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Abstract
Synthesizing vertebrate population richness and genetic diversity across the American

continents

Elizabeth Rachel Lawrence, Ph.D.
Concordia University, 2020

Intraspecific diversity is an important facet of biodiversity, both for the understanding of
broad-scale biodiversity distribution and for the prioritization of conservation hotspots below the
species level. It is the level of biodiversity that responds first to environmental change, yet few
studies have assessed its broad-scale distribution. By constructing and analyzing an extensive
population-genetics database, my thesis aims to demonstrate both the links and differences
between species richness, population richness, and population-specific genetic diversity (PGD).
Chapter 1 details the database and provides an exploration of population genetic data across
five vertebrate taxonomic groups. The database collated geo-referenced information from 895
vertebrate species, 1308 studies, and 9090 genetically distinct populations. I found that
anadromous species tended to be both the most population rich and genetically diverse, while
mammals had lower levels of genetic diversity. In Chapter 2, | synthesized the conceptual
foundation for broad-scale expectations of genetic and population diversity patterns by drawing
from theories in the species diversity literature. | also tested the relationship between range size
and population richness or PGD, finding a positive and a non-significant relationship for
population richness and PGD, respectively. For Chapter 3, | assessed the latitudinal gradient in
vertebrate PGD and assessed how environmental variables and variation among genera may
mediate patterns in PGD. | found minimal evidence for a latitudinal gradient in PGD, a weak
influence of environmental variables, and strong evidence for genera-specific patterns. In
Chapter 4, I evaluated the influence of anthropogenic impacts (namely human population density
and heterogeneity in land use intensity) on metrics of PGD across broad-scales. | found
inconsistent support for the expected negative impacts, instead finding that human impact varies
both between and within taxonomic groups. Collectively, my thesis demonstrates the difficulties
in applying species theories to intraspecific diversity and that species-centric views overlook

important variation below the species level. Taxonomic-dependent responses are common, and



there is no “broad brush” for biodiversity — considering differences among taxa, even down to
the genus-level, can be vital for biodiversity conservation. Intraspecific diversity does not have
the same distribution as species diversity, and more extensive sampling would be needed to

investigate these patterns more clearly.



Acknowledgements

“At top and bottom of big rock, there are not many kinds of animals, but the

animals are more changey ” — Jonathan D. Lawrence

| first would like to dedicate this thesis to my twin brother, Jonathan D. Lawrence, who
summarized my work with the quote above. You have always been there for me, whether
through emotional support, editorial means, and even helping me extract data from papers. |
could not have gotten through this degree or indeed this life without you. I hope you know how
much you mean to me, and you always will.

| have many other people to thank for supporting me throughout this thesis. To my
doctoral supervisor, Dylan Fraser, you have been an incredible source of inspiration and
motivation. | am deeply thankful for your continued support during my degree and feel
extremely lucky to have had you as a supervisor. Your encouragement and emphasis for mental
and physical health is so refreshing in a field where burn out can be so high. You have been a
continual pool of knowledge and | appreciate all the time you have spent providing me with
valuable feedback.

Fellow lab member Dr. Jean-Michel Matte | want to thank you for your statistical
support, feedback on written drafts, and general discussion as it has been instrumental to my
understanding of the work throughout this thesis. As well, to Dr. Matthew Yates who has been
there for many discussions regarding statistical approaches. To Dr. Ella Bowles, your friendship
and mentorship has been and is incredibly valued.

| am grateful to all the co-authors and volunteers who assisted in the construction of the
database this thesis is based on: Kia Marin, Javiera Benavente Paredes, Nia Krasteva, Thais
Bernos, Zachery Wells, Andrew Habrich, Ramela Arax Koumrouyan, Gabrielle Nessel,
Katherine Levasseur-Bhatia, Astrid de Jaham, Danielle Mac Rae, Jonathan Lawrence, and
Charlotte Clegg. Additionally, the many colleagues who have provided feedback on my drafts at
some point or another. | would also like to thank all of my committee members who have
supported this work and provided insightful criticism that has improved the development of the
project.

Thank you to my committee members, Dr. James Grant and Dr. Jean-Philippe Lessard, as

well as my external examiners, Dr. Pascale Biron and Dr. Janna Willoughby. I also thank all the



authors from various studies who have provided me with data that has supported this thesis,
inclding Erle Ellis (anthropogenic data), Kirsten J Monsen (population data), Janna Willoughby
(bird data), the IUCN, and BirdLife International (bird data).

Finally, I would like to thank my funding sources: Concordia University, NSERC, and
the Quebec Centre for Biodiversity Science (QCBS) for their instrumental financial support. In
particular the QCBS has not only supported the construction of the database itself in the form of
a seed grant that allowed us to hire help, but, along with Concordia, also supported my growth as
a person and a scientist by supplying financial aid to attend international conferences in

Colombia and Malaysia.

Vi



Contribution of Authors

As primary author | contributed to the conception, planning, data collection/extraction, data
analyses, and writing for all four thesis chapters. Similarly, Dr. D. Fraser contributed to the
conception, planning, and writing/editing of all chapters. For chapter 1, co-authorship
contribution is as follows:

E.R.L. initiated the database construction, collected data on North American fish, mammals,
amphibians, reptiles, and South American mammals; she also combined all files from other
contributors, checked data for consistency, ran statistical analyses, built the reference file, and
wrote the paper.

J.N.B. collected population data on North American fish, and South American fish, mammals,
amphibians, and reptiles, assisted with collating reference information, and provided feedback on
manuscript revisions.

J.-M.M. completed statistical modeling, focusing on analyses for beta distributions and
coefficients of variation; he also provided feedback on manuscript revisions.

K.M. collected population data on North American mammals, fish, reptiles, and amphibians, and
provided feedback on manuscript revisions.

Z.W. collected population data on North American fish and provided feedback on manuscript
revisions.

T.B. and N.K. collected population data on bird species within the American continents and
provided feedback on manuscript revisions.

A.H. collected population data on North American mammal species and provided feedback on
manuscript revisions.

G.N. collected Fst values for bird species and assisted with collating reference information.
R.A.K. collected Fst values for bird species and provided feedback on manuscript revisions.
D.J.F. conceived the general idea of the study, collected population data on North American fish,

and provided feedback on manuscript revisions.

vii



Chapters 1 and 2 have been published in Scientific Data and Global Ecology and Biogeography,

respectively, as:

Lawrence, E.R., Javiera N. Benavente, Jean-Michel Matte, Kia Marin, Zachery Wells, Thais A.
Bernos, Nia Krasteva, Andrew Habrich, Gabrielle Nessel, Ramela Arax Avedis
Koumrouyan, & Dylan J. Fraser. (2019). Geo-referenced population-specific
microsatellite data across the American continents: the MacroPopGen Database.
Scientific Data 6(1), 14.

Lawrence, E.R. & Fraser, D.J. (2020). Latitudinal biodiversity gradients at three levels: linking
species richness, population richness, and genetic diversity. Global Ecology and
Biogeography 29(5), 770-788.

Chapter 3 has been submitted to Nature Communications as:
Lawrence, E.R. & Fraser, D.J. (in review). Weak latitudinal and environmental influences on

vertebrate population genetic diversity across the Americas. Nature Communications.
Chapter 4 is in preparation to be submitted to Biological Conservation as:

Lawrence, E.R. & Fraser. D.J. Variability in anthropogenic impacts on nuclear vertebrate

population genetic diversity across the Americas. Biological Conservation.

viii



Table of Contents

LISt OF FIQUIES ...ttt e et e s e e be e st e s neesteeneeaneesneeneeaneenreas Xiii
LSt OF TADIES ...ttt e ettt e e e e e e e et e e e e e e e e raaaeeeaaaaa XVii
GENEIAL INTTOTUCTION <. ettt e e ettt e e e e e e e e e et e e e e e e ee e e e eeeeeeeeannnees 1

Chapter 1: Geo-referenced population-specific microsatellite data across American continents,

the MacroPOPGEN DAtaDESE.........c.coviitiiiiitiiieie et 5
N 011 - Tod RSOOSR 6
Background and SUMIMAIY ........ccooeiiiiiiinieieeiese st se b b 7
=700 T LTSS 8

D 1 oo 1 <o £ [ o SR PRTSR 8
Inclusion criteria and aSSUMPTIONS ..........couiiiiiiirieiiii et eeeas 9
Demarcating POPUIALIONS. .........co.iiiiiiiiieieee bbb 10
GeographiC Breadth..........cooiiiiiiiieeee s 11
SEALISTICAL ANAIYSIS ...ecvvieiieciecie ettt et e areenas 12
Code and Data AVAIlabIlity ...........cccoiviieiiiiecce e 13
DAtA RECOIAS ......eevvete sttt bbbt e s et e et et s b e e be e bt e st e s et et e nbeabesneeneas 14
TechniCal Validation ..........covoiiiiiec et 14
Geographic and taXONOMIC DIAS ........eciueiieiicie ettt 14
Variation among taxonomic and continental groups..........cccceveeeeeieieeie e 15
Bias With microSatellite 10CH .........ccoiiiiiiiieee e 15
ASCEIAINMENT DIAS ...ttt ettt be e e 15
LI 0] ST 18
B QUIES . et b bbb bbb bRt n bbb nh s 22

Chapter 2: Latitudinal biodiversity gradients at three levels: linking species richness, population

richness, and geNEtIC QIVEISITY .......iciiiiiii et e e 26
a0 [N ot AT ] o PSPPSR 29
Review: Understanding the latitudinal gradient of biodiversity via three levels...................... 31

HISTOrICAl TrAMEWOTK ......eoieiiieiie et e e eneenreenne s 31



ECOIOQICAl TrAMEWOIK........c.eiiieeie et sreeae e sraeee s 35

EVOIULIONArY FramEWOIK ........cciuiiiiiieie ettt ra e saeeae e nraene s 38
Review Summary: Latitudinal prediCtionS...........cccvoviiiiiieieic e 41
New Analyses Drawing from REVIEW .........ccuoiiiiiiiiiiiiiieieee e 42
Intraspecific Diversity and Range Size: Hypotheses and PrediCtions...........cccccvvevveriennnnne. 42
H1: Geographic Distribution HYPOtNESIS ..........ccoiiiiiiiiiiece e 43
H2: Overlapping Range HYPOLNESIS .........cviiiiiiiiiiirieieee e 44
H3: Range-Restricted Gene HYPOLNESIS .........coviiiiiiiiiiieecee e 45
NEW ANAIYSIS SUMMAIY .....eiuieiiieiiecie ettt ste ettt e st saeesteesaesreesbeasaesseesseennesseesraeneens 47
OVETAI CONCIUSION ...ttt ettt ettt ens 49
(€] [0 11Y: Y SRS SSTSR 51
LIE: 0] PSS 53
B QUIES . et b bbbt b bbbttt n b bbb 59

Chapter 3: Weak latitudinal and environmental influences on vertebrate population genetic

dIVErSity ACr0SS the AMEIICAS ....c.eiviiiiiieiiieiiei ettt bbbt nb e b eneas 64
AN 011 (X SR 65
[ 10T [ o3 ([0 ] 1SR 66
1V 1=1 {10 0 T RTRTT 69

DL 17 - Todo [0 ] o SRRSO 69
[V [oT0 [T IST=] [=Tox (1o ] o 70
TaXa-SPECITIC PATEINS ...t bbb 72
RESUILS ...ttt e e s et e e e s b bt e e e s esb b e e e e e bt e e e e s sbeeeeeeeabaeeeeebbeneesabereeean 72
DAt ACHUISTTION ...ttt bbbttt ettt bbb b 72
V[0 T0 1= IR [=Tox ([ 72
Effect of Latitude and Environmental VariableS..........cuoviiveiiiiicciee e 73
TaXa-SPECITIC PAITEINS ...ttt et 74
[T FS1S] [ o TR 74
LI 0] (=TT 78
B QUIES . .t b bbb Rt b bbb Rt Rt n et bbb 79



Chapter 4: Variability in anthropogenic impacts on nuclear vertebrate population genetic

diVersity aCroSS the AMEIICAS ......ccveiiieie ettt te et e s e e re e e s neennas 82
N 011 = Tod OSSP URPRRTRPPTR 83
T [N Tod AT o TR PRRTR 84
=g To T LSRR 87

GeNEtiC data ACHUISTTION.......oititiitiii ittt 87
ANthropogenic data ACUISITION .........c..eiuiiiiiiiriiii i 87
Accounting for habitat NeterogenEItY ..........ccooiiiiiiiieee e 88
Human impacts on population genetic diVErSity .........ccccoceiiieiieii i 89
RESUITS ...ttt bbbt bRttt bt bR bRttt nbenbenneene s 90
Data acquisition & general treNdS .........cccveciiiiiicie e 90
Habitat NEtErOgENEILY .......cviiieie et et reeae s 91
Human impacts on population genetic diVErSity .........ccceviiieiieii i 92
D o011 (0] o USRS UPRTPRPRPRROS 93
(07]Tod 11151 [0 USSR PR PR 96
LIE: 0] PSSR 99
FIUIES. ettt ettt e et e et e e s e e b e et e et e te e te et e ehe e ahe e aeeRe e reeteeneenteeneenee e 103

GENEIAI DISCUSSION ...ttt sttt sttt e st et e et st e st e be e bt e beene e st e b e neesbenbesbeene e 108
Evaluating broad-scale patterns in genetic diVersity ..........cccoveiiiiiiiiere i 108
Evaluating population FICNNESS ..........ccveiiiiiecie e 109
The importance of Variability............cccooiiiiiiii e s 110

(C1= 1= I oo [od [0 (o] o PSPPSRI 112

BIDHOGIAPNY ...t 114

Y 0] o 1=] 16 [ ot TR PP PPR PPN 134
N o] o 1=] 1o [ G TP TSP OR PP URPRPRPN 134
N o] o 1=] 016 [ PRSPPSO PR OR PRSPPI 135

Supplementary IMEthOUS .........ooiiiiie e 135

Xi



DI . .o et e e e e e ——— 138

N 0] 01 00 LG TSRS 143
N o] 01 0 L OSSR 149
Supplementary MELNOUS ..........c.coviiiiiei e ae s 149
TabIES ANA FIQUIES .....ecviiieiee ettt e st e et esreesreenesreenreeneeas 150

Xii



List of Figures

Figure 1.1. Coefficient of variation and mean values for observed heterozygosity (Ho), mean
number of alleles (MNA), and population-specific Fst calculated to account for GLMM
structure. Error bars represent standard error. Significant differences between groups indicated
by letter grouping where groups sharing the same letter(s) are not significantly different from one
another. (a, b) Coefficient of variation calculated across (a) taxonomic groups (circles) and (b)
between continental regions (squares). (c - €) Mean (c) Fsr, (d) Ho, and (e) MNA calculated
across taxonomic groups. (f - h) Mean (f) Fs, (g) Ho, and (h) MNA calculated between
continental regions.

Figure 1.2. Microsatellite observed heterozygosity (Ho), mean number of alleles (MNA), and
population-specific Fst averaged across each vertebrate group, according to Family (left column)
or Genus (right column), indicated on the x axis. Colours indicate the taxonomic group each
family or genus belongs to: dark green = amphibians, purple = birds, blue = fish, orange =
mammals, light green = reptiles. Error bars represent standard error. (a, c, €) Ho, MNA, and Fst
are averaged across vertebrate families (n=195). (b, d, f) Ho, MNA, and Fst are averaged across
vertebrate genera (n=480).

Figure 1.3. Observed heterozygosity, mean number of alleles, and number of microsatellite loci
for populations of each taxonomic group sampled between the years 1994 to 2017. (a—c) All
vertebrate groups together; (d — f) only amphibian species; (g — i) bird species; (j —I) all fish
species; (m — 0) mammalian species; (p — r) reptile species. Linear models are indicated for
significant relationships.

Figure 1.4. Funnel plots for all populations; y axis for both plots is the number of microsatellite
loci, and (a) x axis is observed heterozygosity (Ho) or (b) mean number of alleles (MNA).
Vertical line represents the mean value.

Figure 2.1. Demonstration that intraspecific diversity can provide insight into the biodiversity of
an area rather than simply looking at the species (“spp”) richness. Two areas that have the same
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temperature (°C), d) AP = annual precipitation (mm/year), e) the interaction between Elevation
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and total annual temperature range (°C, TAR). Dark grey zones represent areas that were unable
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nearest Urban biome (Urban, km), (b-g) the interaction between human population density
(HPD, persons km) and Originating Biome (Croplands, Rangelands, Semi-Natural, Urban,
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Confidence intervals represent the standard error.
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General Introduction

Biodiversity is the variety of life and while this variation can be assessed at multiple
levels, researchers have historically focused on one level at a time (most prominently species
richness) due to technological and theoretical constraints. As these constraints have become less
limiting due to technological advances, there has been a shift towards assessing intraspecific
diversity and its role and distribution in large-scale biodiversity (Millette et al., 2019; Miraldo et
al., 2016; Willoughby et al., 2015). Intraspecific diversity can determine the maintenance and/or
establishment of species within ecosystems, and how a species will respond to future
biotic/abiotic change (Barrett & Schluter, 2008; Bernatchez, 2016; Ghalambor et al., 2007; Jump
et al., 2009; Willoughby et al., 2018). Overlapping and examining broad-scale patterns of inter-
and intraspecific diversity together can provide insights into biodiversity distribution (e.g.
latitudinal gradient in species richness). It can even have conservation management implications
by identifying hotspots (Marchese, 2015; Paz-Vinas et al., 2018). This thesis aimed to integrate
species-level biodiversity research with two facets of intraspecific diversity — population richness
and genetic diversity — and then investigated how these levels may or may not be linked together
at broad-scales.

While there are different aspects of intraspecific diversity, such as phylogenetic diversity,
functional diversity, population richness, and genetic diversity, this thesis focused on the latter
two. Population richness is a key component between species richness and genetic diversity. As
genetic divergence increases, population differentiation leads to eventual speciation (Schluter,
2016; Schluter & Pennell, 2017; Taylor, 1999; Wiens & Donoghue, 2004). Thus, I defined
population richness as the number of genetically distinct populations in a region. This metric can
provide insight into the state of an ecosystem or an individual species. For example, comparing
the species and population richness within an area could indicate the age and speciation potential
of that community, where high species richness but low population richness could be indicative
of an older community (i.e. millions or tens of millions years old) with lower rates of speciation
since all populations have likely diverged (Kennedy et al., 2018; Schluter, 2016; Schluter &
Pennell, 2017). Conversely, an individual species with many genetically distinct populations
could indicate higher potential for local adaptation and persistence throughout the species range

as environmental change occurs. Populations will experience variable environments throughout



the range, thus some may be better adapted for different conditions. The differences in local
adaptation may enable future persistence compared to an endemic species with one population,
which may not have the variability required to adapt (Ghalambor et al., 2007). As such,
population richness is one of two important facets of intraspecific diversity | focused on here and
is intrinsically linked to genetic diversity.

Genetic diversity can be either neutral or adaptive. Neutral genetic diversity represents
standing genetic diversity that selection is currently not acting upon, whereas adaptive genetic
diversity represents the parts of genomes associated with active selection, adapting to future
change, and can have definitive effects on fitness (Gebremedhin et al., 2009; Jarne & Lagoda,
1996; Kirk & Freeland, 2011; Mittell et al., 2015; Selkoe & Toonen, 2006). Although adaptive
genetic diversity may seem to provide more direct information on a population’s fitness, neutral
genetic diversity can provide important insights into a population’s potential for cryptic genetic
diversity that could allow future adaptation to novel environments (Brennan et al., 2019; Kirk &
Freeland, 2011; Paaby & Rockman, 2014; Selkoe & Toonen, 2006). Neutral genetic diversity is
also often used for delineating populations due to higher mutation rates resulting from lower
selection pressure (Jarne & Lagoda, 1996). This makes neutral genetic diversity a useful aspect
of diversity to assess at broad scales, and to compare across many taxonomic groups.
Additionally, largescale syntheses of adaptive genetic diversity are at present restrained by a lack
of data, whereas there are two decades of data on neutral genetic diversity (Jarne & Lagoda,
1996; Selkoe & Toonen, 2006). As such, | concentrated on neutral genetic diversity — explicitly
population-specific neutral genetic diversity (PGD) — for this thesis.

Neutral PGD can be assessed with different molecular markers (e.g. mitochondrial DNA
(mtDNA), allozymes, Random Amplified Polymorphic DNA, Single Nucleotide Polymorphisms
(SNPs), etc.) but microsatellites were chosen here over other markers. Microsatellites have
elevated mutation rates, a polymorphic nature, an ability to represent nuclear genomic diversity,
and widespread usage in recent decades (Jarne & Lagoda, 1996; Schlttterer, 2004; Selkoe &
Toonen, 2006; Vali et al., 2008). Microsatellites have high polymorphism and elevated mutation
rates which allows them to resolve fine-scale population structure, particularly for closely related
populations (Angers & Bernatchez, 1998; Jarne & Lagoda, 1996). As microsatellites are obtained
from the nuclear genome, they reflect genome-wide nuclear diversity — an integral aspect for

future adaptation — providing a distinct advantage over mtDNA markers (e.g. commonly assessed



cytochrome c oxidase subunit | gene; Miraldo et al., 2016; Millette et al., 2019), which do not
originate from the nuclear genome. Admittedly, other nuclear markers such as barcoding can
assess phylogenetic signals across populations and species. However, microsatellites allow for
the comparison of genetic characteristics between populations such as heterozygosity and allelic
diversity, which has been noted to indicate levels of inbreeding or adaptive potential (Fraser et
al., 2019; Hansson & Westerberg, 2002; Jump et al., 2009; Reed & Frankham, 2003). Finally,
microsatellites presently provide the largest abundance of collectable data across taxa relative to
more recent molecular developments associated with SNPs or barcoding.

Chapter one formed the basis and foundation of this thesis — the construction of the
MacroPopGen database. This database was founded upon two decades of microsatellite-
generated PGD data. | focused on five vertebrate classes across the American continents:
amphibians, birds, fishes (anadromous and freshwater), mammals, and reptiles. | chose to
exclude marine animals, plants, and invertebrates due to difficulties in delineating a genetically
distinct population for marine animals and plants, and a paucity of data that suited my criteria for
invertebrates. The collation of these data not only standardized decades of population-genetic
data but also was used to i) determine any broad-scale patterns with respect to PGD across
vertebrate classes, ii) detect differences in population differentiation among classes, and iii)
identify any publication bias with respect to marker type, geographic region, or taxonomic
groups.

Chapter two constructed a conceptual framework that applied species diversity theories to
population richness and genetic diversity. Genetic diversity can have different definitions to
different authors, so part of my goal for this chapter was to explicitly delineate population
richness and genetic diversity, and the various broad-scale methods of assessing them. In this
chapter | first applied theories describing the distribution in species diversity to generate
predictions for the latitudinal distribution of population richness and genetic diversity (including
but not limited to the time and area hypotheses, and Rapoport’s rule; (Mittelbach et al., 2007;
Pianka, 1966; Stevens, 1989; Wallace, 1878). After establishing a theoretical framework, I then
generated and tested three hypotheses that related species range size to intraspecific diversity to
test some of the predictions discussed in the chapter.

For Chapter three, | formally investigated the latitudinal gradient for vertebrate PGD,

drawing on the theoretical foundation established in Chapter two. | tested models for two aspects



of neutral PGD (observed heterozygosity and mean number of alleles), including both latitudinal
and environmental correlates. Specifically, | assessed the role of mean annual temperature,
annual precipitation, total annual range, elevation, and net primary productivity. | also contrasted
Last Glacial Maximum data for the first three environmental variables. Lastly, | accounted for
variation among taxonomic levels, and tested which level accounted for the most variation.

Finally, in Chapter four I assessed how human impacts influence vertebrate PGD at broad
scales. | tested the hypothesis that human impacts should negatively affect PGD. Metrics for
human impact included human population density and land usage assessed by anthropogenic
biomes (Ellis et al., 2010; Ellis & Ramankutty, 2008). As with Chapter three, a main goal of this
chapter was to account for variation among taxonomic groups, but I also wanted to account for
heterogeneity in the surrounding habitat of a population that may have buffering effects on a
population’s PGD (for example a “natural” area nearby an urban region may provide refuge for
populations). By assessing multiple aspects of human impact and accounting for taxonomic and
impact variability, | was able to more effectively evaluate the human influence on PGD.

My thesis focused on macro-population genetics and has important implications for the
related fields, as well as for conservation. It showed the importance of accounting for variability
in data that can better explain large-scale patterns. Finally, | demonstrated that there is rarely one

comprehensive solution that can account for nuances within and among data.
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Abstract

Population genetic data from nuclear DNA has yet to be synthesized to allow broad scale
comparisons of intraspecific diversity versus species diversity. The MacroPopGen database
collates and geo-references vertebrate population genetic data across the Americas from 1,308
nuclear microsatellite DNA studies, 895 species, and 9,090 genetically distinct populations
where genetic differentiation (Fst) was measured. Caribbean populations were particularly
distinguished from North, Central, and South American populations, in having higher
differentiation (Fst=0.12 vs. 0.07-0.09) and lower mean numbers of alleles (MNA=4.11 vs. 4.84-
5.54). While mammalian populations had lower MNA (4.86) than anadromous fish, reptiles,
amphibians, freshwater fish, and birds (5.34-7.81), mean heterozygosity was largely similar
across groups (0.57 — 0.63). Mean Fst was consistently lowest in anadromous fishes (0.06) and
birds (0.05) relative to all other groups (0.09-0.11). Significant differences in Family/Genera
variance among continental regions or taxonomic groups were also observed. MacroPopGen can
be used in many future applications including latitudinal analyses, spatial analyses (e.g. central-
margin), taxonomic comparisons, regional assessments of anthropogenic impacts on biodiversity,

and conservation of wild populations.



Background and Summary

Collating large quantities of data is useful not only for assessing large-scale patterns but
also for testing theories, informing conservation initiatives, and providing a valuable resource for
future data comparisons. In particular, macro-ecological biodiversity assessments are becoming
increasingly popular to identify hotspots of species biodiversity that can inform local
management strategies (Abell et al., 2008; Brum et al., 2017; Gaston, 2000; Miraldo et al., 2016;
Schluter & Pennell, 2017). However, populations, not species, are generally recognized as the
appropriate scale for the management of sustainable harvesting and protection in endangered
species legislation (Species at Risk Act, 2002; Endangered Species Act of 1973 As Amended
through the 108th Congress, 2003; Stephenson, 1999). Nevertheless, population diversity — the
number of genetically distinct populations within species — is typically excluded from most
biodiversity syntheses and large-scale conservation planning (e.g. DeWoody & Avise, 2000;
Hughes, Daily, & Ehrlich, 1997; Medina, Cooke, & Ord, 2018; Miraldo et al., 2016; Santini et
al., 2018; Willoughby et al., 2015). This has consequences when assessing biodiversity loss, as
population extinction occurs at a much faster rate than species loss, and as such, a species’
vulnerability could be grossly misrepresented (Ceballos et al., 2017).

Molecular markers provide an increasingly effective way to differentiate populations and
estimate population diversity (Allendorf, 2017). One example is the global population diversity
estimate based on allozymes and restriction fragment length polymorphisms where authors found
on average 220 populations per species and estimated annual loss of 16 million populations, a
coarse estimate obtained by dividing the number of sampling locations by the sampling area
(Hughes et al., 1997). The collated data from this study was not made publicly available for
future usage and is outdated following the advancement of genetic tools. No study has formally
revisited these concepts since this 1997 study (He & Hubbell, 2011; Costello, May & Stork,
2013; Rybicki and Hanski, 2013, but see Ceballos, 2002; Ceballos, Ehrlich and Dirzo, 2017;
World Wildlife Fund, 2017 for exceptions), indicating the need for collating population
information.

Population genetic technologies have seen advances in recent years, switching from
allozymes to microsatellites to single nucleotide polymorphisms (SNPs), largely due to the better
resolution of within-population variation that more recent technologies provide (Allendorf, 2017,

Schlotterer, 2004). Population structure studies and vulnerability assessments have used



microsatellites as their molecular marker for the past two decades, yet this wealth of data has not
been thoroughly collated, although a few authors have collated related information in the form of
microsatellite genetic variation (DeWoody & Avise, 2000; Willoughby et al., 2015), population
density estimates (Santini et al., 2018), and pairwise Fst estimates (Medina et al., 2018). Despite
the great degree of data collation across these studies, no work has combined the geo-referencing
of population-specific genetic variation, Fst measurements, and the number of populations within
a species to create a single database across a wide variety of taxa and geographic regions.

Here we provide the first description of the release of the Macro-ecological, Population
Genetics Database (MacroPopGen Database) — a database that contains geo-referenced
population-specific characteristics based on nuclear DNA microsatellites. It contains information
on 895 species from 1,308 studies published between 1994 — 2017, and 9,090 distinct
populations of amphibians, birds, fish [anadromous, brackish, catadromous, or freshwater],
mammals, and reptiles, totalling 561,605 genotyped individuals. Every population entry is
georeferenced to permit large-scale spatial analyses, opening a variety of opportunities for
overlaying microsatellite genetic data with environmental, geographic, or anthropogenic
variables. It allows for population diversity and Fst to be directly compared to species and
genetic diversity (e.g. heterozygosity and mean number of alleles) through mapping applications.

MacroPopGen exemplifies the importance and usefulness of collating population genetic
data by standardizing data from >1000 different studies, allowing for large-scale comparisons
and many future applications, including latitudinal analyses, spatial or temporal analyses,
taxonomic comparisons and regional assessments of genetic diversity across taxa or in relation to
anthropogenic effects. Previous works focusing on older markers have already shown incredible
usefulness in testing a variety of genetic and ecological theories (Miraldo et al., 2016; Schluter &
Pennell, 2017; Willoughby et al., 2015). We provide a baseline database for future works to
build from and to compare to, particularly for comparing results to different, newer technologies.
We urge future population studies using newer technologies to strive for a similar standardized
repository for reporting population-specific statistics.

Methods

Data collection
To collect population-genetic data from vertebrate populations located in the Americas,
we first scanned Web of Science and Google Scholar for relevant articles using key search terms



including country of occurrence, species common names, author names, and scientific names in
combination with “microsatellite”, “distinct population”, and/or “Fst”. A full list of the 1304 key
terms and combinations used can be found online (Appendix 1). We also cross-referenced the list
of bird microsatellite papers from Willoughby et al. (2015).

Search results with over 1000 hits would be filtered where if two consecutive pages did
not yield a relevant result, further pages would not be considered (on average the first 15 pages
on Google Scholar would be filtered for relevant articles). This preliminary screening limited
results down to 6,297 peer-reviewed studies, technical reports, dissertations and government
documents, of which only 1,308 fulfilled our criteria, including 142 of which were obtained from
Willoughby et al.’s (2015) bird reference list. Once a study was selected, we extracted where
possible: population locality name, latitude-longitude coordinates, average population-specific
Fst (Wright’s Fst or Weir and Cockerham’s unbiased Fst estimator Orst; Wright, 1951; Weir &
Cockerham, 1984), population-specific observed and expected heterozygosity averaged across
loci (Ho/HE, respectively), sample size (N), population-specific mean number of alleles per loci
(MNA), study-specific corrected allelic richness (AR), and the number of microsatellite loci used
in the study. For each population, we also documented the taxonomic group (amphibians, birds,
fish [anadromous, brackish, catadromous, or freshwater], mammals, or reptiles), family, genus,
species, common name, continent, and country. We chose not to include marine species because
microsatellites have typically been unable to detect fine-scale population structure in such
species, in contrast to the increased power and resolution of more recent genome-scale analyses
for such species (Corander et al., 2013). Instead we focus on terrestrial and aquatic ecosystems.

All populations were georeferenced in decimal degrees as a point estimate; if coordinates
were not provided, they were inferred from the text or maps in a study. To calculate a metric of
population-specific Fst, we consulted pairwise Fst tables and averaged across values that
included the focal population, or population group if there was no significance between one or
more population pairs. When only a global or regional Fst was reported then that value would be
used for all populations within the study; such Fst values are indicated in the database where
applicable.

Inclusion criteria and assumptions
A study was retained if two criteria were met: 1) microsatellites were used as molecular

markers and 2) genetic differentiation was measured by Weir and Cockerham’s pairwise Fsras



opposed to other differentiation estimators because of its wide usage. Microsatellites were
favoured over other molecular markers (e.g. SNPs, mitochondrial DNA, allozymes, RAPD, etc.)
because their polymorphic nature allows them to resolve population structure at fine scales,
particularly for closely related populations (Angers & Bernatchez, 1998; Jarne & Lagoda, 1996).
Additionally, microsatellites have higher mutation rates than other markers (Schlétterer, 2004)
and have been one of the most widely used genetic markers in recent decades (Schlotterer,

2004). Therefore, microsatellites presently provide an abundance of collectable data across taxa
relative to more recent molecular developments associated with single nucleotide polymorphisms
(SNPs) or barcoding. While barcoding can assess phylogenetic signals across populations and
species, microsatellites allow for the comparison of genetic characteristics between populations
such as heterozygosity and allelic diversity, which has been noted to indicate levels of inbreeding
or adaptive potential (Fraser et al., 2019; Hansson & Westerberg, 2002; Jump et al., 2009; Reed
& Frankham, 2003).

Studies were assumed to have used selectively neutral nuclear microsatellite loci unless
otherwise indicated because microsatellites are located within non-coding regions of the genome
(Wiehe, 1998) and have relatively fast mutation rates (Vali et al., 2008; Wiehe, 1998).
Microsatellite loci are often selected based on their polymorphism due to these faster mutation
rates, causing concern that microsatellites may bias measures of genetic diversity compared to
whole DNA sequencing-based measures (Ellegren et al., 1997; Véli et al., 2008). Polymorphism
bias has also been recognized in studies using other genetic markers such as SNPs (Clark et al.,
2005; Nielsen, 2004; Schlétterer, 2004; Vili et al., 2008), and will continue to present challenges
in genetic studies. An inherent assumption of this database is that ascertainment bias is similar
across all studies and taxa, and therefore comparable. Additionally, previous work (Willoughby
et al., 2015) has concluded that the number of loci and primer type (whether cross-species or
focal species) were not important in explaining variability in genetic diversity, an indication that
ascertainment bias may not be very significant for large quantities of microsatellite data such as
this database. Regardless, we tested ascertainment bias with a subset of the database, as
described below.

Demarcating Populations
Populations were considered genetically distinct above a threshold Fst value of 0.02. Fst

was used as the statistical measure of differentiation because of its standardized and common use
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in the literature for measuring genetic differentiation. The chosen threshold was based on a
previous analytical review (Waples & Gaggiotti, 2006), which indicated that genetic
differentiation is not negligible if Fst>0.05, but an Fst value as low as 0.01 can also denote
statistically significant differentiation (Waples & Gaggiotti, 2006). While lower values of Fst
(0.02 to 0.01) are sufficient to show significant genetic differentiation, such values are more
relevant for distinguishing specific taxonomic groups, such as marine fish populations which
exhibit more gene flow (Waples, 1998; Waples & Gaggiotti, 2006). Freshwater and terrestrial
species tend to experience lower rates of gene flow than marine species and therefore an Fst
threshold above 0.01 is more appropriate (Medina et al., 2018; Waples, 1998). To avoid
accepting biologically insignificant population differentiation (type I error) or rejecting
biologically significant differentiation (type Il error) when demarcating populations, we
considered the significance of Fst values where available. We ensured that any pairwise
comparisons >0.02 were statistically significant; we also checked significance when Fstwas
<0.02 and significance implied two separate populations despite a lower Fst. We also accounted
for sample sizes with respect to significant Fst. If sample size was five or less (occurring <0.1%
of all cases in this study) and populations were found to be significantly different, the
populations were instead grouped as one unless an adequate biological explanation was provided
(n=5). Likewise, if sample size was very large (e.g. >50) but Fst was <0.02, consideration would
be taken to determine if the populations were significantly different given the statistical support
large sample sizes provide (usually given by p-values in the specific study, n=63 cases where
n>50 but Fs1<0.02). Additionally, if multiple studies were conducted in the same location for the
same species, data from the most recent study or the one with the most microsatellite loci was
used (n=268 populations were duplicates and removed). When Fst tables were unclear (e.g.
many low Fst values and no significance given), we considered results from population structure
analyses (e.g. STRUCTURE, BAPS, etc.) to make informed decisions about population

structure.

Geographic Breadth

We also report (i) how differentiated each population is in relation to all other
populations it was compared to by calculating the average Fst between a focal population and all
other populations within that study, and (ii) the number of populations included in the calculation
as well as the geographic distance or breadth that they span. For example, low Fst values

11



resulting from only a few sampling locations (e.g. 5) in a small geographic region (e.g. 10 km)
may have a different interpretation than low Fst values across many (e.g. >10) sampling
locations in a broad geographic range (e.g. 10,000 km). To estimate the geographic breadth that
sampled populations cover, we obtained coordinates for each population including locations that
had been combined into one population. These data were put into a separate file that contains 10,
921 sampling localities. Next, we used custom code (Appendix 1) utilizing the R package
geosphere to calculate the maximum, minimum, and mean distances in metres between all
populations of a study; distances are reported in metres in the database. We additionally note
how many sampling localities make up each population in the database and how coordinates

were obtained/estimated for populations that encompass multiple sampling localities.

Statistical Analysis

To calculate mean genetic diversity for taxonomic groups and continental regions we
used generalized linear mixed models (GLMMs) that accounted for the random effect of study,
species, genus, and family. Fixed effects included either the taxonomic group, or the continental
region. Beta distributions were used to model Ho and Fst (R package gimmTMB v 0.2.2.0)
because both these response variables and distributions are bounded between zero and one with
no exact zeros or ones. Gamma distributions were used for MNA (R package Ime4 v 1.1-18-1) as
MNA follows a positively right skewed distribution characteristic of gamma distributions. We
then used the R package and function emmeans (v 1.2.3) to calculate the mean values while
accounting for model structure. For the models that used beta distributions, we used the function
back.emmeans (R package RVAideMemoire v0.9-69-3) to back transform estimates.

To compare the degree of variation in each taxonomic or continental group, we calculated
the coefficient of variation grouped at the species level for Ho, MNA, and Fst. Mixed models
using the gamma distribution and random effects of reference, genus, and family were
constructed. We then used model selection to see which between taxonomic group or continental
region best explained differences between groups.

We assessed trends of ascertainment bias related to microsatellite loci development using
a subset focusing on North American mammalian data (n=1579 populations, 73 species;
Appendix 1). In addition to the number of microsatellite loci, we obtained from 230 mammalian
studies the number of species used to develop those loci (ranged from 1 to 7), and whether the
species were focal (n=384), non-focal (n=545), or mixed (n=692), as well as information on the
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senior author’s country of affiliation. Using IUCN descriptions for each species, we also
determined whether the species was harvested and to what extent (no n=317, low n=957, or high
n=347), the species’ IUCN status (Least Concern n=1335, Near Threatened n=45, Vulnerable
n=193, Endangered n=41, Critically Endangered n=7), whether the species was of conservation
concern (no n=561, low n=211, or high n=849), charismatic (no n=495, low n=189, or high
n=937), or of economic value (no n=602, low n=887, or high n=132). Extent of harvesting was
determined by the degree of harvesting described in [UCN’s “Use and Trade” category: none
(“no”), subsistence or local harvesting (“low”), or substantial commercial harvesting (“high”).
Conservation concern was specified to account for species that may have a lower IUCN rank
(e.g. Least Concern, LC) but still have populations at risk or aspects of their habitat at risk (e.g.
563 LC species were still of conservation concern and therefore considered as “low”); this was
largely described in IUCN’s “Threats” and “Conservation Action” categories. Charisma of
species was somewhat subjective as it was determined by how generally well-known the species
was, and whether the species may be considered a nuisance which would negatively affect their
charisma score (e.g. the coyote is well known but can be considered a pest and as such its score
was “low”). Economic value of a species was determined by the “Use and Trade” section, where
if the species was commercially harvested it would be considered to have economic value
(“high”); if the harvest has declined or is relatively low, a species’ economic value was
considered as “low”.

We tested the fixed effects and interactions among these factors for ascertainment bias as
well as the random effects of reference, species, genus, and family. We used GLMMs, using a
beta distribution for Ho (R package gimmTMB) and a gamma distribution for MNA (R package
Ime4). Following Zuur et al. (2009) guidelines for forwards and backwards model selection, we
used the likelihood ratio test to find significant factors for the Ho and MNA models, respectively.

Code and Data Availability
The data and R code used for the analyses are available from FigShare (Appendix 1).
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Data Records

Data from the MacroPopGen database is hosted at Figshare (Appendix 1) and can be
downloaded as one XLSX file. It consists of 9,098 rows (distinct populations), and 22 columns.
The columns include taxonomic identifiers (family, genus, species, common name), population
locality names, and study-specific data (sample size, population-specific Fst, observed and
expected heterozygosity, mean number of alleles, standardized allelic richness, latitude and
longitude coordinates, reference ID, and year).

An additional XLSX file containing the corresponding references for each reference ID,
and the list of key terms used in searches is also available on Figshare (Appendix 1). Most of the

references were published in English, although a minority are in Spanish.
Technical Validation

Geographic and taxonomic bias

Between 1994 and 2017, most population microsatellite data came from species studied
in North America (85.1%, Table 1.1). Fish species were the most represented taxonomic group,
making up 44.8% of the database (Table 1.1). Salmonid species made up 55.9% of fish
population data and represented 25.0% of data across all taxa.

When accounting for model structure, mean population genetic diversity differed
significantly between some continental regions for Ho and MNA (Figure 1.1). Populations of
South American species had the lowest Ho while Caribbean populations showed significantly
lower MNA (Table 1.1, Figure 1.1). Despite some significant differences, the range of mean
population genetic diversity metrics among continental regions was limited, between 0.57 and
0.61 for Ho, and 4.11 and 5.5 for MNA (Figure 1.1). Continental population differences in Fst
were stronger than for genetic diversity metrics, wherein Caribbean populations showed
significantly higher population-specific Fsr, suggestive of less gene flow overall for these
populations. This result follows general island-mainland expectations where island populations
tend to be more isolated than mainland populations (Frankham, 1997; Jaenike, 1973).

Among taxonomic groups, populations of anadromous fish had statistically higher mean
genetic diversity (MNA = 7.8), and lower average Fst values (0.06) aside from birds (mean Fst
=0.05) (Figure 1.1), consistent with previous work (DeWoody & Avise, 2000; Medina et al.,
2018). Mammalian populations also had lower mean MNA than all other groups (Figure 1.1).

14



However, there were no significant differences in mean Ho between taxonomic groups (Figure
1.1).
Variation among taxonomic and continental groups

There were significant differences in the coefficient of variation for Ho among taxonomic
groups but not continental regions, with bird species showing the least variation (Figure 1.1).
There were no significant differences in the coefficient of variation for species MNA across
taxonomic groups or continental regions (Figure 1.1). For Fsr, the only statistical difference was
for the coefficient of variation to be larger in North American species relative to species in other
regions, i.e. no taxonomic group differences in Fst variance were found (Figure 1.1). More
variance among taxonomic distinctions was observed when considering within-family and
within-genera variance in genetic metrics (Figure 1.2). For example, the mean family Ho ranged
between 0.07 — 0.88, while MNA ranged from 1.40 — 24.97, and mean Fst ranged from 0.0008 —

0.72; genera averages had a similar range for both metrics.

Bias with microsatellite loci

We assessed how genetic diversity and the number of microsatellite loci employed in
empirical research has changed over time using linear models (Figure 1.3). There has been a
significant trend for increasing number of loci per year (R?=0.07, p<0.001) as well as a weak
increase in genetic diversity with year (Ho: R?=0. 0.009, p<0.001 and MNA: R?=0.001,
p=0.003). Additionally, we evaluated bias with respect to the number of microsatellite loci and
the degree of genetic variation in Hoand MNA using funnel plots (Figure 1.4) and linear models.
The plots appear to be largely symmetrical and show little bias with respect to number of loci,
indicating the data capture a reasonable degree of genetic variation for the number of loci used.
Note that we could not use a formal funnel plot test such as the Egger test because we do not
have variance for Ho and MNA for each study. However, the number of microsatellite loci was a
significant predictor in linear models for both Ho and MNA (p<0.001 for both), although
adjusted R? values were very small (0.002 and 0.03, respectively).
Ascertainment bias

After model selection testing for ascertainment bias with respect to loci type and origin,
only the interaction between level of harvesting and conservation concern as well as the random
effects of reference, family, and genus were significant for the Ho model (Table 1.2). For the

MNA model, the significant factors only included the interaction between conservation concern
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and charisma, as well as the random effects for reference and genus. None of the factors
associated with microsatellite bias were retained in model selection (i.e. number of species used
to derive loci, whether those species were focal, non-focal, or mixed). These results are
consistent with previous assessments (Willoughby et al., 2015) but indicate that microsatellite
loci and loci origin do not significantly affect genetic diversity metrics when analyzed across

diverse taxa.
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Tables

Table 1.1. Summary statistics for data collected from microsatellite studies published between 1994 and 2017 broken down by
taxonomic group. N = sample size; Ho = observed heterozygosity; MNA = mean number of alleles; SD = standard deviation; SE =
standard error. Amph = amphibians; Anad = anadromous fishes; FW = freshwater fishes; Mam = mammals; Rep = reptiles; NOR =
North America; CEN = Central America; CAR = Caribbean; SOU = South America. Brackish and catadromous fishes are not shown

due to their low number of populations (25 and 33, respectively), but their populations are included in the regional summaries.

Amph Bird Anad FW Mam Rep NOR CEN CAR SOuU Total
Unique families 17 66 6 42 37 28 135 31 16 98 195
Unique genera 46 170 9 99 93 66 308 40 18 173 480
Unique species 104 254 15 231 158 133 578 45 26 282 895
Number populations 1117 608 1315 2704 1943 1349 7738 230 107 1015 9090
Studies 136 265 72 298 344 203 962 46 32 299 1308
Countries 10 28 2 16 19 30 4 6 15 14 39
Published year range 2001- 1997- 1997-2016  1997-2017 1994-  1997-2017 | 1994-2017 2002- 2002- 1997- 1994-

2016 2017 2016 2016 2017 2017 2017

Mean latitude 32.713 25.923 50.546 37.445 34.188 27.520 43.415 11.643 18.384 -14.585 35.83
Total number of loci 10870 6713 18958 28069 23213 13869 88259 2421 1050 10701 = 102431
Mean number loci 9.740 10.987 14.439 10.450 11.947 10.273 11.437 10.526 9.813 10.543 11.29
per study
SD number loci 3.689 6.711 4.0329 4.465 5.587 4.928 5.161 5.124 6.924 3.975 5.08
across studies
Total individuals 46015 48393 181606 140569 91147 50978 507765 8990 3904 40946 = 561605
genotyped
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Median study N
SDN

Mean Ho

SE Ho

Mean MNA

SE MNA

Mean population Fst

SE population Fst

22
88.472
0.596*
0.023*
5.650*
0.313*
0.106*

0.015*

34
126.508
0.592*
0.031*
5.339*
0.189*
0.052*

0.006*

83
174.205
0.627*
0.014*
7.807*
0.692*
0.062*

0.011*

30
198.611
0.566*
0.077*
5.629*
0.219*
0.092*

0.009*

25
96.694
0.594*
0.017*
4.855*
0.140*
0.091*

0.009*

22

69.460
0.582*
0.019*
6.077*
0.293*
0.086*

0.009*

30
156.897
0.596*
0.022*
4.838*
0.159*
0.073*

0.009*

28
54.052
0.610*
0.029*
5.536*
0.383*
0.120*

0.017*

20
35.703
0.576*
0.009*
4.110*
0.348*
0.079*

0.005*

24
71.330
0.567*
0.012*
5.203*
0.212*
0.086*

0.008*

30
147.43
0.59
0.16
7.92
5.57
0.13

0.12

* Calculated to account for model structure. See text for details.
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Table 1.2. Summary of model selection results for testing ascertainment bias within Ho and MNA. Ho model selection was done in a

forwards fashion, while MNA model selection was done in a backwards fashion; see text for details.

Model AIC DF
Ho ~ 1 + (1|Reference) + (1|Species) + (1|Genus) + (1|Family) -2196.0 6
Ho ~ MsatType + (1|Reference) + (1|Genus) + (1|Family) -2183.6 7
Ho ~ ConservC + (1|Reference) + (1|Genus) + (1|Family) -2202.3 7
Ho ~ Harvested + ConservC + (1|Reference) + (1|Genus) + (1|Family) -2212.2 9
Ho ~ MsatType + ConservC + (1|Reference) + (1|Genus) + (1|Family) -2198.2 9
Ho ~ Harvested * ConservC + (1|Reference) + (1|Genus) + (1|Family) -2215.2 13
Ho ~ MsatType + Harvested * ConservC + (1|Reference) + (1|Genus) + (1|Family) -2214.2 14
Ho ~ NSpp +Harvested * ConservC + (1|Reference) + (1|Genus) + (1|Family) -2215.3 14
Ho ~ msat + Harvested * ConservC + (1|Reference) + (1|Genus) + (1|Family) -2212.1 15
MNA ~ ConservC:Charisma + (1 | Reference) + (1 | Genus) + (1|Species) 4015.6 13
MNA ~ NSpp + ConservC: Charisma + (1 | Reference) + (1 | Genus) + (1|Species) 4016.2 14
MNA ~ NSpp + MsatLoci + ConservC + AuthorCountry + ConservC: Charisma + (1 | Reference) + (1 | Genus) + 4021.6 19
(1|Species)

MNA ~ NSpp + MsatLoci + MsatType + Harvested + ConservC + Economic + Charisma + AuthorCountry + ConservC: 4031.5 25

Charisma + (1 | Reference) + (1 | Genus) + (1|Species)

MNA ~ NSpp + MsatLoci + MsatType + Harvested + ConservC + Economic + Charisma + AuthorCountry + NSpp: 4043.7 36
MsatLoci + NSpp: MsatType + MsatLoci: MsatType + Harvested: ConservC + Harvested:cmn + ConservC: Charisma +

(1 | Reference) + (1 | Genus) + (1|Species)

MNA ~ NSpp + MsatLoci + MsatType + Harvested + ConservC + Economic + Charisma + AuthorCountry + NSpp: 4050.9 37
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MsatLoci + NSpp: MsatType + MsatLoci: MsatType + Harvested: ConservC + Harvested: Charisma + ConservC:

Charisma + (1 | Reference) + (1 | Species) + (1 | Genus)

NSpp: number of species used to derive loci; MsatLoci: total number of microsatellite loci; MsatType: microsatellite type (focal, non-
native, native); Harvested: level of harvesting; ConservC: degree of conservation concern; Economic: economic value; Charisma:

charisma of focal species; AuthorCountry: senior author’s country of residence.
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Figure 1.1. Coefficient of variation and mean values for observed heterozygosity (Ho), mean
number of alleles (MNA), and population-specific Fst calculated to account for GLMM
structure. Error bars represent standard error. Significant differences between groups indicated
by letter grouping where groups sharing the same letter(s) are not significantly different from one
another. (a, b) Coefficient of variation calculated across (a) taxonomic groups (circles) and (b)
between continental regions (squares). (c - €) Mean (c) Fsr, (d) Ho, and (e) MNA calculated
across taxonomic groups. (f - h) Mean (f) Fs, (g) Ho, and (h) MNA calculated between

continental regions.

22



Family Genus
o(a) i i ‘(bh,'f, S . il 3K S
0.75¢ . 4y ot gt ¢ 0.75 . *° e 108 g8 8 an,o o H
f Yot Hean 2y p 7] ..& + [ % oy *} ¢~ #&.'
ol * 4 2 Wetle ol N w ‘{o 21541 # K ;: :‘?:t" -3 r:
00'50 "#" ’*' d (] }"‘ .*lq 'ﬂ r. % * 0.50 *.. . -Q}' T & ;:o‘ 4 j .r :’
T oo . * ool A *,
0.25 o 1 0.25 by .1 AL
0.00L.° 0.00" i
25 (c) 40 (d)
20 .
<Zt 15 & + . +. 301 t I
= 10, 44 L+' ol L’ el Pl el e Nyl GG
oo oo $%2 . 3 1T S sede 'J‘. { PRI A ‘%
N Yy ] g " ‘ : 10,2 Yy * o
5 I !gq % *.&':’*?. .'.’ 4o ! 0!.. 3 ﬁ:’v’:&‘iiﬂ:qmt"m1
(e) ()
0.6 0.6
0.4 ¢ LR 1 I ¢ i t I
E "f. + ° +’ .5 *' I 0 i o
L 0.2 ¢ o.. i 0* t‘” . . "‘ + 0.2¢ d.‘ . )H ¢ .a',.: b.. 8 n..g..." '-.+ f
0 _oese @7 i * ¥ .'o. ) X R
0. ol il s L el S T 0.0le% teste B & IO R kS W g S

Figure 1.2. Microsatellite observed heterozygosity (Ho), mean number of alleles (MNA), and

population-specific Fstaveraged across each vertebrate group, according to Family (left column)

or Genus (right column), indicated on the x axis. Colours indicate the taxonomic group each

family or genus belongs to: dark green = amphibians, purple = birds, blue = fish, orange =

mammals, light green = reptiles. Error bars represent standard error. (a, ¢, €) Ho, MNA, and Fst

are averaged across vertebrate families (n=195). (b, d, f) Ho, MNA, and Fst are averaged across

vertebrate genera (n=480).
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Figure 1.3. Observed heterozygosity, mean number of alleles, and number of microsatellite loci

for populations of each taxonomic group sampled between the years 1994 to 2017. (a—c) All

vertebrate groups together; (d — f) only amphibian species; (g —

species; (m — 0) mammalian species; (p —

significant relationships.

24

i) bird species; (j —

) all fish

r) reptile species. Linear models are indicated for



D O O

o ©|(a) ©(b) °
-1

[(}] Lro'f wn: tele] 84 © omo
E O [+ 9] o o @
U o o |

-E; < < ©
n

O o

:.G ™

= o

— ~

O

- o

m 1_'

0

£ o

>

=

Figure 1.4. Funnel plots for all populations; y axis for both plots is the number of microsatellite
loci, and (a) x axis is observed heterozygosity (Ho) or (b) mean number of alleles (MNA).

Vertical line represents the mean value.
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Abstract

Motivation: Theory describing biodiversity gradients has focused on species richness with less
conceptual synthesis outlining expectations for intraspecific diversity gradients, i.e. broad-scale
population richness and genetic diversity. Consequently, there is a need for a diversity-gradient
synthesis that complements species richness with population richness and genetic diversity.
Review Methods: Species and population richness are the number of different species or
populations in an area, respectively. Population richness can be totalled across species, within a
species, or averaged across species. Genetic diversity within populations can be summed or
averaged across all species in an area or be averaged across an individual species. Using these
definitions, we apply historical, ecological, and evolutionary frameworks of species richness-
gradients to formulate predictions for intraspecific diversity gradients.

Review Conclusions: All frameworks suggest higher average population richness at high
latitudes, but similar total population richness across latitudes. Predictions for genetic diversity
patterns across species are not consistent across frameworks and latitudes.

New Analysis Methods: Species range size tends to increase with latitude, so we used empirical
data from ~900 vertebrate species to test hypotheses relating species range size and richness to
population richness and genetic diversity.

New Analysis Conclusions: Species range size was positively associated with its population
richness but not with species-specific genetic diversity. Furthermore, a positive linear
relationship was supported between species richness and total population richness, but only
weakly for average population richness.

Overall conclusion: Through the lens of species richness theories, our synthesis identifies an
uncoupling between species richness, population richness, and genetic diversity in many
instances due to historical and contemporary factors. Range size and taxonomic differences
appear to play a large role in moderating intraspecific diversity gradients. We encourage further
analyses to jointly assess diversity-gradient theory at species, population, and genetic levels
towards better understanding Earth’s biodiversity distribution and refining biodiversity

conservation.

Keywords:
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Introduction

The latitudinal distribution of species richness is one of the most widely recognized and
predictable patterns of biodiversity (Brown, 2014; Costello et al., 2013; Fine, 2015; Mittelbach et
al., 2007; Pianka, 1966; Roll et al., 2017; Stork, 1993; Willig et al., 2003). To date, however, the
extensive theoretical and empirical attention directed to species richness gradients has not been
extended to understand the broad-scale distribution of other important components of
biodiversity, namely intraspecific diversity. Levels of intraspecific diversity — whether
characterised as functional diversity, phylogenetic diversity, population richness, and/or genetic
diversity within and among populations — can influence species geographic distributions, species
responses to environmental change (Barrett & Schluter, 2008; Bernatchez, 2016; Jump et al.,
2009; Willoughby et al., 2018), community structure, and ecosystem functioning (Des Roches et
al., 2018; Raffard et al., 2019). This influence of intraspecific diversity on species themselves
could suggest that the distribution of species richness is affected by intraspecific diversity
patterns, or vice-versa. Notably lacking in the literature is a foundation for theoretical
expectations of intraspecific diversity and its distribution, a gap we aim to resolve in this review.

Large quantities of data on intraspecific diversity have recently become available for
broad-scale analyses due to technological advances and the accumulation of smaller-scale
empirical works (DeWoody & Avise, 2000; Hughes et al., 1997; Lawrence et al., 2019; Martinez
et al., 2018; Medina et al., 2018; Miraldo et al., 2016; Willoughby et al., 2015). When collated,
such data allow for the extension of species-centric latitudinal concepts towards understanding
how broad-scale intraspecific diversity patterns may better inform, for example, the speciation
process (Adams & Hadly, 2013; Schluter & Pennell, 2017; Smith et al., 2017) and biodiversity
conservation by revealing hot/cold spots of intraspecific diversity (Marchese, 2015; Paz-Vinas et
al., 2018). Herein, we focus our discussion specifically on broad-scale patterns of two metrics of
intraspecific diversity: population richness within species and genetic diversity, and how these
metrics relate to species richness gradients. Related topics on other components of intraspecific
diversity, such as functional and phylogenetic diversity, are discussed in Marske et al. (2013),
Economo et al. (2018), and Martinez et al. (2018).

Dynamics between- and within-populations are the steppingstone linking genetic
diversity with species richness (Fine, 2015; Marchese, 2015; Marske et al., 2013; Paz-Vinas et

al., 2018; Singhal et al., 2018). Increasing genetic differentiation leads to population divergence
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and eventually speciation due to isolation and/or selection (Schluter, 2016; Schluter & Pennell,
2017; Taylor, 1999; Wiens & Donoghue, 2004). Therefore, characterizing population richness
relative to species richness and genetic diversity is fundamental to refine our understanding of
the interrelationships between species richness and genetic diversity. For example, an area’s
species and population richness could be one indicator of the age and speciation potential of that
community: high species richness but low population richness can indicate older communities
with lower rates of speciation as all niches may be filled (Kennedy et al., 2018; Schluter, 2016;
Schluter & Pennell, 2017). Furthermore, the joint investigation of the distribution of species
richness, population richness, and genetic diversity may allow more accurate inferences about
ecological history, including glacial refugia, recolonization, and founder effects (Bernatchez &
Wilson, 1998; Blanchet et al., 2017; Fedorov & Stenseth, 2002; Galbreath & Cook, 2004;
Marske et al., 2013; Tamkee et al., 2010). Some research has bridged how aspects of genetic
diversity may relate to and have consequences for communities and species richness
(Antonovics, 1976, 2003; Hughes et al., 2008; Lamy et al., 2017; Laroche et al., 2014;
Marchesini et al., 2018; Marske et al., 2013; Pfeiffer et al., 2018; Vellend et al., 2014; Vellend,
2005, 2010; Vellend & Geber, 2005). Still lacking, however, is a strong conceptual foundation
linking species richness, population richness, and genetic diversity within the framework of the
latitudinal gradient. To build this foundation we draw from theories presented in the species
richness literature.

Many of the non-mutually exclusive theories and hypotheses proposed to explain the
latitudinal gradient in species richness (Fine, 2015; Willig et al., 2003) can be structured into
historical, ecological, and evolutionary frameworks (Brown, 2014; Mittelbach et al., 2007,
Schemske & Mittelbach, 2017). We begin by elaborating on each of these three broad
frameworks and how they relate to species richness, population richness, and genetic diversity.
We focus on vertebrate groups across the American continents, as they tend to be more mobile
and have a large body of focal research (Bazin et al., 2006). The Americas offer a unique
opportunity for discussing latitudinal gradients because the continents are largely arranged in a
north to south fashion. To ensure use of standardized terms throughout the review as well as to
clarify distinctions among past works, we have broken down population richness and genetic
diversity into five categories (see Glossary): 1) total number of populations across species in an

area (TotPopR); 2) the number of populations for a given species in an area (PopPerSpp); 3) the
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average number of populations per species in an area (AvgPopSpp); 4) total genetic diversity in
an area, as the sum of genetic diversity across all species at a population level (TotGenDiv); and
5) average genetic diversity across populations for a given species in an area (GenPerSpp). Note
that our definition of genetic diversity refers largely to neutral genetic diversity, not adaptive
genetic diversity, as it allows us to make usage of a comprehensive population genetics database
that we recently compiled from ~900 vertebrate species spanning the American continents
(Lawrence et al., 2019). While data on adaptive genetic diversity are increasing, to date they are
insufficiently rich for similar, standardized collation and would likely have different expectations
that should be explored in future works.

We structure this paper into two parts. First, we synthesize the general expectations for
latitudinal patterns in species richness, population richness, and genetic diversity under
historical, ecological and evolutionary frameworks (Table 2.1). Second, using the
aforementioned database, we conducted new analyses to test the following hypotheses for
population richness and genetic diversity, specifically considering the role of a species’ range
size: (i) larger range sizes are associated with greater numbers of genetically distinct populations
per species (PopPerSpp); (ii) areas with more overlapping species ranges, i.e. higher species
richness, have lower PopPerSpp but higher TotPopR; and (iii) larger range sizes have higher
levels of genetic diversity (GenPerSpp).

To our knowledge, this is the first conceptual review to link core concepts of population
genetics, population ecology, and macroecology towards a better understanding of biodiversity
gradients at species and below species levels. We hope the review encourages further
interdisciplinary collaboration and continuous integration of such broad-scale concepts.
Review: Understanding the latitudinal gradient of biodiversity via three levels
Historical framework

Historical hypotheses examine Earth’s history and how the duration and extent of
environments in the past structure current species richness patterns (Brown, 2014; Miller &
Roman-Palacios, 2019; Mittelbach et al., 2007; Sandel et al., 2011). Two of the most
encompassing historical hypotheses are the time and area hypotheses (Table 2.1; Fine, 2015; Li
& Wiens, 2019; Mittelbach et al., 2007; Pianka, 1966; Schluter, 2016; Willig et al., 2003). These
hypotheses are based largely on the historical extent of the tropical region being larger and older
than that of temperate regions (e.g. not covered with glaciers, greater latitudinal extent due to
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warming periods in the early Tertiary; Fine, 2015; Mittelbach et al., 2007; Pianka, 1966; Sluijs et
al., 2006). Namely, the tropics have had more time and historically more space for organisms to
speciate, leading to many species radiating from tropical environments towards temperate ones
(Fine, 2015; Stephens & Wiens, 2003; Wiens & Donoghue, 2004). Of course, these expectations
may be context-dependent. For example, they may apply less in the Americas since temperate
North America is larger than more tropical Central/South America. The area available for
speciation in the tropics would then be considerably less than in the relatively species-poor
northern hemisphere, with consequences for broad-scale patterns of intraspecific diversity.
Historical framework: Population richness

Extended to the population level, the greater time and area for species to live in the tropics
may have also provided ample time for populations to differentiate across a heterogeneous
tropical habitat (Mittelbach et al., 2007; Rosenzweig, 1995; Terborgh, 1973). Therefore, across
the very large number of species at low latitudes, we might expect high numbers of populations
overall (TotPopR; Table 2.1). This high TotPopR might still apply to tropical environments in
the Western hemisphere even though contemporarily they have a smaller geographic area
relative to North America, because the low latitude environments have been open and inhabited
longer by species than habitable area at higher latitudes. On the other hand, the smaller
contemporary area of tropical environments also means that there is now less opportunity for
new populations to diverge within species (PopPerSpp) compared to within temperate
environments (see also related concepts on species range sizes and diversification rates in the
ecological and evolutionary frameworks below, respectively). Moreover, the lower number of
temperate species in North America have had less time residing in open (connected) habitats,
resulting in incomplete speciation but greater population structure across a species’ range. Such
incomplete speciation in turn would likely lead to higher PopPerSpp than found at low latitudes
and reduce or perhaps even eliminate tropical vs. temperate differences in TotPopR. Aside from
the ample time that species have had occupying low latitudes in the past, we next consider how
historical adaptations can structure future evolution, and the implications for population richness.

The ancestral niche of a species clade determines future regions and habitat that the clade

can disperse to and persist in, a phenomenon known as phylogenetic niche conservatism
(Ackerly, 2003; Peterson et al., 1999; Ricklefs & Latham, 1992; Wiens, 2004; Wiens &
Donoghue, 2004). A species can then only broaden its niche through niche evolution and
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dispersal (Sandel et al., 2011; Wiens & Donoghue, 2004), which would influence population
differentiation across a species’ range. For example, niche evolution may result in an increase in
genetic differentiation among populations at range edges due to strong directional selection,
similar to expectations from the central-marginal hypothesis (Eckert et al., 2008; Guo, 2012;
Hargreaves & Eckert, 2019; Willi et al., 2018). With more differentiated populations at range
edges, we might expect high latitudes to have higher PopPerSpp, as species that have expanded
their ranges outwards from the tropics would likely have more populations in these high latitude
areas. Conversely, low latitude clades would again be expected to have lower PopPerSpp. These
clades are typically older, having had more time for speciation of the edge populations to occur,
thus resulting in fewer populations in the remaining range.

Overall, when considering historical influences, we would expect higher PopPerSpp at
high latitudes relative to low latitudes. Predictions about TotPopR are less clear in part because
they are dependent on the magnitude of the difference in species richness and PopPerSpp
between tropical and temperate regions. Nonetheless, more similar levels of TotPopR across
latitudes seem plausible. For example, while the sheer number of species in the tropics may
result in a high TotPopR at low latitudes, multiple factors discussed here may also generate high
or higher TotPopR at high latitudes; or at least TotPopR might not be proportional to species
richness or PopPerSpp. In short, these points illustrate how species richness and population

richness may be uncoupled in many instances.

Historical Framework: Genetic diversity

The historical extent of habitat and its availability can also influence current patterns of
genetic diversity, but we would expect an opposite pattern from population richness — higher
genetic diversity at low to intermediate latitudes. For example, since more time has passed for
evolution to occur at lower latitudes, genetic diversity would accumulate across species
(TotGenDiv) (Adams & Hadly, 2013). Average genetic diversity across populations within a
tropical species (GenPerSpp) could also follow the same pattern as TotGenDiv, since older
clades tend to have more genetic diversity (Willi et al., 2018). Conversely, habitat has been
available for less time at high latitudes so organisms may not have had sufficient time to
accumulate as much genetic diversity.

In addition to purely just having had more time or not, clade age and history would play a
large role in structuring patterns of genetic diversity. For example, many North American clades
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have experienced glacial fragmentation across their ranges, followed by founder effects after
glacial retreat. Founder effects like these can lead to an overall decrease of genetic diversity
within a species (GenPerSpp) (Galbreath & Cook, 2004; Green et al., 1996; Hewitt, 2000;
Provan & Bennett, 2008; Stewart et al., 2010; Willi et al., 2018). Additionally, adaptation to
colder or new environments (i.e. niche evolution, Weins & Donoghue, 2004) tends to elicit
strong directional selection, often leading to losses in GenPerSpp (Eckert et al., 2008;
Hargreaves & Eckert, 2019; Pierce et al., 2017).

GenPerSpp and TotGenDiv therefore may be lowest at high latitudes due to the strong
influence of historical events and the recent establishment of populations (e.g. after the last
glacial maximum 23,000 — 18,000 ybp; Hewitt, 2004), leading to less time for alleles to
accumulate in a given population from mutations. Miraldo et al. (2016) may support this
expectation in finding higher mitochondrial genetic diversity (TotGenDiv) at low latitudes.
However, re-analyses of their data (Gratton et al., 2017a; Schluter & Pennell, 2017) showed a
systematic northward bias in spatial autocorrelation and that the pattern was not consistent across
species (i.e. GenPerSpp). Despite this, Schluter & Pennell (2017) demonstrated that mammalian
and amphibian mitochondrial genetic diversity, equivalent to GenPerSpp here, has a slightly
negative slope with latitude. Another study found some evidence for scale- and taxa-dependent
latitudinal gradients in genetic diversity (Millette et al., 2019). These results are mostly
consistent with the expectations from a historical perspective, wherein species at low latitudes
have experienced more time for genetic diversity to accumulate, but some nuances appear to blur

gradient patterns.

Historical Framework: Conclusion

In general, historical hypotheses tend to predict higher PopPerSpp at high latitudes,
similar levels of TotPopR across latitudes, and more genetic diversity at low latitudes. While the
historical time and area available for diversification may form the foundation from which species
evolve, current patterns of intraspecific diversity may be the product of both historical and
contemporary processes. Changes in population differentiation and genetic diversity can occur
relatively quickly throughout time (e.g. tens to hundreds of years instead of thousands or
millions) due to stochastic processes as well as increasing anthropogenic impacts (Goossens et
al., 2006; Riley et al., 2006; Weider et al., 1997). Human impacts can cause species range

barriers more quickly than otherwise expected, greatly reducing connectivity and thus increasing
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the likelihood of population differentiation (Ascensao et al., 2016; Cheptou et al., 2017; Meyer et
al., 2009; Riley et al., 2006). Alternatively, human influences can homogenize populations by the
movement of individuals through introductions, translocations, stocking, and supplementation
(Johnson et al., 2010; Tringali & Bert, 1998). The roles and effects of more contemporary

ecological hypotheses are discussed in more depth below.

Ecological framework

Ecological hypotheses focus on the mechanisms underlying species coexistence,
maintenance, and responses to abiotic elements on Earth (Brown, 2014; Mittelbach et al., 2007),
which are more relevant to contemporary timeframes. Most hypotheses falling under this
umbrella have been reviewed (Fine, 2015; Willig et al., 2003), including population dynamics
(e.g. species range sizes or population sizes), resource availability, local dispersal, spatial
heterogeneity, and biotic interactions. Due to the wide range of these hypotheses, we will not
review each of them here, although many are presented in Table 2.1. Instead, we consider one of
the more relevant hypotheses that applies to population richness and genetic diversity: population

dynamics.

Ecological framework: Population richness

A prominent hypothesis of population dynamics is Rapoport’s rule (Ruggiero &
Werenkraut, 2007; Stevens, 1989), the positive correlation of geographical range size with
latitude, focusing on the climatic variation that organisms are exposed to and adapted for.
Temperate species tend to populate large geographical ranges, so they experience a wide range
of climatic variation; tropical species, conversely, are limited to small geographic ranges due to
specialization, with some exceptions rule (Ruggiero & Werenkraut, 2007; Stevens, 1989). If a
species has a small range, there is less area for populations to become isolated and differentiated,
and the species will likely have fewer populations. Additionally, each population may have
smaller population sizes as Currie et al. (2004) noted that both population size and density of
individuals decrease towards low latitudes. This could interfere with the ability of populations to
become established in a new area if they have small suitable ranges with which to disperse. If
consistent across taxa, species with large range sizes may, in general, harbour more PopPerSpp,
leading to a reverse latitudinal trend for population richness relative to species richness.

The size of a species’ range would also influence gene flow and subsequent population

differentiation. Greater distances between populations in large-ranged species would make gene
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flow more difficult, all else being equal. Thus, according to Rapoport’s rule, we would expect
populations at or near the edge of a species range to experience lower gene flow. Range-edge
populations are more likely to be geographically isolated and more differentiated from
neighbouring populations, particularly for large-ranged species (Eckert et al., 2008; Hargreaves
& Eckert, 2019; Pelletier & Carstens, 2018; Stevens, 1989; Willi et al., 2018). A likely
consequence across a species’ range would be more distinct populations at or near range edges,
and fewer within the “core” due to increased gene flow (Pelletier & Carstens, 2018). This could
result in higher TotPopR in areas where many species range edges overlap extensively, i.e. at
low latitudes. Overall, larger range sizes tend to be associated with increased distances between

populations, leading to the expectation of increasing PopPerSpp with range size.

Ecological framework: Genetic diversity

A species’ range size could also reflect levels of genetic diversity, where small ranges
may have lower genetic diversity per species (GenPerSpp) (Fine, 2015). Small population size or
density, typical of tropical species, can lead to increased levels of ecological or genetic drift
(Fine, 2015; Mittelbach et al., 2007; Siqueira et al., 2020). While genetic drift has not received
much empirical support as an explanation for the species richness gradient, it could be more
relevant for intraspecific diversity. As patch size or a species range size is correlated with
population size (Bernos & Fraser, 2016; Currie et al., 2004), it is a reasonable assumption that
species with small ranges have, on average, smaller population sizes. This would lead to
increased levels of genetic drift and an increased possibility of inbreeding, and hence lower
GenPerSpp. Alternatively, for species that are population rich, different populations could drift
in different directions, and show an inflated GenPerSpp collectively across the species. Herein
the combined analysis of genetic diversity metrics such as observed heterozygosity and mean
number of alleles (MNA) within species (see GenPerSpp Glossary) could provide a better
indication of genetic diversity within a species or taxonomic group. MNA responds to
inbreeding, population bottlenecks, and genetic drift more quickly than heterozygosity
(Allendorf & Luikart, 2009; Allendorf, 1986; Nei et al., 1975) and could indicate which
populations are at risk of low genetic diversity. Additionally, heterozygosity can relate to long-
term effective population size (see Glossary) (Bazin et al., 2006; Hansson & Westerberg, 2002)
and in some instances, adaptation to environmental change (Fraser et al., 2019; Saccheri et al.,
1995). Assessing either MNA or heterozygosity alone might mask some of these potential
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patterns and thus it is important to distinguish between the two metrics. However, larger
geographic ranges may not necessarily correspond to higher levels of GenPerSpp. As previously
discussed, many high latitude organisms have also experienced glacial fragmentation that has
resulted in a history of small population size and thus lower overall GenPerSpp and TotGenDiv
(Galbreath & Cook, 2004; Green et al., 1996; Hewitt, 2000; Provan & Bennett, 2008; Stewart et
al., 2010).

A species’ range size and dispersal abilities also influence the extent of gene flow
between core and edge populations, affecting the maintenance of genetic diversity (Bohonak,
1999; Martinez et al., 2018; Pelletier & Carstens, 2018; Willoughby et al., 2017). For example,
having a large geographic range but being mobility-limited, such as in small rodents, reduces the
likelihood of gene flow between northern and southern populations strictly because these would
be so far apart. Conversely, species with small geographic ranges may have comparatively more
gene flow across their range and have fewer genetically distinct populations. Fishes show
interesting patterns: large ranges typical of marine or anadromous fishes tend to have higher
genetic diversity and lower population differentiation, whereas freshwater fishes with typically
limited dispersal capabilities tend to have lower genetic diversity and higher population
differentiation (DeWoody & Avise, 2000; Martinez et al., 2018; Medina et al., 2018). Thus,
species that are not as capable of dispersing large distances may show stronger latitudinal
patterns for both population and genetic diversity, regardless of range size, due to differences in
population differentiation across their range (Bohonak, 1999). Populations may become more
easily differentiated in large ranges, and as a result, local adaptation may inflate total genetic
diversity across all populations (TotGenDiv) within a species’ range. Interestingly, however,
non-migratory vertebrate species tend to have more genetic diversity than their migratory
counterparts, except for birds which show the opposite pattern (Willoughby et al., 2017). This
could be an indication that migratory species more frequently encounter fragmentation that
causes reductions in genetic diversity, potentially blurring the otherwise expected pattern of
increasing genetic diversity with range size.

Ecological framework: Conclusion

Overall, biological differences between taxonomic groups can play a large role in
determining population richness and genetic diversity gradients. In general, we expect large-
ranged, limited dispersers to show more intraspecific diversity, and small-ranged, capable
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dispersers to show lower intraspecific diversity. If intraspecific diversity generally increases with
range size, we would expect both higher population richness and genetic diversity at higher
latitudes. However, dynamics within particular taxonomic groups could cause population

richness and genetic diversity gradients to be much more idiosyncratic than species gradients.

Evolutionary Framework

To further clarify the expectations for diversity gradients, we next consider hypotheses
taking an evolutionary approach that focuses on rates of diversification and how these are
affected by abiotic and biotic environmental factors (Mittelbach et al., 2007). The premise is
simply that the tropics are older, warmer, and have had historically higher diversification rates
along with lower extinction rates than temperate latitudes (Mittelbach et al., 2007; Schluter,
2016; Schluter & Pennell, 2017; Stevens, 1989; Weir & Schluter, 2007). Proposed explanations
for higher diversification rates in the tropics include: enhanced tropical genetic drift (Fedorov,
1966; Mittelbach et al., 2007); stronger high latitude climate change cycles (Dynesius & Jansson,
2000; Mittelbach et al., 2007); greater geographic extent allowing for diversification across space
(Mittelbach et al., 2007; Terborgh, 1973); narrow physiological tolerances in the tropics
(Ghalambor, 2006; Janzen, 1967; Mittelbach et al., 2007; Stevens, 1989); temperature effects on
evolutionary speed (Mittelbach et al., 2007; Orton et al., 2019; Rohde, 1992); a stronger
influence of biotic over abiotic interactions in the tropics; and greater ecological opportunities
(Schluter, 2016). Many of these explanations are outlined in Table 2.1 and overlap with
discussions under the other two frameworks. The extent of support for these proposed
explanations is variable, but whichever factor(s) caused increased tropical speciation rates in the
past appear to be shifting in current times (Orton et al., 2019; Schluter, 2016; Schluter & Pennell,
2017; Weir & Schluter, 2007). This shift has consequences for current patterns of biodiversity; as
speciation slows at low latitudes and increases at high latitudes the latitudinal gradient in species
richness may dissolve as temperate regions “catch up” in species richness. It is also important to
consider rates of extinction along with speciation — low latitude extinction rates could increase if
climate changes so drastically that species struggle to keep within suitable habitat (Sandel et al.,
2011), potentially changing the gradient more quickly.
Evolutionary Framework: Population richness

Temperate clades are seeing an increase in speciation rates, and this is at least in part due
to the opening of available habitat (Schluter, 2016; Schluter & Pennell, 2017). Schluter (2016)
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describes this as the ecological opportunity hypothesis, wherein areas having more open niches
tend to correspond with faster diversification rates. Low latitudes have historically had a wider
range of niches and higher rates of speciation than higher latitudes, giving the tropics a “head
start” to accumulate species. If this is the case, the tropics could have “maxed out” on speciation
rates and population richness; species are now restricted to small ranges due to specialization of
niches and have on average fewer populations (PopPerSpp). Note again it is possible that if every
species has at least one population, the tropics could have higher TotPopR than temperate
regions simply due to having much higher species richness, although this effect could be
mediated if high latitude species have much higher PopPerSpp. This is where comparing
PopPerSpp and TotPopR is useful. The tropics might have a higher or similar absolute number of
populations (TotPopR), but higher latitudes — which tend to have larger species ranges (Stevens,
1989) and now increasing speciation rates — would have a higher PopPerSpp (Figure 2.1).

Increasing diversification rates at high latitudes has consequences for PopPerSpp. As
climate shifts open historically inhospitable regions in temperate areas, more diversification is
facilitated (Schluter, 2016; Schluter & Pennell, 2017; Weir & Schluter, 2007). This
diversification process leads to higher PopPerSpp as species begin moving into novel habitats,
without completing speciation due to insufficient time. Faster diversification rates should lead to
more populations diverging, thus leading to an increase in PopPerSpp, and TotPopR for a given
area over time.
Evolutionary Framework: Genetic diversity

Diversification rates can also play a role in a species’ ability to adapt and maintain
genetic diversity. For example, if a species experiences faster diversification rates at the edge of
its range due to strong directional selection pressures, a given population could become locally
adapted and may see a drop in genetic diversity relative to other populations (Eckert et al., 2008;
Ellegren & Galtier, 2016; Guo, 2012; Hargreaves & Eckert, 2019; Willi et al., 2018). Higher
diversification rates could lead to more rapid population differentiation, leading to decreases in
fitness should ongoing gene flow occur (Schluter, 2016; Seidel et al., 2008) and encouraging
further speciation. Because this process of diversification has likely already occurred at low
latitudes, they may remain a hotspot for genetic diversity across species (TotGenDiv). However,

we expect patterns of within-species genetic diversity (GenPerSpp) to be sensitive to taxonomy,
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particularly for older clades which may have accumulated more genetic diversity, whether such

clades originated at high or low latitudes.

Evolutionary Framework: Conclusion

Evolutionary processes such as diversification rates influence intraspecific diversity
expectations by affecting the trajectory of populations within species. While PopPerSpp is
expected to be highest at high latitudes due to incomplete diversification within species,
TotPopR may have similar levels across latitudes regardless due to many populations across a
much larger number of species having already diverged or partially diverged over time. Genetic
diversity is predicted to be typically higher at low latitudes, especially for TotGenDiv where
diversification across species has led to the accumulation of genetic diversity. On the other hand,
trends for GenPerSpp are much more variable across taxonomic groups due to different
diversification rates and decreases in genetic diversity from niche specialization and/or novel

adaptations.
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Review Summary: Latitudinal predictions
Clearly, overlap exists between historical, ecological, and evolutionary hypotheses and how

these might influence population richness and genetic diversity across latitudes. In many cases,
the effects are associated with the younger age of high latitude clades combined with the increase
in diversification rates at high latitudes. Following the conceptual considerations above, we can
make the following summary for predictions of latitudinal patterns for species richness,
population richness, and genetic diversity:

e Species richness is highest at low latitudes.
Due to several factors including geographic history and past diversification rates, the tropics
show higher species richness than temperate latitudes.

e Within-species population richness (PopPerSpp) is highest at high latitudes, but among-

species population richness (TotPopR) may be more similar across latitudes.

Many of the expectations for population richness gradients stem from the assumption that
species clades at high latitudes are generally younger, likely to experience less gene flow among
populations in wide-ranged species and have had less time for speciation to occur throughout
their usually larger ranges. Therefore, we expect greater PopPerSpp at higher latitudes where
species ranges are larger, allowing for more populations across each individual range. Though
less clear, more similar levels of TotPopR across latitudes may be expected overall. TotPopR is
influenced by the magnitude of the difference in species richness and PopPerSpp between
tropical and temperate regions — for example, depending on the taxonomic group, high latitudes
may only need a modestly higher PopPerSpp to effectively equalize TotPopR across latitudes.

e Genetic diversity patterns are more variable and have no clear latitudinal gradient across

species.

The predictions for latitudinal genetic diversity patterns are more difficult to untangle due to the
combined effects of history and current population size/distribution, and perhaps even the limited
range/variability of genetic diversity levels (see Leffler et al., 2012). On one hand, because
tropical species tend towards smaller geographic ranges, one could envision lower genetic
diversity in these groups. On the other hand, tropical species tend to be older and inhabit more
stable environments, and so some authors have suggested that genetic diversity could be
maintained/accumulated throughout time (Adams & Hadly, 2013; Smith et al., 2017).

Complicating expectations further, temperate species have a longer history of fragmentation,
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bottlenecks, and founder effects, which all may contribute to a sharp decline in genetic diversity
at high latitudes. This glacial history at high latitudes likely plays a large role in structuring
genetic diversity patterns, with greater TotGenDiv at low latitudes but perhaps the highest
GenPerSpp at intermediate latitudes. For example, species at intermediate latitudes are likely to
have more variable clade ages (Schluter, 2016), to have experienced fewer genetic bottlenecks,
to have larger range sizes than tropical species (Stevens, 1989), and to have intermediate levels
of gene flow across their range. Complicating expectations even further, anthropogenic impacts
are highest at intermediate latitudes where most land conversion for agriculture and human
population density exist (Cincotta et al., 2000; Ellis & Ramankutty, 2008; Gibbs et al., 2010;
Matthews, 1982). While the broad-scale impacts of humans on species genetic diversity are
unclear (Millette et al., 2019), they could blur latitudinal patterns if human activities causing
habitat loss reduce genetic diversity in regions where high levels of genetic diversity might be
otherwise expected (see Ascensdo et al., 2016; Cardillo et al., 2004; Cincotta et al., 2000).
Collectively, a number of factors operating differently along the latitudinal gradient appear to
have varying consequences for genetic diversity both among and within species. Thus, genetic
diversity is not expected to have a clear latitudinal gradient relative to species or population

richness.
New Analyses Drawing from Review

Intraspecific Diversity and Range Size: Hypotheses and Predictions

Hypotheses describing latitudinal species richness have direct links to both population
richness and genetic diversity. These links form the foundation upon which we further elaborate
on population richness and genetic diversity expectations relative to a species’ range size. We
outline and test three novel hypotheses to explain latitudinal trends in intraspecific diversity.
Data used to test the hypotheses below were obtained from the MacroPopGen database
(Lawrence et al., 2019), a georeferenced dataset of microsatellite genetic diversity for almost 900
vertebrate species and over 9000 genetically-distinct populations across the Americas (see
Appendix 2 Supplementary Methods for details). Populations were designated as genetically
distinct within MacroPopGen using a commonly applied, operational definition of a population
(reviewed in Waples & Gaggiotti, 2006); population richness in the database (PopPerSpp or
TotPopR) represented only populations that had been sampled with microsatellite loci. As such,
some observed patterns may not be as strong as otherwise expected perhaps due to sampling bias
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of populations. We strive to acknowledge this in our discussion of results below. Range size data
came from IUCN and BirdLife International (BirdLife International, 2017; IUCN, 2016) and
Meiri et al. (2017). As an indication of sampling intensity across the Americas, we mapped
sampled species richness and population richness as well (Figure 2.2).

H1: Geographic Distribution Hypothesis

We term the first hypothesis the Geographic Distribution Hypothesis, which posits that a
positive relationship exists between a species’ geographic range size and its population richness.
PopPerSpp should therefore increase with increasing latitude because temperate species ranges
are typically larger than in tropical species. Broadly speaking, we also expect different vertebrate
groups to show different strengths for this pattern because of inherent differences between
dispersal capabilities and environments inhabited (Sandel et al., 2011). For example, relative to
other vertebrates, freshwater and anadromous fish species may show greater TotPopR and/or
greater PopPerSpp across their ranges due to the easily fragmented nature of aquatic freshwater
habitats through natural barriers (Tatarenkov et al., 2010; Underwood et al., 2016; Wofford et al.,
2005), dams (Roberts et al., 2013; Underwood et al., 2016; Wofford et al., 2005), and the
connectivity between fluvial environments and lakes (Hébert et al., 2000; Underwood et al.,
2016). Amphibians and reptiles (collectively, herptiles) may also show strong patterns between
range size and PopPerSpp due to their generally limited ability for dispersal (Araujo et al., 2005;
Green et al., 1996; Medina et al., 2018; Sandel et al., 2011) that leads to high subpopulation
differentiation across a given species range. Birds and some mammals, conversely, tend to have
greater dispersal capabilities than herptiles and some freshwater fishes (Aradjo et al., 2005;
Medina et al., 2018; Munguia et al., 2008; Servin et al., 2003; Sutherland et al., 2000). Thus, we
expect these groups will have a lower TotPopR than fishes and herptiles due to homogenization
of population structure, but more variable PopPerSpp depending on the specific species’
dispersal ability.

To test the Geographic Distribution Hypothesis, we used a generalized linear model fitted
with a gamma distribution where the number of populations for a given species (i.e. PopPerSpp,
Table A2.1) was our dependent variable (n=567 species, 5172 populations; see Appendix 2
Supplementary Methods), while the natural logarithm of range size (km?), latitudinal extent
(decimal degrees), and taxonomic class (amphibian, bird, anadromous or freshwater fish,

mammal, reptile) were fixed effects. PopPerSpp and range size for each species can be found in
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Table A2.1. We also tested the linear relationships between range size and PopPerSpp for each
taxonomic group (Figure 2.3a, b). These linear relationships were significant for all taxonomic
groups combined (p=<0.001, R?=0.03; Figure 2.3A), and fish separately (p=0.003, R?=0.07),
although they did not explain much variation in the data. There were no significant relationships
between range size and PopPerSpp within amphibians, birds, mammals, or reptiles (Figure 2.3b).
For the mixed model, both the natural logarithm of range size and the latitudinal extent were
significant (p=0.022, <0.001 respectively, Figure 2.3a, Table A2.2). The discrepancy across
taxonomic groups could be due to a lack of thorough sampling across species ranges. When
assessing taxonomic groups separately, amphibians, reptiles, and birds tended to have data that
were sparsely sampled across species ranges compared to other species, especially fishes. To
account for this, we recommend future studies estimate the area represented by each population
so that the percent of the species range that has been sampled can be included.

H2: Overlapping Range Hypothesis

Avreas that have extensive species range overlap may have lower PopPerSpp due to higher
competition, smaller range sizes, etc. (Kennedy et al., 2018; Pelletier & Carstens, 2018). For
instance, lower latitudes are more likely to have high species richness, moderate TotPopR, and
lower PopPerSpp. Species richness is to the point of oversaturation at low latitudes (Schluter,
2016), and tropical species are generally restricted to smaller ranges (Currie et al., 2004; Stevens,
1989). The combination of small range sizes and fewer open niches would lower the number of
intraspecific populations able to differentiate (or speciate with time), because fewer opportunities
for local adaptation or population differentiation are available to occur across a species range
(Schluter & Pennell, 2017; Weir & Schluter, 2007). Collectively, one might expect TotPopR to
increase as species richness increases, but PopPerSpp to decrease with increasing species
richness (Overlapping Range Hypothesis).

To test the Overlapping Range Hypothesis, we calculated the species richness in 500 km?
equal area grid cells generated in the Behrmann projection across the American continents and
correlated it using a linear model with both the absolute population richness (TotPopR) and the
number of sampled populations of each species (PopPerSpp) (Figure 2.3c, Table A2.3; see
Appendix 2 Supplementary Methods). The relationship between the number of species in an area
was positively correlated with TotPopR (p<0.001, R?=0.75; Figure 2.3c, Table A2.3), and
PopPerSpp (p<0.001, R?=0.22, Figure 2.3d). While our analysis does not show the expected
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trend for PopPerSpp, this may again be due to incomplete population sampling for each species
in the dataset. We note that the slopes of the two relationships (4.74 and 0.08 for TotPopR and
PopPerSpp, respectively; Table A2.3) do provide some indication that the trends between the
two population richness metrics are different and that different mechanisms may underpin them.
Perhaps as species richness increases, PopPerSpp does not increase at a corresponding rate,
indicating that species richness has some impact on the capacity for evolution of population
richness within a species. If the actual number of populations within a species range was known,
we expect this positive relationship between PopPerSpp and species richness to break down
further, showing the negative relationship as predicted, or a very weak relationship.
H3: Range-Restricted Gene Hypothesis

If species range size influences population size and gene flow between populations (Currie
et al., 2004; Fine, 2015), and range size is also correlated with PopPerSpp (H2), then genetic
diversity will be more strongly associated with range size than with latitude (Range-Restricted
Gene Hypothesis) — although some latitudinal patterns may occur as a result of this association.
Previous studies have found latitudinal trends for genetic diversity, where higher alpha and beta
genetic diversity (equivalent to GenPerSpp and TotGenDiv, respectively) were observed at low
latitudes (Adams & Hadly, 2013; Miraldo et al., 2016; Schluter & Pennell, 2017). Even when
spatial autocorrelation (Gratton et al., 2017a), number of DNA sequences, and species identity
(GenPerSpp) (Schluter & Pennell, 2017) were accounted for, authors found a latitudinal gradient
in genetic diversity — although the slope of the relationship was very small (e.g. -0.002,
Appendix 2 Supplementary Methods; Schluter & Pennell, 2017). However, these data were
based on mitochondrial genetic diversity (mtDNA) rather than nuclear DNA. mtDNA may not be
selectively neutral (Bazin et al., 2006) which is important for standardized comparisons across
species and populations. Moreover, mtDNA may not reflect genetic variation in the nuclear
genome which is integral for adaptation to environmental change (Ballard & Whitlock, 2004;
Bazin et al., 2006; Ghalambor et al., 2007; Hurst & Jiggins, 2005; Sgro et al., 2011). Conversely,
microsatellite nuclear DNA variation can be a reasonable metric of genome-wide variation, and
the polymorphic nature of microsatellite loci is able to better resolve population structure at fine
scales (Angers & Bernatchez, 1998; Jarne & Lagoda, 1996; Vili et al., 2008). Microsatellite-
based estimates of GenPerSpp may show a weaker latitudinal pattern than the TotGenDiv metric
adopted in past mtDNA studies (e.g. Miraldo et al., 2016). Although non-neutrality has been
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observed in some studies involving nuclear microsatellite loci (Ranathunge et al., 2018; Selkoe
& Toonen, 2006; Wiehe, 1998), this does not appear to be widespread in MacroPopGen
(Lawrence et al., 2019; see also Selkoe & Toonen, 2006).

We tested the Range-Restricted Gene Hypothesis by using generalized linear mixed
models and model selection where one model was constructed for each population-level genetic
diversity metric as the dependent variable (observed heterozygosity, Ho, and mean number of
alleles, MNA); taxonomic identity was accounted for with random effects. Fixed effects for both
models included range size, latitudinal extent, Ho or MNA (i.e. Ho for MNA, MNA for Ho), and
other study-specific metrics (for details see Appendix 2 Supplementary Methods). All
population-specific data can be found in the MacroPopGen database (Lawrence et al., 2019).
After model selection, the mixed model for heterozygosity included the interaction between
MNA and the number of microsatellite loci as well as taxonomic class, and the random effects
for study, species, and family (Table A2.2):

Ho ~ MNA = Microsatellite loci + MNA: Class + (1|Study) + (1|Species) + (1|Family)

The model for MNA only included interactions between Ho and number of microsatellite loci, as
well as taxonomic class, and the random effects for study, species, and family:
MNA ~ Ho * Microsatellite + Ho: Class + (1|Study) + (1|Species) + (1|Family)

The retention of Ho, MNA, and the number of microsatellite loci in the models is not entirely
surprising and indicates that these factors are more associated with genetic diversity than range
size or latitudinal extent, although this effect varies according to taxonomic grouping (Figure
2.3f). While these measures of genetic variation are sometimes (weakly) correlated (Comps et
al., 2001), the two metrics still indicate differences in population processes, as we discussed in
the ecological framework, where decreases in MNA do not always correspond with decreases in
Ho (Allendorf, 1986). Additionally, we used variance inflation factors to test for collinearity
between variables and found no evidence for any statistically significant collinearity (see
Appendix 2 Supplementary Methods). Thus, we wanted to include both metrics in model
selection to test how the effects of range size would compare to the effect of each metric on each
other. Indeed, when we tested a model that only included range size and latitudinal extent, only
latitudinal extent (not range size) was significant. Figure 2.3e demonstrates this lack of a

significance for range size, while a positive relationship is found in Figure 2.3f (note only MNA
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is shown but results were similar for Ho). Varying relationships among taxa were also supported
by the different slopes of linear relationships shown in Figure 2.3f. The inclusion of Ho, MNA,
and number of microsatellite loci could indicate that genetic diversity metrics are sensitive to the
number of alleles present within a population, where more alleles and loci being present
increases the likelihood of being heterozygous and vice-versa (Figure 2.3f). Together, the results
of these models suggest that genetic diversity is not particularly influenced by range size or the

latitudinal breadth of a species’ range.

New Analysis Summary

We proposed three hypotheses relating range size with population richness and genetic
diversity, taking inspiration from a synthesis of species richness theories. However, we found
minimal support for our hypotheses, highlighting the idiosyncrasies in intraspecific diversity
patterns previously found between taxonomic groups (DeWoody & Avise, 2000; Martinez et al.,
2018; Medina et al., 2018; Millette et al., 2019; Willoughby et al., 2017). While we have not
explicitly considered taxa-specific traits (e.g. migratory behaviour, age at maturity, body size),
the differences found between taxonomic groups may indicate that such data could further
explain trends in intraspecific diversity.

Overall, we found marginal support for two of our three hypotheses. This is likely due to
a number of factors, one being that accurate data for population richness is under-developed, as
many populations are under-sampled. Additionally, large range sizes may not necessarily
correspond with more genetic diversity. For example, animals with larger body sizes may have
large range sizes but relatively lower population sizes simply because they need more space per
individual or per population. This could mean that a large-ranged animal may still have fewer
individuals per population, resulting in fewer populations overall and potentially lower genetic
diversity. Future analyses should consider factors such as body size in conjunction with range
size to better explain variation in genetic diversity.

Of the taxa examined in our analyses, fishes had the strongest, most significant positive
relationships between range size, population richness (Figure 2.3b), and the genetic diversity
metrics (Figure 2.3e-f). This latter relationship was particularly steep for anadromous fish,
consistent with previous works that have found that anadromous fishes tend to have higher
genetic diversity than freshwater fishes (DeWoody & Avise, 2000; Martinez et al., 2018). All

other taxonomic groups did not show significant relationships between range size and population
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richness. This is likely due to incomplete sampling across species ranges relative to many of the
fish species in this database, leading to an underrepresentation of population richness (e.g.
average PopPerSpp for anadromous fish = 109, amphibians = 20, Table A2.4). This
underrepresentation could also be affecting our results for range size with genetic diversity —
perhaps the populations that were sampled from species with large ranges happened to be lower
(or higher) in genetic diversity then otherwise expected. This is a sort of sampling bias that could
be corrected if we had complete data on populations for a few large- and small-ranged species to
investigate further.

Our results contribute to the idea that disentangling intraspecific diversity patterns can be
much more complicated than species richness as many factors require simultaneous
consideration (see (Blanchet et al., 2017; Marchesini et al., 2018; Martinez et al., 2018; Medina
et al., 2018; Millette et al., 2019; Paz-Vinas et al., 2018; Willoughby et al., 2017). The limited
scope in the scale of genetic diversity, and perhaps the minimum and maximum degree of
genetic diversity required for viable populations (e.g. 0 to 1 for heterozygosity; Ellegren &
Galtier, 2016; Leffler et al., 2012) could also have a major impact on the detection of broad scale
patterns. The magnitude of differences in genetic diversity across a latitudinal gradient would
additionally not be as large as seen in the species richness gradient. For example, there are at
least ~143% more species in tropical relative to temperate countries (e.g. Brazil: ~170,000-
210,000 known species, Canada: ~70,000 known species; Canadian Endangered Species
Conservation Council, 2001; Lewinsohn & Prado, 2005). In contrast, Miraldo et al. (2016) only
found 27% more total mitochondrial genetic diversity in the tropics, summed across terrestrial
mammals and amphibians (i.e. TotGenR). The influence of these factors could explain why our
analyses of intraspecific diversity do not show as clear a pattern as species richness, warranting
further exploration in tandem with environmental properties, anthropogenic factors, and species-

or population-specific functional/life history traits.
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Overall Conclusion

Although there has been some recent support for latitudinal gradients in intraspecific
diversity (Adams & Hadly, 2013; Gratton, et al., 2017b; Martin & Mckay, 2004; Millette et al.,
2019; Miraldo et al., 2016; Schluter & Pennell, 2017), no study has generated latitudinal
expectations for both population richness and genetic diversity by drawing from species-level
literature — indeed there is an admitted lack of theoretical foundation (Millette et al., 2019). We
demonstrate that the distinct latitudinal patterns found in species richness are much more
complicated at the intraspecific level. Our synthesis suggests that, species richness, population
richness, and genetic diversity within species will be uncoupled in many instances due to a
combination of historical and contemporary factors. Factors such as range size (i.e. Rapoport’s
rule) and biological differences between and within taxonomic groups appear to play a larger
role in moderating population richness and genetic diversity gradients. These inferences have
implications for the fundamental understanding of the species richness gradient and for
biodiversity conservation, as they shed light on what may drive changes to species distributions
and species adaptability at different latitudes in the future.

Our focus on population richness and genetic diversity was complemented by the usage
of microsatellite data obtained from the MacroPopGen database (Lawrence et al., 2019). This
database does not include adaptive, functional, or phylogenetic diversity, as standardized
phylogenies below the species level, for example, do not exist for most populations studied with
nuclear DNA. We expect future analyses that include these other aspects of intraspecific
diversity will only clarify the patterns described here further and perhaps account for some of the
noise in the data. As mentioned, the increased sampling of populations within species would also
be useful to test latitudinal gradient theories with more certainty. While the relationships
presented here may not be very strong, the results are likely to be strongly affected by lack of full
sampling within species ranges. As technology advances, results collated from genome-wide
assessments will also help refine our hypotheses further and more fully represent genetic
diversity and population richness.

While we have largely focused our discussion on the theories for latitudinal patterns in
biodiversity, our results also have conservation implications. As larger range sizes are typically
associated with greater population richness and genetic diversity, species with small ranges are

likely to be at greater risk (Fine, 2015), whereas population rich species are likely to be less at
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risk to changing conditions. This is reminiscent of the theory of island biogeography where just
as smaller areas are associated with fewer species, so are small areas generally associated with
fewer genetically distinct populations. Our conclusion may not seem novel, but our study is the
first to fully discuss this with respect to populations as a quantifiable unit. These results may
have consequences for conservation management where only assessing an area’s species richness
may not capture the extent of biodiversity in that area. Assessing population richness for each
species and their genetic diversity may give a better indication of ecosystem health and the
species’ ability to remain intact (Martinez et al., 2018; Paz-Vinas et al., 2018).

We urge for a more holistic approach in biodiversity science and conservation where all
aspects of biodiversity are considered together (ecosystem diversity, species diversity, functional
diversity, intraspecific diversity), especially as future technology refines and improves our
understanding of intraspecific diversity even further.
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Glossary

Genetic diversity: Defined in this review as neutral genetic diversity within a population or
species. Often assessed with microsatellite data as observed heterozygosity or allelic
diversity/mean number of alleles per locus (MNA).

Observed heterozygosity: A measure of genetic diversity representing the percentage of
heterozygous loci of individuals within a population. Declines in isolated populations as
effective population size decreases (Coltman & Slate, 2003; Frankham, 1996; Frankham et al.,
2002).

MNA: Mean number of alleles — a measure of genetic diversity where the number of alleles are
counted for each locus and averaged across individuals in a population. Shows a more rapid
response than heterozygosity in decline with effective population size decreases (Coltman &
Slate, 2003; Frankham, 1996; Frankham et al., 2002).

Population richness: In general, the number of genetically distinct populations — either across

all species (TotPopR), within a species (PopPerSpp), or averaged across many species in an area
(AvgPopSpp).

TotPopR: Total population richness — the total number of populations within a given area across

species, e.g. (Hughes et al., 1997).

PopPerSpp: Populations per species — refers to how many distinct populations one species has
across its range or within an area. For example, an area with many populations would be
considered “population rich” according to TotPopR but might be classified as “population poor”
by PopPerSpp if each species is represented by only a small number of populations (Figure 2.1).
TotPopR and PopPerSpp have different implications. Analyzing both TotPopR and PopPerSpp
outlines more clearly which species or taxonomic groups may have more populations, and gains
an understanding of the genetic history, along with the vulnerability or level of endemism

characterising a certain species or taxonomic group.

AvgPopSpp: Average number of populations per species within a given area. Calculated by first
determining the PopPerSpp for each species in an area, and then averaging these values for all

species in the area.

51



TotGenDiv: Total genetic diversity —reported in previous large-scale syntheses as a sum or mean
of genetic diversity across all species and their populations within a given area (Gratton et al.,
2017a; Miraldo et al., 2016; Willoughby et al., 2015). Does not reflect the genetic diversity
between species, and masks idiosyncrasies between lower levels of taxonomic groups,
identifiable when assessed in individual species, as in GenPerSpp (Adams & Hadly, 2013;
Martin & McKay, 2004). For simplicity in our discussions, we define TotGenDiv as the sum of
neutral genetic diversity across all species and their populations. Note that an additional measure
to analyze TotGenDiv patterns would be to assess the variance of genetic diversity across species
within an area. This would identify regions with abnormal levels of variability in genetic
diversity, indicating that the TotGenDiv of the area may be skewed by a certain species.
Alternatively, taking the weighted average of genetic diversity across species (e.g. Millette et al.,
2019) and populations in an area would account for differences among sample size and/or
number of populations in the area (Schluter & Pennell, 2017). Then, assessing sum, variance,
and mean genetic diversity together for broad scale analyses yields more refined insights than

simply totalling across species.

GenPerSpp: Refers to the sum of neutral genetic diversity within a single species across all its
populations in an area — i.e. species-specific genetic diversity. Provides a more realistic
representation of genetic diversity, allows for idiosyncrasies between groups to be identified, and
avoids over simplification at large scales.

Effective population size: Represents the number of individuals in a population that are
contributing to the next generation (Wright, 1931); also gives an indication of how quickly loss
of genetic diversity occurs in a finite-sized population through random genetic drift (Belmar-
Lucero et al., 2012; Frankham et al., 2002).

Data Accessibility Statement
The data used in analyses are available on figshare:
https://doi.org/10.6084/m9.figshare.7207514.v2 (Lawrence et al. 2019).
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Tables

Table 2.1. Latitudinal theories, which of the three frameworks they fall under, and their predictions for species richness, population

richness, and genetic diversity. Definitions for population richness and genetic diversity refer to their general definitions unless

otherwise specified. Hist = Historical; Ecol = Ecological; Evol = Evolutionary; GD = genetic diversity; GenPerSpp = genetic diversity

per species; TotGenDiv = total genetic diversity across species; PopPerSpp = populations per species; TotPopR = total population

richness for a given area.

Frame- o ) Predictions
Theory Description & Explanation
work Species Population Genetic
Hist Time and area hypothesis: Tropics are older, historically Low Latitudes: Low Latitudes: Low Latitudes:

larger geographically, and climatically stable, allowing for  higher
more diversification to occur over time

Explanation: Older low latitude communities have had lower
more time and area for mutations to accumulate as well as
populations within species to differentiate into new species,
causing fewer populations per species, but perhaps

retaining a similar TotPopR to high latitudes (barring

nuances as discussed in text)

References: Wallace, 1878; Pianka, 1966; Mittelbach et al.,

2007

High Latitudes:

lower PopPerSpp;
similar TotPopR
High Latitudes:
higher PopPerSpp;
similar TotPopR

higher
High Latitudes:

lower

Hist

Tropical/Phylogenetic niche conservatism: Species that Low Latitudes:

originate in a region, whether tropical or temperate, are higher

Low Latitudes:

lower PopPerSpp

Low Latitudes:

higher
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more likely to stay within that climate, but older clades
may diversify outwards through niche evolution lower
Explanation: The typically older age of low latitude

species indicates they will have fewer populations but more

GD (see time-area hypothesis) as they have remained in

tropical environments longer, diversifying over time

References: Wiens & Donoghue, 2004

High Latitudes:

High Latitudes:

higher PopPerSpp

High Latitudes:

lower

Hist

Ecol

Heterogeneous area: Increased ecological heterogeneity in ~ Low Latitudes:

large areas leads to fragmentation and speciation across higher
species’ range. Related to time and area hypotheses but
more focused on the notion of larger areas having more lower
heterogeneous habitat

Explanation: Increased fragmentation at high latitudes in
large-ranged species allows for populations to differentiate,

but not fully enough to lead to new species; larger areas

maintain GD within a species due to gene flow between
populations

References: Terborgh, 1973; Rosenzweig, 1995;

Mittelbach et al., 2007

High Latitudes:

Low Latitudes:

lower PopPerSpp

High Latitudes:

higher PopPerSpp

Low Latitudes:
higher
High Latitudes:

lower

Ecol

Species range size (Rapoport’s rule): Low latitude species  Low Latitudes:

experience smaller ranges in climatic variation, therefore higher

more specialization and smaller range sizes; the opposite

High Latitudes:

Low Latitudes:

lower PopPerSpp

High Latitudes:

Low Latitudes:
higher TotGenDiv
lower GenPerSpp
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phenomenon occurs at high latitudes

Explanation: More specialization leads to more species
with smaller range sizes, fewer populations per species,
and more GD across many species, although may result in
lower GD within a species due to specialization
References: Jansen, 1967; Stevens, 1989; Mittelbach et al.,
2007

lower

higher PopPerSpp

High Latitudes:
lower TotGenDiv
higher GenPerSpp

Ecol Genetic drift: Low latitude populations are smaller and Low Latitudes: Low Latitudes: Low Latitudes:
tend to experience more genetic drift that differentiates higher lower PopPerSpp higher TotGenDiv
populations and species High Latitudes: High Latitudes: lower GenPerSpp
Explanation: More genetic drift leads to speciation and lower higher PopPerSpp  High Latitudes:
more species at low latitudes, but less distinct populations lower TotGenDiv
at high latitudes so PopPerSpp is maintained at higher than higher GenPerSpp
low latitudes. GD is higher across species at low latitudes
due to different populations accumulating different alleles,
but perhaps lower GenPerSpp if alleles are lost through
drift
References: Dynesius & Jansson, 2000; Mittelbach et al.,

2007
Ecol Energy-diversity hypothesis: Regions of high primary Low Latitudes: Low Latitudes: Low Latitudes:

productivity should support more individuals, therefore

increased likelihood of more species

higher
High Latitudes:

lower PopPerSpp
High Latitudes:

higher
High Latitudes:
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Explanation: Higher productivity at low latitudes leadsto  lower
more individuals and more species; but more individuals in

general leads to smaller population sizes per species and

increased risk of inbreeding for areas with high species

richness, affecting both metrics of GD

References: Pianka, 1966; Currie et al., 2004; Storch et al.,

2005

higher PopPerSpp

lower

Ecol Biotic interactions: Biotic interactions are stronger and Low Latitudes: Low Latitudes: Low Latitudes:
represent a greater fraction of natural selection for low higher lower PopPerSpp higher TotGenDiv
latitude species; abiotic interactions exert stronger High Latitudes: similar TotPopR lower GenPerPop
evolutionary forces for higher latitude species lower High Latitudes: High Latitudes:
Explanation: More speciation at low latitudes as biotic higher PopPerSpp  lower TotGenDiv
interactions drive specialization; general adaptations at similar TotPopR higher GenPerPop
high latitudes from abiotic factors maintains gene flow
among populations within species, elevating PopPerSpp;
may lead to similar levels of TotPopR as different factors
drive population richness; specialized adaptations at low
latitudes decrease within species GD, but increase GD
across many species
References: Pianka, 1966; Currie et al., 2004; Mittelbach et
al., 2007

Evol Diversification rates: Diversification rates were historically Low Latitudes: Low Latitudes: Low Latitudes:
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faster at low latitudes, now are becoming faster at higher
latitudes; but there are still elevated extinction rates at high
latitudes relative to lower latitudes

Explanation: Low latitudes had a head start with higher
diversification rates and lower extinction rates so there is
higher species richness and genetic diversity at low
latitudes; as high latitudes are experiencing increasing
diversification rates, populations are still undergoing
differentiation so higher PopPerSpp at high latitudes, but
more similar TotPopR across latitudes since many
populations already established among species at low
latitudes, while many are still differentiating at high
latitudes

References: Weir & Schluter, 2007; Schluter, 2016

higher
High Latitudes:

lower

lower PopPerSpp
similar TotPopR
High Latitudes:
higher PopPerSpp
similar TotPopR

higher
High Latitudes:

lower

Evol

Evolutionary speed: Higher temperatures lead to higher

mutation rates, therefore increase genetic divergence (may
only apply to ectotherms)

Explanation: Higher temperatures at low latitudes result in
more mutations leading to speciation, therefore less
populations per species, but more genetic diversity across
species due to accelerated mutation rates across different

populations

Low Latitudes:
higher
High Latitudes:

lower

Low Latitudes:
lower PopPerSpp
High Latitudes:
higher PopPerSpp

Low Latitudes:
higher TotGenDiv
High Latitudes:
lower TotGenDiv
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References: Rohde, 1992; Mittelbach et al., 2007; Schiuter,
2016

Evol

Climate change: Milankovitch cycles stronger at high

latitudes, thus high latitude species have better dispersal
and less speciation than low latitude species

Explanation: Less dispersal and mixing at low latitudes
leads to populations differentiating more in tropics leading
to fewer populations at low latitudes. GD maintained
within species at high latitudes due to more gene flow
References: Pianka, 1966; Dynesius & Jansson, 2000;
Mittelbach et al., 2007

Low Latitudes:

higher

High Latitudes:

lower

Low Latitudes:
lower PopPerSpp
High Latitudes:
higher PopPerSpp

Low Latitudes:
lower GenPerSpp
High Latitudes:
higher GenPerSpp

Evol

Ecological opportunity hypothesis: Higher speciation rates

due to more ecological niches stemming from higher solar
energy and annual productivity, reduced temperature
seasonality, or stronger biotic interactions at low latitudes
Explanation: Many niches already filled at low latitudes
from speciation, whereas in higher latitudes more niches
are becoming open, thus populations have begun to
differentiate — but not fully; lower latitudes have
accumulated more GD across many niches, but less within
a given species

References: Schluter, 2016

Low Latitudes:

higher

High Latitudes:

lower

Low Latitudes:
lower
High Latitudes:
higher

Low Latitudes:
higher TotGenDiv
lower GenPerSpp
High Latitudes:

lower TotGenDiv
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Figures
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Figure 2.1. Demonstration that intraspecific diversity can provide insight into the biodiversity of

an area rather than simply looking at the species (“spp”) richness. Two areas that have the same

number of species may not have the same number of populations (a and b) or genetic diversity (c
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and d). If an area (a) has fewer populations (“pops”) per species (PopPerSpp) than another area
with the same number of species (b) then that area has less population richness, even though
species richness is the same. Likewise, if genetic diversity, given as values of MNA here, is
summed across all the species and populations in an area (TotGenDiv, c), this value masks the
nuances of genetic diversity of the species present (GenPerSpp). When each individual species’
total genetic diversity is considered, nuances of the genetic diversity in an area are more

apparent.
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Figure 2.2. A) Number of vertebrate species sampled in each 500 x 500km? grid cell. B) Number
of genetically distinct populations across vertebrate species in each grid cell. Data obtained from
MacroPopGen database (Lawrence et al., 2019) and projected with the World Behrmann

projection.
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Figure 2.3. Results for testing the Geographic Distribution Hypothesis (a, b), the Overlapping
Range Hypothesis (c, d), and the Range Restricted Gene Hypothesis (e, f). A) Log of species
range size and the number of genetically distinct populations within a species (PopPerSpp) for all
taxonomic groups. B) Linear prediction estimates from a GLMM for the relationship between
range size and number of populations for each taxonomic group. Error bars represent upper and
lower confidence intervals. C-D) The number of unique species within grid cells (n=250) of an
area of 500km? (x axis) and C) the total number of populations (Tot .Pop. Richness, R?=0.75,
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p<0.001) or D) the average number of populations within each species (PopPerSpp; R?0.22,
p<0.001) for each grid cell. Solid line represents linear regression between the two variables. E-
F) Linear prediction estimates from a GLMM of the relationship between E) log of range size
and genetic diversity, measured as mean number of alleles (MNA) or F) observed heterozygosity
(Ho) and MNA. Error bars represent upper and lower confidence intervals. Results for the other
genetic diversity metric, observed heterozygosity (Ho), not shown as relationships were very

similar as MNA.
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Chapter 3: Weak latitudinal and environmental influences on vertebrate

population genetic diversity across the Americas

Submitted June 15, 2020 as:
Lawrence, E.R., and Fraser, D.J. (in review). Weak latitudinal and environmental influences on

vertebrate population genetic diversity across the Americas. Nature Communications.
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Abstract

Species diversity gradients are well established, but the latitudinal distribution of population-
specific genetic diversity (PGD) remains unstudied despite vast quantities of genetic data now
available. We tested alternative predictions for latitudinal or environmental gradients in PGD
(e.g. negative gradients mediated by environmental variables), while accounting for variation
among and within taxa. Using nuclear DNA data from ~900 vertebrate species, we found weak
latitudinal and variable environmental influences on PGD that were taxa-dependent across the
Americas. We suggest the weak gradient is partly due to opposing processes that diminish
patterns across latitudes; similarly, large-scale genetic gradients can be flattened when assessing
across species versus within species. While species diversity follows a negative latitudinal
gradient, PGD does not appear to follow the same pattern, suggesting different processes
structure large-scale patterns in vertebrate PGD. Our results indicate that conservation efforts

targeting high species diversity regions may not capture high genetic diversity regions.

Keywords: genetic diversity, latitudinal gradient, vertebrate
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Introduction

The latitudinal gradient in species diversity is one of the most studied phenomena in
ecology and biogeography. Recent work is striving to understand whether this gradient holds for
other aspects of biodiversity, such as functional, phylogenetic, or genetic diversity. Although the
species diversity gradient is clear, intraspecific diversity patterns and expectations are less
apparent and either differ from theoretical predictions or vary across taxa (Buckley et al., 2010;
Lamanna et al., 2014; Lawrence & Fraser, 2020; Usinowicz et al., 2017). Functional diversity
appears to be lower than otherwise expected in the tropics, whereas phylogenetic diversity may
follow species diversity more closely (Huang et al., 2012; Lamanna et al., 2014; Safi et al., 2011;
Usinowicz et al., 2017). Conversely, genetic diversity gradients remain poorly understood. While
there are hints of latitudinal gradients in species communities (Adams & Hadly, 2013; Manel et
al., 2020; Millette et al., 2019; Miraldo et al., 2016), the incorporation of mechanisms to
structure these gradients is lacking.

Herein we focus on the mechanistic factors that may structure contemporary patterns of
genetic diversity within natural populations of individual species, i.e. population genetic
diversity (PGD), across broad geographic scales. When scaling up to view PGD at broad scales
this definition allows us to control for differences among and within taxonomic levels (Lawrence
& Fraser, 2020). Additionally, patterns in PGD are often sensitive to mechanisms acting at
relatively recent timescales, whereas species diversity patterns are likely more affected by deep
time processes. Accordingly, we focus our discussions concerning the mechanisms for PGD on
more recent processes.

A useful point of departure for considering mechanisms underlying PGD gradients is to
consider processes underlying species gradient theories through the lens of PGD. Such processes
may include time for tropical species to diversify and accumulate, ecological limits including
range area and niche specialization, and increased diversification rates due to abiotic factors
(Lawrence & Fraser, 2020; Pontarp et al., 2019). Whether these mechanisms hold for genetic
diversity in general is uncertain, as previous empirical works have been largely exploratory,
often without considering underlying mechanisms a priori (Millette et al., 2019; Miraldo et al.,
2016). If species and genetic diversity are distributed the same way, then similar underlying

processes may structure these two aspects of biodiversity (e.g. environment-regulating
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evolution). To begin, we discuss mechanisms that may result in three distinct patterns of PGD: a
‘negative’ latitudinal gradient, a ‘positive’ gradient, or no gradient at all.

Decreasing PGD away from the equator may be the most expected for several reasons,
including temporal, geographic, and climatic explanations (Figure 1a) (Brown, 2014; Fine, 2015;
Mittelbach et al., 2007; Pianka, 1966). Drawing from species gradient literature, low latitudes
have had more time for genetic diversity to accumulate within and across species as they evolve
and specialize into available habitats compared to high latitude species (Mittelbach et al., 2007;
Pereira, 2016). Additionally, low latitudes are associated with higher mean annual temperature,
precipitation, and primary productivity in conjunction with less seasonal fluctuations in
temperature (Brown, 2014; Currie et al., 2004; Ghalambor, 2006; Rohde, 1992; Willig et al.,
2003; Zhang et al., 2018), which could be related positively with PGD. For example, higher
temperatures increase mutation and evolution rates (Adams & Hadly, 2013; Allen et al., 2006;
Gillooly et al., 2005; Rohde, 1992), while more productive environments (i.e. higher net primary
productivity) support larger population sizes in most taxa allowing productive environments to
maintain genetic diversity across species (Santini et al., 2018; but see Botero et al., 2014
Thuiller et al., 2020). Overall, low latitude taxonomic groups have experienced more time in
warmer, climatically stable, and productive environments, and this could generate a ‘negative’,
or hump-shaped, latitudinal gradient in PGD (Figure 1a).

Other species diversity theories lead to the opposite prediction of a positive, or U-shaped,
latitudinal gradient with greater PGD at high latitudes (Figure 1b). One example is the tendency
for species’ geographic range sizes to decline at low latitudes due to intolerance to climatic
fluctuations and varying dispersal capabilities (i.e. Rapoport’s rule; Brown, 2014; Ghalambor,
2006; Stevens, 1989). These typically smaller range sizes in the tropics may be associated with
smaller population sizes, more genetic drift, genetic bottlenecks from undergoing niche
specialization (i.e. exploiting an ecological opportunity) (Bernos & Fraser, 2016; Currie et al.,
2004; Fine, 2015; Siqueira et al., 2020), and therefore perhaps lower PGD. In contrast, high
latitude species commonly have larger range sizes and better dispersal capabilities, thus likely
more gene flow connecting populations to maintain PGD across their ranges (Ellegren & Galtier,
2016; Fan et al., 2019; Ghalambor, 2006; Martin & Mckay, 2004; Medina et al., 2018; Pelletier
& Carstens, 2018). Additionally, climatic variance may be positively associated with PGD but

negatively associated with species diversity. Regions of large climatic or temperature
67



fluctuations typically have lower species diversity (e.g. Northern hemisphere) but climatic
variation may favour higher standing PGD to deal with such fluctuating environments (Barrett &
Schluter, 2008; Botero et al., 2014; Brennan et al., 2019). These processes in turn may result in a
positive latitudinal gradient for PGD.

Finally, much of the discussion above provides opposing processes that, when accounted
for, could ultimately cancel out broad-scale PGD patterns, rendering an additional prediction of
no overall latitudinal PGD gradient (Figure 1c). Smaller population size and niche specialization
may constrain PGD within individual species at low latitudes, even though perhaps more time
has passed for it to accumulate (Lawrence & Fraser, 2020; Mittelbach et al., 2007; Siqueira et al.,
2020). While high latitude species typically have larger ranges (Fan et al., 2019), many of these
species have experienced colonization bottlenecks after deglaciation events, in addition to having
less time to accumulate new genetic diversity through mutation (Adams & Hadly, 2013; Green et
al., 1996; Hewitt, 2004; Provan & Bennett, 2008; Stewart et al., 2010). Additionally, several
genetic diversity gradients have been found within individual species (Adams & Hadly, 2013;
Martin & Mckay, 2004) but due to taxonomic differences, such gradients may be flattened when
viewed across many species at once (Millette et al., 2019). Together, these opposing processes
may lead to no latitudinal PGD gradient at all.

Previous studies attempting to identify latitudinal gradients in genetic diversity used data
from mitochondrial DNA (mtDNA) markers and found some support for a decrease in genetic
diversity across species away from the equator (Adams & Hadly, 2013; Gratton, et al., 2017a;
Martin & Mckay, 2004; Millette et al., 2019; Miraldo et al., 2016). This pattern was often
relatively weak, and stronger in certain taxa (e.g. mammals; Adams & Hadly, 2013; Miraldo et
al., 2016). While these studies provide an initial exploration on genetic diversity gradients upon
which to build, their measure of genetic diversity was summed across species, representing a
“community-level” of genetic diversity which does not contain information founded at the
population level like PGD. Additionally, their use of mtDNA data may not reflect nuclear or
genome-wide genetic diversity, important for adaptation to environmental change (Ballard &
Whitlock, 2004; Bazin et al., 2006; Ghalambor et al., 2007; Hurst & Jiggins, 2005; Sgro et al.,
2011). Conversely, variation in nuclear DNA, e.g. microsatellites, can be a reasonable metric of
genome-wide variation (Jarne & Lagoda, 1996; Vli et al., 2008) and is, appealingly, quantified

commonly at the population level.
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To test the mechanisms that may structure patterns in nuclear PGD, we utilized a large
vertebrate database containing genetic data anchored to the population level, which make it
particularly suitable for such analyses (Lawrence et al., 2019). This database reports metrics of
presumably neutral genetic diversity for each geo-referenced, genetically distinct population.
Conversely, previous studies either geo-referenced individual sequences (Miraldo et al., 2016),
or grouped sampling localities into geographic “populations” (e.g. “high” or “low” latitude
groups; Adams & Hadly, 2013; Martin & Mckay, 2004; Millette et al., 2019). Such a priori
grouping could lead to biases in subsequent analyses and does not account for population-level
dynamics.

Here, we investigate the relationship between latitude and PGD in vertebrate species
across the American continents, and how environmental factors might mediate or influence this
relationship. We tested the three aforementioned potential outcomes: a negative, positive, or no
latitudinal gradient. To distinguish between these alternative predictions and to assess the
importance of contemporary environmental variables for influencing PGD, we used vertebrate

data, derived from microsatellite studies from ~900 species.
Methods

Data acquisition

We used georeferenced vertebrate population genetic data from MacroPopGen
(Lawrence et al., 2019), collected from 895 species, 1308 studies published between 1993 and
2017, and from 9090 genetically distinct localities across the American continents. Each
population has information on observed heterozygosity (Ho), mean number of alleles (MNA),
sample size, and taxonomic grouping (i.e. Class, Family, Genus, Species), as well as a unique
identifier for each study reference (RefID). For our analysis, we focused on using the metrics
MNA and Ho for anadromous and freshwater fish, amphibians, birds, mammals, and reptiles. We
mapped populations and PGD using QGIS v3.2.2 by taking the count, mean, and standard
deviation of PGD from populations within 500km x 500km grid cells.

To test whether environmental factors mediate patterns of PGD as they appear to for
species diversity, we obtained the following climatic variables from CHELSA for the period
1979-2013 by extracting raster values based on the point data of each of the populations: mean

annual temperature (MAT, °C), annual precipitation (AP, mm/year), temperature annual range
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(TAR, °C), and temperature seasonality (TS, standard deviation of monthly mean temperatures)
(Karger et al., 2017a,b). Note that these “modern” climatic variables overlap roughly with the
years the population-genetic data were collected, so they are a reasonable estimate for climates
experienced by these populations. We also collected climatological data from the Last Glacial
Maximum (LGM, 21,000 years ago) for each climatic variable (Karger et al., 2017b, 2017a) to
account for historical effects of climate, particularly for high-latitude populations. The elevation
(m) of each geo-referenced population was obtained using the R package rgbif v1.2.0 with the
srtm3 model; ocean areas with no data were assigned an elevation of zero. The srtm3 model is
based on data collected during the Shuttle Radar Topography Mission from the Space Shuttle
Endeavour using the onboard radar system data; it provides an estimate based on a sample area
of 90m x 90m. To obtain productivity data, we extracted raster data of net primary productivity
(NPP, units of elemental carbon x10e!) from Imhoff et al. (Imhoff et al., 2004; Imhoff &

Bounoua, 2006) for each population point.

Model Selection

To analyze the relationship between PGD, latitude, and contemporary environmental
variables we used generalized additive mixed models (GAMMs), using the gam() function in R
package mgcv v1.8-31. Data were first partitioned for each PGD metric and then trimmed such
that only genera with >10 populations were retained. Additionally, populations with unavailable
values (NA) for any variable were removed from each metric’s dataset. After partitioning, 3475
and 4636 genetically distinct populations remained for Ho and MNA datasets, respectively.
Response variables were Ho and MNA, modeled with beta and gamma distributions,
respectively. Ho is a continuous variable bounded between zero and one, thus a beta distribution
was deemed most appropriate; MNA values are positive, continuously distributed, and right
skewed, so a gamma distribution was most appropriate for these data.

For each of the MNA and Ho datasets, we conducted model selection by first testing
which taxonomic level was most important in null models by including a random effect for
Class, Family, Genus, or no taxa effect at all. Importance of taxa-specific random effects were
tested to account for variance among taxonomic groups, as previous works have found that not
all groups may show the same genetic diversity pattern (Adams & Hadly, 2013; Hirao et al.,
2017). We chose not to test below the Genus level to avoid loss of data. We used the information
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theoretic approach (AIC; Akaike, 1974; Anderson & Burnham, 2002) to compare null models
that only included the random effect for RefID and the taxonomic level. The model with the
lowest AIC then identified the best random effect structure based on fit and complexity. RefID
and the identified taxonomic level were included as a random effect in subsequent models. All
models were weighted by population-specific sample size of genotyped individuals to account
for sample size differences between populations. Before incorporating variables together to test
full models, we tested for multicollinearity using variance inflation factors (Zuur et al., 2009).
LGM and modern climatic variables were highly correlated, as were TS and TAR. Thus, we
decided to focus only on modern variables, since contemporary PGD is likely to be more related
to modern climatic data. Additionally, we chose to include TAR over TS so the units would be
more comparable to MAT, and to reflect the range of temperatures a population may experience.
In all models, continuous variables were also smoothed using cubic regression splines with
shrinkage applied. Shrinkage allows for a smoother to have zero degrees of freedom, thus a
smoother can be dropped from the model during model selection (Zuur et al., 2009). Interaction
terms were fitted with tensor products and thin-plate regression splines using the te() function in
mgcv package, according to Pederson et al. (2019).

Following Zuur et al.’s (2009) approach for model selection, we considered models
within 2 AAIC points as equivalent. We proceeded with forward model selection by sequentially
adding one of the six modern and non-collinear variables (latitude, elevation, NPP, MAT, AP,
TAR) to the null models until addition did not improve model fit, as reflected by a decrease in
AIC. We chose this approach to minimize risk of overfitting models, but also tested backwards
model selection by starting with a full model and testing the sequential removal of variables.
Interactions between fixed effects were tested to account for the effect one variable might have
on another - for example, high elevations at low latitudes tend to experience similar variations in
temperature variation as high latitude regions (Ghalambor, 2006; Janzen, 1967). Such
interactions might reveal micro-niche influences on PGD (Ghalambor, 2006; Janzen, 1967).
Thus, in our model selection process we included the biologically relevant interactions of
elevation with MAT, TAR, and NPP.

After model selection, we performed cross-validation on the selected model using the
validation set approach with caret package v6.0-86. We first trained the model on a random 50%

subset of the data, and then tested how well it predicted results using the other 50% of the
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dataset. Since AIC can sometimes select overfitted models (Pedersen et al., 2019; Zuur et al.,
2009), we also assessed variable significance after model selection — if a variable was not

significant and/or its degrees of freedom were reduced to zero, it was removed from the model.

Taxa-Specific Patterns
After identifying which taxa level was most appropriate, we tested a taxa-by-latitude
interaction using tensor products. This allowed us to identify latitudinal patterns among specific

groups, and how accounting for taxa can influence the overall PGD patterns in latitude.
Results

Data acquisition

The distribution of population points, and gridded heatmap of PGD metrics across the
Americas are found in Figure A3.1. Taxonomic classes varied in their mean PGD and mean
environmental variables experienced (Table 3.1). Anadromous fishes showed the highest mean
values for both Ho (0.70) and MNA (14.97) and tended to have populations at higher latitudes
(mean latitude 50.55; Table 3.1). Reptiles, birds, and amphibians experienced the highest MAT
(17.97, 14.25, and 12.51°C respectively), and AP (1113, 1230, and 1258 mm/year, respectively),
whereas birds and reptiles showed the lowest TAR (22.20, 23.19°C). Amphibians experienced
the highest mean NPP (3.78e!! units of elemental carbon) whereas anadromous fishes

experienced the lowest NPP (2.56e!! units of elemental carbon).

Model Selection

After model comparison for taxonomic-level random effects, the Genus model had the
lowest AIC (Table A3.1). Thus, Genus was selected for subsequent models. Both forward and
backward model selection identified the full model with all variables and the three interactions as
the model with the lowest AIC (Table A3.1). These full models explained a high degree of
deviance for Ho and MNA (83.9% and 85.5% respectively). The random effects of RefID and
Genus were both significant, indicating an important aspect of study- and genus-specific
responses. While all variables were significant for the Ho model, only MAT, elevation, AP, and
the interaction between TAR and elevation were significant for MNA (Table A3.2). Latitude was
marginally significant (p=0.092) in the MNA model; since it was a main variable of interest, we
retained it in the model and then tested the exclusion of NPP, NPP’s interaction with elevation,

TAR, AP, and the interaction between elevation and MAT. Latitude became significant after the
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removal of these five variables (p=0.0021). We compared this model to the saturated model to
assess how well each predicted the testing data after cross validation.

Cross validation determined that the model without the non-significant terms had the
lowest Root Mean Square Error (RMSE) and lower prediction error rate (7.6795 and 0.97214
compared to 7.6796 and 0. 97215, respectively); although the differences were minimal, this was
selected as the final model. The Ho model had a RMSE of 0.5562 and a prediction error rate of
1.05855. Since the units of RSME are in the unit of the dependent variable —i.e. MNA and Ho —
this would indicate that the selected models have RMSE values roughly equal to the mean value
of each PGD metric. However, even when comparing null or latitude-only models, RMSE only

changed by a maximum of 0.005 units.

Effect of Latitude and Environmental Variables

Figure 3.2 and 3.3 show the predicted effect for each significant variable on each PGD
metric. The only latitudinal pattern in MNA was that MNA increased at latitudes >30° in the
North hemisphere (Figure 3.2). MNA declined at elevations above 1000m, and we found a U-
shaped effect of MAT where MNA increased below 0°C and above 15°C. Overall MNA
increased with AP, although there were oscillations until ~3800mm/year where the effect
steadily increased. The interaction between TAR and Elevation showed an increase in MNA
(represented by regions in red Figure 3.2) at low elevations (0 to ~100m) and intermediate TAR
(15 to 25°C), as well as at elevations >2000m and TAR >30°C; MNA decreased between 2000-
3000m elevation and TAR 20-30°C.

Latitude had a somewhat V-shaped pattern for Ho, where Ho slowly declined towards 0°
latitude, and then sharply increased at ~30° latitude (Figure 3.3). Contrary to MNA, Ho increased
with both Elevation and NPP, and there a was a hump-shaped relationship with MAT compared
to the U-shaped pattern found for MNA. Ho increased between ~-15°C and 10°C and declined
below/above these values, respectively. For TAR, Ho only increased >30°C and started to
decline again >50°C. As with MNA, Ho oscillated with AP, only increasing between 500 and
1000mm/year, and largely declining >1000mm/year. For the interaction between Elevation and
MAT, Ho increased only at low elevations (<1000m), regardless of MAT. Similarly, for the
other two interactions with elevation, Ho only increased at elevations <2000m and low values of
both TAR (<10°C) and NPP (<3e!! units of elemental carbon).
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Taxa-Specific Patterns

Because Genus was a significant predictor, we tested models for Ho and MNA that
included an additional tensor product interaction term between Latitude and Genus to identify
genera-specific patterns. For MNA, this resulted in 15 of 115 genera having significant
relationships, 7 of which showed MNA decreasing at latitudes above the equator, 6 showed an
increase of MNA above the equator, and 2 showed a slightly hump-shaped pattern where the
“hump” occurred at ~30° latitude (Figure A3.2). For Ho, 39 of 104 genera had significant
relationships, 15 showed a decline in Ho above the equator, 12 showed an increase in Ho at
latitudes above the equator, 1 showed a hump-shape relationship, 5 showed a slightly U- or V-
shaped relationship, and 6 showed a relatively flat relationship across latitudes (Figure A3.3).
Interestingly, when the effect of Genus was interacted with Latitude, the global smoother of
Latitude became non-significant (p=0.076) for MNA, but both MNA and Ho showed the first
predicted pattern: a peak of PGD at low latitudes, reflected by a hump-shaped pattern (Figure
A3.2).

Discussion

Here we assessed the effect of latitude and the environment on vertebrate nuclear PGD.
We predicted potential outcomes by drawing from species gradient theory: a negative gradient, a
positive gradient, or no gradient at all. Overall, our results suggested a weak latitudinal pattern
(MNA) in nuclear PGD (Figure 3.2 and 3.3). We also found significant effects of environmental
variables, particularly for elevation, MAT, and AP (Table A3.2). This suggests that
environmental variables together better predict patterns in PGD than any one variable alone.
However, we also found that the taxonomic level of Genus accounted for a great deal of the
variation in our models, and models including Genus had lower AIC values than those without
(Table A3.1). Therefore, genus-specific effects may be one of the strongest describing factors for
large-scale patterns of vertebrate genetic diversity, and higher taxonomic levels may not account
for this variation.

Past works that have found a latitudinal gradient in genetic diversity generally found it
for individual species (Adams & Hadly, 2013; Martin & Mckay, 2004), but the gradient was less
pronounced across Classes (Millette et al., 2019; Miraldo et al., 2016; Schluter & Pennell, 2017),

particularly when accounting for species identity (Gratton, et al., 2017a). A possible explanation
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could be due to the a priori grouping these studies used where species were split into low or high
latitude groups (Adams & Hadly, 2013; Martin & Mckay, 2004). Thus, a latitudinal gradient
would appear when assessing individual species, but when looking across all species, what may
be considered low latitude for one species may be considered high latitude for another species.
This could explain why, across species, we found little evidence for the “classic” latitudinal
gradient, which only appeared in the global smoother when Genus was accounted for, and was
only significant for Ho. This supports the notion that genetic diversity across species does not
show strong patterns with latitude. Adams & Hadly (2012) presented two main theories for why
they found a latitudinal gradient in their mtDNA data: higher temperatures increase mutation
rates at the tropics, and glaciation effects cause bottlenecks at higher latitudes. While they
provided some of the first mechanistic speculation on what may structure genetic diversity
patterns, they did not formally test environmental variables and their data only came from 72
vertebrate species, strongly favouring mammalian species (n=41), a group which has shown the
strongest latitudinal gradient relative to others (Millette et al., 2019; Miraldo et al., 2016).

Here we had the temperature data to test such a theory and found a U-shaped pattern with
MAT for MNA and a hump-shaped pattern for Ho where, for both metrics, PGD tended to be
higher between -10°C and 0°C (Figure 3.2 and 3.3). This could indicate that increasing
temperature does not always have a positive effect on PGD, or that there is a potential bias in
taxonomic representation in the dataset, since anadromous fishes had the highest PGD, occurred
at high latitudes, and had lower MAT (Table 3.1). Nevertheless, of the 535 populations with
MAT <0°C, only 56 were anadromous fish (259 were mammals, 180 were freshwater fish, 25
were birds, and 15 were amphibians). We also found a general decrease in MNA at elevations
>1000m and oscillating effects of AP for both PGD. The significance of the interactions between
elevation with MAT (Ho) and TAR (Ho and MNA) helps to elucidate our findings. Since higher
elevations are typically associated with cooler temperatures, more precipitation, greater
temperature range, less productivity, smaller range sizes, and overall less genetic variation
(Gillman et al., 2009), this could explain the slight negative effect of elevation, and initially
negative effect of temperature on its own.

While our study’s results differ somewhat from past works (Adams & Hadly, 2013;
Martin & Mckay, 2004; Miraldo et al., 2016), the dataset used here is much larger, having a wide

taxonomic and latitudinal breadth. Admittedly, most data (~85%) comes from North America,
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and there is a disproportionately large number of anadromous fish populations. However,
Lawrence et al. (2019) found limited biases across geographic and taxonomic groups as well as
no bias associated with microsatellite loci number and type. Furthermore, when inspecting the
mean PGD across North America, which is relatively well-sampled, there is no obvious
latitudinal gradient across this continent (Figure A3.1). Additionally, even though anadromous
fish were well represented, no anadromous genus had significant latitudinal patterns (Figures
A3.2. 3.3). When we accounted for the effect of genus the peak of PGD at high latitudes largely
disappeared, resulting in a weak increase of PGD at low to mid-latitudes, suggesting that
anadromous fish may have been driving the original latitudinal patterns found in Figures 3.2 and
3.3.

Our results show that nuclear PGD is much more nuanced in its distributions than species
diversity or in how genetic diversity was measured in past work on latitudinal gradients (Miraldo
et al., 2016). Adams & Hadly (2013) suggested genetic diversity might be a precursor to species
diversity, and this is congruent with work discussed by Schluter & Pennell (2017). High genetic
diversity at low latitudes in genera that do not show the typical species latitudinal gradient may
indicate that with enough time, such a gradient will be manifested. This notion could also be
applied to high latitude species since speciation rates are increasing at higher latitudes (Schluter
& Pennell, 2017). It is possible that there is a transition phase of speciation rates occurring since
landscape rearrangements following the last deglaciation, and this transition may be masking any
nuclear DNA gradients across latitudes. As speciation rates accelerate at high latitudes, this
could lead to an overall increase in PGD across high latitude species. Meanwhile PGD may be
maintained or even decrease at low latitudes (due to genetic drift in smaller populations),
potentially flattening a PGD gradient. Coupled with this effect may be the role of anthropogenic
impacts, such as urban fragmentation (Goossens et al., 2006), the implications of which were
beyond the present study but we will be investigating in future works.

The non-significant “typical” latitudinal gradient in PGD has important global biodiversity
conservation implications, since conserving regions of high species diversity may not
simultaneously conserve regions of high PGD (Paz-Vinas et al., 2018). Therefore, one must
determine when the focus should remain on species richness, and when PGD should be
incorporated into conservation goals to provide greater resolution. Ideally, a more

comprehensive approach to conservation that considers PGD alongside interspecific diversity
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(i.e. species richness) is recommended. However, this is not always possible, so we suggest that
conservation goals guide the approach taken. If the goal is to conserve the greatest number of
species, then species richness should be prioritized. If more narrow targets are to be met, for
example the maintenance of specific species or populations, then PGD should be considered to
identify which populations are either in need of prioritization or can be used to supplement other
populations. In addition to PGD, other aspects of intraspecific diversity that would be valuable to
consider include population richness (Lawrence & Fraser, 2020) and adaptive genetic diversity
(Lawrence & Fraser, 2020; Stanley et al., 2018). The many different populations across a species
range and their genetic diversity may hold the key to future survival of the species. In sum, there
is intrinsic value in managing intraspecific diversity to ensure species can adapt to and survive
future environmental change (Barrett & Schluter, 2008; Bernatchez, 2016; Rey et al., 2016), and
our work identifying the nuanced distribution of genetic diversity only exemplifies this further.
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Tables

Table 3.1. Summary of mean environmental and population genetic variables for each of the vertebrate classes assessed across the
Americas (before separating into Ho and MNA datasets). Ho = observed heterozgosity, MNA = mean number of alleles, Lat = degrees
latitude, MAT = mean annual temperature (°C), AP = annual precipitation (mm/year), Elevation (m), TAR = total annual range (°C),
NPP = net primary productivity (units of elemental carbon x10e*'), LGM = Last Glacial Maximum. Values in parentheses represent

the standard deviation.

) LGM _ LGM
Class Species Ho MNA Lat MAT AP LGM AP Elevation TAR NPP
MAT TAR
o 0.57 7.50 32.72 12.51 0.32 1258.83 12700.49 805.93 26.87 29.45 3.78E*!
Amphibia 104
(0.17) (5.56) (18.27) (7.225) (13.54) (893.63) (8044.23) (890.74) (10.64) (12.50) (2.16E*)
0.70 14.97 50.55 7.35 -10.60 1122.44 13404.07 222.98 26.93 25.10 2.56E*1
Anadromous 15
(0.15) (7.01) (5.95) (4.19) (9.10) (743.53) (7194.75) (338.72) (6.91) (8.20) (1.45E*Y)
A - 0.59 7.65 25.92 14.25 417 1230.72 12819.69 519.632 22.20 24.63 3.25*1
ves
(0.17) (6.16) (26.0) (8.86) (15.59) (866.84) (8281.16) (742.59) (12.76) (14.36) (2.64E™)
0.57 7.12 37.44 10.46 -5.60 088.72  10544.26 472.06 29.89 32.56 3421
Freshwater 231
(0.17) (4.00) (20.42) (8.24) (15.93) (593.08) (5767.31) (605.76) (9.78) (10.87) (2.39E*Y
) 0.60 6.09 34.19 9.43 -4.28 917.45 9491.57 736.71 30.08 31.55 2. 791!
Mammalia 158
(0.14) (3.93) (27.15) (9.10) (15.40) (739.85) (6822.33) (869.81) (10.17) (10.42) (2.16E*)
o 0.59 6.69 27.54 17.97 7.83 111382 11560.58 278.28 23.19 27.81 3.46E™H
Reptilia 133

(0.15)  (3.63) (16.37) (6.56) (13.81) (651.43) (6122.40)  (44153) (11.24) (13.77) (2.46E*1Y)
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Figures

Latitudinal Gradient Predictions for
Population Genetic Diversity
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Figure 3.1. Summary of the three predictions for a latitudinal gradient in population genetic
diversity, indicating which variables are likely to contribute to expectations for a) positive, b)
negative, or c) no latitudinal gradient. All y axes represent population genetic diversity,

indicating the generally expected trend for genetic diversity with each variable.
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Figure 3.2. The predicted effect of latitude and environmental variables on vertebrate population
genetic diversity (mean number of alleles) for vertebrate species across the Americas. Predictors
from the selected generalized additive mixed model were fitted by smoothers (s; tensor products
(te) for interaction) and include a) Degrees Latitude, b) Elevation (m), ¢) MAT = mean annual
temperature (°C), d) AP = annual precipitation (mm/year), e) the interaction between Elevation
and total annual temperature range (°C, TAR). Dark grey zones represent areas that were unable
to be estimated.
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Figure 3.3. The predicted effect of latitude and environmental variables on vertebrate population

genetic diversity (observed heterozygosity) for vertebrate species across the Americas. Predictors

from the selected generalized additive mixed model were fitted by smoothers (s; tensor products

(te) for interactions) and include a) degrees Latitude, b) Elevation (m), ¢) MAT = mean annual
temperature (°C), d) AP = annual precipitation (mm/year), e) TAR= total annual temperature

range (°C), f) NPP = net primary productivity (units of elemental carbon x10eY, g) the

interaction between elevation and MAT, h) the interaction between elevation and TAR, and i) the

interaction between elevation and NPP. Dark grey zones represent areas that were unable to be

estimated.



Chapter 4: Variability in anthropogenic impacts on nuclear vertebrate

population genetic diversity across the Americas
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Abstract

Humans have varying impacts on biodiversity, although conventionally these impacts are
thought to be negative. For genetic diversity within populations, the evidence for negative
impacts are, thus far, largely inconsistent across taxonomic groups. However, few studies have
accounted for the variable intensity of human impacts, the surrounding heterogeneity in habitats,
and the variability among and especially within taxonomic classes. Here we used population-
level data to assess how land use (assessed by anthropogenic biomes), human population density
(HPD), distance to urban or natural environments, and the surrounding anthropogenic biomes
influence vertebrate nuclear population genetic diversity across the American continents. We
found limited evidence for significant effects of HPD and anthropogenic biomes on their own.
Instead, we found that the composition of surrounding biomes and distance to urban/wild
environments had the most significant effects. The more urbanized a region was, the stronger the
negative effect on population genetic diversity. Additionally, we found considerable variation
among genera of different classes. Our study demonstrates the variable nature of human impacts
on genetic diversity and emphasizes that there is no broad brush for developing conservation
management regimes to mitigate human impact. We thus highly recommend assessing at least at
the genus level, ideally lower (e.g. species) when evaluating human impacts on population

genetic diversity.
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Introduction

Human influences are various in nature, and as a result have varying effects on
biodiversity (DiBattista, 2008; Fahrig et al., 2018; Frankham et al., 2002; Goossens et al., 2006;
Nowakowski et al., 2018; Schmidt et al., 2020; Sebastian-Gonzélez et al., 2019). One important
biodiversity component that is increasingly recognized and incorporated into biodiversity
planning is genetic diversity (Millette et al., 2019), particularly genetic diversity when measured
at the population level (PGD) (Paz-Vinas et al., 2018; Schmidt et al., 2020). Large-scale
syntheses of anthropogenic impacts on genetic diversity in general are only just emerging, but
highlight a variety of effects that are dependent on taxonomic group and type of impact
(DiBattista, 2008; McGill et al., 2015; Millette et al., 2019; Miraldo et al., 2016; Schmidt et al.,
2020). Recent syntheses have focused on how human population density (HPD) may influence
genetic diversity, but this can have limitations such as not encapsulating the heterogeneous
impacts that can occur outside of densely populated regions (Cincotta et al., 2000; Millette et al.,
2019; Schmidt et al., 2020). Several other land use activities surrounding a population could
account for ecosystem disturbances regardless of HPD (e.g. agricultural crop- or rangelands;
Cincotta et al., 2000; Ellis et al., 2010; Ellis & Ramankutty, 2008). It is clear that additional
investigations would help to elucidate the specific impacts of human activities on PGD, and lend
aid to (i) conservation prioritization (Fonseca et al., 2019; Paz-Vinas et al., 2018), (ii) the
development of effective strategies to minimize GD losses (e.g. habitat conversion) (DiBattista,
2008; Millette et al., 2019), and (iii) the improvement of biodiversity monitoring regimes (Leroy
etal., 2018; Mimura et al., 2017; Schmidt et al., 2020).

A conventional first hypothesis might be that human impacts have a negative influence
on PGD. Human influences can result in habitat reduction, fragmentation, and isolation in many
populations (DiBattista, 2008; Johnson & Munshi-South, 2017; Otto, 2018). This in turn would
result in population size reductions, which leads to increases in inbreeding and genetic drift,
ultimately eroding PGD — the “small population paradigm” (Caughley, 1994; Reed & Frankham,
2003; Willi et al., 2006). However, there are some indications that the impacts from humans are
not consistent, and not always negative (Millette et al., 2019; Schmidt et al., 2020).

These inconsistencies lead to a second hypothesis that PGD will vary with the type and

intensity of human impact (Habrich et al., submitted; Schmidt et al., 2020). When assessing types
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of land use and/or human impact on a gradient from urban to “wild”, we would expect greater
reductions in PGD as the human impact intensity increases. Ellis and Ramankutty’s (Ellis &
Ramankutty, 2008) “anthropogenic biomes” are a perfect example to use, as these biomes scale
with human impact intensity. For example, on average, highly dense urban environments would
be expected to have the greatest reduction in PGD of wild populations, while croplands and
rangelands may only reduce PGD of certain species. Of course, croplands themselves may have
variable impacts since they can range from intensive monocultures to polycultures. Semi-natural
and wild regions with minimal anthropogenic development would then be expected to retain the
highest levels of PGD in wild species. However, we note that just because a population may be
located in a heavily impacted area, this might not correspond to low PGD — due to potential
buffering effects of heterogeneous habitat in the surrounding area, a population may be protected
from the otherwise negative effects of human impact.

As variation in responses to anthropogenic impacts exist, changes to PGD might also be
hypothesized to vary according to taxonomic group (Millette et al., 2019; Schmidt et al., 2020).
Mammals are one example that have frequently been shown to be more affected by humans than
groups such as birds (Millette et al., 2019; Miraldo et al., 2016; Schmidt et al., 2020). However,
recent work has emphasized that tremendous variation not only exists among groups, but also
likely within groups (Habrich et al., submitted; Lawrence et al., 2019; Lawrence & Fraser, 2020).
For example, larger, long-lived species (e.g. Caribou) are likely more negatively affected by
anthropogenic impacts than smaller species that might exploit and benefit from human habitats
(e.g. Racoons) (Barrueto et al., 2014; Habrich et al., submitted). Yet past studies were not only
relatively taxonomically limited (two to four groups) (Millette et al., 2019; Miraldo et al., 2016;
Schmidt et al., 2020), but also lumped taxonomic groups based on classes, assuming intra-class
variation to be less than inter-class. Thus, it is not yet clear which taxonomic level best captures
human impacts on genetic diversity.

While previous studies laid the groundwork for investigating human impacts on PGD
among animal classes, they did not obtain population-specific estimates of genetic diversity
(exception: Habrich et al., submitted; Schmidt et al., 2020). Instead, genetic diversity was
obtained from individual (sometimes grouped) sequences (Millette et al., 2019; Miraldo et al.,
2016) or a single value averaged across populations within a study (DiBattista, 2008). Population

identification is an important aspect of within-species variation as it emphasizes genetic
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distinctness, biological realism, and accounts for more genetic diversity than a mean across
potentially unrelated sequences (Lawrence et al., 2019; Lawrence & Fraser, 2020). Such a
measure of genetic diversity allows for population-specific impacts to be incorporated to better
identify the human effects on PGD at higher taxonomic levels. Thus, finer-scale resolution, by
use of genetic markers such as microsatellites, permits identification of these population-units
and their associated PGD.

There is also the question of which genetic tools best measure PGD within populations.
Previous studies largely focused on non-nuclear, mitochondrial DNA (Bazin et al., 2006;
Millette et al., 2019; Miraldo et al., 2016; exception Schmidt et al., 2020, Habrich et al.,
submitted). Mitochondrial genes, e.g. col and cytb, are not selectively neutral (Millette et al.,
2019; Pentinsaari et al., 2016) and may not be as influenced by any particular anthropogenic
pressures (Hendry et al., 2008; Millette et al., 2019). Conversely, nuclear genetic markers such as
microsatellites can better reflect genome-wide genetic diversity, and are also typically selectively
neutral (Selkoe & Toonen, 2006; Wiehe, 1998). The polymorphic nature of microsatellites also
allows population structure to be more readily resolved at fine scales (Angers & Bernatchez,
1998; Jarne & Lagoda, 1996; Vali et al., 2008). While other nuclear markers such as Single-
Nucleotide-Polymorphisms (SNPs) also provide genome-wide information and are increasingly
adopted, microsatellites have been the marker of choice for two decades, thus currently
providing the greatest abundance of collectable data across taxa (Lawrence et al., 2019).
Together, these factors allow for the anthropogenic impacts on nuclear PGD to be more
effectively assessed.

To simultaneously test the three aforementioned hypotheses, we used a population-
genetics database that provided nuclear microsatellite PGD for genetically distinct populations of
vertebrates (Lawrence et al., 2019). The availability of such data allowed us to investigate the
effect of anthropogenic influence on PGD within taxa and at the population level, not just across
individual sequences. Our objective was to determine if humans have a generally negative effect

on vertebrate PGD, and how this effect may vary across impact type and among genera.
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Methods

Genetic data acquisition

We obtained vertebrate PGD data for six taxonomic groups (amphibians, anadromous
fish, birds, freshwater fish, mammals, and reptiles) from the geo-referenced population-genetics
database, MacroPopGen (Lawrence et al., 2019). We chose to focus on observed heterozygosity
(Ho) and mean number of alleles (MNA) as these are main metrics of nuclear genetic diversity,
and because the two metrics reflect different aspects of PGD. For example, population size
reductions can cause detectable changes in MNA much more rapidly than in Ho, which only has
detectable changes over longer time scales (Allendorf, 1986; Nei et al., 1975). To minimize type
| error, our dataset only included genera with a minimum of 10 populations. In total, we used a
subset of data from 7951 populations, representing 460 species, 165 genera, and 84 Families,
based on 471,817 individual genotypes from 871 studies.

Anthropogenic data acquisition

Anthropogenic influence was measured using two metrics: HPD (persons km) and land
usage (defined by the anthropogenic biomes described in Ellis & Ramankutty 2008). Both were
obtained in raster format at a spatial resolution of 5 arc minutes from Klein Goldewijk et al.
(Klein Goldewijk et al., 2017). For both metrics, data were obtained on a per-population basis by
overlaying the population point data and extracting the raster value for each population, using the
raster() and extract() functions from the R package raster v3.1-5. Thus, each population was
identified as being located within a particular anthropogenic biome (hereafter, “Orginating
Biome”).

As a first way of addressing land usage, anthropogenic biomes (hereafter anthromes)
were represented by six groups, with definitions based on global land use (percent area of crops,
pasture, urban land, etc.), land cover (percent area of trees and bare earth), and human population
statistics (urban versus non-urban; Ellis et al., 2010; Ellis & Ramankutty, 2008). From previous
works by Ellis et al., we have adapted these six anthromes, listed from most urban to least urban
(numbers of genetically-distinct populations in parentheses): Urban (n=933), Village (n=101),
Cropland (n=1611), Rangeland (n=565), Semi-Natural (n=2676), and Wild (n=1779). We
additionally added two aquatic biomes: Freshwater (n=54) and Ocean (n=232), to account for

populations that were found outside anthromes. These populations were largely represented by
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fish (n=121) and reptiles (n=129), while birds (n=64), mammals (n=55), and amphibians (n=12)
were represented in lower numbers. HPD and land cover were mapped alongside genetic
diversity metrics using the World Behrman projection in ArcGIS v10.7.1.

In general, the impact that humans have had on biodiversity has increased over time, so
as a supplementary analysis we wanted account for these changes. To do so, we collected data
between 1990 and 2016 for HPD and the anthromes to assess if, and by how much, each of these
metrics changed. These years were selected because the years that the genetic data were
published ranged between 1993 and 2017, with a mean year of 2010. However, the most recent
year for anthropogenic biome data was 2016, so we chose 2016 as our maximum annual range.
First, we calculated the difference between years for HPD and anthrome metrics, and then
formally tested differences using Wilcoxon signed-rank tests for the years 1990, 2010, and 2016.
While we found significant differences between years for both metrics, relatively few
populations exhibited a change in HPD >100 persons km or shifted to a more “urban” biome
(484 and 200 populations of 7951 respectively; see Appendix 4: Supplementary Methods, Table
S4.4, Figure S4.1). This may be due to the fact that most populations sampled did not occur in
regions of very high HPD (e.g. only 123 populations were found in regions >2000 persons km2).
Thus, we decided to use data from 2010 because it was the mean year the genetic data were
published in and is likely to best represent the human impacts experienced by most of the

populations at time of sampling.

Accounting for habitat heterogeneity

As mentioned, habitat heterogeneity surrounding a population could have buffering
effects on its PGD. For example, a population geo-referenced in an Urban biome may be
relatively close to a Semi-Natural biome, and/or in the surrounding area the Urban biome may
compose a smaller area relative to non-urban biomes. Accounting for heterogeneity in the
surrounding habitats could thus explain why, for instance, a population found in an Urban biome
may have higher genetic diversity than expected — the surrounding areas may provide a refuge
for such populations. As a first metric to account for this heterogeneity, we calculated the
distance from each population to the nearest edge of “Natural” and Urban biomes. This distance
gives a first impression on how close a potential refuge or threat may be to a population in

question. To do this we first converted the anthrome raster into a shapefile and then subset it into
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two shapefiles: one with only Semi-Natural and Wild features (together: Natural), and one with
only Urban features (i.e. excluding Villages, Cropland, Rangeland). Then we used the Generate
Near Table function in ArcMap to measure the distance in kilometres from each population to
the edge of the nearest Natural or Urban biome.

As an additional metric for assessing habitat heterogeneity around populations, we
calculated the proportion of different anthromes surrounding a population. To calculate the
proportion of surrounding anthromes, we created a 100km buffer around each population point
and then used the Tabulate Intersection function to calculate the percent of each biome around a
population. We chose a buffer distance of 100km first because impacts from urban centres can
put pressure on populations and/or ecosystems at least 100km away (Cincotta et al., 2000;
Repetto, 1994); thus 100km represents a minimum distance from human impact for most
populations. Second, taxa-specific dispersal distances with which we could base buffer distances
were scarce. To transform these percentages into a metric — hereafter “proportion of biomes”
(POB) — for use in models, we attributed each biome a rank from 1-7, such that a higher rank
was given to more wild biomes. Therefore, 1 represented both aquatic biomes, 2 represented
Urban biomes, 3 represented Villages, 4 represented Croplands, 5 represented Rangelands, 6
represented Semi-Natural, and 7 represented Wild biomes. Then, for each population, we
summed the product of biome percent by rank. For example, a population with surrounding 80%
wild, 10% cropland, and 10% rangeland would be (0.8x7) + (0.1x4) + (0.1x5) = 6.5. Thus, the
final POB score generates a relative metric for the degree to which each population is exposed to
a refuge (i.e. a “natural” habitat), where the higher the score, the more exposed to a refuge the
population is.

Human impacts on population genetic diversity

To test the effect of human impacts on PGD, we created a set of generalized additive
mixed models (GAMMs) for each anthropogenic metric considered (HPD, land use, distance to
Urban/Natural, POB). Data were partitioned for each PGD metric (MNA and HO) to remove
unavailable values, resulting in 4970 and 5470 vertebrate populations for MNA and Ho,
respectively. For all GAMMs, Reference ID (ReflD) was included as a random effect to account
for differences among studies. To test which taxonomic level best accounted for variation within

groups, we compared null models that had either taxonomic Class (e.g. Amphibia, Mammalia,
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freshwater fish, etc.), Family, Genus, or no taxonomic grouping as an additional random effect
using the information theoretic approach (AIC) (Akaike, 1974; Anderson & Burnham, 2002).
The model with the lowest AIC was retained. For both Ho and MNA, the Genus model was
selected, thus Genus as a random effect was included in subsequent model selection. Genus was
included as a random effect instead of a fixed effect to ensure there were genus-level intercepts
as per Pederson et al. (2019). All models were also weighted by population-specific sample size
of genotyped individuals. Before conducting model selection, we tested for multicollinearity
among variables by using variance inflation factors; no collinearity was found as all variables
were below 3 (Zuur et al., 2009).

After determining taxonomic random effect structure for the set of models associated
with each PGD metric, we conducted forward model selection using AIC. To do this we
sequentially added a fixed effect and tested whether its addition resulted in a decrease in AlC;
models within 2 units of each other were considered equal (Zuur et al., 2009). To test the impact
of various human influences on both PGD metrics, GAMM s included the following five
variables: HPD, the anthrome a population fell into (Originating Biome), distance to nearest
Natural biome, distance to nearest Urban biome, and the POB metric as fixed effects; a sixth
variable included the interaction between HPD and Originating Biome. HPD and Originating
Biome accounted for the direct impacts of increasing human presence on vertebrate PGD, while
the distance and POB metrics accounted for the buffering effects of a heterogeneous
environment. The interaction between HPD and Originating Biome accounted for the fact that a
synergistic effect may exist between the two in certain cases wherein the combination of both is

worse on PGD than either has in isolation.
Results

Data acquisition & general trends

Among anthromes, mean HPD was highest in Urban biomes (888.97 persons km?) and
lowest in Wild biomes (1.30 persons km?; Table 4.1), although standard deviation values were
quite high (1773 and 23, respectively; Table 4.1). This was reflected in significant differences for
HPD between all anthromes and the Urban biome; there were no significant differences in HPD
between anthromes and the Wild biome (Figure 4.1A, Table S4.3). Mean PGD was highest in
Freshwater and Semi-Natural biomes for MNA (10.09 and 8.58 respectively, Table 4.1), and in
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Croplands for Ho (0.62; Figure 4.1b, d, Table 4.1). Rangeland (mean MNA = 6.28) and Ocean
(mean Ho = 0.54) biomes had the lowest PGD (Table 4.1). The Semi-Natural biome had
significantly higher MNA than the Wild biome (p=0.027, Table S3), and there was significantly
lower Ho in the Wild biome compared to the Urban biome (p=0.001; Table S4.3, Figure 4.2). As
with HPD, both MNA and Ho showed large standard deviations across biomes (Table 4.1).

Among taxa, there was a great deal of variability in HPD and PGD between populations
originating from different biomes. Populations of Birds, Reptiles, and Amphibians tended to be
found in regions having among the highest mean HPD (167, 166, 157 person km™ on average,
respectively), while Anadromous and Freshwater fish populations tended to experience lower
HPD (60 and 97 person km on average, respectively). Across biomes, Anadromous fish
populations tended to have significantly higher mean PGD of all taxonomic groups, whereas
Amphibians and Mammals tended to have significantly lower mean PGD across biomes (Figure
4.1, Tables S4.2, S4.3). As with the anthromes, taxa showed a great deal of variation around the
mean for HPD, MNA, and Ho (max standard deviation of 947, 7.0, and 0.70, respectively; Table
4.1). Most taxa had a slightly negative, linear relationship between HPD and both PGD metrics
(Figure 4.2). This relationship was only significant for Reptiles (Ho and MNA), Birds (MNA),
and Mammals (MNA) (Table S4.5). Conversely, anadromous fish had a significantly positive
relationship with HPD for Ho and MNA (p<0.01), potentially due to the aquatic nature of their
habitat.

Habitat heterogeneity

For the metrics assessing habitat heterogeneity, we found that populations located in
Natural biomes (Wild and Semi-Natural) were farthest on average from Urban biomes compared
to populations in the remaining biomes (121km, 60.2km respectively, Figure 4.1c). Conversely,
of the terrestrial biomes, Croplands and Rangelands were the farthest on average from Natural
biomes (39km, 40km). Ocean biomes had the highest mean distance to either biome, 280km for
Urban and 82.7km for Natural, likely reflecting populations from oceanic islands (Table S4.2).
Surprisingly, most taxonomic groups showed an increase in PGD with increasing distance from
Natural biomes, and a decrease in PGD as Urban distance increased (Figure 4.2, Table S4.5).
The opposite trend was expected — an increase in PGD as distance away from urban biomes

increases and a decrease in PGD as distance from wild biomes increases. Anadromous fish were
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the only group which showed a significant positive relationship between PGD and distance from
urban biomes, and negative relationship between PGD and distance from natural biomes, as
expected (p<0.005, Table S4.5).

Populations showed an overall weak relationship with PGD as the POB metric increased,
suggesting that accounting for the proportion of wild areas surrounding a population affected
PGD (Figure 4.2G-H). Across both metrics, Anadromous fish had greater PGD as POB increased
(Table S4.5) whereas Reptiles (Ho and MNA), Birds (MNA), and Mammals (MNA) decreased
with increasing POB. Additionally, populations originating from one biome tended to be
surrounded largely by the same biome. This was reflected in the mean percent per anthrome
within each Originating Biome (Table S4.6) and can be visually inspected in Figure 4.3, where
the colour of each Originating Biome appears to dominate its particular panel. For example,
populations located in Croplands had a corresponding mean percent area of 14.7% for
surrounding Croplands, while other biomes were <10% (Table S4.6, Figure 4.3). However, there
was still a great deal of variance in the surrounding 100km of a population, demonstrating the
extreme landscape heterogeneity an individual population likely experiences.

Human impacts on population genetic diversity

After model selection for the MNA model, the following four variables were selected in
addition to the two random effects (Genus and RefID): distance to Urban biomes, distance to
Natural biomes, POB, and the interaction between HPD and Originating Biome (Table 4.2,
Figure 4.4). All variables were significant except for distance to Natural biomes, reflected by its
consistently neutral effect (p=0.32; Figure 4.4); although the model including distance to Natural
biomes had a lower AIC than the one excluding it (AIC 1304485 compared to 1304945,
respectively). Distance to Urban biomes had a positive effect on MNA, where MNA increased as
distance to Urban biome increased (Figure 4.4). MNA decreased at POB scores less than 4,
increased between scores of 4 and 5, and then became decreased again at scores >6. In the
interaction term for HPD and Originating Biome, MNA was disproportionally reduced in Urban,
Village, and Rangeland biomes with higher HPD. Conversely, Croplands, Semi-Natural, and
Wild biomes had positive or neutral (in Wild) effects on MNA with respect to increasing HPD.

Finally, while Genus was shown to be significant and explained a great deal of variation in the
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data (p<0.001, Table 4.3), RefID explained the most variation. This demonstrated that while
there was variance among genera, the most variation in PGD originated between studies.

For Ho, the model selected included four variables in addition to the two random effects:
distance to Urban biomes, distance to Natural biomes, POB, and Originating Biome (Table 4.2,
Figure 4.5). As distance to Urban biomes increased, Ho was disproportionally reduced, whereas
Ho increased positively with distance to Natural biomes, similar to what was found in the linear
models (Figure 4.2, Figure 4.5). This was opposite to what was expected since increasing
distance from Urban biomes was expected to show a positive effect on Ho, while increasing
distance from Natural biomes was expected to have a negative effect. As with MNA, low POB
scores showed a reduction in Ho , where Ho was reduced typically below a POB score of ~3,
although there were fluctuations above a score of 4. Again, opposite to what we expected, the
effect of Originating Biome on Ho was positive for Urban, Village, and Rangeland, and negative
for Freshwater, Ocean, Semi-Natural, and Wild biomes (Table 4.3, Figure 4.5). This result would
indicate that populations originating from urbanized biomes (Urban, Village, Rangeland) have
more Ho than those originating from natural biomes (Semi-Natural, Wild). As with the MNA
model, the effects of Genus and RefID were significant (p<0.001, Table 4.3) and accounted for a

great deal of variability in relationships among and within taxa.

Discussion

While the conventional hypothesis is that humans would have a consistent negative
impact on vertebrate genetic diversity, our results found inconsistent support for such an effect
across the Americas. Considering our second and third hypotheses — that instead the effects on
PGD depend on the type/intensity of human impact and should vary across taxa — perhaps this is
not surprising (Millette et al., 2019; Schmidt et al., 2020). Overall, we found variable effects of
the anthropogenic metrics on PDG and significant effects for Genus- and study-specific
responses.

Similar to previous works, we found inconsistent and not always negative effects of
human impacts on vertebrate PGD (Habrich et al., submitted; Millette et al., 2019; Schmidt et al.,
2020). While HPD and Originating Biome did not have a strong effect on either metric of PGD
when considered separately, when considered together they had an effect on MNA. The main

trend revealed, as expected, that as HPD increased, MNA was reduced in Urban, Village, and
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Rangeland biomes, whereas MNA increased with increasing HPD in Cropland and Semi-Natural
biomes (the relationship was neutral for the Wild biome). Conversely, we found that Urban,
Village, and Rangeland biomes had positive effects on Ho, but the more natural biomes (Semi-
Natural, Wild) had a negative effect. We also found that as distance from an Urban biome
increased, PGD decreased in MNA but increased in Ho; additionally, increasing distance away
from a Natural biome resulted in an increase in Ho (neutral effect for MNA). That vertebrate Ho
tended to decrease with increasing “wildness” (i.e. originating from Semi-Natural biomes and
increasing distance from Urban) was a surprising result, since the relationship for MNA largely
followed expectations. Since changes in MNA are manifested more quickly under population
declines than changes in Ho (Allendorf, 1986; Nei et al., 1975), one explanation for the
discrepancy between PGD metrics described above is that insufficient time has elapsed to detect
a consistently negative genetic signal. For example, a previous study found only a 6% loss of
within-population genetic variation (allelic diversity and expected heterozygosity) since the
industrial revolution, a timeline that surpasses the timeline of genetic data assessed here (Leigh
et al., 2019). While we attempted to assess temporal changes in human impact, we were unable
to account for yearly variation by assigning anthropogenic values from the year of sampling to
each population. Including such temporal variation in future studies would assist in identifying
human impacts as they occur on PGD. Furthermore, species turnover may have already occurred
in urban areas (Millette et al., 2019), which we hypothesize may explain why we found high
PGD in those biomes for some taxa. Namely, the species now residing in urban environments
may already be urban adapted and thus are not as impacted with respect to their PGD. Such
inconsistencies were not entirely unexpected, however, as past studies have found increasing
genetic diversity in regions of high human impact for some taxa, e.g. birds and certain
mammalian genera (Habrich et al., submitted; Millette et al., 2019).

As proposed by our second hypothesis, assessing the type and intensity of human impact
is important because certain impacts might reduce natural habitat entirely (i.e. construction of
large cities), whereas others may only alter or shift the habitat (e.g. crop- or rangelands). To
measure such variability in impact intensity we generated a metric that accounted for relative
biome heterogeneity surrounding populations, the “Proportion-Of-Biomes (POB). This metric
gave a relative “wildness” score to populations, where the higher the score, the more “wild” a

population was. Our models showed that lower POB scores, reflective of less “wild” habitats,
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had negative effects on PGD. Populations originating in Urban biomes had, on average, only
9.36% Urban area, 9.36% Croplands, 7.19% Semi-Natural, and 26.02% Ocean in the
surrounding 100km (Table S4.6). Such extreme heterogeneity surrounding Urban biomes may
suggest that the surrounding environment buffers potential negative effects from anthropogenic
impacts. Alternatively, the taxa that were found to have higher PGD close to Urban biomes could
be taxa that do well in the presence of humans (e.g. Racoons) and thus may not be as affected by
human-induced habitat fragmentation (Habrich et al., submitted), or their habitat is not as
strongly affected by HPD (e.g. aquatic species). One final explanation for the inconsistent
decline of PGD within urban environments may be due to sampling bias, where researchers can
only feasibly sample populations that are relatively close to urban biomes — it is difficult to
obtain enough samples from remote populations to conduct population genetics studies
(Lawrence et al. 2019). Thus, by chance, the populations sampled in the database could have
higher genetic diversity than we would have otherwise expected from more remote, wild
populations. However, our POB metric only used a buffer distance of 100km as the minimum
distance from an urban centre from which most organisms may experience anthropogenic
pressure (Cincotta et al., 2000; Repetto, 1994). Unfortunately, due to paucity of data on class-
specific dispersal distances, we were unable to generate buffer distances to reflect differences
among dispersal capabilities. This is a key improvement that future research should incorporate
as it could reveal further nuances in taxonomic responses to human impacts.

Our third hypothesis that there would be taxonomic variability in how groups responded
to anthropogenic impact was supported by our models. Previous studies only accounted for
differences among classes (Millette et al., 2019; Schmidt et al., 2020), but here we found that
models did not support Class or Family as important for explaining variation, instead Genus
accounted for a great deal of the variability in the data. While we found some broad patterns
across classes (e.g. anadromous fishes having highest PGD and inhabiting areas of lowest HPD),
there existed more variation at the Genus level that would be unaccounted for if only Class or
Family were considered. Within taxonomic classes there are different life history traits which
may make a genus more or less sensitive to human impacts (Habrich et al., submitted). For
example, while amphibians generally are sensitive to pollution sources due to their biology (i.e.
their permeable skin), they may show greater overall declines in PGD in the presence of

urbanization relative to classes such as mammals. Mammals have a great deal of variation in life
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history traits and some rodents, in particular, may thrive in urban environments relative to other
mammals. Behavioural differences between genera within a taxonomic group are also expected
to influence response to anthropogenic impacts. Previous works have found that mammals in
particular (no other studies have assessed herptiles) are negatively impacted by human impacts
compared to birds (Habrich et al., submitted; Millette et al., 2019; Schmidt et al., 2020).
However, there is still variation among mammalian genera and groups such as Racoons are not
negatively influenced by impacts like road density, whereas Caribou are (Habrich et al.,
submitted). The identification of specific patterns and directional relationships among genera is a
subject of interest that could further elucidate the exact influences of human impacts. Future
studies should include interactions between Genus and each anthropogenic metric to identify
such relationships. Due to the intense computational requirements to run such models, we were

unable to include such interactions here.

Conclusion

Our assessment of human impacts on vertebrate PGD across the Americas found
inconsistent results that vary according to impact type, taxonomic level, and even the metric of
genetic diversity. However, we caution the reader not to assume that humans have minimal
impact on vertebrate PGD simply due to the inconsistent results presented here. Other studies
have found such inconsistencies (Millette et al., 2019; Schmidt et al., 2020), and it is a reminder
that it is difficult to apply a broad-brush for targeting conservation. Reducing anthropogenic
impact is ideal, but we acknowledge some species may have become adapted and even thrive
within human environments. Nevertheless, a key result here was that declines in MNA were
detected as HPD increased, but no such decline was detected for Ho. Since changes in MNA
happen more quickly than Ho, this may signal rapid PGD declines in specific contexts and
populations showing reduced MNA may need conservation prioritization. When developing
conservation programs to minimize losses in genetic diversity, we recommend assessing
responses in genetic diversity at least at the genus-level, rather than generalizing according to
class. We also recognize that population-specific genetic monitoring would enhance such
conservation programs such that the identification of at-risk or genetically diverse populations
may be possible (Hoban et al. 2020; Paz-Vinas et al. 2018). The continued assessment of

changes to PGD would allow for the detection of human-induced reductions, particularly if
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genetic baselines can be better compared temporally, as we were not able to fully account for
changes in PGD over time. Continued assessment and inclusion of PGD in conservation
frameworks is especially important as global conservation targets are going to be set for “post-
2020” by the Convention on Biological Diversity (Convention on Biological Diversity, 2010;
Hoban et al., 2020). Our work here demonstrates that there is a great deal of variability among
and within taxa, and that it is important to consider such variable responses to different types of

human impact when developing conservation regimes.
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Tables

Table 4.1. Summary of genetic diversity metrics and human population density (HPD) for
vertebrates across the American continents and anthropogenic biome, as defined by Klein

Goldewijk et al. (2017). N = number of populations; sd = standard deviation, MNA= mean

number of alleles, Ho = observed heterozygosity; HPD = human population density (person km-

2).

Biome N MNA sd(MNA) Ho sd(Ho) HPD  sd(HPD)
Urban 933 8.18 531 0.61 0.15 888.97 1773.39
Village 101 710 295 0.60 0.17 293.49 277.84
Croplands 1611 788  4.62 0.62 0.15 23.45 4552
Rangeland 565 6.28 3.71 0.58 0.16 6.48 57.18
Semi-natural 2676 858 6.29 0.60 0.17 9.40 31.63
Wild 1779 792 557 058 0.15 1.30 23.37
Freshwater 54 10.09 4.01 0.55 0.12 81.40 234.54
Ocean 232 6.75  6.87 054 0.19 72.83 335.36
Amphibia 1042 743  5.66 057 0.17 157.32 573.83
Anadromous 1291 15.01 6.97 0.70 0.15 59.91 266.80
Aves 197 6.49 3.72 059 0.16 166.95 574.25
Freshwater 2444 711  4.03 0.57 0.17 97.00 722.39
Mammalia 1755 6.10 4.01 061 0.14 143.53 947.18
Reptilia 1222 6.68  3.56 059 0.15 165.82 532.19
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Table 4.2. AIC comparison and model fit of select Generalized Additive Mixed Models GAMMSs during model selection. Ho =
observed heterozygosity; MNA = mean number of alleles; HPD = human population density (persons km), anthrome, Natural =
distance to Natural biomes (km), Urban = distance to Urban biomes (km), POB = weighted metric of proportion of biomes within
100km of a population; Anthrome = the anthrome that a population was located in. Variables are fit with a smoother (s) and denoted

as a random effect by bs="re”.

Model DF AIC Adj Deviance
R? Explained (%)

MNA ~ 1 + s(RefID, bs="re") 608.37 1390455 0.792 85.7

MNA ~ 1 + s(Genus, bs="re") + s(RefID, bs="re") 620.48 1369744 0.796 86.6

MNA-~ s(HPD, by = Anthrome) + s(Genus, bs="re") + s(RefID, bs="re")  620.96 1313782 0.815 87.0

MNA-~ s(Urban) + s(HPD, by = Anthrome) + s(Genus, bs="re") + 628.56 1305617 0.821 874

s(RefID, bs="re")

MNA-~ s(Urban) + s(HPD, by = Anthrome) + s(POB) + 636.87 1304485 0.823 874

s(Natural) + s(Genus, bs="re") + s(RefID, bs="re")

Ho ~ 1 + s(RefID, bs="re") 729.39 -692321 0.768 81.1

Ho ~ 1 + s(Genus, bs="re") + s(ReflD, bs="re") 755.88 -703014 0.776 81.8

Ho ~ s(Urban) + s(Genus, bs="re") + s(RefID, bs="re") 764.87 -707505 0.780 82.1

Ho ~ s(Urban) + s(POB) + s(Genus, bs="re") + s(RefID, bs="re") 773.84 -710859 0.782 824

Ho~ s(Urban) + s(POB) + Anthrome + s(Natural) + s(Genus, bs="re") +  789.99 -713631 0.784 825

s(RefID, bs="re")
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Table 4.3. Summary of final GAMMs selected through model selection for either observed

heterozygosity (Ho) or mean number of alleles (MNA). HPD = human population density

(persons km2), anthrome, Natural = distance to Natural biomes (km), Urban = distance to Urban

biomes (km), POB = weighted metric of proportion of biomes within 100km of a population;

Anthrome = the anthrome that a population was located in (i.e. Originating Biome). Variables

are fit with a smoother s() and denoted as a random effect by bs="re”. Bold values indicate

statistical significance.

Dependent  Independent Variable Estimate? St. Error® Test p-value

Variable edf® Ref.dfd statistic

MNA s(Urban) 4.645° 99 485.4423  0.005
s(HPD):AnthromeCroplands 1.871° 1.981¢ 3423  0.025
s(HPD):AnthromeRangeland 1° 1.001¢ 2.746%  0.097
s(HPD):AnthromeSemi-natural 1° 1.001¢ 2.407°%  0.121
s(HPD):AnthromeUrban 1.008° 1.015¢ 1.178%  0.277
s(HPD):AnthromeVillage 3.228° 3.674¢ 12.145%  <0.001
s(HPD):AnthromeWild 1° 19 0.844%  0.358
s(POB) 2.816° 9d 72.915%  0.045
s(Natural) 2.231° 9d 14.621°%  0.322
s(Genus, bs="re”.) 84.198° 1549 1373.773% <0.001
s(RefID, bs="re”.) 523.965 663 135.843  <0.001

Ho Intercept 0.428% 0.039°¢ 11.10* <0.001
AnthromeFreshwater -0.0252 0.010°¢ 241 0.016
AnthromeOcean -0.056 2 0.009°¢ -6.14' <0.001
AnthromeRangeland 0.1312 0.004°¢ 35561 <0.001
AnthromeSemi-natural -0.0272 0.004° -7.281  <0.001
AnthromeUrban 0.0212 0.004°¢ 5.02' <0.001
AnthromeVillage 0.0782 0.007°¢ 10.48' <0.001
AnthromeWild -0.0522 0.004°¢ -13.09'  <0.001
s(Urban) 8.868° 99 114348752 <0.001
s(POB) 8.923° 99 190884822 <0.001
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s(Natural) 8.885° 9¢ 30010172 <0.001
s(Genus, bs="re”.) 87.458° 1589 9162880192 <0.001
s(RefID, bs="re”.) 666.431° 7299 4119212712 <0.001

17 value; 2Chi-square; °F value
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Figure 4.1. Mean (a) human population density (HPD, humans km-2), (b) observed heterozygosity (Ho), (c) mean number of alleles

(MNA), (d) distance to Urban biomes (Urban, km), and (e) distance to Natural biomes (Natural, km) for each anthropogenic biome

and for each taxonomic group of vertebrates across the American continents (see Table S1 for sample size per group). Error bars

represent standard deviation. For full statistical comparisons between groups for each genetic diversity metric see Table S4.3.
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Figure 4.2. Linear relationships between metrics of anthropogenic impacts and genetic diversity
metrics for vertebrates across the American continents. Genetic diversity metrics include (a, b)
observed heterozygosity (Ho), and (c, d) mean number of alleles (MNA). Anthropogenic metrics
include (a, b) log of human population density (HPD), (c, d) log of distance (km) to Urban
biomes, (e, f), log of distance to Natural biomes (Semi-Natural and Wild together), and (g, h) the
Proportion of Biome metric, providing a measure of “urbanization” within 100km of populations

(see text for details).
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population within the American continents. Originating Biome indicates the biome a population was found in in 2010. The x axis

indicates ordering of populations. Note some populations exceed 100% due to overlapping layers within the associated shapefiles.
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Figure 4.4. The predicted effect of anthropogenic variables selected through model selection for mean number of alleles MNA.
Variables were fitted by smoothers (s) and include: (a) distance to nearest Urban biome (Urban, km), (b-g) the interaction between
human population density (HPD, persons km) and Originating Biome (Croplands, Rangelands, Semi-Natural, Urban, Village, Wild),

(h) Proportion of Biome (POB), and (i) distance to nearest Natural biome (Natural, km). Confidence intervals represent standard error.
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Figure 4.5. The predicted effect of anthropogenic variables selected through model selection for observed heterozygosity. Variables
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Rangelands; SN = Semi-Natural; UR = Urban; VI =Villages; WI = Wild). Confidence intervals represent the standard error.
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General Discussion

Intraspecific diversity is of increasing relevance and interest as technology has improved
to properly assess genomic variation. As a result, this field is relatively young compared to the
study of species diversity, particularly in the context of conceptual and empirical considerations
across broad scales. These technological developments are especially important as Earth is
currently undergoing a period of rapid change in the Anthropocene. Information from genomic
data may provide insight and guidance for approaching conservation, particularly when derived
at the population level. Many works are now demonstrating the usefulness of considering genetic
diversity, for example, in conservation management regimes (Miraldo et al., 2016; Paz-Vinas et
al., 2018; Willoughby et al., 2015). However, at the time of conducting this thesis, no syntheses
of nuclear genetic diversity data had been conducted (chapter 1) to advance understanding of the
distribution of genetic diversity across broad scales. Furthermore, no research had sought to
explicitly examine two aspects of intraspecific diversity together: genetic diversity and
population richness.

Evaluating broad-scale patterns in genetic diversity

There are many inconsistencies in the way previous studies have defined genetic diversity
and how it has been measured at broad scales. Previous works that have tried to assess broad-
scale genetic diversity not only have inconsistently defined genetic diversity, but often these data
were collated from potentially unrelated sequences and/or is summed across spatial scales, as in
the assessment of species diversity (Manel et al., 2020; Millette et al., 2019; Miraldo et al.,
2016). The assumption that the summation of genetic diversity is of equivalent meaning/value as
the summation of species diversity at broad scales poses an issue because genetic diversity is a
metric that is derived from individuals forming populations. Genetic diversity is more than just a
count that can be summed across species; it is a metric of variation and when it is summed in this
way, variation among and within species is overlooked. A sum does not account for the
possibility that a particular species or population may be disproportionately contributing to the
high levels of genetic diversity in an area.

In Chapter two, I laid the conceptual groundwork for explicitly defining and predicting
latitudinal gradients for population richness and genetic diversity. In this chapter it is clear that

different ways of defining intraspecific diversity can change predictions, thus it is imperative that
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definitions are explicit. For example, | contrasted genetic diversity when measured across species
(TotGenDiv), compared to genetic diversity within a single species (GenPerSpp). | showed that
these two ways of measuring genetic diversity have inverse latitudinal expectations. Species at
high latitudes typically have larger range sizes than tropical species, thus they may have
accumulated more genetic diversity across populations from local adaptation than a low-latitude
species (Currie et al., 2004; Fine, 2015; Mittelbach et al., 2007; Siqueira et al., 2020). The most
glaring point is that sums of genetic diversity across regions will produce results that are skewed
by species-rich regions. As ecologists we must ask ourselves if that is a useful way of assessing
genetic diversity at broad-scales, and in Chapter two | argue that it is not. Instead, assessing
GenPerSpp — or incorporating a way to measure variance — is likely a better approach of
assessing genetic diversity at broad scales. This way, patterns are not obfuscated by sampling
design and instead more meaningful patterns of genetic diversity can be revealed.

In Chapter three, | tested the latitudinal distribution of genetic diversity — specifically
population genetic diversity (PGD). | found limited evidence for the bell-shaped distribution that
is often found for species diversity. However, | found that environmental variables have
mediating effects on PGD, particularly for mean annual temperature, elevation, annual
precipitation, and the interacting effect of elevation with mean annual temperature. These results
contribute to the idea that genetic diversity must be considered and assessed differently than
species diversity. Additionally, different aspects of genetic diversity — e.g. adaptive genetic
diversity — may show differing patterns than what | have found for neutral PGD and merit
attention in future investigations. Finally, as my work has focused on genetic diversity rooted at
the population level, it thus provided an additional aspect for assessing biodiversity: population

richness.

Evaluating population richness

Collectively, my thesis demonstrated both the importance and difficulties in studying the
population unit as a richness metric. | also showed that the identification of broad-scale patterns
for population richness is currently extremely limited. The lack of thorough sampling data for
most taxa and the biases for which taxa are assessed leads to constraints for analysis. Drawing
upon work by Hughes et al., which crudely estimated global population richness (Hughes et al.,
1997), I initially attempted to construct rarefaction curves (similar to those used for species

richness) to more thoroughly approximate population richness (Siegel, 2006). However, this
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would have required a handful of well sampled representative species to extrapolate patterns
onto under-sampled species with similar biology.

Chapter one was the first to explore broad-scale patterns in population richness and it
quickly became obvious that thorough sampling of populations within species is needed to
evaluate this level of intraspecific diversity properly. Unfortunately, this level of sampling is not
available for most taxa and is largely prevalent in fishes which are often managed at the
population level (Morellet et al., 2007; Reiss et al., 2009; Stephenson, 1999). Due to these
constraints, | was unable to effectively evaluate a latitudinal gradient in population richness as |
did for population genetic diversity.

Chapter two further demonstrated the importance of defining and assessing population
richness. As population richness is the level of biodiversity between genetic diversity and species
diversity, it can provide valuable information on species maintenance. Species that are more
population rich are more likely to be able to persist, while species with fewer populations are
most likely to be at risk of extinction. As with genetic diversity, | show that the definition used
for population richness can change predictions — whether it is a count across all species
(TotPopR), or a count within individual species (PopPerSpp). Using an explicit definition
removes ambiguity when making and testing predictions; using shared language increases the
ability for researchers to cooperate in a cohesive manner. With less time wasted on disagreeing
about definitions, more can be spent on exploring the nuances of variability within an ecological

context.

The importance of variability

A common result from my thesis work was that the variation among and within
taxonomic groups is key to understanding broad-scale patterns. Each chapter demonstrates the
importance of accounting for and investigating variability in data. Chapter one showed that there
was significant variation of genetic diversity among taxonomic groups and among geographic
regions. This was the first indication that variability can provide additional information that
simply taking a mean or count cannot. Chapter two did not explicitly test for variability in data,
but rather discussed variability in definitions for facets of biodiversity. This chapter clearly
revealed that consistent, unambiguous definitions can remove variability between studies when
assessing the same idea. It is important that definitions do not vary between studies aiming to

evaluate the same metric, otherwise inconsistent conclusions will be common. Chapter three and
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four accounted for variability within taxa, finding that Genus consistently accounted for a large
proportion of variability in population genetic diversity. Indeed, when Genus was accounted for
in generalized additive models, the latitudinal patterns became clearer (although statistically
insignificant). Chapter four not only investigated taxonomic variability, but also variability in the
habitat surrounding populations by including metrics that accounted for such heterogeneity (e.g.
the Proportion-of-Biome metric). Together, all chapters indicated that further analyses should

account for variation in similar ways, including the addition of more complicated analyses.
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General Conclusion

Overall, my thesis disputes key assumptions drawn from the species-richness literature.
Latitudinal gradients in genetic diversity are complicated, and my models found limited support
for a bell-shaped latitudinal gradient in population genetic diversity. Instead, | found support for
environmental variables mediating its distribution, and, perhaps more importantly, that genera-
specific effects account for the most variability. These results would not be possible without the
construction of the population-genetics database outlined in Chapter one.

My thesis highlights the importance of databases such as MacroPopGen. Databases are
invaluable tools for analyses, including (but not limited to) the influences of geographic
parameters, environmental variables, other biodiversity facets, and anthropogenic impacts.
While my work was based on neutral genetic diversity due to the number of available studies, it
reinforces the notion that future syntheses should include adaptive genetic diversity as this body
of research grows. Adaptive genetic diversity may exhibit different patterns than neutral genetic
diversity and could provide additional information for broad-scale biodiversity patterns
generally, as well as implications for conservation (Brennan et al., 2019; Kirk & Freeland, 2011;
Mittell et al., 2015; Paaby & Rockman, 2014; Paz-Vinas et al., 2018; Selkoe & Toonen, 2006).

Finally, from a conservation standpoint, my work adds to the growing body of research
suggesting that in order to capture the vast variability in biodiversity, we must take a systematic
approach to conservation (Paz-Vinas et al., 2018). Such an approach would entail collecting data
to identify priority areas on a species-by-species basis and is increasingly supported when
intraspecific diversity is incorporated into the species diversity perspective. My thesis
demonstrated that hotspots of PGD within species do not overlap with species diversity, which
may have implications for developing effective conservation strategies. The assessment of PGD
allows for identification of populations that can be targeted for conservation — either populations
with more or less PGD that could be preserved or rescued, respectively. Assessing broad-scale
PGD within species allows for a more realistic representation of regions that are likely in need of
conservation by identifying areas deficient in PGD that may be subject to anthropogenic
pressures or otherwise. To best understand this world of ecology, we must put to use every tool
available to us. This thesis has demonstrated the utility of a population-level assessment in

understanding diversity and developing conservation strategies accordingly. While this is but a
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first step, | strongly recommend further exploration and incorporation of other aspects of genetic

diversity which are sure to elucidate patterns further.
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Appendices

Appendix 1

Full MacroPopGen database can be found at:

Lawrence, Elizabeth R; N. Benavente, Javiera; Matte, Jean-Michel; Marin, Kia; Wells, Zachery;
Bernos, Thais A.; et al. (2019): MacroPopGen Database: Geo-referenced population-specific
microsatellite data across the American continents. figshare. Dataset.
https://doi.org/10.6084/m9.figshare.7207514.v1
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Appendix 2
Supplementary Methods

Data acquisition

All population data used in the analyses were obtained from the population genetic
database, MacroPopGen (Lawrence et al., 2019). Briefly, the database collated data from
microsatellite studies that investigate population structure of vertebrate species in the American
continent, focusing on amphibians, birds, freshwater and anadromous fish, mammals, and
reptiles. Note we did not include brackish or catadromous species in any of our analyses.
Population-specific genetic data obtained from the database for each population included:
observed heterozygosity (Ho), mean number of alleles (MNA), latitude and longitude
coordinates, and number of microsatellite loci. This data was supplemented with species range
maps obtained from IUCN (IUCN, 2016) as well as from BirdLife International (Bird Life
International 2017) and Meiri et al. (2017). We calculated the area of species range size in
kilometres squared after projecting in World Behrmann equal area projection.
H1: Geographic Distribution Hypothesis

To test the hypothesis that range size is associated with an increase in the number of
populations, we were able to obtain range shapefiles for 625 of the 897 species in the database
(Table A2.1; raw file “SppRange-PopsWithin.csv” available on Dryad:
https://doi.org/10.5061/dryad.xgxd254ck), and then calculated the area and the latitudinal extent

of each range in square kilometres and decimal degrees, respectively. Next, we used a
generalized linear model using the R package Ime4 where the number of populations per species
was our response variable; we chose to model number of populations with the gamma
distribution because data were positively skewed. Fixed effects included latitudinal extent of the
range, the natural logarithm of range size and Class (Amphibia, Aves, anadromous fish,
freshwater fish, Mammalia, and Reptilia) (Table A2.1). The interaction between class and range
size was also included to account for differences among taxonomic groups. Latitudinal extent
was calculated by determining the decimal degrees latitude between the maximum and minimum
latitudinal points of a range.
H2: Overlapping Range Hypothesis

First a 500km by 500km grid size was generated across the American continents in QGIS
v3.2.2, using the World Behrman equal area projection; this produced 250 grid cells. Next the
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number of unique species within each cell was calculated, along with the total number of
populations (TotPopR), and the number of populations for each species within a cell
(PopPerSpp) (“PopulationsPerSpp Grid500km.csv” available on Dryad:
https://doi.org/10.5061/dryad.xgxd254ck). Note that this data only represents that of which has

been sampled with microsatellites and therefore sampling is not completely representative across
species. Using this data, we used two linear models where the number of populations (either
PopPerSpp or TotPopR) was the response variable, and the number of species was the fixed
effect (Table A2.2). For the PopPerSpp model, TotPopR was an additional fixed effect.

H3: Range-Restricted Gene Hypothesis

Using the species ranges from the aforementioned sets of data (BirdLife International,
2017; IUCN, 2016; Meiri et al., 2017) combined with the genetic data (Lawrence et al. 2019), we
completed forwards model selection for two generalized linear mixed models using the
glmmTMB packages in R (file “MacroPopGen_Database final areas.csv” available on Dryad:
https://doi.org/10.5061/dryad.xgxd254ck). MNA and Ho were the response variables and

followed a gamma distribution with a log link function and beta distribution, respectively. Fixed
effects tested for both models included year study was published, number of microsatellite loci
used in study analysis, range size (km?), class (Amphibia, Aves, anadromous fish, freshwater
fish, Mammalia, and Reptilia), and latitudinal extent. Models were weighted by sample size. The
Ho model also included MNA as a fixed effect, while the MNA model include Ho as an
additional fixed effect. We included MNA and Ho as fixed effects to account for the fact that as
MNA increases, the likelihood of being heterozygous also does. We wanted to account for the
potential impact that simply having more alleles may be a better predictor of Ho than another
factor. Ho was included in the MNA to account for reciprocal effects. Interactions were tested in
a stepwise manner when additional variables were added to the model, although the interaction
between class and MNA/Ho was included in the final model to account for class-specific
differences. Random effects included study and taxonomic grouping (family, genus, species).
Additionally, we tested for collinearity by checking variance inflation factor (VIF) scores. No
variables with VIF scores above 3 were found and as such we determined there was no
collinearity among variables.

Model selection followed guidelines by Zuur et al. (2009) in a forwards stepwise fashion.
Briefly, we started with the null model that included only the random effects mentioned above,
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then sequentially added a variable and assessed the AIC differences between models using
ANOVA comparisons. A variable was only retained in the model if its addition decreased the
AIC by >3 units. When two variables were added we tested the interaction between them;

interactions were only retained if the interaction model’s AIC was lower than the model without.

Code Availability
Code available through Dryad https://doi.org/10.5061/dryad.xgxd254ck.

137


https://doi.org/10.5061/dryad.xgxd254ck

Tables

Table A2.1*. Number of genetically distinct populations for each species and its corresponding
range size (km?). Population data obtained from MacroPopGen (Lawrence et al., 2019), range
size information obtained from IUCN (IUCN, 2016), BirdLife International (Bird Life
International 2017), and Meiri et al. (2017).

*Lawrence, Elizabeth; Fraser, Dylan (2020), Data from: Latitudinal biodiversity gradients at
three levels: linking species richness, population richness, and genetic diversity, v2, Dryad,
Dataset, https://doi.org/10.5061/dryad.xgxd254ck
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Table A2.2. Model summary for (unscaled) fixed effects used in the generalized (mixed) models used in hypothesis testing; H1:

Geographic distribution; H3: Range-restricted gene. Bold values indicate statistical significance. PopPerSpp = the total number of

populations for a given species; MNA = mean number of alleles; Ho = observed heterozygosity; TaxaClass = taxonomic grouping.

Response

Hypothesis (Distribution) Fixed Coefficient SE Test statistic | p-value

H1 PopPerSpp Intercept 0.1597091 0.0803738 1.9872 0.047359

(Gamma) Ln(Range Size) -0.0028512 0.0041626 -0.685 0.493619
TaxaClassAnadromous -0.0807709 0.2032756 -0.3972 0.69125

TaxaClassAves 0.210914 0.3559205 0.593? 0.553676

TaxaClassFreshwater 0.1336673 0.1201573 1.1128 0.266388

TaxaClassMammalia -0.0227346 0.0950046 -0.239° 0.810953

TaxaClassReptilia -0.0543627 0.1005144 -0.5412 0.588811

Lat_extent -0.0006936 0.0001812 -3.828% 0.000143

Ln(Range Size):TaxaClassAnadromous | 0.0023087 0.0096802 0.239% 0.811572

Ln(Range Size):TaxaClassAves 0.0046694 0.0203692 0.229% 0.818759

Ln(Range Size): TaxaClassFreshwater -0.0073394 0.0059697 -1.229? 0.219375

Ln(Range Size): TaxaClassMammalia 0.0012602 0.0048375 0.2612 0.794552

Ln(Range Size):TaxaClassReptilia 0.0032446 0.0050928 0.6372 0.524304
H3 MNA Intercept 1.062504 0.027877 38.11° < 2e-16
(Gamma) Ho 1.573037 0.026945 58.38° < 2e-16
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Msats -0.03334 0.001334 -25° < 2e-16
Ho:Msats 0.03986 0.001294 30.8"° < 2e-16
Ho:TaxaClassAnadromous 0.445443 0.03054 14.59° < 2e-16
Ho:TaxaClassAves 0.202773 0.035106 5.78" 7.65E-09
Ho:TaxaClassFreshwater 0.249416 0.028605 8.72° < 2e-16
Ho:TaxaClassMammalia -0.142877 0.028673 -4.98° 6.26E-07
Ho:TaxaClassReptilia -0.13707 0.028083 -4.88° 1.06E-06
H3 Ho Intercept -3.03E-01 4.03E-02 -7.51° 5 85E-14
(Beta) MNA 9.90E-02 1.74E-03 56.87° < 2e-16
Msats -1.71E-02 1.74E-03 -9.82° < 2e-16
MNA:Msats 9.01E-05 1.04E-04 0.86° 0.387
MNA:TaxaClassAnadromous 3.46E-02 2.01E-03 17.22" < 2e-16
MNA:TaxaClassAves 1.10E-02 2.41E-03 457° 4.92E-06
MNA:TaxaClassFreshwater 7.49E-03 1.77E-03 4.23° 2.33E-05
MNA:TaxaClassMammalia 1.93E-02 1.87E-03 10.3° <2e-16
MNA:TaxaClassReptilia -1.51E-03 1.79E-03 -0.84° 0.401

2 Indicates t-value; ° Indicates z-value
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Table A2.3. Summary of the linear models and model statistics for testing Hypothesis 2: Overlapping Range. Bold values indicate

significance. See Glossary for acronym definitions. PopPerSpp = average number of populations per species within a grid cell;

TotPopR = total number of populations in a grid cell; NumSpp = total number of species in grid cell.

Hypothesis | Response | Fixed Estimate | SE t-value | P-value | Adj R? | F-value | DF P-value
H2 PopPerSpp | Intercept | 1.618 1.097e¢t | 14.750 |<2e6
TOtPOpR 7.151e2 4.185¢3 17.087 < 2¢’l6 0.6702 | 169.7 3 & 246 | <2.2¢°16
NumSpp | -7.614e? |1.247¢? | -6.105 | 3.97e?
TotPopR: | -9.462e* |8.893¢® |-10.640 | <2e16
NumSpp
H2 TotPopR Intercept -12.7322 | 2.6923 -4.729 | 3.79°
0.7458 | 731.6 1& 248 | <2.2e16
NumSpp | 4.7435 0.1754 27.048 | < 2e16

141



Table A2.4. Average number of populations per species for each taxonomic group. Note that

means for fish are presented for all as a group, and for freshwater and anadromous species

separately.
Taxonomic Group Average # Populations per Species
Amphibians 19.87
Birds 8.43
Fish 32.02
Freshwater 23.36
Anadromous 109.17
Mammals 24.97
Reptiles 16.36
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Appendix 3

Table A3.1. AIC comparison and model fit of select GAMMSs during model selection. Ho = observed heterozygosity; MNA = mean
number of alleles; Lat = degrees latitude; MAT = mean annual temperature (°C); AP = annual precipitation (mm/year); TAR = total
annual range (°C); NPP = net primary productivity (units of elemental carbon x10e!), Elevation (m). Response variables were fitted

with smoothing parameters (s or te for interactions); random effects (bs="re") included Reference ID (ReflD) and Genus.

Model DF AlC Adj Deviance
R? Explained (%)

Ho ~ 1 + s(RefID, bs="re") 497.83 -415449.5 0.741 80.1

Ho ~ 1 + s(Genus, bs="re") + s(ReflD, bs="re") 515.50 -423637.9 0.754 81.1

Ho ~ s(Lat) + s(Genus, bs="re") + s(RefID, bs="re") 258.32 -283959.6 0.763 81.1

Ho ~ s(Lat) + s(MAT_ChelsaC) + s(Genus, bs="re") + s(RefID, bs="re") 267.23 -287399.7 0.767 82.2

Ho~ s(Lat) + s(Elevation) + s(MAT) + s(AP) + s(TAR) + s(NPP) + 624.24 -450825.5 0.785 83.9

s(Elevation, MAT) + s(Elevation, TAR) + s(Elevation, NPP) + s(Genus,

bs="re")

Ho~ s(Lat) + s(Elevation) + s(MAT) + s(AP) + s(TAR) + s(NPP) + 635.81 -328578.5 0.768 83.5

s(Elevation, MAT) + s(Elevation, TAR) + s(Elevation, NPP) + s(Lat, Genus,

bs="re")

MNA ~ 1 + s(RefID, bs="re") 530.55 1268395.6 0.758 84.6

MNA ~ 1 + s(Genus, bs="re") + s(RefID, bs="re") 538.94 1250456.9 0.761 85.6

MNA-~ s(Lat) + s(Genus, bs="re") + s(RefID, bs="re") 546.78 1243930.5 0.771 85.9

MNA-~ s(Lat) + S(MAT_ChelsaC) + s(Genus, bs="re") + s(ReflD, bs="re") 554.25 1230967.1 0.785 86.5

MNA-~ s(Lat) + s(Elevation) + S(MAT) + S(AP) + s(TAR) + s(NPP) + 318.84  1005970.7 0.797 855
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te(Elevation, MAT) + te(Elevation, TAR) + te(Elevation, NPP) + s(Genus,
bs="re") + s(RefID, bs="re")

MNA-~ s(Lat) + s(Elevation) + S(MAT) + s(AP) + 310.84 1007164.8 0.797 854
te(Elevation, TAR) + s(Genus, bs="re") + s(RefID, bs="re")

MNA-~ s(Lat) + s(Elevation) + s(MAT) + s(AP) + 344.45 994034.7 0.8 86.2
te(Elevation, TAR) + s(Lat, Genus, bs="re") + s(RefID, bs="re")
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Table A3.2. Summary of selected GAMMSs for either Ho (modeled with beta distribution) or
MNA (gamma distribution). Predictor variables fitted with a smoother (s) included Lat =
latitude, Elevation (m), MAT = mean annual temperature (°C), AP = annual precipitation
(mm/year), TAR = total annual range (°C), NPP = net primary productivity (units of elemental
carbon x10e1Y), and relevant interactions fitted with tensor products (te). Response variables
were fitted with smoothing parameters (s), and random effects included Genus and Reference ID
(RefID).

Dependent  Independent edf Ref.df  Chisq p-value

Variable Variable F*

Ho s(Lat) 8.897 9 7769170 <0.001
s(Elevation) 8.782 9 3581353 <0.001
s(MAT) 8.738 9 2449913 <0.001
s(Precipitation) 8.967 9 3723226 <0.001
S(TAR) 8.405 9 2104634 <0.001
s(NPP) 7.881 9 304730 <0.001
te(Elevation, MAT)  21.353 21.63 4446 <0.001
te(Elevation, TAR)  15.742 20 1206249 <0.001
te(Elevation, NPP) 17.246 20 2940328 <0.001
s(Genus) 58.042 106 300673798  <0.001
s(RefID) 455.165 497 41615870 <0.001

MNA s(Lat) 4.816 9 207.75* 0.021
s(Elevation) 2.036 9 1.048* 0.028
s(MAT) 6.934 9 125.742* 0.0068
s(Precipitation) 7.693 9 60.831* 0.0055
te(Elevation, TAR)  9.654 11.47 5.787* <0.001
s(Genus) 51.719 114 355.899* <0.001
s(RefID) 218.755 272 136.385* <0.001
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Figure A3.1. Population richness (count of populations) and population genetic diversity —
observed heterozygosity (Ho) and mean number of alleles (MNA) — across the American
continents. Georeferenced populations are coloured according to taxonomic group (a), and
population richness represents the number of populations that are sampled with microsatellite
data in each grid cell (d). Population-specific genetic diversity metrics are either averaged (b, c)
within each grid cell, or the standard deviation across populations within a grid cell is taken (e,

f). Grid size is 500 km by 500 km and maps are projected in World Behrmann.

146



s(Lat)

s(Lat) s(Elevation) s(MAT_ChelseaC) s(Precip_Chelsea) By: Genus; Ambloplites
0.5-
03- Do- 0s- 04 201
3 5 \ 5 5 g
B vu- 3 ps- @ @ n2- 3 10-
g /\ o I oo ‘\\ & I
-037 -1.0- 0o- ]
| . . 1.5 e R 0 B e S A ) . ‘
=50 o a0 a 1000 2000 3000 4000 =20 -0 o 10 20 a0 o 1000 2000 3000 4000 50000 =50 o 50
Lat Elevation MAT_ChelseaC Precip_Chelsea Lat
s(Lat) s{Lat) s(Lat) s(Lat) s(Lat)
By: Genus; Astyanax By: Genus; Craugastor By: Genus; Crotalus By: Genus; Ctenomys By: Genus; Cyprinodon
1 -
2= 4- 10-
5-
‘g 1 \ g : g . g ) g
= S = = =
w w w w w
N ] \ o \ a _\
1-
'1' 2. 5 5-
50 b 50 50 i 50 50 i 50 e ] 50 50 0 50
Lat Lat Lat Lat Lat
s{lLat) s{Lat) sfLat) s(Lat) s(Lat)
By: Genus: Gila By: Genus; lithabates By: Genus; Oncorhynchus By: Genus; Plestiodon By: Genus,; Foecilia

a-/

Effect
2 o 2
5 e
Effect
tn a
Effect
R
Effect

5 5
i 20 \
m 20 o-
20- © 5-
30- c
30- N
50 b 50 50 0 50 50 ] 50 50 ] 50 50 i 50
Lat Lat Lat Lat Lat
s(Lat) s(Lat) s(Lat) s(Lat)
By: Genus; Pungitius By: Genus; Rangifer By: Genus, Semotilus By: Genus; Thamnophis te(E\evation,TAR_CheIse%%) )
50— 20- e
J 50
' o e ¥
26- B- o o §aa- 2 04
g 8 5 3 S50 = (D
£ £ £ £ 5 0o
w w w W o Ph -,
no- \ 2- 4 w D r’
*] ® 10 _4 L o
25, i i ‘ ‘ . . . . 0w ! . i Ee e |
50 b 50 50 a 50 -50 0 57 -0 a 50 01000 2000 3700 4000
Lat Lat Lat Lat Elevation

Figure A3.2. The predicted effect of latitude and environmental variables, fitted by smoothers (s; tensor products (te) for interactions),
on vertebrate genetic diversity (mean number of alleles) for vertebrate species across the Americas. Genus-specific interactions shown
only for the 15 genera with significant relationships. Predictors from the generalized additive mixed model include: Lat = degrees
latitude, MAT = mean annual temperature (°C), Precip = annual precipitation (mm/year), npp = net primary productivity (units of

elemental carbon x10e*Y, TAR= total annual temperature range (°C).
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Figure A3.3. The predicted effect of latitude and environmental variables, fitted by smoothers (s; tensor products (te) for interactions),

on vertebrate genetic diversity (observed heterozygosity (Ho) for vertebrate species across the Americas. Genus-specific interactions

shown only for the 39 genera with significant relationships. Predictors from the generalized additive mixed model include: Lat =

degrees latitude, MAT = mean annual temperature (°C), Precip = annual precipitation (mm/year), npp = net primary productivity

(units of elemental carbon x10e'Y, TAR= total annual temperature range (°C).
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Appendix 4
Supplementary Methods
Annual Variation

Generally speaking, the impact that humans have had on biodiversity has increased over
time. To account for this, we tested for differences among human impacts for the years that the
genetic data was collected (1993-2017) to determine which year of anthropogenic data was best
to match with the genetic data. Between 1990 and 2016, 529 vertebrate populations decreased in
HPD, although the greatest difference was only a change of -95 persons km2. Of the 2384
populations which experienced an increase in HPD, 484 populations experienced a change >100
units, up to a maximum difference between years of 11,974 humans/km?. The remaining 4720
populations did not exhibit a change in HPD during this timeframe. From the Wilcoxon signed-
rank test, significant differences were detected in HPD between 1990, 2010, and 2016
(p<0.0001, V=319990). Given this, we decided that using HPD data from the mean year, 2010,
would be the best approach for including this variable in subsequent models.

We found 279 of the 7951 populations showed a change in anthropogenic biome between
1990 and 2016. Of these, 200 were populations that increased in land use intensity — i.e. changed
from a more Natural biome to more urban. Only 79 populations shifted towards more Natural
biomes. We found significant differences between 1990 and 2016 (p=0.0015), 1990 and 2010
(p=010), but not between 2010 and 2016 (p=0.46). Given this, we decided to use anthropogenic
biome data from the mean year, 2010, in subsequent models.
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Tables and Figures

Table S4.1. Number of genetically distinct populations per taxonomic group within each

anthropogenic biome.

Amphibia Anadromous Aves  Freshwater Mammalia Reptilia
Croplands 290 124 139 552 427 365
Dense Settlements 112 86 46 146 70 85
Rangeland 69 14 40 150 232 118
Semi-natural 395 643 166 952 467 362
Urban 86 41 54 116 97 144
Village 20 0 19 32 29 50
wild 132 379 77 652 564 91
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Table S4.2. Mean genetic diversity (MNA=mean number of alleles, Ho=observed heterozygosity) and distance (km) to Urban or Wild

biomes for each anthropogenic biome-taxonomic group combination.

Biome Taxa n MNA  MNAsd Ho Hosd Urban Urbansd Natural Wildsd HPD HPDsd
Croplands  Amphibia 264  8.49 5.54 0.63 0.17 24.93 33.92 40.15 66.35 22.65 26.91
Croplands Anadromous 150 1391  6.32 0.70 0.13 36.39  63.67 6.71 1149  38.68 135.70
Croplands  Aves 50 5.54 2.75 0.60 0.14 146.37 318.39 53.29 97.43 10.52 15.64
Croplands  Freshwater 502 8.40 4.56 0.61 0.17 3235  44.42 37.87 74.64 20.29 24.78
Croplands Mammalia 407 6.10 2.64 0.62 0.13 40.37 59.63 50.54 80.17 25.10 94.21
Croplands  Reptilia 397 6.64 3.66 0.58 0.16 81.58 224.20 38.22 64.78 23.31 62.73
Freshwater Freshwater 14 10.75 2.87 0.56 0.11 32.49 34.96 21.47 21.88 0.00 0.00
Freshwater Mammalia 2 3.09 NA 0.36 0.09 70.40 27.86 9.42 9.41 0.00 0.00
Freshwater Reptilia 3 11.38 0.18 0.72 NA 27.50 5.92 3.23 3.20 0.00 0.00
Ocean Amphibia 3 9.90 0.71 0.64 0.05 4.23 0.89 8.55 4.77 0.00 0.00
Ocean Anadromous 7 12.10 10.19 0.73 0.07 36.14 43.55 2.27 3.06 0.00 0.00
Ocean Aves 9 351 2.29 0.37 0.17 887.40 555.60 359.73 683.41 0.00 0.00
Ocean Freshwater 11 3.50 1.19 0.45 0.16 116.99 181.65 22.13 37.64 0.09 0.30
Ocean Mammalia 4 4,52 0.87 0.48 0.21 188.25 256.19 24.75 31.24 0.00 0.00
Ocean Reptilia 25 7.55 3.53 0.61 0.16 250.22 381.44 50.25 44.34 0.00 0.00
Rangeland Amphibia 66 4.84 4.61 0.45 0.20 35.09 27.81 37.61 58.80 4.30 13.64
Rangeland Anadromous 19 9.23 3.04 0.61 0.24 27.29 26.26 23.35 30.59 13.74 38.02
Rangeland  Aves 25 8.65 2.08 0.70 0.09 43.18 38.86 75.60 88.64 1.40 1.26
Rangeland Freshwater 142 8.39 4.32 0.64 0.16 54.76 47.24 26.47 37.66 4.31 12.33
Rangeland Mammalia 207 5.08 2.86 0.57 0.15 63.97 56.39 39.84 60.44 5.23 22.84
Rangeland Reptilia 119 6.06 2.90 0.55 0.15 91.04 196.25 53.04 75.08 9.85 33.34
Semi- Amphibia 361 7.43 6.02 0.55 0.16 29.63 39.68 0.76 7.01 14.52 23.18
natural

Semi- Anadromous 606 15.21 6.56 0.71 0.15 49.05 66.78 0.11 1.24 12.83 65.38
natural

Semi- Aves 60 5.74 3.42 0.55 0.18 338.75 44421 14.64 55.96 6.95 10.42
natural
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Table S4.3. Tukey test comparisons for MNA, Ho, and distances to natural or urban biomes

among anthropogenic biomes and between taxonomic classes The difference between observed

means, lower and upper interval end points, and the adjusted p-value for multiple comparisons

are indicated. Bold values indicate statistical significance p<0.05.

Metric Group Comparison diff Iwr upr p adj
MNA Biome Village-Urban 0.602 -1.258 2.462 0.977
MNA Biome Croplands-Urban -0.336 -1.083 0.411 0.873
MNA Biome Rangeland-Urban -1.730 -2.659 -0.800 0.000
MNA Biome  Semi-natural-Urban 0.363 -0.340 1.066 0.771
MNA Biome  Wild-Urban -0.213 -0.950 0.523 0.988
MNA Biome  Freshwater-Urban 1.895 -2.866 6.657 0.930
MNA Biome  Ocean-Urban -1.735 -4.112 0.643 0.344
MNA Biome Croplands-Village -0.938 -2.747 0.872 0.768
MNA Biome Rangeland-Village -2.331 -4.223 -0.439 0.005
MNA Biome  Semi-natural-Village -0.239 -2.030 1.553 1.000
MNA Biome  Wild-Village -0.815 -2.620 0.990 0.871
MNA Biome  Freshwater-Village 1.294 -3.745 6.332 0.994
MNA Biome Ocean-Village -2.336 -5.229 0.557 0.218
MNA Biome Rangeland-Croplands -1.394 -2.217 -0.570 0.000
MNA Biome  Semi-natural-Croplands  0.699 0.145 1.253 0.003
MNA Biome  Wild-Croplands 0.123 -0.474 0.719 0.999
MNA Biome  Freshwater-Croplands 2.231 -2.510 6.973 0.845
MNA Biome  Ocean-Croplands -1.398 -3.737 0.940 0.611
MNA Biome  Semi-natural-Rangeland  2.093 1.309 2.876 0.000
MNA Biome  Wild-Rangeland 1.516 0.703 2.330 0.000
MNA Biome Freshwater-Rangeland 3.625 -1.149 8.399 0.292
MNA Biome Ocean-Rangeland -0.005 -2.408 2.398 1.000
MNA Biome  Wild-Semi-natural -0.576 -1.116 -0.036 0.027
MNA Biome  Freshwater-Semi-natural ~ 1.532 -3.203 6.267 0.977
MNA Biome  Ocean-Semi-natural -2.098 -4.422 0.227 0.112
MNA Biome  Freshwater-Wild 2.109 -2.632 6.849 0.880
MNA Biome  Ocean-Wild -1.521 -3.856 0.813 0.499
MNA Biome  Ocean-Freshwater -3.630 -8.881 1.622 0.418
MNA Taxa Anadromous-Amphibia  7.449 6.654 8.244 0.000
MNA Taxa Aves-Amphibia -0.623 -1.975 0.728 0.777
MNA Taxa Freshwater-Amphibia -0.281 -0.993 0.431 0.871
MNA Taxa Mammalia-Amphibia -1.151 -1.881 -0.420 0.000
MNA Taxa Reptilia-Amphibia -0.604 -1.403 0.196 0.261
MNA Taxa Aves-Anadromous -8.073 -9.363 -6.782 0.000
MNA Taxa Freshwater-Anadromous  -7.730 -8.318 -7.143 0.000
MNA Taxa Mammalia-Anadromous  -8.600 -9.210 -7.990 0.000

153



MNA
MNA
MNA
MNA
MNA
MNA
MNA
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho
Ho

Taxa
Taxa
Taxa
Taxa
Taxa
Taxa
Taxa
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Taxa
Taxa
Taxa
Taxa
Taxa
Taxa
Taxa
Taxa

Reptilia-Anadromous
Freshwater-Aves
Mammalia-Aves
Reptilia-Aves
Mammalia-Freshwater
Reptilia-Freshwater
Reptilia-Mammalia
Village-Urban
Croplands-Urban
Rangeland-Urban
Semi-natural-Urban
Wild-Urban
Freshwater-Urban
Ocean-Urban
Croplands-Village
Rangeland-Village
Semi-natural-Village
Wild-Village
Freshwater-Village
Ocean-Village
Rangeland-Croplands
Semi-natural-Croplands
Wild-Croplands
Freshwater-Croplands
Ocean-Croplands
Semi-natural-Rangeland
Wild-Rangeland
Freshwater-Rangeland
Ocean-Rangeland
Wild-Semi-natural
Freshwater-Semi-natural
Ocean-Semi-natural
Freshwater-Wild
Ocean-Wild
Ocean-Freshwater
Anadromous-Amphibia
Aves-Amphibia
Freshwater-Amphibia
Mammalia-Amphibia
Reptilia-Amphibia
Aves-Anadromous
Freshwater-Anadromous
Mammalia-Anadromous

-8.053
0.342

-0.527
0.020

-0.870
-0.323
0.547

0.010

0.000

-0.031
-0.015
-0.033
-0.071
-0.060
-0.010
-0.041
-0.025
-0.043
-0.081
-0.070
-0.032
-0.016
-0.033
-0.072
-0.060
0.016

-0.002
-0.040
-0.028
-0.018
-0.056
-0.044
-0.038
-0.027
0.012

0.141

0.024

0.014

0.046

0.022

-0.117
-0.127
-0.094

-8.744
-0.899
-1.779
-1.274
-1.366
-0.916
-0.069
-0.047
-0.023
-0.061
-0.037
-0.056
-0.201
-0.134
-0.065
-0.099
-0.080
-0.098
-0.220
-0.159
-0.058
-0.033
-0.053
-0.201
-0.133
-0.009
-0.028
-0.170
-0.103
-0.036
-0.185
-0.117
-0.168
-0.100
-0.135
0.114

-0.014
-0.007
0.025

-0.001
-0.156
-0.150
-0.118

-7.362
1.583
0.725
1.313
-0.373
0.271
1.163
0.066
0.023
-0.002
0.007
-0.010
0.058
0.014
0.045
0.017
0.029
0.012
0.058
0.020
-0.005
0.002
-0.014
0.057
0.013
0.041
0.025
0.090
0.047
0.000
0.073
0.028
0.091
0.046
0.159
0.168
0.062
0.034
0.068
0.045
-0.077
-0.104
-0.070

0.000
0.970
0.837
1.000
0.000
0.632
0.115
1.000
1.000
0.027
0.399
0.001
0.707
0.218
1.000
0.379
0.858
0.266
0.639
0.260
0.007
0.126
0.000
0.698
0.196
0.541
1.000
0.983
0.947
0.063
0.892
0.581
0.986
0.954
1.000
0.000
0.459
0.391
0.000
0.076
0.000
0.000
0.000

154



Ho

Ho

Ho

Ho

Ho

Ho

Ho

Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM
Natural KM

Taxa
Taxa
Taxa
Taxa
Taxa
Taxa
Taxa
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Biome
Taxa
Taxa
Taxa
Taxa
Taxa
Taxa
Taxa
Taxa

Reptilia-Anadromous
Freshwater-Aves
Mammalia-Aves
Reptilia-Aves
Mammalia-Freshwater
Reptilia-Freshwater
Reptilia-Mammalia
Village-Urban
Croplands-Urban
Rangeland-Urban
Semi-natural-Urban
Wild-Urban
Freshwater-Urban
Ocean-Urban
Croplands-Village
Rangeland-Village
Semi-natural-Village
Wild-Village
Freshwater-Village
Ocean-Village
Rangeland-Croplands
Semi-natural-Croplands
Wild-Croplands
Freshwater-Croplands
Ocean-Croplands
Semi-natural-Rangeland
Wild-Rangeland
Freshwater-Rangeland
Ocean-Rangeland
Wild-Semi-natural
Freshwater-Semi-natural
Ocean-Semi-natural
Freshwater-Wild
Ocean-Wild
Ocean-Freshwater
Anadromous-Amphibia
Aves-Amphibia
Freshwater-Amphibia
Mammalia-Amphibia
Reptilia-Amphibia
Aves-Anadromous
Freshwater-Anadromous
Mammalia-Anadromous

-0.119
-0.011
0.022
-0.002
0.033
0.008
-0.025
7.012
16.264
17.291
-21.618
-21.864
-5.411
59.939
9.252
10.279
-28.630
-28.876
-12.423
52.927
1.026
-37.882
-38.128
-21.676
43.675
-38.909
-39.155
-22.702
42.648
-0.246
16.207
81.557
16.453
81.803
65.350
-5.998
26.498
-1.437
4.236
2.543
32.496
4.561
10.233

-0.145
-0.046
-0.014
-0.040
0.017
-0.010
-0.044
-7.128
10.438
9.693
-27.106
-27.647
-38.530
40.745
-4.497
-4.310
-42.240
-42.607
-47.807
30.046
-5.819
-42.269
-42.879
-54.630
24.766
-45.468
-45.963
-56.016
23.120
-4.575
-16.690
62.749
-16.494
62.907
27.661
-11.592
16.061
-6.407
-1.018
-3.122
22.220
-0.061
5.308

-0.094
0.025
0.058
0.035
0.049
0.026
-0.005
21.152
22.091
24.889
-16.130
-16.081
27.708
79.134
23.002
24.868
-15.020
-15.144
22.960
75.808
7.871
-33.496
-33.378
11.279
62.584
-32.349
-32.346
10.612
62.176
4.083
49.103
100.364
49.400
100.699
103.040
-0.403
36.935
3.533
9.489
8.208
42.771
9.183
15.159

0.000
0.957
0.490
1.000
0.000
0.801
0.004
0.806
0.000
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0.000
0.056
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Table S4.4. Change in population-specific anthropogenic biomes, as defined by Klein Goldewijk et al. (2017), between 1990 (across)
and 2016 (down).

1990

2016 Croplands Freshwater Ocean Rangeland Semi-natural Urban Village Wild
Croplands 1563 0 0 13 22 0 10 3
Freshwater 2 51 0 0 1 0 0 0
Ocean 15 0 211 1 2 1 2 0
Rangeland 19 0 0 542 2 0 0 2
Semi-Natural 30 0 0 4 2600 4 0 38
Urban 32 0 0 4 37 842 6 12
Village 20 0 0 0 0 1 80 0
Wild 7 0 0 0 0 0 0 1772
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Table S4.5. Summary of linear models with either observed heterozygosity (Ho) or mean number
of alleles (MNA) as the response. All models took the form Y~X+X:Taxa, where we included
the interaction between X and taxonomic class. Model estimate, standard error, t-value, and p-
value are indicated for each linear model; significant p-values are in bold.

Response Model Dependent Estimate Std. Error tvalue P value
Ho HPD (Intercept) 0.621 0.014 43.150 0.0000
Ho HPD log(p20101) 0.000 0.003 -0.029 0.9767
Ho HPD TaxaClassAnadromous 0.068 0.024 2.804 0.0051
Ho HPD TaxaClassAves -0.015 0.028 -0.545 0.5862
Ho HPD TaxaClassFreshwater  -0.021 0.014 -1.473  0.1409
Ho HPD TaxaClassMammalia  -0.012 0.015 -0.806  0.4205
Ho HPD TaxaClassReptilia -0.036 0.015 -2.377  0.0176
MNA HPD (Intercept) 7.941 0.490 16.212  0.0000
MNA HPD log(p20101) 0.181 0.084 2.153 0.0315
MNA HPD TaxaClassAnadromous 6.255 0.667 9.375 0.0000
MNA HPD TaxaClassAves -2.664 0.875 -3.045 0.0024
MNA HPD TaxaClassFreshwater  -0.266 0.492 -0.540 0.5892
MNA HPD TaxaClassMammalia -2.448 0.504 -4.857  0.0000
MNA HPD TaxaClassReptilia -2.141 0.518 -4.136  0.0000
Ho Urban  (Intercept) 0.649 0.014 45.782  0.0000
Ho Urban  log(Urban_km) -0.011 0.003 -3.773  0.0002
Ho Urban  TaxaClassAnadromous 0.069 0.024 2.829 0.0047
Ho Urban  TaxaClassAves -0.014 0.028 -0.522  0.6021
Ho Urban  TaxaClassFreshwater  -0.018 0.014 -1.280  0.2008
Ho Urban  TaxaClassMammalia  -0.007 0.015 -0.465 0.6417
Ho Urban  TaxaClassReptilia -0.033 0.015 -2.202  0.0278
MNA Urban  (Intercept) 8.715 0.492 17.713 0.0000
MNA Urban  log(Urban_km) -0.111 0.090 -1.230  0.2190
MNA Urban  TaxaClassAnadromous 6.283 0.668 9.402 0.0000
MNA Urban TaxaClassAves -2.786 0.874 -3.188  0.0015
MNA Urban  TaxaClassFreshwater  -0.256 0.494 -0.517  0.6049
MNA Urban  TaxaClassMammalia  -2.470 0.505 -4.886  0.0000
MNA Urban  TaxaClassReptilia -2.102 0.520 -4.042  0.0001
Ho Natural  (Intercept) 0.609 0.014 44.275  0.0000
Ho Natural log(Naturalkm) 0.005 0.003 1.778 0.0757
Ho Natural TaxaClassAnadromous 0.075 0.025 3.033 0.0025
Ho Natural TaxaClassAves -0.017 0.028 -0.609  0.5429
Ho Natural TaxaClassFreshwater  -0.021 0.014 -1.423 0.1551
Ho Natural TaxaClassMammalia -0.014 0.015 -0.909 0.3636
Ho Natural TaxaClassReptilia -0.037 0.015 -2.463  0.0139
MNA Natural  (Intercept) 8.367 0.477 17.557  0.0000
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(Intercept)
WeightedPercent
TaxaClassAnadromous
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TaxaClassFreshwater
TaxaClassMammalia
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0.025
6.358
-2.849
-0.300
-2.535
-2.158
0.609
0.003
0.068
-0.015
-0.022
-0.013
-0.035
8.509
-0.020
6.323
-2.849
-0.297
-2.522
-2.164

0.076
0.681
0.873
0.493
0.505
0.519
0.023
0.005
0.024
0.028
0.015
0.015
0.015
0.731
0.147
0.672
0.873
0.496
0.505
0.523

0.330

9.332

-3.263
-0.608
-5.023
-4.161
26.014
0.563

2.774

-0.530
-1.521
-0.845
-2.311
11.639
-0.133
9.409

-3.262
-0.599
-4.997
-4.140

0.7418
0.0000
0.0011
0.5432
0.0000
0.0000
0.0000
0.5738
0.0056
0.5963
0.1286
0.3983
0.0210
0.0000
0.8943
0.0000
0.0011
0.5494
0.0000
0.0000
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Table S4.6. The mean percent anthrome area and standard deviation in the 100km surrounding a
population. For example, populations originating in Urban biomes, we show the mean percent of
other biomes in the surrounding area. Bolded values indicate the corresponding percent for the
Originating biome, values in italic indicate the biome with the highest mean percent.

Originating Biome  Surrounding Biome Mean Percent (%) Mean SD

Urban Urban 9.36 1.19
Village 2.42 2.35
Croplands 9.36 7.79
Rangeland 6.39 6.07
Semi-natural 7.19 2.53
Wild 4.25 3.02
Ocean 26.02 NA
Freshwater 10.05 NA
Village Urban 2.06 0.16
Village 3.09 0.81
Croplands 12.73 8.53
Rangeland 5.10 11.27
Semi-natural 4.78 3.81
Wild 3.83 6.45
Ocean 42.18 NA
Freshwater 3.16 NA
Croplands Urban 4.49 0.70
Village 2.22 0.87
Croplands 14.77 2.59
Rangeland 6.47 2.49
Semi-natural 5.50 1.31
Wild 4.82 3.62
Ocean 24.54 NA
Freshwater 6.46 NA
Rangeland Urban 1.89 0.04
Village 0.87 0.60
Croplands 6.98 5.19
Rangeland 18.81 20.03
Semi-natural 2.61 1.29
Wild 5.95 1.17
Ocean 31.50 NA
Freshwater 1.22 NA
Semi-natural Urban 3.33 0.14
Village 1.87 1.64
Croplands 5.43 2.87
Rangeland 6.50 5.80
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10.82
10.56
31.51
451
2.18
0.51
4.56
7.21
5.52
22.38
28.07
6.88
3.08
1.09
3.13
3.27
5.57
12.11
70.67
7.18
6.45
1.10
7.62
9.66
5.32
4.72
29.11
41.31

6.44
9.47
NA
NA
0.51
2.34
6.36
4.03
3.28
3.56
NA
NA
0.55
3.16
7.85
2.47
1.56
2.97
NA
NA
0.38
0.35
2.46
8.96
4.47
21.01
NA
NA
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Figure S4.1. A) Change in human population density (HPD) for each vertebrate population
represented by the difference between the years 1990 and 2016. B) Zoom in on the y axis (-100,
100).
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