.8 4776.68 0
CD_PT 0.306 11 29310.8 8106.15 0 CD_PT 0.334 11 19550.3 4956.19 0
SH_PET + CV 0.198 12 30644.6 9440.01 0 SH_PET + CV 0.309 12 19923.9 5329.81 0
cv 0.188 13 30761.4 9556.82 0 cv 0.301 13 20044.4 5450.30 0
SH_PET 0.161 14 31063.2 9858.60 0 SH_PET 0.238 14 20947.5 6353.39 0

b) Amphibians (Median Endemism) d) Mammals (Median Endemism)
Model R? Rank by AlCc Delta Weight Model R? Rank by  AlCc Delta Weight
Median ~ AlCc Al Coa) AIC Median ~ AlCc Al Co) AIC

SH_PET + Richness 0.379 1 146645.0 0.00 1 SH_PET + MATS 0.337 1 188533.8 0.00 1
SH_PET + MATS 0.368 2 140864.1 159.13 0 CV + MATS 0.304 2 189035.1 501.32 0
CV + Richness 0.327 3 147396.1 751.11 0 SH_PET + CD_PT 0.259 3 189696.0 1162.26 0
CV + MATS 0.304 4 147708.0 1063.00 O CV +CD_PT 0.260 4 189882.8 1349.01 0
SH_PET + CD_PT 0.273 5 148108.8 146385 0O MATS + CD_PT 0.239 5 189976.5 1442.72 0
SH_PET + CV 0.234 6 148591.2 1946.25 0 SH_PET + Richness  0.234 6 190047.6 1513.84 0
CV +CD_PT 0.230 7 148640.8 199581 0 CV + Richness 0.220 7 190237.4 1703.59 0
SH_PET 0.223 8 148725.6 2080.67 O MATS 0.205 8 190430.8 1897.01 0
MATS + CD_PT 0.212 9 148858.9 2213.91 SH_PET + CV 0.202 9 190472.8 1939.02 0
MATS 0.198 10 149119.7 237475 0 cv 0.181 10 190736.7 2202.88 0
CD_PT + Richness 0.195 11 149050.3 240529 0 SH_PET 0.180 11 190758.1 2224.31 0
cv 0.189 12 149123.9 2478.96 0 CD_PT + Richness ~ 0.162 12 190979.1 2445.28 0
Richness 0.181 13 149213.5 2568.56 0 CD_PT 0.153 13 191095.4 2561.57 0
CD_PT 0.120 14 149874.8 322979 0 Richness 0.107 14 191639.4 3105.60 0
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FIGURES

a) Spatial patterns of endemism
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b) Spatial congruence of endemism
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Figure 2.1. Broadscale patterns of endemism (a) spatial distribution of mammals and

amphi biansd endemi

endemisn(i.e.,overlapping areas of endemics species for mammals and amphibians at 100 km x

100 km spatial resolution). Taxonomic congruence was measured as follows: for metrics based

sm, and (b)

ar eas

of

on range size cuiffs (smallest quartile50,000 km, 250,000 k) we used four binsof

proportion of endemics {R5%, 2550%, 5075% and 75L00%). Formetrics based omverse

range size (weighted endemism, WE) and median rang@&&zban),we calculated the

di fference bet ween

amphi bians and

ma mma |
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a) Amphibians b) Mammals
H1I: Climate Stability
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Figure 2.2. Observed vs predicted values of breadle patterns of total species endemism
(Logo) for @) amphibians and b) mammals using a eoosdinental approach (i.emodels used
the data from all zoogeographic realms fridwit et al. (2013 except one to then predict

endemism on the holdut continent) We tested founypothese¢predictors): H1: Climate
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stability (Climate velocity);H2: Climate seasonalitfSeasonality in mean annual temperature);
H3: Climate distinctivenessn total precipitation, CD_PT); an#li4: Spatial heterogeneitn
potential evapotranspiration SH_PET)). We tested two metrics of endemism: median range size

and weighted endemism. Results are shown for SAR models
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a) Variance partitioning
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Figure 2.3. Best models predicting broad scale patterns of Endemism (using Median range size
as a metric of endemism) for amphibians (graphs on the left) and mammals (graphs on the right).
a) variance partitioning, b) path analysis and c) Geosdinentalvalidation for best models.

MATS = Seasonality in mean annual temperature; SH_PET = Spatial heterogeneity in potential

evapotranspiration; AET = Actual evapotranspiration; and, Richness = Total species richness
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a) Variance partitioning
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Figure 2.4. Best models predicting broad scale patterns of endemism, using log(Weighted

Endemism) as a metric of endemism for amphibians (graphs on the left) and mammals (graphs

on the right). a) variance partitioning, b) path analysis and c) €oyggental validatn for

best models. Seasonality = Seasonality in mean annual temperature; SH_PET = Spatial

heterogeneity in potential evapotranspiration; AET = Actual evapotranspiration; and, Richness =

Total species richness.
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CHAPTER 3. Endemic species coverage by theajdal protected areas network

ABSTRACT
Protected areg®As)are one of the main tools for halting habitat degradation and biodiversity

loss worldwide. By 2020government$iave agreed to expand the terrestrial protected area
network from 13% to 17% of the EarthoBD-surf ac
Aichi Target 11, 2010). However, it is not clear to what extent this global strategy has protected
endemic spcies. As CBD-Aichi Target 11 deadlinespproachwe provide a comprehensive
assessment of the impact of terrestrial PAs on endemic spectestion We measure the
relativecoverageof endemic species.€. species with small range siz®y overlappingpecies
geographic ranges for amphibians, mammals and birdsavgltbbaldatabase dPAs (1990
2016) Then we measure the rate of expansion of the global PA network, and the rate of change
in endemic species coverage.

We found that-30% of amphibian;-6% of bird, and~10% of mammal endemic species
are completelputsidePAs.Most endemi c speciesd ranges inter
speciess 58%; birds = 83%; mammals = 86%), BUAsusually cover less than 50% of the
geographic range. Almost 50% sgecieutsidethe PA network are considered threatened
(critically endangered, endangered and vulnerable).

The historic rates of new PAs added every year to the network is between ~6,000 to
~15,000. In contrast, wieund that rates ahcluding endemispecies within the PA network
have been fairly slovHistoric data shows that annually, additions to the PA network resgilt in
(amphibians}o 6 (birds and mammal®ndemic specidsaving their entire geographic ranges

covered by the PA network.
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Based orthese trends, it is very unlikely the global PA network will include all endemic
species (14% total endemic species, thailiS68 out of 11,274currently outside the PA
network by 2020. It wilrequirefive timesthe effort made in the last two decades a century
if current rates of inclusion persisto include all endemic species currently outside the PA
network However, projections also showed that is very likely that some portions of the endemic
species geographic ranges for birds and mamimaisyot for amphibians, will be covered by the

future PA network.

INTRODUCTION
One of the major challenges in the’'2®ntury is the conservation and sustainable use of

biological diversity(CBD, 2104. Land use chang&UC) is theleadingfactor of habitat and
biodiversity bss(Foleyet al, 2005 Newboldet al, 2016 and has already degraded mdnan
60% of ecological systems worldwi@®lillennium Ecosystem Assessment, 2DR(Brotected
areas (PAs)epresena global strategy to halt habitat leesd reducéragmentatn and
overexploitation of natural resourc@utchartet al, 2012 Le Saoutt al, 2013. PAs also aim
to protect not only speciebut habitatsand ecosysterfunctions(Duncanet al, 2015 and
serviceqParrishet al, 2003. By 2020,countries signatories of tigchi biodiversity target 11
nationshave pledged to increase terrestriRAsto at least 17% of current Earth surface extent
(CBD, 201Q. Preliminary assessments showed some improvements toward this target (2010 =
14% and 2016 = 15.4%YNEP-WCMC & IUCN, 2018.

Species with small geographic ranges (an operational definition of endemic $jetzes
et al, 2004 Ohlemdlleret al, 2008a Pimmet al, 2014) are of special conservation concern.
Rangerestricted species tend to be concentrated in some regions in thglveonioreuxet al.,

2006, andhave been widely used conservation planning prioritize highly rreplaceable
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regions( ihot spotso) and t o Maedrsetalnpndd)Oimeetal, 2009 di ver s
Brookset al, 2006. Thesehotspotgepresent not only concentratgof young and relictual taxa
(Fjeldsa & Lovett, 199) but topographially complex regions that offer valuable ecosystem
servicegNaidooet al, 2009, and unique biotas in islands and archipiela@gerset al,

2000. Preliminary assessents revealed a big gap in coverimgtspotsof high endemism within
the global network olPAs, calling the attention to includaodiversity patterns in conservation
planning to increase the likelihood protecting biological diversity as a whqRodrigueset al,
2004 Joppeet al, 2013. Terrestrial endemic species are constrainee2fhotspots in no more
than 1.4% of the land surface and they are severely threatened by loss of kigkitsét al,
2000. Hotspotscapture baveen 44%Myerset al, 2000 to 59% endmic species in ~17.4
million km? (Joppaet al, 2013, and he level of protectiothat the globaPA networkoffer to
these hotspots likely less than 20% coverader all three major taxonomic groups:
amphibians, birds and mammaélenkinset al, 2013.

Extinctionrates are acceleratifgimmet al, 2014 Ceballoset al,, 2019, wild
population still in declindWWF, 2016, and drivers of species declines show sustained
increasegButchartet al, 2010. On averageb2 speciesrom vertebrate groups, like
amphibians, birds, and mammaispve one category closer to extinction every yelffmann
et al, 2010. However,conservation effortghrough systematic conservation planning
(Margules & Pressey, 200Meir et al, 2004 Presseet al, 2007, have also rade quantifiable
improvements tohe status of biological diversity, preventing speéies declining toward
extinction(Hoffmannet al, 2010, and facilitating species recovery by reducing habitat loss
(Geldmanret al, 2013. Coordinated efforts to increa®A network extentsuch as théichi

Biodiversity Target 11(CBD, 2010, including patterns of biodiversity in conservation
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planning(Rodrigueset al, 2004, andpreventing the extinction of known threatened species
(CBD Aichi Target 12YCBD, 2010, should pave the way to effectively protect global
biodiversity.In theory, hcreasing the global network BAsto 17% has the potential tacrease
the average protection bfgh number oEpecies geographic ranggstally or partially),butit

will require to require coordinated international eff@Rsuzolset al, 2014. However, it is still
unclear whether this strategy will protect endemic species. Preliminary projections show that
expected extinction rates in hotspots for the next century should be significantly reduced if there
is an increase in the PA network on those hotspots curtempiptectedPimm & Raven, 2000
Quantifyingthe extentto which PAshaveprotectedendemic speciesver recent decades also

will elucidate the likelihood of protecting endemic species before Zi&@poral analysis can

be complemented by a spatial analysientifying geographic areaand species to focus
conservation effortthatwould help countrie to make informed and effective decisions.

Here we ask whether the historical rate of change of endemic species coverage by the
global PA network is likely to protect endemic species by 2020. More specifically, we ask at
present rates of change, when wbfulll endemic coverage be achieved? In addities,
performed a comprehensive gap analysis to quantify the number of endemic species that are not
covered by th@®Asnetwork and their relative threatened status. We provide detailed information
on endemicgecies and geographic areas for conservation that would help countries to meet

CBD targets.

METHODS
We usedylobalvectordistribution maps (only native species = 22,191) for terrestrial mammals

(n =5,276)and amphibians (n = 6,428) fraldCN (2014, and birds (n = 10,487) from

BirdLife (2016. We used mediarange size as an optoaal proxy of endemic speci€¢Rimm
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et al, 20149, resulting in 11,273 species in total (and mammals = 2,636; amphibians=3,214; and,
birds = 5423) To measure the extinction riske used all categories from the IUCN red list
(IUCN, 2014).

We used thevorld database of PASNDPA, n = 214,809) and selected only terrestrial
areas (n = 210,483)orldwide (IUCN & UNEP-WCMC, 2017%. Our finalPA data set inlcdes
entirely terrestrial PAs (field 6MARI NEOG = 0;
coast al area (field 6MARI NdPApelygdnsintma singlellayer 3 2 8 ) .
for a total area of 20,518,6%8?, representing 15.2% of the Eatéirestrial surface.

To measure the relative location of each spégesgraphic distribution with respect to
the extent of anfPA, we overlapped specieggth the boundaries of PA§Ve categorized this
overlap as follow: (i) species geographic rangeattare totally or at least 95% within aRyj
boundary inside); (ii) speciesvhose ranges fall only partially (<95%) within the Rfd, (iii)
species completely outside aRy boundary ¢utside). For speciesith ranges only partially
within PAs,we creaedthreecategoriesneasuring relative protection afforded by Ppsor
(>500), medium (B-75%), andstrong proportional range inclusigrb-95%o0f t he speci es
range falls within the boundaries of protected greas

The extento whichendemic species have benefited frpragressive expansion of
protected areas networikgas measured by counting the number endemic species Riisin
annually over a period of 26 ys419902016.

We also assessed how many species are currently thre&emedritically endangered,
endangerecand vulnerable from IUCN categorida)t that are found outside the boundaries of
protected areag o evaluate the degree of land cover change witl@geographic range of

endemic specieand their relative lodeon with respect to PAGnside,intersectand outside
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PAs) we used the land cover change map fromMiilennium Ecosystem Assessment (2D05
(Leperset al, 2005. This data set shoveseas of rapid lanrdover change worldwide world
between 198R000, synthetizing majdorestcover changes, diand degradation, and changes
in human extent-inally, we summarized our results using terrestrial ecoregions of the world
(Olsonetal,200dand count r i e divisiors tamCIESIN- Caluanbia Unigersity
et al.(201D).

All polygons andgrids were projected using tNéorld-Behrmann projection to preserve
area across the extent of the analysis. Analyses were performed using &£8RIS2014 and
R (R Core Team, 20)7The datasets analysed during the current study are avdiiaiie
citations provided above dmesults of our analyses can be foand

http:/Mww.macroecology.ca.

RESULTS
Temporal analysismeasurement of the rate of change

Between 1990 and 2016, ~6,000 to ~15,000 PAs were added annually to the global PA network,
but this number has declined in recent yéaigure ). However, theates ofinclusion of

endemic species withiihe PA network have been fairly slowthe lastwo and a half decades

For instance,herates of wholly includingendemicamphibian specigssidethe PA network

was about 9 species per year (Sfd) fromdoubling the number afndemicspeciesincethe

1990 baselineffom 162to 233 Figure2). Formammals and birds, the ratewhich new

endemic species were added to global PA netwwdsslower (3 S/Y)leading to a é-fold

increase in numbers of these species whose ranges were fully included in the PA network

(mammals = 10 to 84; and, amphibian6 to 99).
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Completely ncluding all endemic species currently outsideRAenetwork before 2020
(~4 years)within the networkrequiresa roughly 5fold increase in rates of new PA
establishment relative to progress observed over the 2@B® periodThis is especially
challenging for amphibians, a taxon for which 943 species currently fall entirely outside PA
boundaries. In contrast, birds and mammals fewerspecies outside the PA network (303 and
262 species, respectively). On the other hand, if conservation objectives are partial inclusion of
endemic speciesd ranges, rather than inclusio
considerably lgher (Figure 2). If current trends persist, most endemic bird and mammal species
currently outside PAs will be receiving at least partial protection within PA boundaries by 2020.
In contrast, rates of partial inclusion for endemic amphibians that hadongmsence within
PAs are lower (Figure 2L hallengeslsoremain in protecting the whole extent of these endemic
species, safeguarding single areas between 10K @0,000 K. The average extent of PAs
added to the network is far smaller (~2 orddrsoma gni t ude) than the si ze
geographical rangd§&igure3).
Coverage
We found that only 3% of the geographic ranges for all major terrestrial vertebrates are
completelyinsidethe PA network (~6% of endemic species)d around 7% (~14% ehdemic
species) are entireyutsidethe PA network (Table 1Figure 4a)For amphibians, almost 30% of
all endemic species are not covered by RAyand58% ofspecies are partially covered by the
PA network (Table 1). Nearly 80% of the geographic esnfgr birds and mammals are
somewhat covered by tiA network.

Extinction risk
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Depending on taxon, betwe&0-60% of endemic speci@éssidePAsare considered threatened
(i.e., aggregang IUCN red list categoriegritically endangered, endangered antherable).
Surprisingly, the number of endemic species threatened amchated(outsidg by thePA
network is slightly lower (between 4D%) than endemic speciesidethe PA network (Figure
4b). Birds showed the highest number of endemic species threatsitsP Asand the lowest
number of endemic species threatemeplartially coveredifitersect by PAs.

Extinct species

We found that the geographic range oighmumber of endemigird species that went extinct
(n=44usingl UCN st at u sverenot 6okzexetl bynh@A nétyvork (Figureic).
Numbers for mammals and amphibians were comparative lower (2 and 6, respectively).
Countries

Endemic species that are not currently coveredb?A network putsidg are concentrated in
some countrie@~igureb), includingfor amphibiansBrazil, Mexico, ColombiaandPery and
Papua New Guinea; for birds: Bolivia, Australia and Costa Rica; and, for mammals: Indonesia,
Argentina and Papua New (Bea (Table 2). Papua New Guirtearbors thénighestnumber of
endemic species faach ofthe three taxonomic groups.

Ecoregions

Most amphibians outside protected terrestrial areas are concentrated in the ecological regions
along the tropical Andes and Wew Guineawhile areas with high concentrations of endemic
bird species are particularly amoistandsin the Pacific. Endemic mammals are especially
concentrated in théry Chacaregionin southern South America (Figus.

Land covelland use
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For birds and amphibiangie dominant land cover within the geographical rangesdémic
speciexcompletelyinsidePAsis primary forest (Figur&). In contrast, secondary forest and

pastures dominathkeg e ogr aphi ¢ ranges of thiatmeBArdetsv@k. ende mi
Geographic ranges of endemic species for birds and mammals outdrkeritbvork are

mainly cover by pastures and secondary foeesd by primary forest for amphibians (Figje

Fors p e cgeographic ranges intersigf the PA network, land use/land cover changes take

various formgi.e. from urban areas to primary forest).

DISCUSSION
The rate of change in endemic species coverage has been very slow in the last two and half

decade$19902016), makingf very unlikely, if the rate is maintained,h at t he wor | doés
species can be wholly included within protected ap829.Between 1990 and 2016, the rate of
endemic species coverage was very low (3 to 9 species per year, depending on the taxonomic
group). So, maintaining these rates of change, more than a century will be required to include
~1508 endemic species currently outside the PA network. Projections based on historic data
showed that is very likely that some portions of the geographicrangesafd s and ma mmal
endemic but not amphibians species will be covered by the future PA network.

Despite the slow historic rate of endemic@ps coverage, the Aichi targdtat nations
are working towardepresent anpportunity to include and protecigh numbes of endemic
species within the global PA network. An optimistic scenario could be including the total
number of geographic ranges of endemic species currently outside the PA network (n=1,508)
within it. Expanding thé?A networkto incluce all these species before 2020l requirefive
timesthe effort made in the last two decadesvill be likely because the historic rate of new

PAs added every year is between ~6,000 to ~15;t6.will fill the gap and lack of protection
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of species with smhtange sizes and associated nicftesayet al, 2016. However, it will
require an effort to leveraging financial resources, encouraging political will and t@ffingh
otherbiodiversity and ecological features to include these species.

If protecting endemic species is worthwhile because they represent a group of desirable
and strategic features in biodiversity conservatMyerset al, 200Q Ormeet al, 2005 Brooks
et al, 2006 Naidooet al, 2008, then international community (local, regional and national
governments, international cooperation agencies, NGOs, etc.) migktdagrioritizing them to
be part of the PA network by 2020. Sgpanding thd®A network to cover the full extent of
endemic species currenthytsidethe PA network will protect almost 14% total endemic species
(1,508 out of 11,274). For amphibiansyitl impact the most, around 30% of total endemic
species will be covered (943).

Systematic conservation planning is needed to solve some issues emerging from different
scenarios. For example, it is likely that many new species, with small geographic ranges, remain
to be describ€Schefferset al, 2012. New discoveries are more likely to occur for amphibians
thanfor others groupgPimmet al, 2010; and some estimates, for other dominant groups such
as flowering plants, indicate a high percentage (~15%) of species that still likely undiscovered
(Joppeetal,201).Some areas may be fAhotspotso of endem
so targeting such hotspots for protection would lead to substantial progress in endemsc speci
conservationUnder current trend it is expected that some endemic species of mammals and
birds (and less likely amphibians) will be covered in some way for a PA in the next 4 years, so it
will be a priority to evaluate the effectiveness of this paptiatection. Chllengesalso emerge
in protecting the whole extent of each endemic species, because it requires safeguarding single

areas between 10 Krto 10,000 K and restoring natural habitats which have dramatically
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changed in land cover use (fronrdst to secondary forest@dpastures), specially for mammals
and birdsdé geographic distributions.

One of the assumptions in conservation is that cre&#gwill secure species and
associate@cosystenfunctions.We evaluate only one dimension of biodiversity that can offer
guantitative information of the effectiveness of Bres (Chapeet al, 2005. A compréensive
assessment of biodiversity, oriented to set globakervatiorpriorities must also consider other
facets andnetrics(Brumet al, 2017 Pollocket al, 2017, such as rarityPossingham &

Wilson, 2009, and other dimension of biodiversitiioekstraet al, 2005 and ecosystem
serviceqTurneret al, 2007. However, the expansid®A network covering the extent of species
with small range sizeeems tmffer not only highly cet-effective protection of areas of high
biodiversity(Balmfordet al, 2002 Venteret al, 2014, but sustained provision of ecosystems
services basic for human activities.

Areas within and surrounding PAave experienabland change use and exploitation of
natural resources, resulting in biodiversity Ifissuranceet al, 2011 and degradation of
ecosystem servicgBoleyet al, 2009, such as climate and air quality regulation. We foundt tha
areas outside tHeA network, harboring endemic species, have experience changes in land cover
use (from forest to secondary forest, pasturesandcespg),e ci al 'y f or mammal s
geographic distributiond UC projectiors alsoshow that this treshof ecosystems degradation
will continue in the next two decad@ouzolset al, 2014. In fact, habitat fragmentation has
been associatl as a major driver for mammal extinction risk andemic species have suffered
significant losses of critical habitat frawithin their geographic rang€rookset al,, 2017.

Land use change in coumsiwith particularly high diversitye.g., Indonesia, Papua New Guinea

and Colombigaiaccelerates extinctions and the erosion of other aspects of biological diversity,
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such as phylogenetic diversit@haudharyet al, 2018. Expandng the PA networkrapidly into
remainingintacthabitatswould significantly improve conservation prospects for tropical species
(Gibsonet al, 2011 Dinersteinet al, 2017 Watson & Venter, 2017

ExpandingPAsto areasvhereendemic speciesrecurrently unprotectedill require
restoration effortswhether active or passiviaat recovehabitat qualityBirch et al, 2010. We
showed that almost 50% of the endemic species outsid&thetwork are threatened (i.e.,
critically endangered, endangered and vulnerable) and at least 180 species are reportedly extinct
based onUCN red liss, most of them birds. This risk factor can increase if detailed spatial data
areincorporated within thanalysis§OcampePefiuelat al, 201§ and environmental stressors
persist. Biological diversity has been eroded at rates never exper{@efmdloset al, 2015
and rangeestricted species have lost their historic range area due to intensive human activities
(Ceballos & Ehrlich, 202). Moreover, vertebrate population has sho®&% average decline in
abundancéDirzo et al, 2014.and habitat loss and fragmentation may compromise maintenance
of healthy populations and species stocks in the fiign@oks & Balmford, 1996Brookset al,
1999. Reducing extinction risk of endemic species effectively requires also targeting the places
very precisely in the landscapkkasakaet al, 2017.

Endemic species outside tR& network are located mainly in areas previously idestif
as biodiversity hotspo{®lyerset al, 2000: the Andes, Choco, Pacific Islands (e.g., New
Guinea, Solomon), Mesoamerica, Dry Chaco and Atlantic forests. And, they also occupy
ecoregions where habitat conversion exceeds habitat prot@ddbekstraet al, 2005 and
species losses may most likely oc@Mianneet al, 1999. Within these ecoregions is

necessary to refine conservation prioritigsnkinset al, 2010 and monitoring?As (Nagendra
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et al, 2013 using new technological tools such as remote seliBiogeet al, 2015 Pettorelliet
al., 2018.

Persistence of species, habitats and ecosystems servicedslepeanly on including
biological and ecological factoksit on coordinating and translating generalized, global drives
toward international conservation agreements into achievable goals within nations and the
societies that comprise thgidouzolset al, 2014. Global, regional and local realities may
emerge in the attempt to imphent conservation goals. Reconciling conservation and
development targets may increase land use efficiency and minimize habitat and biodiversity loss
(Lambin & Meyfroidt, 201}. Similarly, attempts to combine and reconcile interests of different
stakeholders into national and local policies could help to minimize poverty, redefine local
economic development and protect biological divergiyamset al, 2004 NaughtonTreveset
al., 2005 Berkes, 2007Palmer& Di Falco, 2012 Mishraet al, 20179.

Protecting endemic species requires coordinated efforts to expand a large andddisperse
network ofPAsand implement regional conservation management to mitigate environmental
stressors and enhance biological and ecotbgimcessefCeballoset al, 2005. Increasing the
number of PAs globally must also be accompanied by reducing PA removal from the global
network(Lewis et al, 2017. Coordinating global targets, governments efforts and local
implementation require a new aggressive campaign tegirbiodiversity and ecosystem
servicesNew PAsand areas buffarg them should be manatjey national and regional
agencies in coordination withdal communities and NGOs. Loctbkeholders could adopt
these areas and obtain tangible social and economic benefits

Aichi target 11 offers anique opportunity to includall endemic species currently

outside the global PA network within it. However, historical data showed that current rates of

65



change in including endemic species are very slow. So, a ¢aéittternational community

(local, regional and national goverents, international agencies, NGOs, etc.) is made to focus
and establish an international strategy to include more than 1500 endemic vertebrate species
(amphibians, birds and mammals) within the current PA network before 2020. It will preserve

not onlya substantial number afpecies but also habitats and ecosydtemtions and services.
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TABLES
Table 31. Number of endemic species that overlap (inside or intersect) or not (outside) with Protected Areas (PAs). Values in

parenthesis represethie proportion (%) ofspecies in each category withihrat taxon Endemic species are based cgdman range size
filinsided i ndi patl ggotnlsatof s9I5% ormerecontainedwighin HRA aetwerk;foutside indicatesspecies ranges
totally ouside the PA networkfiintersecb indicatesoverlap of species geographic ranges with the PA network in three categories:

between 75% 95%, 50%- 75% and less than 50%.

Species location with respectRootectedl errestrialAreas

Taxon Total species Endemic species Inside Intersect Outside
75%-95% 50%75% <50%

Amphibiang 6,428 3,214 395 243 344 1,289 943
(50%) (6%) (4%) (5%) (20%) (15%)

Birds? 10,487 5,423 84 133 322 4,581 303
(52%) (1%) (1%) (3%) (38%) (3%)

Mammals 5,276 2,636 99 126 211 1,938 262
(50%) (2%) (2%) (4%) (37%) (5%)

Total species 22,191 11,274 578 502 877 7,808 1,508
(51%) (3%) (2%) (4%) (35%) (7%)

Cut-off median range size:
1 Amphibians = 4,48 Km?
2Birds = 421,15Km?

3 Mammals = 182,72&Km?
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Table 32. Top 20 countries harboring the highest number of endemic species outside the protected terrestrial areas (PAs) network for
amphibians, birds and mammaRountries holdindnigh numbers of endemic species for: three taxonomic groups (red), two taxa

(blue), and one taxon (black).

Country Amphibians Country Birds Country Mammals
1 Papua New Guinea 99 Bolivia 239 Indonesia 33
2  Brazil 93 Australia 160 Argentina 24
3 Mexico 88 Costa Rica 117 Papua New Guinea 22
4  Peru 84 Burundi 74 Mexico 18
5 Colombia 74 United States of Americ 68 Philippines 12
6 India 57 Belize 63 Solomon Islands 12
7  Ecuador 56 Bhutan 57 India 10
8 Indonesia 42 Guatemala 54 Madagascar 10
9 China 31 Venezuela 51 Ethiopia 8
10 Haiti 28 Brunei Darussalam 47 Sudan 8
11 Cameroon 25 Solomon Islands 44 China 7
12 Bolivia 16 French Polynesia 43 Congo, Democratic Republic 7
13 Argentina 15 Cameroon 41 Somalia 7
14 Congo, Democratic Republic 15 Papua New Guinea 40 Iran 5
15 Guatemala 15 Ethiopia 39 Russia 4
16 Venezuela 15 Cuba 35 Turkey 4
17 United Rep. of Tanzania 14 Dominican Republic 34 Angola 3
18 Angola 13 Chile 33 Cuba 3
19 Chile 13 Jamaica 33 Federated State of Micrones 3
20 Madagascar 13 Sri Lanka 33 South Africa 3
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Figure 3.1. Number of protectetkerrestrial areas (PAs) included in the global network since

1990 (thick black line), and projections to include all endemic species currently outside the PA
network (n = 1,580, black thin line) by 2020. Two additional projections are calculated using two
rates of change of endemic species coverage: low rate, purple dashed line; and high rate, green
dashed line. Projected trends of PA coverage by 2020, using minimum (grey dashed line) and

maximum (thin black line) historical rates.
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within the PA network: using total number of endemic species outside curdds) A network (thin line) and using the historic rate

of change for species coverage (dotted line).
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Figure 3.3. Extent of protected terrestrial (PAs) areas (yellow) and geographic range size extent
endemicspecies outside the PA network for amphibians (green), birds (red) and mammals

(blue).

71



a) Total endemic species

2]
Q2
S 4000-
Q.
(2]
L2
E
()]
T
c
()
k)
« 2000-
()
Q
£
=
4
0 -
Amph'ibians Bir.ds Mam.mals
Taxon

Intersect

[ 1
I insice [ 75-05% [ 50-75% | Less than 50% [ outsice

72



b) Percentage of threatened endemic species
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c) Extinct species
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Figure 34. Coverage of endemic species by protected terrestrial areas (PAs, dai01890a)

Total endemic species; b) Threatened endemic species (aggregated IUCN categories: Critically
endangered, Endangered and Vulnerable) from total; and, c) Extinct speei@ssS$ographic
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b) Birds
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c) Mammals

Number of species
1 10

0o 5 13

Dry Chaco-

Somali Acacia-Commiphora bushlands and thickets -
Solomon Islands rain forests -

Sahelian Acacia savanna-

Trans-Mexican Volcanic Belt pine-oak forests -

Ecoregion

Sulawesi montane rain forests -

Sulawesi lowland rain forests -

Southeastern Papuan rain forests-

Mindoro rain forests -

o
[&)]
-
o

Number of endemic species

Figure 3.6. Ecoregions and number of endemic species completely outside protected terrestrial
areas for a) amphibians, b) birds and ¢c) mammals. Bars represent a sample of ecoregions with

highest number of endemic species
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Figure 3.7. Proportion of the class predicted to occur within a given cell within the extent of the
species geographic range (i.e., inside, outside or intersect the protected area network, PAS); for a)

amphibians, b) birds, and ¢) mammals
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GENERAL CONCLUSION

My thesis attempted to test some hypotheses that can explaindwadadgatterns of
species endemism, and to inform conservation planning about the likelihood of protecting
endemic species under a global conservation initiative (Aichi target 11, ConvenBaragfical

Diversity).

| found that thermal barriers proposed to characterize differences between tropical and
temperate realms are not accurate. Thermal barriers might be more complex than a latitudinal
climate gradient. | also found that hypotheses teiséze failed to provide a reliable explanation
of macroecological patterns. In terms of conservation, | found that it is very unlikely to protect

all endemic species at the present rates endemics are being covered by PAs.

In Chapter 1, | found thahérmal barriers between low and high elevation areas, initially
proposed to be unique to tropical environments, are comparably strong in some temperate
regions, particularly along the western slopes of North American dividing rdrajss.found
that botic similarity for both mammals and amphibians decreases between sites that are
separated by elevatieelated thermal barriers. That is, the stronger the thermal barrier
separating pairs of sites across the latitudinal gradiemiower the similaritpf their species
assemblaged hermal barriers explain 186% of the variation in latitudinal gradients of biotic
similarity, effectsthatwere stronger ithe comparisons of sites at high elevationlsermal
barriers are weaker or absent at low elevatigvsght et al. 2009, Salisbury et al. 2012hd

our results cannot readily explain variation in species assemblages within sucBayeas.
processes intrinsic to the classic 6édmountain
in some way to therigins and maintenance of breadale gradients of biological diversity.

However, other factors, whether historical or contemporary, beugte main drivers of
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gradients of biological diversitydy findings also have significant implications. If moumisi

passes are also high in temperate regions, it is unlikely that the mechanism proptzetthy

(1967 may explain broadcale patterns of total species richness, as this hypothesis predicts a
significant peak of richness in some temperate regions in western North America which is not
supported by empirical evidea(Currie, 201J. Based on t hi s, we should r
hypothesis and its main mechanism as a candidate to explaindmalacpatterns of total species

richness.

In Chapter 2, | found thahére is no empirical reason, from the standpoint of model
fitting, parameter estimates and model validation, to claim thatestgd process, individually
or in combinationgreates and maintaiggobal patterns of endemismlthough,| found
significantrelationshipsthey failed the stronger test of a causal relationship: accurate prediction.
Althoughall relationships are statistically significanmtpstof the variance&emainsunexplained
and crossontinental tests of spatial modelisl notaccuratelypredict observed patterns of
endemism in spatially independeatogeographic realm$his suggests that regression models
between predictors and endemism do not capture fundamental processes that generate.endemism
That the effect of richness almost dipepred in some modekuggests that patterns of
endemism are not driven by the same variables as total richness. Patterns of endemism were not
consistently related to climatic velocity, suggesting that early correlations in some places
probably reflect cliinearity with topographynstead Local combinations of biotic and abiotic
conditions that are essentially unpredictable by any macroecological approach might be

responsible for patterns of endemism.

In Chapter 3, found that 30% of amphibians, 6% ofbidi s and 10% of mamma

endemic species are completely out$detected Areas (PAsAImost 50% of species outside
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PAs,and partially covered by the PA netwpake considered threatened (critically endangered,
endangered and vulnerable). Between 1992816, 3 to 6 endemic species have been
completely covered every year by the PA netwérintludedamphibianspeciess 162 to 233;
mammals = 10 to 84; and, amphibians = 16 to Ba¥ed on these trends, including all endemic
species currently outside tR& network completely within it is very unlikely by 2020.
However, projections also showed that is very
geographic ranges for birds and mammals, but not for amphibians, will be covered by the 2020
PA netwok. If protecting endemic species is worthwhile, because they represent a strategic
feature in biodiversity conservation, then international community and local governments might
focus on prioritizing them to be part of the PA network by 202paBding thé?A network to

cover the full extent of endemic species curreatlisidethe PA network will protect almost

14% total endemic species (1,508 out of 11,274), safeguarding not only endemic spebis but
habitats historical processeand ecosystem serés associated with thelacoregions in

tropical Andes, Mesoamerica, Pacific Islands (e.g., New Guinea, Solomon), Dry, @hdco

Atlantic forests are major priorities. Challenges remain in protecting the whole extent of each
endemic species, because it fieggisafeguarding single areas between 16 M 0,000 K,

and restoring natural habitats which have dramatically changed in land cover use (from forest to

secondary forest @rpastures)especially formammaéa nd bi rdsé geographic ¢

Finaly, my main contributiorio this research area is clearly rejecting these hypotheses
from potential candidates that may explain biodiversity patterns. By removingltaerance in
this field and open possibilities to test new ideas and gather new ewleastmechanisms. By

investigating rates of endemic species inclusion in PAgvide detailed information and
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methodologies that can help countries to strategically conserve biodiversity and meet CBD target

requirements
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APPENDICES CHAPTER 1
Table S11. Models for thermal overlap (y) as a function of elevation (x) in the Americas. Coordinates indicate the focal site at 300

masl used to compare measurements of thermal regimes with all sites encounter towards the highest elevation in th¢g mountainto

Western side Eastern side

Latitude Longitude Model R2 Latitude Longitude Model R2

7075030 -3805520 y =-4.0427F&03x + 11914 0.7821 6924190 -3075140 y =-2.967ZF&03x + 12758 0.7723
2 6636390 -3890880 y =-5.5827F&03x + 14181 0.8256 6508520 -2832130 y =-3.868%F-03x + 13319 0.6929
3 6355640 -3966410 y =-6.272%&03x + 12713 0.8901 6006140 -2321130 y =-3.3734&03x + 12727 0.8705
4 5858640 -3818730 y =-6.678F03x + 12312 0.8250 5547640 -2249130 y =-3.9905=03x + 13936 0.7689
5 5465050 -3875530 y =-5.244=03x + 13959 0.9655 5267090 -2200570 y =-3.296 &03x + 13376 0.9144
6 5267260 -4283520 y =-6.487T&03x + 14804 0.9031 4867110 -2061600 y =-0.001F 03¢ + 1.938F-03x + 11260 0.9211
7 4834640 -4460130 y =-5.695603x + 13518 0.9624 4514770 -2314000 y =-0.001F03 + 2.270E-03x + 11251 0.9485
8 4418120 -4462130 y =-4.783F-03x + 14154 0.9898 4106400 -2473370 y =-0.001IE03¢ + 0.41F-03x + 11956 0.984
9 3974940 -4126420 y =-4.880F&03x + 13721 0.9736 3808640 -2714380 y =-2.9666-03x + 13242 0.8706
10 3567640 -4067530 y =-3.110Z&-03x + 13306 0.9283 3453700 -2785420 y =-0.0018&03 + 2.473%-03x + 11038 0.5755
11 3179370 -3872130 y =-3.791F-03x + 12822 0.9776 3136340 -3090820 y =-3.115803x + 12768 0.9411
12 2766890 -3705880 y =-5.1708&-03x + 13560 0.9450 2757040 -3009730 y =-2.947%-03x + 12706 0.9559
13 2307480 -3640130 y =-4.864F03x + 14160 0.9508 2368150 -2931130 y =-4.9641-03x + 13597 0.9468
14 1908340 -3042820 y =-4.200%&03x + 12437 0.9487 2037110 -2791660 y =-4.245F-03x + 12751 0.8816
15 1688310 -2393470 y =-6.198F-03x + 14354 0.9867 1786520 -2262260 y =-5.351E03x + 13469 0.9916
16 1057900 -1540130 y =-7.307%=03x + 14777 0.9582 1107640 -1439510 y =-7.42&03x + 14216 0.9594
17 755800 -399651 y =-7.3721E03x + 13231 0.9634 737130 -192130 y =-6.931F-03x + 15656 0.9745
18 468643 -523130 y =-7.7117%&03x + 14498 0.9952 467260 -371130 y =-7.497103x + 15106 0.9752
19 168259 -920514 y =-7.045%&03x + 14299 0.9698 145047 -657462 y =-7.2321E03x + 15451 0.9495
20 -154781 -1039710 y =-6.5807&03x + 12005 0.9744 -143357 -754130 y =-5.7991E-03x + 13369 0.9699
21 -590357 -1108130 y =-3.994F-03x + 12883 0.9766 -581357 -793130 y =-4.857F03x + 12937 0.9522
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22
23
24
25
26
27
28
29
30

-1020750
-1383800
-1712360
-2080210
-2584220
-2906120
-3232190
-3564730
-3841040

-924130
-734684
-526776
-22130
-43130
-54364
-117130
-125761
-112451

y =-3.4936E03x + 13455
y =-4.09045-03x + 14917
y =-3.4718&03x + 14507
y =-3.354@03x + 15773
y =-3.6027E03x + 16911
y =-3.891&-03x + 13918
y =-4.4388&03x + 13616
y =-4.519803 + 13649
y =-3.265F-03x + 12810

0.8934
0.9658
0.8927
0.9678
0.8483
0.9871
0.9885
0.9621
0.9567

-986357

-1260130
-1664780
-2147160
-2560540
-2918360
-3224360
-3572360
-3860360

-592130
17092
312818
931870
618870
583870
412870
599727
454870

y =-3.52F03x + 12794

y =-3.857@-03x + 13656
y =-5.014803x + 13269
y =-3.680603x + 13269
y =-3.1806=03x + 12382
y =-3.477ZF&03x + 12955
y =-3.811ZF&03x + 13348
y =-4.206403x + 14219
y =-3.674@03x + 13429

0.9603
0.9456
0.9852
0.9891
0.9808
0.9794
0.9648
0.9562
0.9904
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Figure S1la. Thermal Overlap (TOV) between focal sites and their surrounding environmental space in the eastern side of the

Americas. Figure shows a selected group of sites itadeghlands(b) lowlands.
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Figure S11b. Thermal Overlap (TOV) between focal sites and their surrounding environmental space in the western side of the

Americas. Figure shows a selected group of sites itadieghlands(b) lowlands.
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Figure S12. Thermal overlap as a function of altituda) This relationship is linear for most of
the Americas (three sites in eastern side), but islinear in some regions east of the Rockies in

North America between 33°N and 48¢b).
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Figure S13. Elevation at which thermal overlap decreases to zero at all locations across the

Americas.
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APPENDICES CHAPTER 2

Table S21. Nonparametriccorrelations coefficients (Spearman rankpetween endemism for mammals and amphibians and

environmental predictors. Metrics of endemism based on species range siffe (QE = first quartile; 50K 50,000 knd and 250K
= 250,000 k), inverse range size (WE = Weighted Endemism) and median range size (Median). Results shown14i@ Kar x

110 km spatial resolution.

Hypothesis/Predictors Amphibians Mammals
QE 50K 250K WE Median QE 50K 250K WE Median
H1: Climate velocity -0.26 -0.42 -0.50 -0.39 0.43 -0.32 -0.40 -0.51 -0.56 0.43
H2: Climate seasonality
Mean temperature -0.26 -0.37 -0.44 -0.70 0.42 -0.27 -0.31 -0.42 -0.66 0.45
Total precipitation 0.001 0.02 0.02 0.02 -0.02 0.03 0.05 0.08 0.11 -0.16
H3: Climate distinctiveness (rarity)
Mean temperature 0.06 0.06 0.06 -0.17 -0.05 0.09 0.09 0.06 -0.09 -0.00003
Total precipitation 0.27 0.42 0.49 0.62 -0.34 0.29 0.34 0.41 0.63 -0.39
Precipitation seasonality 0.09 0.13 0.19 0.20 -0.28 0.11 0.19 0.27 0.27 -0.28
Temperature seasonality -0.14 -0.12 -0.14 -0.32 0.06 -0.10 -0.09 -0.10 -0.26 0.04
H4: Spatial heterogeneity
in climate:
Mean temperature 0.21 0.30 0.34 0.13 -0.24 0.25 0.30 0.33 0.27 -0.19
in topography:
Elevation 0.22 0.32 0.37 0.18 -0.29 0.27 0.32 0.37 0.32 -0.24
in habitat
Actual evapotranspiration 0.14 0.20 0.18 0.25 -0.14 0.18 0.21 0.23 0.32 -0.17
Potential evapotranspiration 0.23 0.39 0.48 0.37 -0.47 0.30 0.39 0.48 0.49 -0.43
H5: Total species richness 0.29 0.45 0.51 0.84 -0.40 0.29 0.32 0.37 0.74 -0.34
Other predictors
Productivity:
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Potential evapotranspiration
Actual evapotranspiration

Precipitation total
Current - Mean temperature
Past mean temperature (LGM)

Area
Glaciated areas (LGM)

0.06
0.24

0.26
0.11
0.12

-0.11
-0.05

0.11
0.35

0.39
0.18
0.20

-0.14
-0.13

0.17
0.39

0.41
0.24
0.26

-0.18
-0.19

0.41
0.69

0.66
0.49
0.49

-0.28
-0.29

-0.30
-0.26

-0.21
-0.30
-0.30

0.25
0.22

0.07
0.22

0.22
0.10
0.12

-0.10
-0.07

0.09
0.23

0.21
0.13
0.16

-0.11
-0.13

0.19
0.26

0.20
0.23
0.28

-0.15
-0.23

0.33
0.58

0.50
0.40
0.45

-0.20
-0.40

-0.33
-0.29

-0.18
-0.32
-0.35

0.18
0.33
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Table S22. Spearman correlation coefficients (r) betwaemp h i kemndammssn @nd several predictors at different spatial

resolutions. We used four metrics to calculate endemism based on range size (QE= first quari@, 080K and 250K=250,000

km?), inverserange size (WE = Weighted Endemism), and median range size.

Spatial resolution

100 km X 100 km

200 km X 200 km

500 km X 500 km

1,000 km X 1,000 km

Predictors # QE 50K 250K WE Median x QE 50K 250K WE Median x QE 50K 250K WE Median x QE 50K 250K WE Median
Climate velocity 1 -026 -042 -050 -0.39 043 -0.35 -0.47 -0.55 -0.44 0.47 0.45 058 0.62 050 055 0.53 051 049 045 0.49
Climate distinctiveness - -

in MAT (t=0.5, wind=5) 2 0.12 0.14 0.14 -0.05 -0.12 0.03 0.02 0.05 -0.11 -0.06 0.08 0.01 0.06 0.09 -0.14 0.12 0.17 0.23 0.07 -0.18
Climate distinctiveness - -

in MAT (t=0.5, wind=11) 3  0.06 0.07 0.07 -0.14 -0.07 -0.01 -0.03 0.00 -0.19 -0.06 0.07 0.04 0.06 0.10 -0.12 0.00 0.07 0.10 0.00 -0.05
Climate distinctiveness - - - -

in MAT (t=0.5, wind=15) 4 0.04 0.05 0.04 -0.18 -0.06 -0.03 -0.01 0.02 -0.18 -0.10 0.08 0.01 0.03 0.14 -0.09 0.05 0.00 0.05 0.06 0.00
Climate distinctiveness - - -

in MAT (t=1, wind=5) 5 012 014 015 -0.07 -0.10 0.03 0.02 0.03 -0.15 -0.06 0.09 0.00 0.09 0.12 -0.15 0.09 0.03 0.09 0.08 -0.03
Climate distinctiveness - - - - - -

in MAT (=1, wind=11) 6 0.06 0.06 0.06 -0.17 -0.05 -0.02 -0.02 0.00 -0.20 -0.07 0.08 0.00 0.05 0.15 -0.10 0.07 0.05 0.01 0.12 0.08
Climate distinctiveness - - - - - - -

in MAT (t=1, wind=15) 7 0.03 0.04 0.03 -0.20 -0.04 -0.03 -0.02 0.01 -0.20 -0.09 0.09 0.01 0.02 0.18 -0.06 0.09 0.12 0.06 0.19 0.12
Climate distinctiveness - - - -

in MAT (t=2, wind=5) 8 012 016 018 -0.05 -0.10 0.00 0.00 0.02 -0.21 -0.01 0.13 0.05 0.01 0.17 -0.10 0.17 0.08 0.17 0.05 -0.11
Climate distinctiveness - - - - - - -

in MAT (t=2, wind=11) 9 0.05 0.06 0.06 -0.19 -0.04 -0.04 -0.05 -0.03 -0.25 -0.03 0.10 0.02 0.02 0.16 -0.11 0.03 0.09 0.02 0.18 0.06
Climate distinctiveness - - - - - - -

in MAT (t=2, wind=15) 10 0.02 0.03 0.02 -0.22 -0.04 -0.06 -0.04 -0.01 -0.23 -0.07 0.10 0.02 0.01 0.19 -0.07 0.09 0.18 0.12 0.29 0.15
Climate distinctiveness - - - - -

in MAT (t=4, wind=5) 11 0.12 0.18 0.23 0.03 -0.15 0.00 0.01 0.03 -0.18 0.01 0.19 0.15 0.11 0.27 0.03 0.25 0.00 0.14 0.09 -0.16
Climate distinctiveness - - - - - -

in MAT (t=4, wind=11) 12 0.02 0.04 0.05 -0.21 -0.01 -0.08 -0.07 -0.05 -0.27 -0.01 0.12 0.04 0.00 0.19 -0.07 0.00 0.11 0.02 0.21 0.04
Climate distinctiveness - - - - - - -

in MAT (=4, wind=15) 13 -0.01 0.00 0.00 -0.25 0.00 -0.09 -0.06 -0.03 -0.25 -0.05 0.09 0.02 001 0.19 -0.04 0.06 0.21 011 0.32 0.14
Climate distinctiveness

in Prec.Tot. (t=10,

wind=5) 14 0.16 0.23 0.29 041 -0.20 0.13 0.24 0.27 0.37 -0.17 0.11 0.14 014 0.23 -0.13 0.15 0.23 021 0.29 -0.20
Climate distinctiveness

in Prec.Tot. (t=10,

wind=11) 15 020 0.31 037 049 -0.25 0.22 033 037 049 -0.26 0.29 0.29 0.27 041 -0.26 0.11 0.25 0.18 0.33 -0.25
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-0.06
0.17
0.19
0.34

-0.17

-0.22

-0.22

-0.19

0.23

0.46

0.33

0.36

0.27

0.43

0.30

0.35

-0.44
0.02

0.09

0.08

0.04
0.17
0.42

-0.16

-0.16
0.24
0.26
0.44

-0.17

-0.19

-0.22

-0.20

0.26

0.56

0.38

0.42

0.27

0.53

0.35

0.41

-0.48
0.01

0.11

0.08

0.04
0.19
0.42

-0.19

-0.20
0.26
0.29
0.42

-0.31

-0.40

-0.38

-0.35

0.36

0.45

0.19

0.25

0.35

0.41

0.15

0.23

-0.70
0.03

0.02

-0.04

-0.09
0.40
0.69

-0.28

-0.28
0.49
0.49
0.65

0.06

0.10

0.09

0.08

-0.29

-0.54

-0.29

-0.34

-0.25

-0.52

-0.26

-0.34

0.43
-0.04

-0.06

0.00

0.03
-0.29
-0.27

0.24

0.24

-0.30
-0.31
-0.22

0.14
0.22
0.15

0.14
0.20
0.37
0.21
0.30
0.29
0.31
0.11
0.28

0.54
0.05

0.08
0.09

0.14
0.21
0.53

0.19

0.17
0.30
0.32
0.54

0.17
0.22
0.17

0.16
0.31
0.56
0.31
0.41
0.40
0.48
0.20
0.41

0.55
0.07

0.03
0.13

0.16
0.24
0.53

0.20

0.24
0.31
0.34
0.52

0.15
0.18
0.14

0.14
0.38
0.64
0.38
0.49
0.39
0.56
0.27
0.48

0.50
0.05

0.00
0.14

0.16
0.24
0.43

0.19

0.25
0.30
0.32
0.40

0.30
0.31
0.27

0.29
0.39
0.51
0.17
0.32
0.46
0.40
0.04
0.30

0.71
0.08

0.07
0.23

0.27
0.38
0.72

0.28

0.29
0.47
0.48
0.66

0.10

0.09

0.07

0.10

-0.43

-0.62

-0.32

-0.43

-0.35

-0.56

-0.23

-0.44

0.44
-0.07

0.05

0.17

0.19
-0.27
-0.31

0.24

0.25

-0.30
-0.31
-0.27

0.17
0.04
0.10

0.15
0.47
0.66
0.33
0.52
0.41
0.47
0.11
0.53

0.34
0.32

0.20
0.23

0.24
0.38
0.07

0.04

0.41
0.34
0.38
0.01

0.32
0.10
0.22

0.37
0.45
0.67
0.22
0.47
0.55
0.41
0.04
0.44

0.67
0.16

0.23
0.25

0.25
0.43
0.64

0.21

0.28
0.52
0.54
0.61

0.30
0.07
0.22

0.32
0.43
0.69
0.27
0.50
0.45
0.48
0.03
0.46

0.56
0.09

0.29
0.30

0.28
0.36
0.55

0.27

0.26
0.43
0.45
0.50
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0.43
0.15
0.30

0.45
0.48
0.60
0.08
0.35
0.61
0.36
0.14
0.32

0.77
0.16

0.24
0.29

0.29
0.51
0.74

0.31

0.29
0.60
0.60
0.69

0.31

-0.01

0.23

0.35

-0.48

-0.70

-0.24

-0.47

-0.50

-0.53

-0.06

-0.47

0.57
-0.15

0.22

0.28

0.28
-0.41
-0.44

0.28

0.28

-0.47
-0.47
-0.42



Altitude 70 010 013 0.17 0.06 -0.19 0.13 015 021 0.11 -0.24 0.15 0.24 030 0.18 -0.32 0.47 028 032 022 -0.35
Richness 71 029 045 051 085 -0.40 041 054 056 0.85 -043 0.65 0.70 0.63 0.88 -0.52 032 083 0.76 093 -0.70
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Table S23. Spearman correlation coefficients (r) betweea m m aehdendism and several predictors at different spatial resolutions.

We used five metrics to calculate endemism based on range size (QE= first quartis0 B0k and 250K=250,000 kf),

inverse range size (WE = Weighted Endemism) and median rand&isid&n).

Spatial resolution

100 km X 100 km

200 km X 200 km

500 km X 500 km

1,000 km X 1,000 km

Predictors

QE

50K

250K

WE

Median

QE

50K

250K

WE

Median

QE

50K 250K

WE

Median

QE

50K 250K WE

Median

Climate velocity
Climate
distinctiveness in
MAT (t=0.5, wind=5)
Climate
distinctiveness in
MAT (t=0.5,
wind=11)

Climate
distinctiveness in
MAT (t=0.5,
wind=15)

Climate
distinctiveness in
MAT (t=1, wind=5)
Climate
distinctiveness in
MAT (t=1, wind=11)
Climate
distinctiveness in
MAT (t=1, wind=15)
Climate
distinctiveness in
MAT (t=2, wind=5)
Climate
distinctiveness in
MAT (t=2, wind=11)
Climate
distinctiveness in
MAT (t=2, wind=15)
Climate
distinctiveness in
MAT (t=4, wind=5)

10

-0.32

0.14

0.09

0.07

0.15

0.09

0.07

0.16

0.09

0.06

0.18

-0.40

0.16

0.10

0.07

0.16

0.09

0.06

0.19

0.09

0.06

0.23

-0.51

0.15

0.07

0.03

0.15

0.06

0.03

0.20

0.07

0.02

0.28

-0.55

0.05

-0.07

-0.12

0.03

-0.09

-0.14

0.08

-0.10

-0.15

0.18

0.43

-0.07

-0.02

0.00

-0.04

0.00

0.01

-0.06

0.00

0.02

-0.14

-0.41

0.07

0.02

0.01

0.07

0.03

0.02

0.06

0.00

-0.01

0.06

-0.47

0.08

0.01

0.02

0.06

0.02

0.02

0.05

-0.01

-0.01

0.07

-0.55

0.07

0.00

0.01

0.04

-0.01

0.00

0.03

-0.03

-0.02

0.07

-0.59

-0.02

-0.14

-0.14

-0.07

-0.15

-0.16

-0.12

-0.20

-0.19

-0.07

0.45

-0.05

-0.01

-0.03

-0.02

-0.01

-0.02

0.04

0.04

0.01

0.03

0.54

0.08

0.06

0.02

0.07

0.01

0.00

0.02

0.01

0.02

0.12

0.57

0.06

0.06

0.04
0.08
0.03
0.02
0.01
0.00
0.01

0.14

0.63

0.09

0.05

0.02

0.08

0.01

0.01

0.01

0.01

0.02

0.14

0.62

0.00

0.04

0.07
E).OZ
6.08
E).ll
0.11
E).ll
E).14

0.24

049

-0.12

-0.08

-0.03

-0.09

-0.03

0.01

-0.03

-0.04

-0.01

0.11

0.57

0.19

0.08

0.02

0.07

0.05

0.08

0.19

0.52

0.02

0.55

0.10

0.02

0.08

0.00

0.12

0.16

0.03

0.58

0.06

0.01

0.10

0.06

0.12

0.20

0.03

0.15

0.26

0.02
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0.48

-0.13

0.01

0.05

-0.06

0.11

0.14

-0.07

0.16

0.24

-0.06



Climate
distinctiveness in
MAT (t=4, wind=11)
Climate
distinctiveness in
MAT (t=4, wind=15)
Climate
distinctiveness in
Prec.Tot. (=10,
wind=5)

Climate
distinctiveness in
Prec.Tot. (=10,
wind=11)
Climate
distinctiveness in
Prec.Tot. (t=10,
wind=15)
Climate
distinctiveness in
Prec.Tot. (t=100,
wind=5)

Climate
distinctiveness in
Prec.Tot. (t=100,
wind=11)
Climate
distinctiveness in
Prec.Tot. (t=100,
wind=15)
Climate
distinctiveness in
Prec.Tot. (t=200,
wind=5)

Climate
distinctiveness in
Prec.Tot. (t=200,
wind=11)
Climate
distinctiveness in
Prec.Tot. (t=200,
wind=15)
Climate
distinctiveness in
Prec.Tot. (t=500,
wind=5)

12

13

15

16

17

18

19

20

21

22

23

0.07

0.03

0.19

0.23

0.24

0.31

0.30

0.29

0.33

0.30

0.29

0.29

0.08

0.04

0.24

0.28

0.29

0.37

0.35

0.34

0.40

0.36

0.35

0.34

0.06

0.00

0.29

0.34

0.35

0.44

0.42

0.41

0.47

0.44

0.42

0.39

-0.11 0.04
-0.18 0.06
0.49 -0.28
0.54 -0.33
056 -0.34
0.65 -0.37
0.63 -0.38
0.63 -0.39
0.68 -0.40
0.66 -0.42
0.64 -0.42
0.49 -0.28

-0.03

-0.04

0.17

0.23

0.26

0.33

0.33

0.32

0.35

0.33

0.32

0.31

-0.04

-0.04

0.22

0.27

0.30

0.37

0.36

0.35

0.39

0.36

0.35

0.34

-0.05

-0.05

0.25

0.32

0.33

0.41

0.40

0.39

0.43

0.40

0.39

0.39

-0.22 0.05
-0.22 0.02
0.42 -0.27
0.50 -0.33
052 -0.36
0.58 -0.37
0.58 -0.40
0.58 -041
0.61 -0.40
059 -043
058 -0.44
0.52 -0.35

0.05

0.04

0.18

0.29

0.29

0.41

0.43

0.43

0.40

0.40

0.41

0.39

0.04

0.01

0.17

0.25

0.26

0.38

0.39

0.39

0.38

0.38

0.38

0.40

0.05

0.03

0.18

0.23

0.26

0.39

0.38

0.37

0.38

0.35

0.34

0.41

0.17

0.16

0.31

0.41

0.42

0.53

0.56

0.55

0.52

0.53

0.51

0.53

0.03

0.03

-0.22

-0.28

-0.28

-0.44

-0.44

-0.40

-0.43

-0.40

-0.37

-0.47

0.01

0.11

0.20

0.22

0.24

0.54

0.44

0.41

0.62

0.54

0.49

0.54

0.14

0.23

0.05

0.11

0.17

0.46

0.38

0.39

0.59

0.49

0.48

0.55

0.14

0.22

0.09

0.10

0.15

0.44

0.36

0.36

0.55

0.47

0.45

0.50

0.18

0.29

0.22

0.25

0.29

0.54

0.47

0.40

0.62

0.54

0.48

0.60
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0.16

0.23

-0.14

-0.10

-0.18

-0.56

-0.43

-0.38

-0.61

-0.50

-0.47

-0.55



Climate
distinctiveness in
Prec.Tot. (t=500,
wind=11)
Climate
distinctiveness in
Prec.Tot. (t=500,
wind=15)
Climate
distinctiveness in
Prec.Seas. (=1,
wind=5)

Climate
distinctiveness in
Prec.Seas. (t=1,
wind=11)
Climate
distinctiveness in
Prec.Seas. (t=1,
wind=15)
Climate
distinctiveness in
Prec.Seas. (=2,
wind=5)

Climate
distinctiveness in
Prec.Seas. (=2,
wind=11)
Climate
distinctiveness in
Prec.Seas. (t=2,
wind=15)
Climate
distinctiveness in
Prec.Seas. (t=3,
wind=5)

Climate
distinctiveness in
Prec.Seas. (=3,
wind=11)
Climate
distinctiveness in
Prec.Seas. (t=3,
wind=15)
Climate
distinctiveness in

24

25

26

27

28

29

30

31

32

33

34

35

0.30

0.28

0.14

0.12

0.10

0.15

0.12

0.11

0.13

0.12

0.11

0.07

0.34

0.34

0.21

0.19

0.18

0.23

0.20

0.19

0.21

0.20

0.18

0.08

0.44

0.43

0.28

0.26

0.25

0.30

0.28

0.27

0.26

0.28

0.27

0.11

0.63

0.64

0.25

0.25

0.26

0.25

0.26

0.27

0.19

0.26

0.26

0.00

-0.44

-0.48

-0.23

-0.26

-0.27

-0.23

-0.28

-0.29

-0.17

-0.28

-0.30

0.00

0.32

0.32

0.15

0.13

0.14

0.15

0.14

0.13

0.14

0.12

0.12

0.05

0.37

0.36

0.20

0.19

0.20

0.22

0.19

0.19

0.23

0.19

0.19

0.09

0.43

0.42

0.25

0.26

0.27

0.28

0.28

0.27

0.29

0.28

0.28

0.12

0.60

0.59

0.25

0.27

0.28

0.27

0.28

0.28

0.26

0.27

0.26

0.03

-0.50

-0.50

-0.25

-0.30

-0.33

-0.27

-0.32

-0.34

-0.25

-0.33

-0.35

-0.01

0.37

0.36

0.16

0.09

0.07

0.20

0.12

0.10

0.20

0.10

0.07

0.03

0.38

0.35

0.19

0.15

0.14

0.22

0.20

0.18

0.25

0.18

0.17

0.10

0.37

0.32

0.23

0.15

0.13

0.23

0.18

0.16

0.26

0.20

0.17

0.12

0.52

0.48

0.25

0.18

0.14

0.25

0.20

0.16

0.28

0.19

0.14

0.07

-0.43

-0.35

-0.29

-0.19

-0.13

-0.32

-0.25

-0.20

-0.36

-0.28

-0.20

-0.17

0.44

0.42

0.31

0.04

0.10

0.38

0.05

0.02

0.41

0.12

0.06

0.00

0.41

0.41

0.19

0.11

0.14

0.31

0.01

0.03

0.43

0.14

0.07

0.08

0.39

0.40

0.20

0.11

0.15

0.31

0.01

0.05

0.40

0.10

0.05

0.05

0.47

0.40

0.35

0.00

0.05

0.41

0.08

0.06

0.40

0.16

0.12

0.00
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-0.47

-0.45

-0.18

0.16

0.18

-0.27

0.04

0.04

-0.40

-0.11

-0.05

-0.08



Prec.Seas. (=4,
wind=5)

Climate
distinctiveness in
Prec.Seas. (=4,
wind=11)
Climate
distinctiveness in
Prec.Seas. (t=4,
wind=15)
Climate
distinctiveness in
Temp.Seas. (t=1,
wind=5)

Climate
distinctiveness in
Temp.Seas. (t=1,
wind=11)
Climate
distinctiveness in
Temp.Seas. (t=1,
wind=15)
Climate
distinctiveness in
Temp.Seas. (t=2,
wind=5)

Climate
distinctiveness in
Temp.Seas. (t=2,
wind=11)
Climate
distinctiveness in
Temp.Seas. (=2,
wind=15)
Climate
distinctiveness in
Temp.Seas. (t=3,
wind=5)

Climate
distinctiveness in
Temp.Seas. (t=3,
wind=11)
Climate
distinctiveness in
Temp.Seas. (t=3,
wind=15)

36

37

38

39

40

41

42

43

44

45

46

0.06

0.05

-0.10

-0.11

-0.10

-0.08

-0.10

-0.10

-0.07

-0.11

-0.11

0.11

0.11

-0.12

-0.11

-0.10

-0.07

-0.09

-0.09

-0.05

-0.09

-0.09

0.16

0.18

-0.16

-0.15

-0.14

-0.08

-0.10

-0.11

-0.03

-0.09

-0.11

0.09

0.14

-0.17

-0.21

-0.21

-0.24

-0.26

-0.27

-0.24

-0.29

-0.29

-0.10

-0.19

0.02

0.04

0.03

0.04

0.04

0.04

0.06

0.06

0.06

0.05

0.06

-0.16

-0.14

-0.13

-0.13

-0.12

-0.11

-0.14

-0.14

-0.12

0.11

0.12

-0.18

-0.14

-0.11

-0.13

-0.11

-0.10

-0.11

-0.11

-0.10

0.19

0.21

-0.23

-0.16

-0.13

-0.14

-0.11

-0.10

-0.09

-0.10

-0.09

0.14

0.16

-0.18

-0.15

-0.14

-0.24

-0.21

-0.20

-0.27

-0.24

-0.22

-0.22

-0.27

0.06

0.02

0.00

0.05

0.01

0.00

0.05

0.02

0.01

0.00

0.04

0.10

0.12

0.15

0.04

0.08

0.12

0.16

0.15

0.14

0.10

0.04

0.13

0.08

0.11

0.07

0.08

0.11

0.15

0.14

0.14

0.12

0.03

0.14

0.11

0.12

0.10

0.12

0.14

0.19

0.16

0.17

0.06

0.02

0.00

0.07

0.11

0.06

0.11

0.15

0.19

0.19

0.21

-0.17

-0.06

0.00

0.07

0.11

-0.02

0.03

0.09

0.05

0.05

0.10

0.17

0.17

0.01

0.06

0.03

0.07

0.09

0.06

0.02

0.16

0.29

0.07

0.07

0.01

0.01

0.10

0.07

0.04

0.03

0.07

0.17

0.36

0.12

0.13

0.00

0.05

0.05

0.00

0.12

0.10

0.08

0.19

0.36

0.10

0.12

0.06

0.05

0.19

0.05

0.02

0.01

0.09

0.13

0.33
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0.13

0.13

0.02

0.13

-0.01

0.00

0.15

0.13

0.04

0.23

0.39



Climate
distinctiveness in
Temp.Seas. (t=4,
wind=5)

Climate
distinctiveness in
Temp.Seas. (t=4,
wind=11)

Climate
distinctiveness in
Temp.Seas. (t=4,
wind=15)

Habitat
heterogeneity
(Range) in AET
Habitat
heterogeneity
(Range) in PET
Habitat
heterogeneity
(Range) in MAT
Habitat
heterogeneity
(Range) in Altitude
Habitat
heterogeneity (Sd) in
AET

Habitat
heterogeneity (Sd) in
PET

Habitat
heterogeneity (Sd) in
MAT

Habitat
heterogeneity (Sd) in
Altitude

Seasonality in MAT
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Table S24. Poisson, Hurdle and Zetlon f | at ed Poi sson (ZI P) models form amphibians
Amphibians Models Mammals Models
Estimate
(Standarcerror)
Poisson Hurdle-Poisson ZIP Poisson Hurdle-Poisson ZIP
Climate stability
Df 2 4 4 2 4 4
AIC 8511 6018 6135 11691 10016 10014
Zeros obsz 9558 9882 9863 9558 9224 9214
Climate seasonality
Df 2 4 4
AIC 8503 5993 5971 12236 10273 10246
Zeros obsz 9283 9882 9883 8549 9224 9227
Climatedistinctiveness
Df 2 4 4 2 4 4
AIC 8428 6012 6016 11724 10042 10054
Zeros obsz 9282 9882 9882 8576 9224 9222
Climateheterogeneity
Df 2 4 4 2 4 4
AIC 8801 6177 6162 11996 10128 10110
Zeros obsz 9348 9882 9883 8641 9224 9227

Log L = maximized loglikelihood

AIC = Akaike Information Criterion

Z Total Zero obs. for amphibians = 9882; Nperos obs.=564; Total obs. 10446
Total Zero obs. for mammals = 9224; Nperos obs.= 1222; Total obs. 10446
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Figure S21. Broad scale patterns of amphibian endemism using five metrics and four spatial resddtans.were constructed
using range size cuiffs (first quartile, 50K krhand 250K km), inverse range size (Weighted Endemism, WE) and median range

size.
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Figure S22. Broad scale patterns of mammal endemism using five metrics and four spatial resdWétans.were constructed
using range size cuiffs (first quartile, 50K krhand 250K k) and inverse range size (Weighted Endemism, WE), and median range

size.
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a) Inverse range size (Weighted endemism, WE)
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Figure S23. Spatial congruence between mammals and amphibians using various metrics of
endemism a) Inverse range size, b) Median range size, ¢) Range size threshold (smallest

guartile), and d) Range si#lereshold (<50,000 Km2).
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a) Amphibians b) Mammals

Americas

Figure S24a. Number of endemic species (boxplots) in mountain systems (300 to 2,500 meters
above the sea level) along a latitudinal gradient (greyscale bands represent approximately 10

degreesjor a) amphibians and b) mammals.
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Figure S4b. Number of rangestricted species in mountains (>300 meters above sea level,

m.a.s.l) and low elevations (< 300m).
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a) Range size cut-off (Quartile)
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Figure S25. Proportion of species with small range size within areas of high species richness (highest quantile) for amphibians (left
graphs) and mammals (right graphs), using the highest quartile of two metrics of species endemism a) rang# sifguaurttile

and b) range size cutff = 50,000 Km2.
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Figure S26.Spear mands r ank crodottedeiheanticaiesy 0.6)amohg | ci ent
metrics of species endemism and total species richness. Metrics were constructed using range
size cutoffs (first quartile, ranges smaller than 5%kén?, and ranges smaller than 2.5Xk?),

inverse range size (Weighted Endemism, WE) andiamerange size.
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a) Weighted endemism (WE)
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Figure S27. Coefficient of determination (grey bars?)Rnd collinearity (red lines, Variance

I nfl ati on Factor

. VI F)

bet ween

amphi bi anso

plus each othepredictor, using two metrics of endemism a) Weighted endemism (WE), and b)

Median range size. Red dashed line represents VIF = 2.5 (above this line is high concern

regarding collinearity between variables). MAT = Mean annual temperature, AET = Actual

evapdranspiration, PET = Potential evapotranspiration, Prec. = Total precipitation.
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a) Weighted endemism (WE)
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Figure S28. Coefficient of determination (grey bars?)Rnd collinearity (red lines, Variance

Inflation Factor, VIF) betweemammalé endemi sm as a function of
each other predictor, using two metrics of endemism a) Weighted endemism (WE), and b)
Median range size. Red dashed line represents VIF = 2.5 (above this line is high concern
regarding collinearity beteen variables). MAT = Mean annual temperature, AET = Actual
evapotranspiration, PET = Potential evapotranspiration, Prec. = Total precipitation.
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a) Climate velocity
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Figure S29. Models predicting endemism (using Median range size) for a) @iweocity and

b) Spatial heterogeneity. (i) Variance partitioning (variance contribution of each predictor and
shared variance) and (ii) path analysis (the darker the line the stronger the effect on that
relationship);. AET = Actual evapotranspiratiorly € Climate velocity; SHPET = Spatial
heterogeneity in potential evapotranspiration; PET = potential evapotranspiration; Richness =

Total species richness.
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a) Climate velocity
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Figure S210. Models predicting endemism (using WeighEalemism, WE) for a) Climate

velocity and b) Spatial heterogeneity. (i) Variance partitioning (variance contribution of each
predictor and shared variance) and (ii) path analysis (the darker the line the stronger the effect on
that relationship);. AET = Acaal evapotranspiration; CV = Climate velocity; ST = Spatial
heterogeneity in potential evapotranspiration; PET = potential evapotranspiration; Richness =

Total species richness.
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a) Total species richness ~ Weighted endemism
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Figure S211. Total species richness asunction of endemism a) Weighted endemism (WE)

and b) Median range size for amphibians and mammals. Variance explained is Rhown (
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a) Correlogram
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Figure S212. Crosscontinental validation from best Ordinary least squares (OLS} ekl
autoregressive (SAR) models predicting broad scale patterns of endemism for amphibians and
mammals, using two metrics of endemism a) Median range size and b) Weighted endemism. SH
PET = Spatial heterogeneity in potential evapotranspiration; PEIenfal evapotranspiration;

CD-PT = Climate distinctiveness in Total precipitation; and, Richness = Total species richness.
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a) Median range size endemism
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Figure S213. Crosscontinental validation from best Ordinary least squares (OLS) and spatial
autoregressive (SAR) models predicting broad scale patterns of endemism for amphibians and

mammals, using two metrics of endemism a) Median range size and b) Weighted endemism.

SH_PET = Spatial heterogeneity in potential evapotranspiration; PET = potential

151



evapotranspiration; CD_PT = Climate distinctiveness in Total precipitation; and, Richness =
Total species richness. Here we used some continental masses instead of reaimos $trate

that models failed to predict endemism in various geographic settings
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Amphibians Mammals

Endemism™ CV + Richness | CV + Richness

Endemism~ HH-PET + Richness | HH-PET + Richness

Sqrt(Frequency)

20

Number of endemic species

Figure S214. Hanging rotogramfom hurdle models (amphibians and mammals) for past climate (top graphs) and current climate

(bottom graphs)
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Observed total species endemism

Figure S215. Predicted vs. observed endemic species (amphibians and mammals) from hurdle
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Predicted total species endemism

models for a) climatgelocity; and b) Spatial heterogeneity in potential evapotranspiration
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