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Abstract

Presentday patterns of species diversity and their ecological clerstats in the
tropics result from more than 100 million years of evolution. The environmental
conditions in which species evolved have left a fingerprint on their functional
traits, so investigating this legacy may improve our understanding of current
paterns of ecosystem function and potentially guide us in managing our resources
more wisely as the climate changes. Amazonian forests are ideal for such a study
as they play a major role in the global carbon cycle and harbour a remarkable
diversity of angbsperm lineages and species with a broad range of ecologies.
Here, | linked data from lonterm forest inventory plots, environmental
conditions, and a newly constructed phylogeny in order to investigate the legacy
of evolution on moderday patterns of esystem function and diversity. | show

first that evolutionarily related taxa are more similar in their demography and
carbon storage and processing ability (i.e. wood density, potential size, growth
and mortalityrates) than expected by chandéwus, thedegree of evolutionary
history shared between lineages is a good proxy for their carbonNraxis.using

the evolutionary relationships among lineages | find a legacy of evolutionary
history on current patterns of whole ecosystem productivity acrosantiazon,

such that communities with more evolutionarily distinct lineages have greater
wood productivity. Finally, | compare the role of heritability versus selection on
shaping lineages preferences for certain environments (i.e. soils and climate). |
showthat there is a tendency for evolutionarily related taxa to have more similar
environmental preferences than expected by chance, but that certain kinds of
habitat specialization have also occurred repeatedly and independently in many
lineages. These findgs are important for understanding the future of Amazonian
forests under global change and support an evolutionary perspective as an

important component of conservation strategies.






Contents

ACKNOWIEAGEMENLS......cciiiiiiieeeeee e st e e e e e e e e e eeaaan Vil
Y 0153 1 = Lo S PP PP P PP P I UPRPPPTPPPP ix
LISt Of tABIES. ... Xiv
LISt Of fIQUIES ..o e Xiv
Y o] o L= Lo [To = SRS XVi
F Y o] o] =2V = 11 o] PRSP Xvil
Chapter 1 : Introduction and background ...............ooooviiiiiiiicccrececeen 1
R R [ o1 oo (U Tod 1 o] o U PP PPPPPPPPPPPR 1
1.2 THheSIS OUHNE......uuiiii e 8.
1.3 Integrating perspectives from ecology and evolutionary bialogy......10
1.4 The extent of similarity amongst related lineages..............ccccevvveeeen. 11
1.4.1 Phylogenetic Niche Conservatism &pldylogenetic Signal.......... 12

1.4.2 Fit of different evolutionary models..........cccooeeiiiiiiiiiceeiccieeeeee, 13

1.4.3 Disparity through time...........oooviiiiiiiiiiieee e 15

1.4.4 Evolutionary processes underlying ecological patterns............ 16

1.5 Scale dependencCe...........oooeviiiiiiiiiimri e 17
1.6 Inferences from current patterns.............ooovvvvvvimemeeeeeeeeeeeeee 18
1.7 Similarity amongst related lineages in tropical trees............ccc.vvveeen. 21
1.7.1 PNC and PS of tropical tree traitS...........ccccoeeveeiiiccecincieeeeennn. 21

1.7.2 PNC and PS of the environmental preferences of tropical tree22

1.7.3 Evolutionary processes underlying trait variation in tropical tre24

1.8 Diversity and ecgystem fUNCLION.................ouvveviiiiicccreeeeee s 26
1.9 Phylogeny as an iNdeX..........cooevuviuiuuiiieeeeeeeiiee e e 30
1.9.1 Phylogenetic diersity as a proxy for ecosystem functian.......... 31
1.10 Environmental determinants of AGWP and AGB............ccccccveeveeeee. 33
1.11 Quantifying environmental variables.............ccccccvvvie i, 34
1.12 DAta SOUICES. .. .ccieiiuuieeeeeeiit s aeeea e e e e e eett e e e e e eeanammmse e e e e eeatnnaaeaaeees 35
I 2 R [ 0 V7T o (0] Y = = VSRR 35
1.12.2 Environmental data.............oooviiiiiiiiiiccnieieei e 36
1.12.3 PhylogenetiC data...........ceeeeiiiiiiiiiicee e ee s 36
1.13 Research aim and ObJeCtiVES.........cccuvuiiiiiiiieeee e, 37

Xi



1131 TRESIS @M . e e 37

1.13.2 ThesSiS ODJECHVES.......covvviiiiiiiie e eeeer s 37
Chapter 2 : Evolutionary heritage influences Amazon tree ecology..............41
ADSTIACT ... et e e e e e anr e e e e aaaas 41

P22 T [ 01 o o 18 ox 1 o] o FO S TRTPPRP 42
2.2 MELNOAS......ceiieiiiee e 45

2.2.1 PlOt data...ccooeee et 45

2.2.2 Tralt data.......cceeeeeeiiiiiiieiiiiieeriiiieeeeeeeeeeeeessssseeee e 00

2.2.3 Trait COrrelationsS.........cooviiiiiiiiiieiiieeee e e 49

2.2.4 PhylogenetiC SigNal........cccoooiiiiiiiiiiiicce e 49

2.2.5 Sensitivity analySiS...........ouuurriuiiiiiiierr e 50

2.3 RESUIES...coeieeeee e 50

P2 B0t R I =V Ao = L= TSRS 50

2.3.2 Trait relationships........cooooeeiiiiiiiieeeeee e 53

2.3.3 Phylogenetic Signal............ccoooiiiiiiiiiiccc e 54

2.3.4 Sensitivity analySes........ccoooueiiiiiiiiiiiice e 55

2.4 DISCUSSION......ciiiiiiiiiiiiiiitttieees s s bbbttt et e et e e e ennesssbss s e e e e e eeeaeaaeaeeesennn 55

2.4.1 Relationships amongst TraiS.........ccccccviiiiiiiieecieeeeeeees 56

2.4.2 PhylogenetiC SigNal.........ccoouiiiiiiiiiiiicce e 56

2.4.3 Sensitivity analySes...........ccooiiiiiiiiiiiiieee e 57
Chapter 3 : Impacts of tree diversity on tropical forest function..................... 61
Y 0151 =T 61

1 0 A [ 01 o To 18 ox 1 o o F RSP 62
I |V 11 1 T T U 65

3.2.1 Tree community data..........ccccuumuimiimmiieeeiiiiiie e 65

3.2.2 PhylogenetiC tre........covvvviuiiiiiiii e eeenn e 66

3.2.3 BIiOdIVEISItY MEIIICS...cceviiiiiieieieiiee e 68

3.2.4 Wood productivity and aboveground biomass.............ccccceeveend 69

3.2.5 Environmental variables..........cccccccoiiiiiiiccc e, 70

3.2.6 Stand structure variables..............ooovvviiiiiimmreiieeeeee e 71

3.2.7 Statistical analySes............oooiiiiiiiiieeee e 71

3.3 RESUIS ..o rieene e ] 3
I D Yo 11 o] U 77



Chapter 4 : Environmental preferences of tropical trees are strongly

shaped DYevOoIULION ............oooiii e 81
ADSTIACT ... e a e e nnn e e e e e e aaeaees 81
v g R [ o1 (o To 18 [ o o U 82
4.2 MEENOAS... ..ottt e e e e e e e e 85
4.2.1 Tree COMMUNILY DALAL........uuuiiiiiiiiiiiiie e 85

4.2.2 Environmental variables..............oovviiiiiiiien e 86

4.2.3 Niche preferencCes......ccccovvieiiiiiiiiiieieeee e 87

4.2.4 Association between niche variables.............ccccvviieen 88

4.2.5 PhylogenetiC datal........cuvviviiiiiiiiiiiieeiiiieeeeee e 89

4.2.6 Niche similarity among related lineages............ccccoeeveeiieeernnnnne 89

4.3 RESUIS ... e e annn s 91
4.4 DiSCUSSION....ceuittuuiuniiaeeeeeeeeeeaeraaaasaaaeaeeeaeeeeeeenansaaaeeeeaeeeeeeeesennnnnns 101
Chapter 5 : CONCIUSIONS...........covuiiiiiiiiii i erenra e e e e as 107
5.1 Overview Of fINdINGS......ccooviiiiiiiiiiiiii e 107

5.1.1 Objective 1- Chapter 2: Investigating the legacy of evolutan
AMaAzon tree €COI0GY........ovvvvuiireiiiii i e e e e enens 108

5.1.2 Objective 2, Chapter 3: The legacy of evolution on ecosystem
fUNCHIONING. ...ceeeeee e e 110

5.1.3 Objective 3, Chapter 4: The role of evolution on shaping
environmental preferences in tropical forests....................... 111

5.2 The avantage of integrating ecological and evolutionary approacids
5.3 Future research dir@CtioNS............uuuureeiiiiiiieeeiiiiiiieiieieeeeeeee e e e e eeemeeens 114
5.4 Research implications..............coooiiiiiimmmn e 120

5.4.1 Phylogenetic diversity as an intrinsic biodiversity component120

5.4.2 Phylogeny as proxy for functional diversity....................ccceuee. 122

5.4.3 Speies ability to persist under environmental changes.......... 122

5.4.4 Promote ecosystem funCtionNiNg............coeeevrviiiiiccceeeeeeeeenenens 123

5.5 FiNal SYNthESIS.....uuuuiiiiii e eeeeeee e 127

R (=] (= o > 129
APPENAICES ...t 165

Xiii



List of tables

Table 1.1 Summary of studies assessing the relationship bethieeliversity
and ecosystem fUNCHONING...........ccooiiiiiiiiiieee e 29

Table 2.1Summary of trait data..............oooviiiiiiiiie e 51

Table 3.1Results for generalised least square (GLS) models across 90, one ha
plots for aboveground wood productivity (In AGWP) and aboveground
DIOMASS (IN AGB)....ceiiiiiiiiiei e eeeeeeeeee e d D

Table 4.1 Summary of climate and soil niches estimated for all genera

Table 4.2.Comparison of fit of different models of trait evolution for genus
level temperature, precipitation and soil nich&$C values are from
fitting four evolutionary models: Lambda, Browniamotion (BM),
OrnsteinUhlenbeck (OU) and Whitaoise (WN) Values highlighted in
bold represent models with better fit...............ccoooiiiiiiccc Q9

Table 5.1 List of Angiosperm tree genera and their respective Evolutionary
Distinct and GloballyfEndangered (EDGE) index. ED is the evolutionary
distinctiveness and GE is the global extinction risk from the World
Conservation Union Red List Categories...........cccuuvvrirrrrieemieviriiineeeeeen. 257

List of figures

Figure 1.1 Maps of environmental variation across northern South America..7
Figure 1.2 Conceptual diagram that summarizes the thesis.aims................... 9.

Figure 1.3 Evolutionary andecological causes of the presence or absence of
NICNE CONSEIVALISITL. ..ottt eee et e e e e e e e e e e e e e aeeeeeas 25

Figure 1.4 Diagram of environmental effects (climate and soil) on
PHYIOGENETIC AIVEISITY.....eviiiiiiiiiiiieee e 32

Figure 1.5Variation in wood productivity (a) and carbon storage (b) across the
Amazon basin and Guiana Shield...............oooiiiiiiicce e 33

Figure 2.1 Map of location of 577 selected plots in lowland tropical South
N 1= o VPP 46

Figure 2.2 Phylogeny (based ombcL and matK plastid gene) of 497
Amazonian tree and Palm geNeIa.........covuviiiiiiiiiieeceeee e 52

Figure 2.3 Phylogenetic Principal Component Analyses (PPCA) for the first
two principal COMPONENES...........uiiiiiiiiii e e 54

Figure 3.1 Geographical distribution of 90, ofectare prmanent inventory
010 £ PP PURPPPPTSPURTPIIY o o
Xiv



Figure 3.2 Relationships between aboveground wood productivity (AGWP)
and different tree diversity MetriCS..........ooovvvvvvviiiiire e 74

Figure 3.3Regression estimates for the bfisgeneralised least square model
across plots for both aboveground wood productivity (In AGWP) and
aboveground biomass (IN AGB).........coovvviiiiiiiiimeeeeeeeeeve e 76

Figure 4.1 Location of 788 inventory plotis the NeotropiCS........ccccccvveeeeeeennnns 86

Figure 4.2 Principal component analyses related to temperature, precipitation,
and soil VariabIEs...........oooi e 92

Figure 4.3Phylogeny of tropical forests tree and palm genérawh f r equency (
10 plots with branches coloured according to niche varibales.............. 96

Figure 4.4 Comparison of the strength of phylogenetic signal among
temperature, papitation, and soil niches across all plots and lowland
plots below 500m elevatiQn...............ooovvviiiiieee e 98

Figure 4.5 Disparity-throughtime (DTT) plots for tropical trees and palms for
climate and soil niche variables............ccoo i iiiiieeeeii e, 100

Figure 5.1 Relationship between soil data collected locally and data from the
Harmonized World Soil database (HWSD)...............ouvvvvviicceeeeeeeeiiinnns 126

XV



Appendices

Appendix 1 List of plots encompassing the Floristic tree inventories data...165
Appendix 2 Supplementaryinformation Chapter 2.............cccoovvvvviiiiiicemnnenne. 195
Appendix 2.1  Methods for calculating trait intrinsic value.................... 195
Appendix 2.2  Comparison between different evolutionary models.....196

Appendix 2.3  Trait data mapped in the phylogeny...............ccvvvvvieee. 198
Appendix 2.4  Phylogenetic Principal Components Analysis (PPCA)
performed on trait data................eeeiiiiiiieceicc e 198
Appendix 2.5  Sensitivity analySiS............cooeviviiiiiiiicce s 199
Appendix 2.6  Phylogenetic signal comparison across pubtiskeidies
of tropical fOreSt tre@S.........covvvvviiii e 200
Appendix 3 Supplementary information Chapter 3............coovveiiiiiiiiceme e, 201
Appendix 3.1 List of 1122 genera used in the phylogenetic
[=ToT0] 0153 (8 [ox 1 0] o ST 201
Appendix 3.2 List of fossitderived calibrations...............ccccooeiiiiieeennnns 224
Appendix 3.3 BIOdIVErSIty MEIICS.....uuueiiiiiiiiiiiiieeiiieeeeee e 228
Appendix 3.4  Association between biodiversity metrics..................... 231

Appendix 3.5 Weighting of wood productivity and aboveground
biomass 232

Appendix 3.6  Principal component analyses for soil texture............... 234
Appendix 3.7 Results from bivariate relationships................ccccceee. 235
Appendix 3.8  Coefficients from the generalised least square models 246

Appendix 3.9  Crown arChitetre...........cccuuvvviiiiieeiiceeeiiieeeeeeeeeee e 250
Appendix 3.10 Aboveground biomass switch in sign for basal lineage
IVEISILY (IMPD) ...ttt 251
Appendix 4 Supplementary information Chapter 4..........cccccoeveiiiiiiicccnnnn. 253
Appendix 4.1  Principal component analyse for niche variables.......... 253
Appendix 4.2 Environmental nichenapped in the phylogeny............... 255

Appendix 4.3  Other processes rather than divergent election driving the
extent of phylogenetic signal.................oovvviice e 255

Appendix 5 List of genera and their respective index of Evolutionary
Distinct and Globally Endangered (EDGE)...........cccoovvviiiiiiiiiieeee e, 257

XVi



Abbreviations

AGB - Aboveground Biomass

AGWPT Aboveground Wood Productivity
AIC - Akaike Information Criterion

a.m.s.li above mean sea level

BM 1 Brownian motion

Ca- calcium

CEC- Cation Exchangeable Capacity
CWD1 Cumulative WatebDeficit

DNA - Deoxyribonucleic acid

EDGET Evolutionary Distinct and Global Endangered
GLS - Generalised_eastSquares

GR1 Genus Richness

H & Shannon Index

HWSD - Harmonised World Soil database
K1 potassium

MAT i Mean Annual Temperature

Max.T1T MaximunTemperature

MCMC - Markov Chain Monte Carlo

Mg - magnesium

Min.T - Minimum Temperature

MNTD i Mean Nearest Taxon DistanDéstance
MPD i Mean RiirwisePhylogeneti@istance
OU - OrnsteirUhlenbeck

P - Phosphorus
XVii



PCA - Principal ComponentAnalysis

PD - Phylogenetic Dversity

PNCi Phylogenetic Niche Conservatism

POMi Point of measurement

PPCA- Phylogenetic Principal Component Analysis

PSi Phylogenetic Signal

RAINFOR - Amazon Forest Inventory Network

REDD - Redue Emissions fronDeforestation and foref2egradation
ses.MNTD- StandardizedleanNearest Taxon [Btance
ses.MPD- Standardized/eanPairwisePhylogenetidistance
ses.PD Standardized phylogenetic diversity

TEBT Total exchangeable bases

VIF i Variance Inflation Factor

UCLN - Uncorrelated bgnormal

WN i White-Noise

Xvili



Chapter 1 : Introduction and background

1.1 Introduction

Tropical forests cover just 15@ theEar t h 6 s I|bat store oven 70% afc e
the world diving biomass(Beer et al. 201Q Panet al. 2011) and harbour a
plethora of biodiversityjncluding morethan 43 000 tree speciedine & Ree

2006. These ecosystems play a major role in the global carbon cycle, storing ca.
450 billion tonnes of carbon in their biomass and ¢Ba&net al. 2011 and
processing roughly 40 billion tonnes of carbon per y8&eret al. 2010. The
amount of carbon processed and stored in abovegrbiomlass varies widely
among tree specie@ausetet al. 2015 Poorteret al. 20153, and it is often
suggested that there is a synergy between species diversity and ecosystem
functioning within fored communities, or more specifically, that the amount of
carbon processed and stored in the living biomass enhances with increasing
species diversityvan der Sandet al. 20170. From a conservation perspective,
this potentiakliyndprsovtiudaetsi oam & wirn preseryv
biodiversity in the tropics, as conservation ipiels designed to mitigatehe
impacts of climate chandbrough carbofbased payments for ecosystem services,
would also conserve high levels of biodivers{®.g. via national mitigation
strategies to Reduce Emissions from Deforestation andstfddegradation-
REDD+ ; Miles & Kapos 2008 Venteret al. 2009 Gardneret al. 2012 Hinsley

et al. 2015. However, the potential for maximizing the benefits of carbased
projects whilst also safeguarding species diversity critically depends on the link

between biodiersity and ecosystem function.

Evidence fom a number of experimental studies at small spatial scales and a
restricted number of species show that species diversity promotes productivity and
biomass(Naeemet al. 1994 Tilman et al. 1996 Hedor et al. 1999 Loreau &
Hector 2001 Tilman et al. 2001, Cardinaleet al. 2007 Cardinaleet al. 2012
Tilman et al. 2014 Duffy et al. 2017. However, the effect of biodiversity on

1



ecosystem functioning in more complelyperdiverse systemsand at large
spatial scales relevant for conservation planniremains unclearRecently,
numerousstudies have attempted to understand how biological diversity in
tropical forests is linked to ecosystem functibait they show inconsistent and
contrasting result@Chisholmet al.2013 Day et al. 2013 Cavanaugtet al.2014
Poorteret al. 20150 Poorteret al. 2017 Sullivanet al.2017 van der Sandet al.
2017avan der Sandet al.20170. At small spatial scales (e.g. 0.04 ha) there is a
consistent significant positive relationshyetween diversity and carbon stocks.
However, results at landscape scales (e.g. 1, helpvant to informing
conservation prioritisation remain controversial. Whilst some recent stiodied

a weak and positive effect of species richness on carbon stmdggptakdDay

et al. 2013 Cavanaughet al. 2014 Poorteret al. 2015h Poorteret al. 2017,
others have found that trediversity hasa negative or negligible effect on
ecosystem functiofChisholmet al.2013 Sullivanet al 2017).

One point of agreement among these studies is thaaton in functional
characteristicsis more strongly and consistently associated with wood
productivity and biomass than species diverpigy se(Cavanaugtet al. 2014
Poorteret al. 2015h Poorteret al. 2017, Sullivanet d. 2017 van der Sandet al.
20173. Although some of the key traits that influence the ability of tree species to
process and store carbon are well known (e.g. wood density and tree size), the fact
that these processes amnediated bycombinatios of traits (Rawatet al. 2015
Shenet al. 2016, and that identifying ahmeasuringhesetraits remains difficult

in diverse forests limits the development of a comprehensive i{baised
understanding of how biodiversity influences ecosystem function in tropical
forests. The premise of this thesis is that an understanditige aévolutionary
relationships among species may help to avoid these limitations and provide a
way forward for advancing this field.

Differences in speciédunctional characteristics that leads \ariation in their

ability to process and stooarbonare a result of evolutionary processes operating
over long timescales. The simple assumption that the amount of time that has
passed since two species diverged from a common ancestor reflects differences in

their functional characteristiqgf?agel 1999Freckletonet al. 2002 Blomberget
2



al. 2003, suggests thahe evolutionary history shared amongst speciag be a
powerful tool for investigating te link between biodiversity and ecosystem
function (Cadotteet al. 2008 Cadotte 2013Cadotteet al. 20178H. As such, if
over evolutionary timescales species tend to retain their ancestral characteristics,
then thephylogenetic distance betwespecieswill be related to variation in their
functional traits, and evolutionamelatedness can be considered an integra
measure of trait similarityln other words, phylogeny will be a good proxy for
functional diversity(Webb 2000 Webb et al. 2002. This link is potentially
particularly usefulfor understanding species ecologytropical forests because
the high diversity of these ecosyste(fine & Ree 2006ter Steegeet al. 2013
means it ismpracticalto undertake detailed studies thie ecology of albf the
many coexisting specid€haveet al. 2009, Baralotoet al. 2010a Baralotoet al.
2010h.

To assess the value of evolutionary history for understanding psgpatterns

of ecosystem function, the first quiest is whetherfunctional traits that are
directly associated with carbon stocks and uptake are more similar amongst sister
species. The strength of the linketween evolutionary relationships and
ecologicalcharacteristiccan be measured by tlextentof phylogenetic signal
(Pagel 1999Blomberget al. 2003. The second chapter of this #ie therefore
focuses on exploringhe fingerprint of evolution on preseday functional
charactestics that directly reflect speciembility to process and store carbon (i.e.
wood density, potential treeze, growth and mortality rateslf traits are more
similar among closely related lineagten these traits will shova significant
phylogeneticsignal and evolutionary history will be a good predictor of variation

in traits. Additionally, if the amount of shared evolutionary history among species
reflects variation in their ecological characteristics, it is possible to assume that
phylogenetic diance among lineages represents ecological niche differences. As
a result, phylogenetic data will summarize information on numerous traits in an
index of ecological and functional relatedness, and allow a more comprehensive

analysis of how biodiversity aftts ecosystem function.

Previous experimental work has shown that a phylodgmsed approach can

provide useful informatiorfor understanding the link between diversity and
3



ecosystem functianFor examplegexperimental studies that manipulate species
richness have shown that the degree of evolutionary relatedness amongst species
is a better predictor of ecosystem function than species richnessatsgikecies
associatedraits (Cadotteet al. 2008 Cadotteet al. 2009 Cadotte 201B In
experiments usg grassland plants, communities with greater evolutionary
diversity shoved higher biomass production, while communities that shared more
closely related species produdeds biomas§Cadotteet al. 2008. This example
demonstrates that evolutionary relationships may integrate the effect of additional
axes ¢ trait variation that are not captured by measured traits. Thus, a significant
effect of evolutionary diversity on ecosystem function suggests that there may be
additional important unmeasured functional characteristics. Although there is
some evidence #t communities with distantly related lineages promote carbon
stocks and productivity on small spatial scales and controlled experiments
(Cadotteet al. 2009 Srivastavaet al. 2012 Cadotteet al. 2013 Cadotte 2013
Cadotteet al. 2017a Cadotteet al. 2017h, scaling up these results to scales
relevant toconservation planning is an important challendeer&fore in chapter

3, usinga new phylogenyincluding 615 angiosperm generas a proxy for
functional diversity, | assessed the relationship between evolutionary relatedness
amongst lineages and two metrics of ecosystem funetiaboveground wood

productivityand aboveground biomasacross Amazonian forests

In tropical forests, landscapeale variation inwood productivity and
aboveground biomass are not only driven by traits but also mediated by
environmental gradients. Across the Amazon basin theréheze main axes of
associated edaphiBaralotoet al. 2011, Quesadaet al. 2012, precipitation(ter
Steegeet al. 2006 and temperature gradier(fBoledoet al. 2011 Girardinet al.
2013 Malhi et al. 2017 linked with variation in species compositiotheir
functional characteristics and carbon stocks and productiMity western/eastn
gradient in soil fertility(Figure 1.R) is an important driveof variation in tree
communities,and represents a continuum from for®sgrowing on the more
nutrientrich soils in thewestern Amazoniawvhere forests generally contain
specieswith low wood densityto the poorer soils ineastern Amazonvhere
forests tend to have more heawvgoded specieBakeret al. 2004k Chaveet al.
4



20086 ter Steegeet al. 2006. More nutrientrich soils in the western Amazonian
enable the establishment of fast growing species with low wood dendiile
poorer soils in the eastern Amazon favour slow growing species with higher wood
density(Bakeret al.2004h Quesadat al.2012).

The second major environmental gradient across the basin is associatddywith
season lengthand reflects the continuum from wetter and more divenests in
the northwest to drier and less diverse forests ingbatheasten Amazonia(ter
Steegeet al. 2006 (Figure 1.D). Differences in species diversity and distribution
are broadly determined hyrecipitationgradienf with a greater number of species
(ter Steegeet al. 2003 EsquivetMuelbertet al. 20173 and higher carbon stocks
and uptake in wettdoreststhan in drier forestéMalhi et al. 2006 Baralotoet al.
2017). Additionally, a third major a»xg of variation in floristic composition and
forest structure ithetemperature gradierfrom warmerlowland forests to cooler
mountainous forests in the Anddsdure 1.t) (Girardinet al. 2013 Malhi et al.
2017. Tropical montane forestusually have lower aboveground biomass and
wood productivity associated with their variation in species coripngiGirardin

et al.2013.

Accounting for the variation in environmentabnditions is important for
understanding the effect of biodiversity on ecosystem functidrereforel
compare the influence of climate and locally collected soil data with the impact of
measures of biodiversity i@hapter 3. Preferences of different bges for certain
environmental conditions may also constrain how different groups of species
respond to changing environmental conditions, and determine how the ecosystem
services provided by tropical forests change in the fulithrerefore inChapter 4,

| explore the evolutionary histosharedamong lineages of tropical treasdtheir
associations with temperatureainfall, and soil fertility, and ask whether
preferences for certain environments are strongly restricted to certain parts of the

tree of Ife.

Historical processes that underlie the origins of plant lineages often é&mave
imprint on their currenenvironmental preferencé€avendeBareset al. 2016.
Understanding the legacy of evolution on presiay patterns of habitat
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association may also helps to understand how different speciesp@sd to
predicted rises in temperatu(®alhi & Wright 2004 Marengo et al. 2009
Zelazowskiet al. 2011, JimenezMunozet al.2016, and increasein the intensity

and frequency of drough{®\ragaoet al. 2007 Phillips et al. 2009 Lewis et al.

20117). If the evolutionary heritage oh lineagehasactied as a major constraint

and environmental niches have evolved little from ancestral conditions, species
may struggle to adapt to changing environmehtscontrast, if there has been
strong selection and environmental preferences dherralistinctive and varied
compared to their ancestral states, species may be able to adapt to novel
environmentsThe evolution of habitat preferences has been investigated for a
number of plant clades, however these studies are either limited to patal s
scaleqPeiet al. 2011, Baralotoet al. 2012 Yanget al. 2014 Zhanget al. 2017

or restricted to a few clad€Bineet al. 2005 Fineet al. 2014 Misiewicz & Fine

2014 Weekset al. 2014. Therefore, inChapter 4,l investigate the role of
evolution in shaping the environmental preferences of 510 lineages across all

biomes that ocauwithin northern South America
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Figure 1.1 Maps of environmental variation across northern South Ameajdaation exchange Capacity (CEC cmolc/Kgj) Precipitation (mm)andc) Temperature
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1.2 Thesis outline

Chapter 1 In this chapter Ireview the use of phylogenider integrating an
ecologicaland evolutionary approadbr understanishg how historical processes
have shaped evolutionary relationghgmong species. Based on the published
literature | compile previous findings on tropical forests and explore how the
legacy of theevolutionof tree traits an@nvironmental preferences can be used to

understand the processewlerlyng presentlay pattens.

Chapter 2 This data chapter investigatdsow the constraints imposed by
evdutionary history, orselection determinesariation among species in plant
traits. | focus onfunctional traits that underlie species ability to process and stor
carbon(i.e. wood density, potential tree size, growth and mortality rabes)
invedigate how different plant litdistory strategiebaveevolved(Figure 1.2i

blue box)

Chapter 3 This data chapter usesnew constructeghylogeny as a proxy for
functional diverdiy to assesghe relationship between evolutionary rieldness
amongst lineages antivo key metrics of ecosystem function aboveground
biomass and wood productivityfor 90 forest plots in Amazonidigure 1.2 red
box).

Chapter 4 In this data chapter | explordhow preferences for certain
environmental niches have evolvddnvestigatethe fingerprint of evolution of
preferences for different levels @bil fertility, soil texture,temperatureand
precipitation, as thesare the mst important environmental variabldsr

determining broadcale patternsn composition Figure 1.2box).

Chapter 5 In the final chapter konclude the thesis by providing a general
overview of the main findings, the implicat®mf the research for conservation

prioritization and a series of suggestions for future research.
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1.3 Integrating perspectivesifrom ecology and evolutiomary

biology

There is a high level of interest in linking datsson the ecological characteristics
of species with datasets oxodutionary relationships to address a wide range of
new research questien Ecological studiestypically consist of comparative
analyses of current similarities and different®tweenspecies and how they
respond to the environmern contrast, evolutionary studies offeiparspective
that considers lonterm interactions to gain insights into the relative importance
of historical processes. These research areas should not be considspttion
sinceecological and evolutionary process inter@atthere is a link between local
processes and Ige-scale eventfWebb et al. 2002 Ricklefs 2004 Wiens &
Graham 2005Hoorn et al. 2010 CavendeiBareset al. 2016 Cadotteet al.
20173.

While integrating ecology and evolutiperspective has the potential to elucidate
the mechanisms adiating presentlay patterns, lte paucity of data on species
evolutionary relationships, distributign functional characteristics, and
environmental preferences has preventeddlinks being exploredntil recently.
Only now,with the rapid and recent increasedisted molecular phylogeniésr a
range of tree group@-ine et al. 2005 Simonet al. 2009 Baralotoet al. 2012
Fineet al.2014 Dexter & Chave2016 Dexteret al. 2017, their associated traits
(e.g.Chaveet al. 2009 Zanneet al. 2009, spatialdistribution (ter Steegeet al.
2013, environmental preferencg§ine et al. 2005 EsquivetMuelbert et al.
20173 and demographylLopezGonzalezet al. 2009 is it possible to address
these questions within tropical forests.

This expanding researchea hasalreadyprovided valuable information about the
mechanisms driving ecosystem proced€esdotteet al. 2009 Srivastavaet al.
2012 Cadotte 2013Cadotteet al. 20170, community assembly rulg8araloto
et al.2012 Yanget al. 2014, evolution of environmental preferencgsneet al.
2005 Simonet al. 2009 Peiet al. 2011 Fineetal. 2014 Liu et al. 2015 Zhang
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et al. 2017 and species ability to respond to environmental ch@ighis et al.
2008 Lavergneet al. 2013 Quintero & Wiens 20183 However a key point for
understandindiow historical processes affect ecological patterns relies on how
the evolutionary relationships of species are correlated with their ecological

charateristics, buthese links arpoorly explored for tropical forests

The link between evolutionary relationships and ecological processiss
fundamentally on theimilarities and differences among spediBlomberget al.

2003 Losos 2008aCavendeiBareset al. 2009 Wienset al.2010. The strength

of similarity and the amount of evolutionary history shared betweaties
depends on when lineages that contain those species diverged from their most
recent common ancestor. In particular, as distantly related lineages diverged a
longer time ago, they may be expected to be less similar and have contrasting
traits, whilespecies that diverged more recently are expectéadte more similar
traits. Thetendency for species to retain ancestral ecological characteristics and
for related taxa to share similar traits is tern@eithe conservatist(Wiens &
Donoghue 2004Wiens & Graham 20Q5Wiens et al. 2010. Closely related
lineages do often tend to resemiolee amther more than distantly related
lineagegBlomberget al. 2003 Wienset al.2010. However, in many clades and

for some traitsthis trend to retain ancestral charasttes does not existand

traits may be more labile thaxpected by chang@®lomberget al. 2003 Revell

et al. 2008 Wiens et al. 201Q Crisp & Cook 2012 Thus rathe than being
simply assumed, this tendency relatedlineagesto sharesimilar ecological
characteristics needs to bested. In factjnvestigating the amount of similarity
amongst related lineages as essential first step to detect the signature of past
evolutionary processewithin contemporary patterns of divegsitcomposition

and their respectivigaits.

1.4 The extentof similarity amongst related lineages

Given specieé functional traits environmental niches and the associated
evolutionary relationshgpamong species, there atieree mainapproachego

investigate the extent to whiclphylogeny is associated with ecological
11



characteristics. TherBt and met widelyused approach consistrmapping traits
onto aphylogeny andneasuring the extent of phylogenetic signal (P&hether
ecological and environmental characteristics areseored over evolutionary
scales, termedhylogenetic niche conservatiéiPNC; Pagel 1999Freckletonet

al. 2002 Blomberget al. 2003 Wienset al. 2010. A second approach lies
model fitting, which tests which evolutionary modelg.BM, WN, OU, Lambda
best fis the observed distribution of functional traits and environmental
preferences in relation to the phylogefi§ozak & Wiens 2010aWiens et al.
2010. Lastly, a third approach involves observing the dispantyrait values
through time by exploring the pattern of trait and environmental variation

throughout ewlutionary history(Harmonet al.2003 Jonssoret al.2015.
1.4.1 Phylogenetic Niche Conswatism and Phylogenetic Signal

Phylogenetic niche conservatism (PNC) and phylogenetic signal (PS) are key
concepts thatlink species ecological characteristics and their evolutionary
relatednessin general terms, traits may be conserved, which means that related
species are more similar than expected by chance, impKNG or high
phylogenetic signgBlomberget al. 2003. Alternatively,traits may be labile and
thusclose relativesnay beless similar than expected by chariBéomberget al.
2003. Investigating PS and PNC addresses questions on how constraineaf traits
environmental preferencese over evolutionary history. Indeed, investigatimg
extent ofPSmay also allow us to understand the processes that de¢erisuch
patterns. However, tee concepts need to be defined clefirthsos 2008aWiens
2008 Wienset al. 2010. Herel definesignificantPSas the tendency of closely
related specie® bemoreecologically similar and shamore related traits than
would be expected by chanckleanwhile, PNC is definedas closely related
species beig more ecologically similar and sharing more related traits than would
be expected under Brownian Motion (BM) model of evolution(Losos 2008a
Losos 2008ph BM represents a random model of evolutionahange, which
assumes constardtes of trait eviation through time and can lmeasuredising
eithert h e Bl oKrstagstic(Bmberget al. 2003) or theP a g d.anbhda
value (Pagel 1999Freckletonet al. 2002. These metrics indicate whether a trait

12



evolved according ta null BM expectation of ngtral drift. WhenK or Lambda

are significant traits or ecological nicheamong related specigssemble each
other: there is a tendency of closely relatsdeciesto be more similar than
expected by chancé contrast, norsignificantK or Lambdavalues indicateéhat
there is no correlation between taxa relatedness and their ecological similarity
Finally, K or Lambdavaluesgreaterthan expected under a niBM model of
evolution (,eK o r L a mpsuiggestbat ghylogenetic distance amongstaa

is equivalent to their divergence time and strongly explains niche or functional
similarity; such values havbeen used as evidence for PNEreckletonet al.
2002 Losos 2008a Cooper et al. 2010. However, interpretation of niche
conservatism though estimates Kf should be done with caution asther
processegsuch as evolutionargtasi$ could leadto K valuesmuch lower than

one andstill be a result of niche conservatigRevellet al.2008 Munkemulleret

al. 2015.

An important debate in the recent literature is whether PNC is simply a pattern

a process driving community structuileosos 2008aLosos 2008pWiens 2008
Wienset al. 201Q Crisp & Cook 2012 Wiens and Graham (20pargued that

PNC is a fundamental evolutionary process that creates and provides causal
explanations for patterns in ecological data. For example, if climatic niche is
phylogenetially conserved, species cannot adapt easiljifferent environmental
conditions and thus it can be seen as process that may lead to local extinction as
the climate change$Wienset al. 2010. However,Losos (2008pcontested this
definition and argued that PNC is a pattern resulting from the processes that drive

trait evolution.
1.4.2 Fit of different evolutionary models

Alternatively, a second approach to investigate the sigaaif evolutionis to
compare the relative fit of different modelstadit or nicheevolution (Kozak &
Wiens 2006 Cooperet al. 2010 Wiens et al. 2010. This approach usethe
phylogenetic relationshgpamong species(representedn a phylogeny) ther
ecological characteristics, and a suite of distinct models of evolltioder the

White-Noise (WN) model of evolutionfunctional traits or environmental niches
13



are assumed to haewolved independently arttlis model isgenerallyconsistent
with an absence of phylogenetic signéh. contrast, theBrownian motion(BM;
genetic drif}, OrnsteirUhlenbeck(OU; stabilizing selectionand Lambdanodels
of evolutionall indicate thatcological characteristia/olvedwith an underlying
phylogeneticstructure(Pagel 1999Freckletonet al. 2002 Kozak & Wiens 2006
Wienset al. 201Q Pyronet al. 2015. BM assumes that the correlation structure
among ecological characteristics is proportional to the amount of evolutionary
history shared among speci@selsenstein 1973 OU with a single optimum
provides evidence that some factors constrain ecological characteristias t
optimum (Butler & King 2004, whilst Lambda fits the extento which the
phylogeny predicts covariance among the ecological characte(Btgel 1999

A better fit of the OU model over the BM and Whbdelshas been suggestéal
reflect niche conservatistmough evolutionary historyFor example, comparing
the fit of different evolutionary models to investigate similarityegmperature and
precipitationniches of batqChiroptera) Peixoto et al. (2017 found stronger
support for theOU model. Theauthors investigated the extent of similarity in
climatic niches across different phylogenetic scalestaadU model provided
the best fit forthe Chiroptera as a whagleand in particular for speciesich
families. This gronger support for th©U model suggested thatlimatic niches
areconserved through evolutionary histonydasupportghe ideathatthermaland
precipitation niches have evolved more slowly than expected dinelarull BM
model of evolution (Peixotoet al. 2017). In another exampleacross frehwater
arthropods (ColymbetinaelMoriniere et al. (2016 also found stronger support
for the single optimun®U modelfor the evolution otlimatic nichessuggesting

a tendency among speci&s retain similar environmental preferencesring
evolution Finally, the Lambdamodel of evolutioris generally not used in model
fitting comparisons as many different processes can lead to it being the selected
model (Pagel 1999 However, support for theambda modesuggests that there
is significant phylogenetic signal whichould be either due to random BM
evolution ordue toevoluionary constrairg operatingvithin clades. For instance,
investigating the extent of similarity in range size amongst tropicalgeeera
Dexter and Chave (20)6ound thatthe Lambdamodel of evolutionprovideda
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better fit compared to th&/N and BM models ¢ evolutions Their results show
that sister lineages tend to have more similar rangs thiae expected by chance,
though divergent selectiomay havealso played a role in shaping lineage

variation in range size.
1.4.3 Disparity through time

A third approachconsists binvestigating disparity through time trait values
Disparity reflects the proportion of variance that occurs among species within
each cladeand analyses of disparity through timalow the portion of niche
variation found within cladesto be comparedwith that foundamong clades
(Harmonet al.2003. Higher levels of phylogenetic signal are congruent with low
variation within cladesand closely related specidseing more similar to each
other than expected by chand&lues of elative disparity through timehat are
smaller tharl suggest greater variation amonather than withinclades, whilst
valuesgreaterthanl indicategreater variation witim clades in comparison to all
the variation across the phylogeftyarmonet al. 2003 Lozaet al.2017). Similar

to the measurements of pbgenetic signal, relative disparitan becompared
with expectatios under a nulBM model of evolutionFor example, comparing
the observed patterns of disparity through tiofidorain shapeand body mass
primates Aristide et al. (2015 found that relative disparity was near zero and
lower than expected under a nBIM model of evolution:disparity dropped to
values near zerdollowing the early divergence of primatesd showed little
variation over timeThis resultindicates that variationoccursamong rather than
within, clades ands consistent with brain shamad body masbeingtraits that
are highly constrained over evolutionatymescales. In contrast,acrossfrogs
(Kaloula, Microhylidae) the disparity of morphological traits associated with
climbing and diggindi.e. the length and width of digits, digit tips and lengths o
metatarsal tubercles) exhilgiteater variation within subclademnddisparity over
time is thereforeon average greater than expected under aBMil{Blackburnet

al. 2013.
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1.4.4 Evolutionary processesinderlying ecologicalpatterns

Multiple fundamental evolutionary processes and interactions such as heritability,
convergence, selection, dispersal and extinction may teadrtain patterns that
should maintain or constrain the ancestral nieimel therefore determine whether
PNC occurgBlomberget al. 2003 Wiens & Donoghue 20Q®Revellet al. 2008

Crisp & Cook 2012 Overall, under the assumption that PNC provides
information on species niche similarity, it seems more reasorabtmnsider PNC

as a pattern generated by different processes during evolution.

Heritability is one of the processthat drives niche conservatism and referh&
genetic contributioo thetendency to retain the ancestral characteristic. If closely
related species share heritable traits and environmental preferences with their
ancestors, as lineages diverge, those characteristics wilmeemore similar
within clades than they are among clagdasd sister lineages willlso be more
similar (Wienset al.201Q Crisp & Cook 201

Selection can drive divergence among lineages that occur under different
environmental conditions and therefore also affect PNC. Natural selection is
assumed to drive divergence among lineages, promoting evolutionary change,
speciation and reducing the ert of similarity amongst related lineag&¥iens

2004) For example, in whitsand forests in the Peruvian Amazgraeong 20
species from six genera, selection has been the major factor determining species
fitness on the nutriergoor soils in the presea of herbivoregFine et al. 20086.

As nutrient availability is limited in whitsand forestsFine et al. (2009 found

that herbivore pressure had led to high investment in plant asferThus,
selection and divergence had caused species from-samtk forests to have a
higher albcation to defece than their congeners in nutrigith clay forests. This
process resulted in a weak pattern of niche conservatism for traits assadiated

plant defene.

Convergence represents the evolution of similar biological attributes undearsimil
environmental conditions. For example, succulent plants from widely different
families in Africa (Euphorbiaceae) and North America (Cactaceae) evolved from

different ancestors but developed similar growth forms and adaptations, reflecting
16



convergence aan adaptive response to similar environment presgbzesirraet

al. 2006. Low levels ofconvergence might be linked to a strong pattern of PNC,
while high convergence results in trait similarity among distantly related lineages.
Thus, in this example, succulent plants in different continents have undergone
high convergence, and show simitaaits but succulence as a trait would show
low PNC.

Disperal is an important determinant of species distribution and dispersal
limitation may lead to a pattern of niche conservatism with closely related species
sharing similar trait§Crisp & Cook 2012 Forexample, seasonally dry tropical
forests have few widespread woody speces u s i n gdivdrsitygbletwebn
different forest fragment@enningtoret al. 2006 Penningtoret al. 2009. High
dispersal limitation between dry forests explains the patterns of low floristic
similarity between thesareas. Indeed, the fact that clades restrictedytdotests

are not found outsidef these dry biomes suggss$tigh PNCin woody plants of

Neotropical seasonally dry tropical fore@Penningtoret al.2009.

Finally, extinction may play an important role determining niche conservatism
and some patterns of PNC may be a result of extinatabher than the trait being
highly conservedCrisp & Cook 2012 For example, studying traitslaged to
adaptation to fire in 101 species Binus He et al. (2012 found that, although
Pinaceae has 237 Maevolutionary history, fireadapted traits have only been
found for the last 126 Ma. Many of theskil lineages are not pres@amthe exant

clades, suggesting that those lineages were unable to adapt to new fire regimes
and went extinct. As these taxa became extinct, this could have led to a pattern of
niche conservatism in the fiadaptive trait{Crisp & Cook 2012 However, the
direction of thke extinction effecbn the extent of phylogenetic signill depend

on which species dieut.

1.5 Scale dependence

In addition to the underlying processes, the scale of study is also likely to affect

whethermeasurements of the extent of similarity among related lineaijelse
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observed CavendeiBareset al. 2006 Swensoret al. 2007 Cadotteet al. 2009
CavendeiBares et al. 2009 Krasnov et al. 2011). In particular, patterns of
similarity may not be detected at small spatial and taxoomnales. In local
assemblageshe coeoccurring species represent jussraall proportion of clades
andto infer patterns ohiche conservatism typically requires larger spatial scales
including more taxa. For example, in 55 plots (0.1 ha) in north ¢efitvada,
CavendeiBares et al. (2006 investigated how spatial and taxonomic scale
affected phylogenetic structure in plants. They simthat when communities
were narrowly defined as just one single lineage @wercu3, closely related
species tend to be less functionally similar terms of maximum leight
maximum hydraulic conductivity, transpiration ratend vulnerability to
cavitation during droughtthan when including more lineages. Similarlyy
extending their malysis from north central Florida communities to commnuties
across the whole state of FloridgavendeBareset al. (2006 showed that niche
conservatism tends to bmore prevalentat larger scalesCommunities for the
entire statef Florida include a greater number and variety of community types,
higher degree of environmental heterogeneity and also encompass a larger number
of taxa(CavendeiBareset al.2006. The ability to detct phylogenetic signal will
therefore vary with spatial scale, either due to changes in the species pool or
dictated byhow environmental heterogeneithanges with scalét small spatial
scalescompetitive interactions are strongard group of specigbat arealready
environmenthy filtered may not cenccur(Ricklefs 1987%. Additionally, because
biogeographical processes that involve dispeesdinction,and speciation occur

at large scake theymay bemore relevant to consistently detect the sigreaof

different ecological and evolutionary processes.

1.6 Inferencesfrom current patterns

The strength of the link between trait variation and phylogenetic relatedness has a
wide range of implications. The presence of phylogenetic signal suggests that
measires of phylogenetic distances among species that occur within a community

(e.g. phylogenetic diversity) can serve as a proxy for their functional diversity
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(reviewed in Mouquett al. 2012). If phylogenetic signakxists for important
functional traits, then communities with low phylogeoddiversity will include
species with high overlap in theécological characteristics. This pattern may
result in strong interspecific competition limiting species abundafBr@sstava

et al. 2012. In contrast, communities with high phylogenetic diversity will
include speciewith dissimilar ecological characteristics and lower niche overlap.
Overall, the effectivenessf using evolution as a proxy for ecosystem ecology
will depend critically on the strength of phylogenetic signal of the relevant traits
(Losos 2008aCavendeBareset al. 2009 Srivastavaet al.2012. Furthemore if
evolutionary history is a good predictor of trait data it may also allow us to avoid
measuring a number traits for every singlgecies if traits are more similar
among closely related lineages, it is possiblartake predictions of trait values

for species where data are not available.

Investigating he role of evolutionfor shaping preseniday environmental
preferences is alsanportant to understand the mechanisms traginate and
maintain species diversitypecifically, the extent of similarity amongst related
lineages mayalso enable us to distinguish whether ecological speciation or
geographicalisolation ae important drvers of diversification (Wiens 2004a
Wiens 2004b Wiens & Donoghue 2004 For example, underecological
speciation, strong environmental pressure impasebe divergence amongst
related lineagesand promdades diversification (Gentry 1981 Fine et al. 2005
Simonet al. 2009 Fine et al. 2013 Fine et al. 2014 Misiewicz & Fine 2014
Divergence in sister lineagemdercontrasting environmental pressutbsrefore
results inhabitat specialization, witlelosely related spés found in adjacent
distinct environmentgFine et al. 2005 Misiewicz & Fine 2014. In this context,
niches are not conserved agavironmental preferences are randomly distributed
over the phylogenyin contrastif long-distance dispersgDexteret al. 2017 or
physical barriers(Haffer 1969 Hoorn et al. 2010 have been important for
promoting species diversificatipgeographic isolation between habitptemotes
divergence and limitgene flow among areaBopulations will gradually diverge
to originate new species with a high degree of lanity, and habitat preferences
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will be conserved resulting in environmental niches clusteredithin the
phylogeny(Petersoret al. 1999 Wiens 2004a2007).

Lastly, different levels of PS or PNC may also affect species ability to aal e

face of predicted climaticand anthropogenic changeBhrough time, species
evolve, adapt, or becone locally or globally extinctwhen facing stressful
conditions. Some taxamay have the evolutionary potential to adapt to
environmental changes and pergitll & Collins 200§ while other taxa may be
unable to move or evolve fast enough and may become vulnerable to extinction
(Quintero & Wiens 2013 Alternatively, species maglie outlocally and shift
their geographical distribution to remain within their ancestral environment
(Ackerly 2003 Parmesan & Yohe 2003In particular,the prevalencef niche
conservatism or strong phylogenetic signal would suggest etmatonmental
niches have evolved little from their ancestral statd species maytaiggle to
adapt to changing environmenfd/iens & Donoghue 2004Wiens & Graham
2005 Wienset al. 201Q Lavergneet al. 2013. Therefore,their only possible
response may b migrate and track their most suitable environment conditions
(Feeleyet al.2011a Feeleyet al.2011h Feeley & Rehm 20%,2lumpet al.2012
Duqueet al. 2015. In contrast,the presence dbw phylogenetic signal would
suggest that species maydigeto adapt to current environmental changes.

If closely relatedspecies share similar environmental preferencep e ci es 6
responsego environmental changmay be biased twards particular lineages
whereas, if environmental preferencesre randomly distributed over the
phylogeny it is likely to protet evolutionary diversity from being erodeBor
instance Willis et al. (2008 studied species responses to climate change over the
past 100 years among 473 tree specidsy found tha traits associated with
flowering-time response to temperature (i.e. the ability of species flowering time
to track shorterm seasonal temperature changhkd)showa phylogenetic signal
Thus rather than individual species randomly declining in abucelatte pattern

was biased against certain cladepecies where flowering times were not able to
track climate changesere clustered in the phylogeny athecreased significantly

in population size, indicating that there is a phylogenetic selectiverpatiaping
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species abundance and compositiorihe face of climate chang@Villis et al.
2008.

1.7 Similarity amongst related lineagesn tropical trees

The links between ecological characteristics and phylogany potentially
particularly important in tropical forestsbecausethe broad environmental
gradiens found in these ecosystelfter Steegeet al. 2006 Quesadaet al. 201Q
Moulatletet al. 2017, hightreeand evolutionary diversityGentry 19821988h

a; ter Steegeet al. 2013 Honorio Coronadeet al. 2015 andthe widely varying
functional characteristic€Chaveet al. 2006 Baralotoet al. 2010g meanit is
difficult to understand the ecology e&chof the many coexisting species in these
ecosystems. In such complex ecosystemlutionary relationships may be
useful for understanding variation in spedidanctional characteristics and
environmental preferencesiowever the presence of niche conservatism or
strong phylogenetic signal in tropical forest is controversial, and istill

uncetain to what extent it variemmong traits
1.7.1 PNC and PSof tropical tree traits

Previous studies of PS in tropical forests focusing on awide variety of
morphological trait§e.g. specific leaf area, seed mass, trunk xylem, tree height)
andat different spatial scald€haveet al. 2006 Baralotoet al.2012 Swensoret

al. 2012 Yanget al. 2014 Liu et al. 2015 Hietz et al. 2017, have failed to find
consistent pattern®ifferent studies have obrasting resultswhilst some traits
show low but significant phylogenetic sigri8laralotoet al.2012 Swensoret al.

2012 Yanget al. 2014 Dexter & Chave 2016 others have found that traits are
randomly dispersed ovéine phylogenyUriarte et al. 201Q Fanet al. 2012 and

it is still uncertain to what extent phylogenetic signal vartes. example, in
tropical forest plots in French Guiana among 668 tree species, 17 leaf and trunk
functional traits (e.g. specific leaf area, leaf nutriemtspd density,and trunk
bark thickness) showedh significant phylogenetic signal, suggesting that

phylogenetic distance iassociated with variation in these traits. In contrist,
21



Asian topical forest among 40 species, sef@mctional traits (e.g. wood density,
vessel density, potential hydraulic conductivity) did not dispdagignificant
phylogeneticsignal,suggestinghat there is no functional trait similarity amongst

related lineage@anet al.2012.

These results illustrateghe different patterns found falifferent traits in tropical
forests Two main points need to be consideiadight of these results: i) which
traits are morst important and, ii) the scale of the stldye specific traits
investigated in previous studies (specific leaf area; foliak KC, P, chlorophyill;
leaf thickness; trunk bark thickness; trunk xylem densgflect specific aspects

of plant function. h contrast, lifehistory traits (e.g. turnover rates, maximum
growth, and mean size) may be more functionally relevant as phayde
integrated measures of tree performance laatter reflect lifehistory strategies.
Moreover, he scale of study is also likely to affect whether phylogenetic signal
will be observedand previous studies were conducted at small spatial suades

only includeda limited set of environmental conditions.
1.7.2 PNC and PSof the environmental preferencesof tropical trees

The extent of similarityof environmental preferencesmongtropical treeshas
alsobeen used to understatite mechanisms that generate amgintain species
diversity. Several studies havareviously investigated thingerprint of evolution

on environmental niche preferenaafstropical trees. However, these studies are
eitherfocused on specific cladé€Bine et al. 2005 Fineet al. 2014 Misiewicz &
Fine 2012 or limited to small spatial scalgSchreeget al. 201Q Zhanget al.
2017). For instance, investigatingnvironmentapreferences itCrepidospermum
Protium, and Tetragastrisof the monophyletic tribe Protieaen the Western
Amazon Fine et al. (20095 found thatedaphic specialization is an important
driver of species diversitgand distribution. Among 35 speciesn the Protieag
74% were significantly associated with only one sqietyi.e. whitesand,clay,
and terrace) and nspecies occurred in all habitat typesdditionally, dosely
related species did not tend to share similar edaphic preferences, suggesting that
adaptations to differerédaphic heterogeneityad contributel to generatingthe

high diversity of this group The finding that white-sard and clay specist
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species areandomly distributed over the phylogeny show that adaptations for
certain environments have evolved independently ainchultiple times over
evolutionary timescate In contrast,across 183 woody species ansubtropical

tree community in Chingyreferences for specific environments were clustered in
the phylogeny, showing thatosely related species tetml share similahabitats

(Pei et al. 2011). The significant phylogenetic signdébr habitat preference
indicates that niche conservatism was a more important process underlying the

assembly of this community.
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1.7.3 Evolutionary processesinderlying trait variation in tropical

trees

Overall multiple processes have acted simultaneously dutiegevolution of
tropical forest treeand these processes may favour the existenegharhigh or

low levels of similaritiesof functional tree traits and environmental niches
between related speci@Sigure 1.3. For exampleif traits are inherited from their
ancestorshigh heritability may inducetrong PS or niche conservatigiFigure
1.3a). In contraststrongconvergenor divergent evolution may reduce the extent
of phylogenetic signalAdaptation to distinct environmental conditions (e.g. white
sand, terrdirme, and swamp forests) magrther lead to convergent evolution
among distantly related lineagew divergent section across related lineages
Considering the wid range of environmental gradients across the Amazon basin
and the role of habitat specializatiom the diversification proces@ine et al.
2005 | expect that both anvergeh evolution (Figure 1.®) and divergent
selection(Figure 1.8) mayreduce the extent &¥S.Dispersal limitatiorwill also
influence the extent of similarity amongelated lineages. High dispersal
opportunity over geological timescales across AmazdDixter et al. 2017
could potentiallyreduce the extent of R8nong lineaged{gure 1.8l). Extinction

also plag a role in governingatterns of niche conservatistilany Amazon
rainforest lineages survived strong fluctuations in climate over the Quaternary,
including the cooler and drier conditions of the of last glacial maxi@Aamuf et

al. 2006. Due to low levels of extinction in these lineages, low levels of PS may
also be expected (Figure 3€eyherefore, because many rainforest lineages
survived fluctuations irclimate, | expect low levels of extinction that could lead
to low levels of phylogenetic signéFigure 1.&). Overall, high PS may suggest
that high heritabilityis more important in driving the evolutionary trajectory of
tropical forests. In contrast, sénce ofPS may suggest thareater selection,
dispersabpportunity,and extinction have beename important processes driving

theevolution of extantaxa
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The red arrows represent the expected trend in niche conserfatigtmazonian trees at genus

level, according to the different procesgesapted from Crisp and CoolQ12).
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Moreover | acknowledge thainterpretation of the processes underlying the
extent of similarity among related lineagesstbe done with cautim Measuring

the amount of PS or PNC does ndirectly explain which processes are
responsiblefor the final pattern. However, it has many implications for

understanding community structure and ecosystem prog@¥sasset al.2010.

1.8 Diversity and ecosystem function

Evolutionary history may be valuable for understanding variation in ecosystem
function in tropical forests, indalition to understandinghe mechanismshat
underle the maintenance d&pecies diversity and distributisnGenerally it has
been found that ecosystem functionimgreaseswith higher species richness
(Tilman et al. 1996 Tilman et al. 2001, Cardinaleet al. 2012 Cavanaugtet al.

2014 Poorteret al.2015h van der Sandet al.2017h, andbiodiversity loss has a
negative effecon ecosystem functiofCardinaleet al.2012. For example, to test
how differences in species richness impact biomass produdiibnan et al.
(1996 conducted a grassland field experiment from a pool of 24 species ,in 147
0.5 x 0.5 m plots Among seven different treatments, ecosystem productivity
increased with species riobss and diversity. In general, higher biomass and
carbon stocks are commonly found in more diverse assemblages, while less
carbon content is frequently observed in monoculture or lower diversity areas
(Tilmanet al. 1996 Tilman et al.200%; Liang et al.2016.

Different species contribute in diflemt ways to the stoge and processing of
carbon. hetwo main mechanisms proposed to explain the effect of biodiversity
on ecosystem processes are niche complementarity and the selection effect. Niche
complementarity assumes that diverse groups of spleaiesa higher variety of
functional traits and can better utilize the available resources, which increases
ecosystem functioriCardinaleet al. 2007 Cardinaleet al. 2012 Tilman et al.

2014). Thus, in more diverse communities, species complementarity in their use
of resources and production of biomass is more efficient than in less diverse areas.
In contrast,the selection effect states that the preseoicearticular highly

productive species controécosystenprocessesand that thes&ey species are
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more likely to be found in hyperdiverse communiti@sth these underlying
mechanisms maglsoact togethefLoreau & Hector 2001 For example, across

111 experiments that manipulated species richness to investigate how diversity
affect biomass,Cardinaleet al. (200§ found that on average more diverse
communities tended to maximize biomass. Higher stocks were found in more
diverse communities that were more likely to be dominated by the most
productive species, providing consistent evidence for the selection effect. |
contrast, Cadotte (201 found support for the complementarity effect when
investigating the relationship between biodiversity and productivity across 100
grassland experimental plots. However, even though these studies made
substantive progress on understanding the relationship between biodiversity and
ecosystem function, they hawmainly focused on small spatial scales and
controlled experiments, and it is therefore difficult to expand these results to
natural and hyperdiverse ecosystems over large qdalesn et al. 1996 Tilman

et al. 2001 Cardinaleet al. 2006 Cardinaleet al. 2007 Cardinaleet al. 2012
Cadotte 2018

Recently, a number of studies have attempted to understand how diversity in

tropical forests is linked to ecosystem funct{@hisholmet al. 2013 Day et al.

2013 Cavanauglet al.2014 Poorteret al. 20150 Poorteret al. 2017 Sullivanet

al. 2017. Overall, atfine spatial scaleg¢e.g.0.1 and 0.04 ha) there is a positive

and significant diversitycarbon relationshiChisholmet al. 2013 Poorteret

al. 2015h Sullivanet al. 2017 van der Sandet al. 2017g. However, results for

large spatialscales relevant for conservation planning are less (lednle 1.1)

For example amongone hectareplots, some studies show positive carbon

diversity relationship acroghe Neotropics(294 plots-Poorteret al. 2015h, in

the partropics (59-Cavanaugtet al. 2014 and in Central Africa33-Day et al.

2013, whilst othess detectedho globalrelationship(668-Chisholmet al. 2013 or

no relationshipwithin the tropics(366-Sullivan et al. 2017. In a recent meta

analysis of 38 empirical studies assessing biodiveesibsystem functioning in

tropical forests van der Sandeet al. (20178 argued that in 64% of the

investigatedrelationships, biodiversity was significantly associated with carbon

stocks and uptake. However, the authors used the term biodiversity in arbroad
27



sense, including trait diversitfwood density, specific leaf argagommunity
meantraits,andforeststructural attributege.g. basal area, number of individuals)
and their results were mainly driven the prevalent effect of structural attributes
and trait diversity In essenceyariation in forest structaf characteristicge.g.
wood density and treeize) are a more consistent andmportant driver of
ecosystem functioninghan diversityper seat these scale@Cavanaughet al.
2014 Poorteret al. 2015k Poorteret al. 2017 Sullivanet al.2017. Importantly,
whilst different studies show contrasting results for biodivemsitysystem
functioning relationships atandscape scalesthe importance offunctional
characterists and structural variablepersist with different plot sizes.
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Table 1.1 Summary of studies assessing the relationship between biodiversity and ecosystem fuimdioding tropical forests. On the f f e c t : 6+06 indic:
positive diversityecosystem functioningelationship and blank spacexlicatet h a t there is no rel at i onhisimformationBIna t size w
available for thestudy.

Diversity -
) Number  Plot Ecosystem Ecosystem
Reference Geographical scope
of plots Size  functioning metric  fynction
relationship
Poorter et al., 2017 Neotropics 201 1 ha Productivity
Poorter et al., 2017 Neotropics 201 1 ha Biomass +
Poorter et al., 2017 Neotropics 201 1ha Growth of recruits
Sullivan et al., 2017 Pan Tropical 360 1ha Biomass
Sullivan et al., 2017 Pan Tropical 6536 0.04 ha Biomass +
Poorter et al., 2015 Neotropics 294 1ha Biomass +
Poorter et al., 2015 Neotropics 1975 0.04 ha Biomass +
Liang et al. 2016 Tropical and Temperate 777126 NA Productivity +
Cavanaugh et al., 201 Pan Tropical 59 1 ha Biomass +
Chilson et al., 2013  Tropical and Temperate 688 1 ha Biomass
Chilson et al., 2013  Tropical and Temperate 17200 0.04 ha Biomass +
Chilson et al.2013 Tropical and Temperate 688 1ha Productivity
Chilson et al., 2013  Tropical and Temperate 17200 0.04 ha Productivity +
Day et al., 2013 Central Africa 33 1 ha Biomass +
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The link between biodiversity and both wood productivity and aboveground
biomass is mediated by plant functional characteristics. $feemlogical
characteristics havdeen shown to play an important role in determining
productivity and aboveground carbsetocks in tropical tree communiti¢Baker

et al. 2004h Banin et al. 2012 Banin et al. 2014 Fausetet al. 2015. In
particular, wood density and potential tree siwe good predictors foregionat

scale patterns ofboveground biomassor instance, regionacale patterns of
aboveground loimass across the Amazon basin aseociated with variation in
wood density: forest communities in the central and eastern Amazonia have
roughly 16% moe carborthan communities in the westueto the presence and
greaterabundance of species with higher wood denfigker et al. 2004h).
Furthermore, there mawlso be wnmeasured functional characteristics that
promote ecosystem functiodzor example,in temperate forestsyariation in
crown architectur@among specieg.g. height, crown width and shape) has been
proposed to increase productivity due to a more efficient use of ¢paoeh

2012 Pretzsch 20%4Juckeret al. 2015 Schmid & Niklaus 2017Williams et al.

2017. Species with different crown architectures distribute their branches and
leaves in complementary height layers of the canopy, leading to denser and more
packed canopieswhich in turn allow higher light interception and promote
productivity (Williams et al. 2017. However, identifying and measuring all traits
that most strongly promote ecosystem services is a challenge in diapmal
forests.If traits assomted with carbon stocks and productivity do show a &S
alternative approach is therefore to use the evolutionary relatedness amongst

species as a proxy for their functional similarity.

1.9 Phylogenyas an index

If traits have a PS or PNC, phylogenesittucture will reflect species niche
similarity and may be used as a proxy to investigate the legacy of historical
processesA common metric to represent evolutionary relatedness among species
is phylogenetic diversity (PD). PD is a metric that may beesged as the sum of

all phylogenetic branch lengtltonnecting species together within an assemblage
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(Faith 1992. Thiscontinuous measurement sumraesitrait information, species
richness and composition in a single ind®ouquetet al. 2012 Srivastaveet al.
2012 Tuckeret al. 2016 Cadotteet al. 20179 andhas been widely used in the
recent literaturéo understad patterns of community phylogenetic structumed

as a proxy for functionatharacteristic§Forestet al. 2007, Cadotteet al. 2008
Cadotteet al. 2009 Flynnet al.2011 Cadotteet al.2013 Cadotte 2013Honorio
Coronadoet al. 2015. Two additional metrics that have beerproposed to
represent differentacets of evolutionary diversitgre the mean phylogenetic
distance between all species within a community (MRDJd the mean nearest
taxon distance (MNTD)which is calculated based on the mean evolutionary
distance between each species and its siostative (Webb 2000 Webb et al.
2002 Tuckeret al. 2016. MPD is strongly affected by the presence of early
diverged clades and represetiieproportion of the major lineages of organisms,
whereas MNTD is more influenced by presence of closely related speaay
given comnunity (Webb et al. 2002. PD, MPD and MNTD allattain higher

values in communities comprised of more distantly related individuals.
1.9.1 Phylogeneticdiversity as a proxy for ecosystem function

Empirical studies have shown that different facets of evolutionary diversity are
useful predictors of ecosystem functidiaherali & Klironomos 2007Cadotteet
al. 2009 Srivastavaet al. 2012 Cadotteet al. 2013 Cadotteet al. 20178. For
example, in experiments using grassland plants, 972 $lots were seeded with
1, 2 or4 plant species (from a pool of 17 species) wethmmunities that
comprised species witbhort, medium or large phylogenetic distadetween
them(Cadotte 2018 plots with short PD included sister species, while plots with
large PD included distantly related lineagésssemblages with greater PD
showed higher biomass production, while assemblagéth closely related
species produced less biomassd PD was a better predictor of biomass
production when compared to other measurements of taxonomic diversity.
Cadotte (201Bargued that in assemblages with closely related species there may
have been negative interactions due to competition for resources or pathogen
sharing amongelated specieseither ofwhich may have reduced productivity
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However in the same grassland experiment, RAs a better predictof
productivity than functional traits (e.g. specific leaf area, seed weight and height)
suggesting an additional contribution of unmeasured traits that are significantly
related to phylogeny (e.g. root architecture or root morphol¢@giotteet al.
2009. Overall, these examples demonstrate that evolutionary relationships may

account fora proportion of functional diversity not captured in measured traits.

Overall, the potential of PD to predict ecosystem function has been poorly
studied and only examineth experiments conducted with low diversityhich

do not represent the complexitf/toopical forests. In addition, none of the small
scale studies have considered the direct effect of environmental vatledilalso

affect ecosystem function at large spatial sc@tegure 1.4.
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Figure 1.4 Diagram of environmental effectclimate and soil) on phylogenetic diversitd
therefore on ecosystem function. Arrows point to response variables. Higher phylogenetic

diversity is expected to increase biomass production and carbon storage.
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1.10 Environmental determinants of AGWP and AGB

Aboveground wod productivity (AGWP) andleveground biomass (AGRjary
widely acrosstropical forests Within the Amazon, A®/P estimategange from
2.5t0 9.4 Mg C haa' and AGB from50t0339Mg C halforal | trees O 10
diameter at breast heigffigure 1.5) Overall, AGWP is substantially higher in
Western Amazon and the Guiana Shieithile much lower values are found in
forests on the Brazilian Shiel@Phillips et al. 2004 Johnsonet al. 2016. By
contrast,AGB is generallylower in Western Amazon and the Brazilian Shield,
whilst greaterAGB is found in forests onthe Guiana Shieldand East Central
Amazon(Bakeret al. 2004h Malhi et al. 2006 Johnsoret al. 2016. The $atial
variation of AGWP is largely determined by edaph@nd climatic gradients
(Malhi et al. 2004 Phillips et al. 2004 Quesadaet al. 2012, whilst variation in
AGB is mainly determined by variation in stem mortality rat@shnsonet al.

2016.
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Figure 1.5 Variationin wood productivity (a) and carbon storage (b) across the Amazon basin and

Guiana ShieldSizes of dots are proportionalttee magnitude oéach variable.

Variation in AGWP hadeenshown to be strongly positively correlated with soil
fertility, and b a lesser extepbegatively associated with temperat(@esadat

al. 2012. The positive effect of soil fertility in AGWP is mainly driven by total
phosphorus, with forest plots near¢gihe Andes having higir phosphorus and

cation exchange capaci(Quesadaet al. 2010 Quesadeaet al. 2011 Quesadaet
33



al. 2012 due to recensediment deposition from the Andean up(itoornet al.

2010. In contrast, older and more weathered soilgdh@ central and eastern
Amazon have loer phosphorusconcentrations and are aswsed with lower
AGWP (Aragaoet al. 2009 Quesadeet al. 2012. The effect of phosphorus on
increasing AGWP is directlgssociated with photosynthetic rates; as phorus

is a vital element ofidenosine triphosphalTP) and sugar phosphates, low
levels of phosphorus may limit photosynthesis and consequently decrease
productivity (Kitayama et al. 2004 Domingueset al. 2010. The pervasive
negative effect of temperaturenay be associated with decreasing
photosynthetic rageor increasingrespirationratesat higher temperaturggloyd

& Farquhar 19962008. Under high temperatures, there is an increase in the
vapour pressure deficit, reducing stomatal conductance and consequently leading
to a reduction in photosynthesis and carbon assimilafidoyd & Farquhar

2008. However, despite the importance of environmentaiables for driving

very largescale patterns of AGWP andGB, within moist tropicalforests the

effect of AGWP on AGB is wealkand AGB is ultimately largely determined by
variation in stem mortality rateglohnsonet al. 2016. Tree death is a highly
stochastic process, mediated by disturbance events and plant traits such as wood
density and growth rateChaoet al.2008.

1.11 Quantifying environmental variables

Climatevariablesjncluding precipitation and temperatuege readily availablat

1 km resolutione.g. WorlClim Hijmanset al. 2005 and havebeenwidely used

as potential confounding factors in analyses investigating the relationship between
taxonomic metrics of diversity anetosystem functioningPoorteret al. 2015h
Poorteret al. 2017 Sullivan et al. 2017 van der Sandet al. 20173 van der
Sandeet al. 2017h. However, the inclusion of edaphicopertiess still a major
problem. Although there are a number of soil maps currently availabde
Nachtergaeleet al. 2012 Hengl et al. 2014 Hengl et al. 2017 their low
resolution and accurackepresent a major practical problefas reviewed in
Moulatlet et al. 2017. One of the challenges to quantify soil properties is the
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spatial scalewhich they operate. The most commonly used soil maps are the
Harmonised World Soil databagdWSD; Nadtergaeleet al. 2012 and theSoil

Grid map(Henglet al. 2014 Henglet al. 2017 which havespatial resolutiosof

1 km and 250 m respectively. Howevenlike climate datathat can bemore
readily interpolagd soil properties are not continuous space and vary at small
spatial scales 00D.1-1 km, limiting the spatial accuracy othese mapsAn
additional limitation on usig largescale soil maps are theariables that are
availableto useas a proxyfor soil fertility (Lloyd & Veenendaal 2016Vioulatlet

et al.2017. In particular,Soil Grid provides cation ex@ngeable capacity (CEC)

as a proxy forsoil fertility. CEC combine informationabout the concentrations

of different soil cations (e.g. calcium, magnesium, potassium, and aluminium) in a
single index and does nptovide information on specific soil nutrientsBecause
CEC includes thecontribution of potentially toxic aluminiumions, it does not
provide an ecologicbl relevant variable to infer soil fertility in tropical forests
(Lloyd & Veenendaal 201@Moulatletet al.2017). Moreover, anumber ofstudies

have shown that phosphorus is the most relevant edaphic property associated with
ecosystem functioninfAragaoet al. 2009 Clevelandet al. 2011, Mercadoet al.

2012, Quesadeet al. 2012 and soil phosphorusgs not available in any of the
largescale digital maps. Although edaphic variablesat a local scaleare
challenging to collect, ecologidglrelevantsoil properties are difficult testimate

without directlocal measurmens.

1.12 Datasources

1.12.1 Inventory data

This thesisusedtree inventory datavailable from ForestPlots.nghroughthe
RAINFOR project (Amazon Forest Inventory NetworkLopezGonzalezet al.
2009. Forest plots wes establisbd during 195-2010across the major climatic
and edaphic gradiemin the NeotropicgFigure 1.1) Each plot includes living
trees O 10 records of irea mertality randentifications of recruits

using uniform and standardized protocdlse number of plots used in each data
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chapter varied according to the sien criterion for each analysiFor Chapter

2, 1 used 577nventory plots in closedanopy foresplots In Chapter 31 used 90
plots fromlowland moist forests owell-drainedsoils across the Amazon Basin
Lastly, in Chapted, | used 78&lotsincludingthe Amazon and adjacent biomes.
(Appendix 1- pleasesee detailed methedin each chapter for thepecific
reasoning andelection criteafor each analys).

1.12.2 Environmental data

In order to understand the role of environmental variatieexplaning theresults
found herefor each plotl used temperature and precipitatdetaextracted from
the WorldClim datase(Hijmans et al. 2005, cumulative water deficifthe
difference betweeb precipitation and evapotranspiration) €baveet al. (2014
and soil datdrom Quesadaet al. (2010. All climate variables (i.eprecipitation,
temperatureand cumulative water defigitare derived from interpolations of
monthly weather station data from 1950 to 2000 at a resolution of.1Roil
sampling was carried out following standard protectétailed describedvy
Quesadaet al. (2010. Here | used soil data fro-30 cm depticollected in 160
forest plots. From homogeneous plots with flat topography 5 soil samples were
taken across the plot. In areas with higher spatial variabilityoup2 samples

were taken within the pldQuesadat al.2010.
1.12.3 Phylogeneticdata

In order to understand the role of evoluti@n present dayatterns ofdiversity
and carbon processing and stordgesed different sarces of phylogenetic data.
In Chapter 21 used a recently developgegnuslevel phylogeny of tropical trees
(Dexter & Chave 2016andspeciedevel phylogenies ofhe genudnga (Dexter
et al.2017) andthe tribeProtieagBurseraceag)Fineet al. 2014). For Chapters 3
and 4, | developed a new time calibrated molecular gesued phylogenybased
on two chloroplast DNA gene regiormbcL andmatK The phylogenycomprises
1122 genera found in South America tree communities and inclatasajor
angiosperm clades (details of tieethods ofphylogenet reconstruction are

given n Chapter 3)
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The main analyses in this thesis were done at giewes due to the availability of
the phylogenetic data at this taxonomic scaost angiosperm phylogeniese
poorly sampledat the specia-level (Nieto-Blazquez et al. 2017 and the
relationships betweemany species are still unresolvdtiodkinson & Parnell
2007). Thus, generating a speciesel phylogeny considering the high diversity
of the Amazon and adjacent biom&entry 19821988h ter Steegeet al. 2013
would be unfeasible in the tirfeame of this thds. A possible alternative
approach wouldhave been to use the genukevel phylogeny, butinclude
polytomieswithin each genus to includbe specieswithin eachclade(e.g.Kress
et al. 201Q Uriarte et al. 201Q Jet et al. 2012. However this approactcould
strongly inflate estimates ofphylogenetic signa(Davies et al. 2012 Molina-
Venegas & Rodriguez 201and underestimate phylogenetic divergBwenson
2009, leading to misleadg interpretations of many ecolagil and evolutionary
processes.

1.13 Researchaim and objectives

1.13.1 Thesisaim

The introduction and background above have showahttie legacy of historical
processes on present day patteofs diversity, their respective functional
characteteristics, and ecosystem functiomgrgains largely unexplored in diverse
tropical forests. In thishesis | focus on investigating thiegacyof evolutionon

the current patterns of biodiversity, carbon processing, and storage in tropical

forests.
1.13.2 Thesis objectives

Objective 1: Explore the extent to which closely related lineages share similar

abilities to process and store carbon

1.1 Compile wooddensity data and calculate hFastory traits (i.e. potential size,
maximum and mean growth and mortality rates) using data from a large network

of inventory plots across the Neotropics
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1.2 Examine how different traits associated with carlpoocessing and storage
are correlated

1.3 Quantify the phylogenetic signaf the different traitdo determine how the
variation inthe ability of differenttaxa to process and store carbon is correlated

with their phylogenetic relatedness.

Objective 2 Test the association between taxonomic and evolutionary
metrics of diversity, and two key measures of ecosystem functionwood

productivity and aboveground biomass

2.1. Estimate common and phylogenetic diversity metrics for tropical tree

communitiefrom permanent inventory plgts

2.2 Calculate wood productivity and carbon storage for the same tropical tree

communities

2.3 Compile environmental variables that directly affect carbon processing in
tropical forests (i.e. soil and climate)

2.4 Compile tinctional attributes that are associated with carbon processing and

storage (i.e. mean wooeisity and potential tree size);
2.5. Assess the effect of tree diversity on carbon uptake and stocks

Objective 3 Investigate the role of evolutionin shaping ervironmental
preferences in tropical forests

3.1 Compile the abundance of taxa within each tropical tree community from a

large forest plots network

3.2 Calculate the temperatyprecipitation,and edaphic niche preference for each
taxon across the Neoftics

3.3 Investigate how the preferences for different environmental gradients are

correlated

3.4 Quantify the extent to which closely related taxa occupy similar habitats
usingdata orntemperatureprecipitation,andsoil variation through:

3.4.1Quantifying the phylogenetic signalf theseenvironmental preferences

38



3.4.2 Comparinghe fit of four different evolutionary model@/Nhite-Noise,
Brownian motion, OrnsteirUhlenbeck and Lambda) for the environmental

preferences

3.4.3 Investigatingdisparity of environmental preferences through time
explore the variation for the environmental preferences anuteddesversus

within clades

3.5 Compare the strength of PS across different environmental variables
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Chapter 2 : Evolutionary heritage influences Amazon tree ecology

Abstract

Lineages tend to retain ecological characteristics of their ancestors through time.
However, for some traits, selection during evolutionary history may have also
played a role in determining trait values. To address the relative importance of
these processes requires lasgale quantification of traits and evolutionary
relationships amongst species. The Amazonian tree flora comprises a high
diversity of angiosperniineages and spees with widely differing lifehistory
characteristics, providing an excellent system to investigate the combined
influences of evolutionary heritage and selection in determining trait varidtion.
used trait data tated to the major aseof life-history variation among tropical
trees (e.g. growth and mortality rates) from 577 inventory plots in cloaseopy
forest, mapped onto a phylogenetic hypothesis spanning >300 genera including all
major angiosperm clades to test for evolutionasystraints on traitsl found
significant phylogenetic signal for all traits, consistent with evolutionarily related
genera having more similar characteristics than expected by chance. Although
there is also evidence for repeatalution of similar, piorer and shade tolerant
life-history strategies within independent lineages, the existence of significant
phylogenetic signal allows clearer predictions of the links between evolutionary
diversity, ecosystem function anithe response of tropical forests ghobal

change.
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2.1 Introduction

Evolutionary heritage may act as a major constraint on the ecological roles that
species in a lineage can occupy. Even under a random model of trait evolution
where functional traits drift in state over timegea Brownian mtion model), it

is expeced that closely related speciémve similar functional trait values and
similar ecologies due to their shared common ancéBiigmberget al. 2003

Losos 2008p However, both divergent selection and convergent evolution lead to
weaker relationships beter species relatedness and their ecological similarity
(Blomberget al.2003 Revellet al.2008 Crisp & Cook 2012 Hence, although it

is often assumed that close relatives are more similar because they retain the
ecological characteristics of their ancestors, in many clades the ancestral characte
state may not be conserved. Thus, rather than being simply assumed, the tendency
of closely related species to have similar ecological characteristics needs to be

tested.

The strength of the link between trait variation and phylogenetic relatedness has a
wide range of implications for understanding ecological and evolutionary
processes and can be measured by the magnitude of phylogenetic signal (PS)
(Blomberg et al. 2003 Losos 2008a For example, if a selected trait has
significant PS, the relatedness of species can help tostaddrthe underlying
mechanisms that drive community structvéebb et al. 2002 Baralotoet al.

2012 Yanget al.2014. The presence of significant PS also suggests that the sum
of phylogenetic distances among species that occur within a community (i.e.
phylogenetic diversity) is a useful proxy for functional diversity and that, in turn,
phylogenies of tree taxa may contribute to understanding ecosystem function
(Cadotteet al. 2008 Cadotte 2018 In addition, if trait values are more similar
than expected byhance among closely related lineagésyill be possible to

predict the trait values for species wiénmait data are not available.

To understand the relative importance of evolutionary heritage versus selection in
determining trait variation requires r¢gge-scale quantification of traits and

evolutionary relationships amongst species. The Amazonian tree flora comprises a
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high diversity of angiosperm lineages and species with widely differing life
history characteristics, providing an excellent system rwoestigate these
processes. Previous studies of the degree of phylogenetic signal among traits of
tropical trees, such as seed mjadeaf structure and chemistrytrunk
characteristics and range size, have shown variable rébuitste et al. 201Q
Baralotoet al.2012 Yangetal. 2014 Dexter & Chave 2016 For example, some
studies show significant P@aralotoet al. 2012 Yang et al. 2014 Dexter &
Chave 201§ while for the same traits other studies have failed to detect any PS,
with closely related species exhibiting ratlufferent trait valuegUriarte et al.

201Q Fanet al. 2012. A key limitation of many of these studies is the limited
spatal and phylogenetic scale of study, as well as the resolution of the phylogeny
that they have useDavieset al. 2012. Here, Iexplore patterns of PS at large
spatial ad phylogenetic scales using a sequdmased phylogeny to test whether
there are significant levels of PS for four key traitatexl to the major axes of
life-history variation among tropical trees: tree growth and mortality rates, wood
density and potdral tree size. These traits are related to resource acquisition and
allocation, defence, and dispersal abi(ihquistet al. 2007 Swenson & Enquist
2007 and represent important axes of functional vanmtihich drive variation

in plant performance and function in many ecosyst@dascimentcet al. 2005.
Moreover, those traits are strongly related to differences in carbon fluxes and
storage among speci@Sausett al. 2015. As a result, understanding PS in these
traits may help to understand and model ecosystem processes in such highly
diverse tropical forests such as Amazonia, Whitay harbour more than 16,000

tree speciefter Steeget al.2013.

Studying PS at large spatial scales is important because the scale of study affects
the strength of PS. At small scales, patterns of PS can be obscured beeause co
occurring species represent just a small fraction of the species richness of clades
(Krasnovet al. 2011, Burns & Strauss 2032 Small spatial scales encompass
limited environnental variation, so the species pool is limited to representatives of
different lineages that may have similar ecological traits and environmental
requirements: this pattern results in a lower range in traits and low PS. The
strength of this effect depends how environmental variability changes with
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spatial scale, on the degree of habitat specialization by species and the proportion
of clades that are sampled in srsdhle studie§Baralotoet al.2012 Yanget al.

2014. However, in general, larger spatial scales incorporate greater
environmental heterogeneity and encompass a larger number of lineages with a
wider range of trait values. Inferring patterns of PS that are more represeotative
evolutionary trends therefore typically requires measurement across large spatial
scales, including a wide range of environmental conditions and taxa from a broad

array of clade¢CavendeBareset al.2009.

The patterns of PS also depend on traits under investigation and their specific
evolutionary history. Some traits may exhibit phylogenetic conservatism where
traits in specific lineages are constrained to certain trait values. Fompkexam
complex traits, such as growth and mortality, may depend in complex ways on
multiple, interacting gene lo¢EIl-Lithy et al. 2004 Conner & Hart 200bwhich

Impose strong constraints on trait variation. Alternatively, traits may show no PS
because they are under strong selective pressure and/or because they show
phenotypic plasticity in response to environmental condit{@eber & Griffen

2003 Burns & Strauss 2032

Here, luse a large dataset of several hundred permanent forest plots that occur
across a wide range of the environmental conditions from all nine Amazonian
countries(LopezGonzalezet al. 2011), to quantify key demographic traits of
more than 300 lineages of tropical trees, and explore the PS of these traits using
recently published molecular geru®exter & Chave 2016and specietevel
phylogenies(Fine et al. 2014 Dexteret al. 2017). By exploring how traits are
correlated and the strength of P8y goal is to address the fundamental question

of whether repeated convergent and divergent evolution efiktery strategies

has erased phylogenetic signal for -lifistory-related traits in tropical trees, or
whether phylogenetic information can be usedinderstand ecosystem function

in the worl dés most diverse and ecol ogicall
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2.2 Methods

2.2.1 Plot data

This study used inventory data from al/|l
in 577 forest plots from the RAINFOR forest pletwork Figure 2.1 Appendix

1) across lowland closezhnopy South American tropicirests. This network is

centred on Amazonia and includes plots in forests on the Guiana Shield, in the
Choco and northern South America; however, hereafter for simplicgfer to

this sampling region as OAmazoni ab. Pl ot
forests and range in size from 0.04 to 25 ha (most being 1 ha). They span a
precipitation gradient from 1300 to 7436 mmtyHijmanset al. 2005, a broad

range of soil typegQuesadeet al. 2010 Quesadeet al. 2012, and are found

below 500 m in elevation. Data were extrachenin the ForestPlots.net database

which curates treby-tree records from RAINFOR and other plot networks

(LopezGonzalezt al.2009 LopezGonzalezt al.2017).
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Figure 2.1 Map of location of 577 selected plots in lowland tropical South Amerieaa
backcloth of the precipitation gradient (Annyakcipitation, from the WorldClim dataset). The

map shows plots, with annual precipitation greater than 1300 mm gedraltitude less than 500

m. Yellow circlesi single census, plots used exclusively for wood density atehfial tree size;
redcirclesi multi censuses, plots used for wood density, potential tree size, growth and mortality
rates.

For produdlity and mortality analyses, used a subset of 257 repeated census
plots with a minimum monitoring period of 2 years from 1962 to 2014. Mean
cersus interval length is 4.4 years and plot mean total monitoring period is 9.9
years. During each census, all surviving trees and palms were measured, dead
trees weredocumentedand new trees with O 10 c¢cm dbh
detailed measurement metlsoénd plot characteristics have been previously
published (Baker et al. 2004a Phillips et al. 2004. All recorded species and
genus names were checked and standardized using the Taxonomic Name
Resolution ServicgBoyle et al. 2013. All trees and palms madentified to

genuslevel were excluded7.9% of stems).
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2.2.2 Trait data

Trait mean values of potential tree size, mean and maximum growth rates,
mortality rates,and wood density were calculated at both the genus and species
level. Main analyses were perfoed at the gend®vel and covered all genera
present in a recently published geierel phylogeny for Amazonian trees
(Dexter & Chave 2016 Speciedevel trait data for those clades whdréad
speciedevel phylogenies with sufficient sampling of specieshiadataset (>20
species): Burseraced€ineet al. 2014 andInga (Dexteret al. 2017, were used

to investigate whether patterns of PS at the gé&we were consistent with
species level patterns. Speelegel trait data wre also used to account for
intrageneric variation in the genlevel analyses of PS: the speeiegel data
wereused to calculate the standard error of each trait within each gedukese
values were incorporated into the calculations of PS (described hidewet al.
2007. In the method®elow, all the details are given for trait values calculated at

the genudevel; similar calculations and methods were used at the specats

Potential tree sizanean,and maximum growth rates were all calculated in terms
of tree diameter, basalrea, and biomass for each genus with at least 20

individuals across multiple censuses.

Potential tree size was estimated as tHe@5centile of the size distribution of all
trees within each genus. For tsewith multiple measurements,sklected the
maximun size across different censuses to define these distributioes.
aboveground biomass (AGB) per stem was calculated using tkeopécal, three
parameter allometric equation (diameter, wood density Bndf Chaveet al.
(2014, which assumethat tree diametehneight relationships depend linearly on
bioclimatic variablesK), whereE is a measurement of environmental stress based
on measures of temperature seasonality and precipitation seasonality derived from
the WorldClim datasgtHijmanset al. 2005 and a measure ofutnulativeWater
Deficit extracted from a global gridded datagéhaveet al.2014). Palm biomass
was estimated using a pabpecific allometric equation based on diameter
(Goodmaret al.2014.
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For each genus, domputed both mean growth rate and th& @&rcentile of
growth rates, to represent maximum growth rates within each genus, across all
stems. To calculate these parameters, mean-lstexh growth rate was first
estimated as the mean growth per year acrosltiple censuses and maximum
stemlevel growth as the maximum growth rate per year calculated across
multiple censuses. Trees with mean negative growth rates (0.9% of stems) were
excluded in order to normalize the ddtamilar to Feeleyet al. 2007). Palms,

which do not have secondary growth, nine trees exhibiting diameter growth
greater than 80 mm yrwhich likely representecording errors and stems where
diameter measurements were not made using a tape measure (0.12 % of all stems)
were also excludedIf a change in the point of measurement (POM) was made
during the measurement record of any given tree, tiroateswere calculated

using the arithmetic mean of the diameter measured at the original POM and the
diameter at the new PO albotet al.2014).

Mortality rates were estimated for all genera with a minimum of 100 individuals

in the plot databased on the number of individuals found @lia the initial and

final censuses of each plot. To estimate average mortality rates within each genus,
the survival probability of individual trees within each clade was modelled as an
exponentially declining function of the monitoring period whilst actng for

variation in tree sizélLineset al.201Q Bakeret al.2014).

To account for the wide range of environt@rconditions across plotigure
1.2), I used mixed models to calate genudevel values of potential tree size,
mean and maximum growthates and mortality rates whilaccounting for
systematic variation in these parameters among (Batkeret al. 2014 (pleas,

see detailed methods for calculating trait intrinsic valugpendix 2.).

Wood density data were extracted from the Global Wood Density database
(Chaveet al. 2009 Zanneet al. 2009 and average values calculated for each

genus inthe phylogenyBakeret al.2004h.
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2.2.3 Trait correlations

To identify relationstps amongst gentlsvel traits | conducted a Phylogenetic
Principal Component Analysis PPC@Revell 2012 including genera where a
complete set of trait datavere available PPCA incorporates the expected
correlation among traits due to their shared evolutionary history into the principal
component analysgfevell 2009. Trait valueswere standardizedo a mean of

zero and unit variance to sure that each trait contributed equally to the PPCA.
2.2.4 PhylogeneticSignal

In order to estimate phylogetic signal (PS) for traits, i sed Bl ckmber goés
(Blomberg et al. 2003. This metric quantifies the amount of variance in an
observed trait in relation to the expected trait variance und@iamodel of
evolution(Blomberget al. 2003 Losos 2008aRevell et al. 2008 Crisp & Cook
2012). Under this model of evolution, traralues drift randomly over time, with
small changes being more likely than large changes within a given unit of time
(trait values atitare chosen from a normal distribution centred on the trait value
at t). This model generates trait data where theadamce among trait values for
taxa is proportional to the duration of their shared evolutionary higReyell et

al. 2008. Values ofK equal to O indicate that there is no phylogenetic signal,
whilst K equal to 1 indicates high phylogenetic signal and is the expected value
under aBM model of evolution. Intermediate values (0 < K < 1) indicate
intermediate levels of phylogenetic signdlo assess significance iK, |
recalculatedK on the tree with randomized tips a thousand times, and compared
the simulated values with the observed valueKoflf the observed value fell
outside the range given by 293.5 percentiles of the simulated weas, this value

was considered significant.

| accounted for intrgeneric trait variation in the calculation Kfby measuring

the standard error for each genus, treating individual genera as species and
intrageneric variation as intraspecific variatsmnsu(lveset al.2007). For genera
where the standard error could not be computedsigned the mean value of the

standard error for all genera with estimates for multiple spébres et al. 2007).
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Including this withingenus variation allows to account for uncertainty in trait
estimation (e.g. population variation and measurement error), improve parameter
estimation and reduce bias in the calculation of Bil8mberget al. 2003 Ives et

al. 2007.

lal so cal cul at eadFreekitonetsal. 20Q inPaley &lexpkre
whether results were dependent on the particular method used to calculate

phylogenetic signalAppendix 2.3.
2.2.5 Sensitivity analysis

To investigate whether results were affected by the spatial scale of $tudy,
repeatedthe analyses using 26 plots within 55 km of each other near Manaus.
Similarly, to verify whether results were affectedtbguse of genudevel data)
conducted the sae analyses at the species level for the gdnga and the
Protieae (Burseraceae). Likewise, to investigate whether the number of lineages
included in the analyses affected the extent of IF8peated the calculations of

PS with just the genera with amplete set of trait values (214).

Statistical analyses were performed in the R 3.1.1 pro@faan 2014, using
ape (Paradiset al. 2004, phytools(Revell 202) and data.tabléDowle et al.
2014 packages.

2.3 Results

2.3.1 Trait data

All traits measured varied substantially among ger{€able 2.1; Figure 2.2):
wood density varied eigtibld, potential size in tree diameter-idd, potential
size in biomass 81fbld, maximum growth rates in tree diameterf@Ri, mean
diameter growth rates 3bld, and mortality rates 2#wld. Overall, the trait
valuesafter correcting for environmental variati@amd those estimatedirecty

from the database without accounting faariation amongplots were highly

correlated witheach other (p<0.00in all casesand U r angi0d®y from O.
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Table 2.1 Summary of trait datacluding number of genera per trait, number of species, and nhumber of individuals used for selection criterion, minimnuumm max
and mean trait values per genera. In addition, phylogesignal for absolute trait values, accounting for intrageneric variation, environmental variation, and both
environmental and intrageneric variation. Phylogenetic signal measured using

Phylogenetic Signal K)

Intrageneric variation
no yes no yes
Environmental variation

. . . Ne° Ne°
o
Traits Units  N°ind Genera  Species Range Mean no no yes yes
c}’voo.d wd g.cn? - 497 1324 0.151.21 0.61  0.26%*  0.30%** - -
ensity
Maximum diameter cm 244362 383 1412 14.5171.1 4590 0.23%*  0.31%*  0.20%*  0.20%*
Maximum diameter * wd - 244362 383 1412 4.94154.69  28.08 0.27**  0.34%* 0250k .32k
Potential _ m2 244362 383 1412 0.022.3 021  0.23%*  0.31%  0.21%  0.26%**
size Maximum basal area
Maximum basal area * wd - 244362 383 1412 0.01-0.13 0.13  0.26%*  (0.32%*  (.23%*  (.20%*
Maximum biomass kg 244362 383 1412 54.6344443.1 2760.6 0.25%*  (.28%* (220  (28%*
Maximum growth indiameter ~cm 134303 329 1024 0.194.38 0.93 0.19%*  (.25%*  (18%*  (.25%k*
Maximum growth in basal
aron m? 134303 329 1024 0.0030.03 0.005  0.22%  (.32%*  (Q.21%*  (.20%*
Growth  Maximum growth in biomass kg 134303 329 1024 0.21-95.23 6.17  0.25%*  (0.30%*  (.23%* (.33
faleS  Mean growth in diameter cm 133656 327 1000 0.051.74 0.26  0.18%*  (0.25%x  (.19%*  (0.20%*
Mean growth in basal area m? 133656 327 1000 0-0.01 0 0.20%%*  Q.27%*  0.19%* (. 20%k
Mean growth in biomass kg 133656 327 1000 0.1521.76 1.67  0.23%*  0.30%*  (0.19%* (.25
Mortality Mean stem mortality % 156495 221 306 0.0410.98 1.08 0.17* 0.25* - -
PPCA1 - - 214 - - - 0.18* - - -
PPCA2 - - 214 - - - 0,21 %%+ . . i
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Figure 2.2 Phylogeny (based orbcL and matK plastid gene) of 497 Amazonian tree and palm
genera. Number of genera varied in the different phylogenies according to the selection criterion
for each trait (see Material and Methods). Btaas are coloured according to (a) wood density
(wd g.cn?), (b) potential tree size in diameter (Max D cm), (c) maximum tree growth in diameter
(Max gr cm?) and (d) mortality rates (%?). Continuous traits were coloured using a continuous
colour gradiet, with colour codes indicate the wide range of trait values, from blue to red,

indicating higher and lower trait values respectively. Phylogenies for each trait with all tips

labelled are available ithe Appendix 2.3.
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2.3.2 Trait relationships

Trait assomtions among lineages were analysed with a phylogenetic principal
component analysis (PPCA). eighityee percent of the variation ihet four
dimensional space was accteoh for by the first two axe@-igure 2.3) The first

axis (PPCA1) explained 52.8%f @¢he variation and shows strong positive
loadings for mortality andnaximum growth rates, whilst wood density was
negatively associated with this axi8ppendix 2.4. PPCAlthus represents a
continuum from pioneer and light demanding lineages with low wood density and
fast demographic traits (e.g. high mortality and growth rates) teprwreer
lineages with high wood density and slow demographic rates. The second axis
(PPCA2) explained 30.5% of the variation and was associated more closely with
potential tree size, and reflects the variation from individuals of understory

genera, to individuals of canopy and emergent linedggsre2.3).
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Figure 2.3 Phylogenetic Principal Component Analyses (PPCA) for the first two principal
componentsith PC loadings for the four tita studied hereWWood density potential treesize in
terms of diameter (MaDiamete), potential growthates in terms of diameter (Max. growth jate
and annual mortality rates (Mortalitgite). Points represent 221 genera of trees; position of 22 key

genera marked in bold and named.

2.3.3 Phylogenetic signal

All traits and the first two PPCA axes exhibited significant PS, with closely
related genera being more similar than expected by chance, usihey e
Bl oombk{aplé 2) or B-@Appendi® 2.2. Because estimates of

Pagedadrd Bl o Kbaeersgangly correlated and most studies of
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phylogenetic signal in tropical trees have focused orKtimeetric rather thare:

results and discussi@re focused n t he cal cul at Kealus. usi ng E

Traits showed significant and similar values Kgrvarying from 0.25 to 0.39 and
from 0.18 to 0.27, with and without accounting for intrageneric variation
respectively. ThesK-values indicate tt evolutionarily related genera tend to be
more similar to each other, but less than expected under a BM model of evolution
(Table 2.). Finally, removing the environmental contribution to trait variation did

not substantially alter the magnitude of Hal{le 2.).
2.3.4 Sensitivity analyses

Although selecting just the Manap#ot data significantly reduced the number of

genera, species, and individual trees included in the analyses, PS at smaller spatial
scales showed similar patterns to PS calculated usinghble datasetAppendix

2.5). Similarly, reducing the number of lineages to gerferawhich all trait

values were available,showed congruent patterns of PAppendix 2.5. In

addi tion, al | traits showe &vaesrforjusar or s
Ingaor Protieae than for all taxa togeth@ppendix 2.5.

2.4 Discussion

This is the first study, tony knowledge, to investigate the extent of phylogenetic
signal (PS) for traits that quantify the main axes of-hifgory variation in
sunvval and growth of trees at such a large phylogenetic and spatial Sbale.
results presented herdemonstrate that for Amazonian forests, closely related
genera have similar lifaistory strategies, with all traits showing similar levels of

PS Table 2.1 Figure 2.2, Appendix 2.5. Thesimilar level of PS found across all

the different, correlated traits suggds that the main axes of Hfestory variation
among lineages of Amazonian trees may represent the result of repeated evolution

of a suite of coatinated functional characteristics.
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2.4.1 Relationshipsamongst Traits

Strong correlations amorigpits were represented by two major axes of variation,
which are likely to be associated with adaptations to horizontal and vertical light
gradients. Ecological tferences among species adapted to gaps versus the shaded
understory or to the understory versus the canopy areestablished as the
principal axes of functional variation among tropical forest tree spéoerssiow

1987 Kitajima & Poorter2008. The first axis runs from pioneer and light
demanding genera with low wood density and fast demographic traits (e.g. high
mortality and high growth rates) to shade tolerant genera with heavy wood and
slow demographic traits. The second axis representatiear in tree size and
contrasts understorey genera, from lineages of canopy trees. For example, these
axes distinguisiCecropiaandCroton classic pioneers with low wood density and
fast demographic traits, frorHlirtella - a typically densevooded and lew-
growing understory genus of trees. Lineages of emergent trees which all achieve
very large potential tree sizes (eBgrtholletia Ceibg Hura, Dipteryy, are also
distinguished in this analysis by their different wood densities and growth rates
(Figure2.3).

2.4.2 PhylogeneticSignal

The results in this chapter demonstrate significant levels of PS among
demographic and structural traits of tropical trees, with Bloglid§ ranging

from 0.25 to 0.39This pattern suggests that evolutionary relationships provide
useful information about the ecological similarity of these lineages. However,
while the analyses of PBresented hershows that evolutionarily related lineages
have more similar traits than expected by chance, their values are lower than
expected under a pure BM model of evolutidalfle 2.1; Figure 2)2under which
K-values would be close to 1. PS can be lower than expected under BM if there is
convergent evolion across distantly related lineages and/or divergent selection
among closely related groufiRevellet al.2008 Crisp & Cook 2012. This result
therefore suggests that there has been repeated convergent evolution and/or

divergent selection, along the two main axes of variation identified by the PPCA
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analysis Figure 2.3). This finding suggests that adaptations to light gaps, or
understorey and canopy light environments, have repeatedly evolved within
multiple lineages of tropical trees as shown by the different pioneer and shade
tolerant genex within a series of unrelated families (e@ecropia versus
Brosimum(Urticaceae/Moraceae)/ismia versusCalophyllum(Clusiaceae), and
IngaversusDipteryxParkia (FabaceagFigure 2.2.

2.4.3 Sensitivity analyses

The PS found here for trees across lowland clasewpy South American forests

is generallystronger than previously reported in the literature for tropical forests
in smallerscale analysesAppendix 2.9. In previousstudies, some traits showed
low but significant PS(Baralotoet al. 2012 Yanget al. 2014 Dexter & Chave
2016, while others have even found that traits are randomly dispekadthe
phylogeny(Uriarte et al. 201Q Fanet al. 2012). Howe\er, althoughK-values are
standardized to allow comparison between traits and phylogenetic trees
(Blomberget al. 2003 Revellet al. 2008, direct comparisons of PS are affected
by differences in the spatial and taxonomic scale of thdies, the number of

lineagesand the use of different kinds of phylogenies.

A first issue for comparing the extent of PS among studies is variation in spatial
scales. However, heteshow that the higher PS in the present studyigely to

be an artefct of the largespatial scalaused hererestrictingthe analyses to 26
plots around Manaus shows consistent patterns, with similar levels of PS for all
traits compared to analyses for thikeole Amazon Appendix 2.9.

Secondly, different numbers of lineages in different studies may play a role in
determining variation i n t (Kesefiolentatnt of
detecting the strength of similarity among closely related lineages for sample sizes
greater tAn 20(Blomberget al. 2003, the ability to detect different levels of PS

may increase with larger sample siZ&amilar & Cooper 201B In order to

address this issué,conducted a set of analyses restricted to genera for which all

trait valueswere availabl€214 genera). Since estimateoére highly consistent

when fewer generavereincluded (Appendix 2.9, it appearghat the number of
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lineages is unlikely to have caused the observed trends of high levels oftR& for

traitsinvestigated here

Thirdly, most previous studigtriarteet al. 201Q Baralotoet al.2012 Fanet al.

2012 Swensoret al.2012 Yanget al. 2014 were conducted at the speclesel,

and taxonomic scale can also affect the degree of PS. Phylogenetic signal in any
trait may vary at dferent taxonomic scales; a single trait can have high similarity
at one level (e.g. genus level) but this pattern can break down at higher or lower
taxonomic levels(Kamilar & Cooper 2018 Here, the phylogenetic signal of
these traits at the species level within the Protieae laga were similar or
slightly greater than for the genlevel results Appendix 25), suggestinghatthe
results reported herre consistent at finer taxonomic levels. However, sihee
analysesonducted herat low taxonomic levels were limited to two lineages it
remains to be fully tested whether the resntteed holds within all clades of

Neotropical trees.

Finally, the use oflifferent kinds of phylogenies is likely to affect the extent of
similarity among related species that is reported in different studgsefdix

2.6). Much previous work was carrienut using communityevel phylogenies,
restrictedto locally ceoccurring specie¢Baralotoet al. 2012 Swensonet al.

2012 and in many cases using unresolved phylogenies with relationships
represented as polytomi€¢sanet al. 2012. Such community level phyloges

may lack sister lineages for many clades that may be critical to effectively
measure PS. In addition, the use of trees with many polytomies, e.g. those which
add genera and species as polytomies onto backbone fawelytrees\Webb &
Donoghue 200§ leads to uncertainty in phylogenetic signal estimfdesieset

al. 2012. More importantly, phylgenetic sampling may play a major role in
determining the extent of PS. Although the genus level phylogeny used here is far
from completethe analysesconducted herejo encompass a far wider range of
lineages than previous studies, including the majgrasperm lineages present in

the Amazon basin.

Our results demonstrate that there is significant PS for key demographic and

structural traits in tropical forests. This finding opens the way for clearer
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predictions of how evolutionary diversity relates ¢oosystem structure and
function, and how different drivers will, in turn, affect the evolutionary diversity
of Amazonian forests. For example, this study suggests that comrwirety
measures of evolutionary relatedness among species are likely to He goo
predictors of the structure and functioning of these ecosyst€axotteet al.

2008 Cadotte 2018 These results also indicate that changes in environmental
conditions or disturbance regimes that favour particulathigeory straegies will
ultimately erode evolutionary diversi{antoset al. 2014 Ribeiro et al. 2016,
although the presence of some convergent evolution across lineages may prevent
significant loss of phylogenetic diversity over some scales of anthropogenic
disturbancgArroyo-Rodriguezet al. 2012). Resultsreported herenay therefore

help to resolve why different studies of the effect of disturbance on phylogenetic
diversity have obtained contrasting resgfsroyo-Rodriguezet al. 2012 Ribeiro

et al.2016: in particular, this study suggests that investigatiegRB of traits that
influence species ability to persist after disturbance within the species pool of
interest will be critical to understand how disturbance will alter phylogenetic
diversity. Finally, theseresults also suggest that any lelegn changesn the
evolutionary diversity of intact Amazonian forests may help to uncover functional
shifts in these diverse ecosystems. Overall, the phylogenetic structure-of life
history strategies within Amazon tree communities described in this study helps to
provide a predictive framework to understand how such complex systems will

respond to global chargand anthropogenic disturbance.
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Chapter 3 : Impacts of tree diversity on tropical forest

function

Abstract

Higher levels of taxonomic and evolutionary diversity are expected to boost
ecoystem function, from both theorethicahd experimental studies. However,

the relative importance of these different aspects of diversity for driving variation

in ecosystem function at large scales in diverse forest ecosystems has not been
explored. Here, using 90 inventory plots across lodilégrra firme Amazonian
forests, and a new molecular phylogeny including 615 angiosperm génera,
investigated the association between taxonomic and evolutionary metrics of
diversity, and two key measures of ecosystem function, wood productivity, and
aboreground bi omass, for the worl dibs | ar gt
show that both taxonomic and evolutionary diversity are significant independent
predictors of wood productivity: Amazon forests that contain more evolutionarily
distinct lineagesnd a higher proportion of rare species have higher productivity.

In contrast, diversity was not an important predictor of variation in biomass
probably because variation in tree mortality rates, rather than wood productivity,
largely determines biomasstosks. These results demonstrate how the
evolutionary relationships of tree species in diverse forest stardsletermine
ecosystem function. Aghe models accounted for wood density and tree size,
resultsfound hereindicate that additional evolutionarilcorrelated traits, which
remain to be identified, have significant effects on biodivemsitysystem

function relationships in tropical forests
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3.1 Introduction

Different dimensions of biodiversity can play important and indep@nabdes in
determining ecosystem functigiMaherali & Klironomos 2007 Cadotteet al.
2009 Cadotte 201B In experimental studies of temperate grasslands, higher
levels of taxonomic and evolutionary diversity are assediawith increased
ecosystem functioiCadotteet al. 2008 Cadotteet al. 2009 Cadotte 2018 In
particular, because evolutionarglissimilarity is hypothesised to relate to niche
complementarity, the amount of evolutionary diversity, measured by the
evolutiorary history represented within a group of species, is a better predictor of
productivity than the number of specig€adotteet al. 2008 Cadotteet al. 2009
Cadotte et al. 2013. However, the extent to which evolutionarily diverse
communities maximize function at large scales in complex tropical forest
ecosystemgemainsto be explored. Equally, the importance of evolutionary
diversity compared to traditional taxonomic measures remains unknown for the

worl dés most diverse ecosystems.

The amount of evolutionary history represented by species within a community
and how that evolutionary history is distributed among individuals and species
may be useful predictors of how diversity affects ecosystem function because it
tends to reflects mnotypes of multiple ecological traifd/ebb200Q Webbet al.

2002 Srivastaveet al. 2012 Coelho de Souzat al. 2016, including those that

are extremely difficult to measure. For instance, in an experimental study of
grassland communities, evolutemy diversity was a better predictor of
productivity than some easily measured functional traits (e.g. specific leaf area,
seed weight and height), suggesting an additional contribution of unmeasured
traits that are significantly related to phylogeny, sashroot architecture or root
morphology, on shaping complementary functions and maximizing productivity
(Cadotteet al. 2009. As a result, evolutionary diversity metrics may be a
particularly useful way to understand how diversity influences ecosystem function
in hyperdiverse communities, especially where identifying and measuringyhe k
traits for all species is difficult. Howevealthough a wealth of functional traits
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that might shape ecosystem function have been recently collected in such diverse
forest s, only easy to measure Osoft tr
density(Chaveet al. 2006 Baralotoet al. 20108 have generally been included,

and the link between these traits and ecosystem functions such as productivity is
relatively weak (Fausetet al. 2015. Evolutionary diversity metrics might
encompass the breadth of functional diversity that has not been measured across
this hyperdiverse region and therefore may be more informative about how much

species contribute to ecosystem function

The evolutionary diversity of a community can be measured in different ways to
reflect distinct aspects of biodiversiiiyaith 1992 Webbet al. 2002 Tuckeret al.

2016, and these metrics may adllate in different ways to vatian in functional

traits, life-history strategies, and as a result ecosystem fun¢Gaxotteet al.

2009 Srivastavaet al. 2012 Cadotteet al. 2013 Cadotte 2018 Phylogenetic
diversity (PD) is a measure of the total evolutigniaistory, or amount of the tree

of life present in a given community and is quantified as the sum of the branch
lengths, which are measured in units of time of a phylogeny representing all
species in a given communityofal lineage diversily (Faith 1992. A second
aspect of evolutionary diversity is to what extent communities are dominated by
closely related species (neighbour lineage diversity), which can be quantified by
mean nearest taxon distance (MNTJekb 2000 Webbet al.2002. Finally, an
additional dimension of the evolutionary history of a community is whether
communities contain a balanced proportion of the major lineages of organisms
(basal lineage diversity)Swenson 2009Honorio Coronadcet al. 2015, which

can be reprented by the mean phylogenetic distance (MPD) between all pairs of
species(Webb et al. 2002. MPD is strongly affected by branch lengths at the
deepest nodes of the phylogeny andrtiative abundance of major clades in the
community (Honaio Coronadoet al. 2015. Both of these metrics attain higher

values in communities comprised of more distantly related individuals.

Amazonian forests provide an ideal context for exploring this link between tree
diversity and ecosystem functioning. These forests include some of the most
speciegich ecosystems on ear{ter Steegeet al. 2013 and contain a wide

variety of angiosperm lineagé€slonorio Coronadet al. 2015. They also play a
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key rolein regulating planetary biogeochemical cycles, including by annually
fixing as much carbon as the combined global human economy (@aéset al.

2010, and storing an order of magnitude m¢kéalhi et al. 2004). Herel use a
unique, newly constructed p#&mazon phylogeny and 90 loftgrm monitoring

plots across Amazonia to investigate the relationships between tree diversity and
ecosystem function.investigate the role of taxonoeenand evolutionary diversity

in promoting aboveground wood productivity (hereafter productivity) and
aboveground biomass (hereafter biomaB&cause taxonomic and phylogenetic
diversity metrics represent different dimensions of biodiver@igrestet al.

2007 Tuckeret al. 2016, | expect that they will have independent effects on
ecosystem function. Evolutionary relatedness amongst tropical tree species tends
to reflect their ability to process and store carf@oelho de Souzat al. 2016,

and | therefore hypothesize that evolutionary diversity would have greater
predictive power than taxonomic measures of diverfigdotte 201B | expect

that communitiesvith greater evolutionary diversity and that encompass disparate
evolutionary histories and functional characteristics may be more likely to
maximize productivity and carbon storage due to complementarity in resource
use. Because environmental fact¢@uesadeet al. 2012 Sullivan et al. 2017

and stand structure variabl@Sausetet al. 2015 are also associated with both
productivity and biomasdn all analysewariation in these factomsere accounéd

for using available climat data(Hijmanset al. 2005, locally collected soil da
(Quesadeet al. 2010 and stand structural characteristi¢haveet al. 2009.
Because confounding environmental and structural variables might obscure any
underlying effect of diersity on ecosystem function,cbmpare the effects of
taxonomic and evolutionaryivérsity metrics in relation to null models, defined as
the besiperforming model of productivity or biomass based on environmental,
stand structural variables and residual spatial autocorrelation (see Methods for

details).
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3.2 Methods

3.2.1 Tree community data

To investigate the relationship between biodiversity and ecosystem functibning,
estimated diversity, wood productivity and aboveground biomass using data from
90 longterm forest inventory plots in the Amazon and adjacent lowland forests
from the RAINFOR (Anazon Forest Inventory) netwokppendix 1;Figure

3.1). Data were extracted from the ForestPlots.net database, which curates tree
by-tree records frm RAINFOR and other networkopezGonzalezet al. 2009
LopezGonzalezet al. 2011). Plots were all 1 ha in size (except for two plots of
0.96 ha) and located in structurally intact and-griowth closeecanopy forest.
Analyses were restricted to continuous lowlaed;a firme Amazonian forests, a
coherent biome excluding montane, swamp, seasonally dry tropical forest, white
sand and savanna plots. Restrictihg analysego this single biome, allowed us

to limit the effect of ecological factors operating over evolutionary timescale
(Dexteret al. 2017 (i.e. clades moreestricted to areas outside this continuous
area may have very different unmeasured traits, such asshoot ratio and
canopy structure} which could have an effect on how different metrics of
evolutionary diversity relate to ecosystem function. Plotsrewestablished
between 1975 and 2010 and were all monitored for at least two years, with regular
recensuses and a mean total monitoring period of 16.1 years. All trees and palms
with diameter at breast height (dbh) greater than 10 cm were included in the
analyses. In the dataset, all recorded species and genus names were checked and
standardized using the Taxonomic Name Resolution SefBimg@e et al. 2013.
Across all plots 94.9% of stems were identified to the genus level, with a
minimum of 70% identified to genus per plétll individuals not identified to

genuslevel (5.1%)were excludedrom biodiversity metric calculations.
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Figure 3.1 Geographical distribution of 9@nehectarepermanent inventory plotnalysedn this
study. Plots are all located in lowland moist forestsvefi-drainedsoils across the Amazon Basin

(please see methods for details).
3.2.2 Phylogenetictree

| constructed the largest p&mazon ylogeny to date, including 112fenera
based on two portions of DNA chloroplast gene regiaf€L and matK
following protocols developed b{Dexter & Chave 2016 These genes were
chosen based on their universality, typical sequence quality, level of species
discrimination, sequencing costs and their recommendation as standard DNA
barcoas in plantgKresset al. 201Q Kress & Erickson 2012 In total, 214 rbcL

and 270matK sequencewere generategall other sequences were obtained from
Genbank. For 837 genera (74.4%) bdibL and matK sequencesvere available

and for 132 (11.7%) and 156 (13.9%) jdustL andmatKrespectively. Sequences
that were unavailable for one region were left as missing data. Preliminary
phylogenetic analyses and basic local alignment enabled to exclude sequences that

were likely to repesent taxonomic misidentifications. The details of DNA
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extraction, PCR, and DNA sequencing protocols can be four@onzalezet al.
(2009. A list of sampled genera, their respective family, and Genbanession

numbes areavailablein Appendix 3.1

Multiple sequence alignments, separately for each region, were conducted using
MAFFT v.6.822(Katoh et al. 2002 followed by manual adjustments in Mesquite
(Maddison & Maddison 20)5Prior to manuaalignments] removed all sites in
which morethan 99% genera appear as missing data, reducing aligissaas

Then, all rbcL and matK sequences were combined to generate a maximum
likelihood tree using RAXML v.7.2.7 on the CIPRES Science GatdMiller et

al. 2010. A topological constraint specifying the major relationships among
angiosperm orders was imposed based on the Angiosperm Phyl(#tengns
200]). A basal angiospernNymphaea albgdNymphaeaceae) was specified as an
outgroup and the initial tree was made ultrametric implementing the
nonparametric rate smoothing methodSzinderson (20Q2implemented in the

ape (Paradiset al. 20049 package in the R Statistical Softwdfeean 2014. This
phylogeny was then used as a starting tree in subsequent analyses to
simultaneously estimate tree topology and divergence times of taxa, a Bayesian
Markov Chain Monte Carlo (MCMC) approach was conducted using BEAST
v.1.8.2 on the CIPRES mser. An uncorrelated lognormal (UCLN) relaxed
molecular clock was implemented, and the tree prior was under a[Rigth
Incomplete Sampling model of speciatiqStadler 2009 To calibrate the
phylogenetic tree, 86 previously compiled fosmbed age constraints were
implemented on nodg®akeret al. 2014 Magallonet al. 2015 (see Appendix

3.2 for a list of priors and their respective nodééddeswere constrained using a
log-normal distributio with a mean value equal to the fossil age, a standard
deviation of 2 and a hard constraint for a minimum age equal to 80% of the
estimated fossil ag&lo constraints were placed on the root age of the tree. Using
the maximum likelihood tree, preliminaryns of 16 generations were conducted

to optimize operator settings before conducting the final runs.

We conducted three independent MCMC runs under the same estimation
conditions for 70.2 x 1) 58.6 x 18 and 80.3 x 19generations. In order to ensure

stability, a burnin of 10 x 10 and 20 x 1Bgenerations for the first two and third
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runs respectively were excluded. After excluding the fsrand combining the

three independent runs using LogCombiner, 282 trees spaced evenly through the
posteriorwere sampledto be used to generate a consensus tree using the all
compatible consensus option in the phyutility softwgBenith & Dunn 2008
Branchlengths and divergence times @@oheights) were optimised on this tree as

the mean values across the posterior distribution of trees in Treeannotator.

The analysesin this chapteiincluded615 genera where phylogenetic datere

available 90.5% of the total number of genera and 97.96%| stems identified.
3.2.3 Biodiversity metrics

To represent the different aspects of biodiverditgalculated ten gentsvel
diversity metrics, including taxonomic diversity indices and metrics that
incorporate the evolutionary history withtommunitiegAppendix 3.3. Because
different metrics can reflect similar dimensions of divers{&ppendix 3.4, in

the main text, resultérom five diversity metricsare shown (1) taxonomic
richness, a common and widely used diversity metric, here evaluated sisnth

of all identified genera in a given community; (2) Simpson index of diversity, a
common diversity metric that incorporate genus abundance, representing the
probability that two stems randomly selected from a community belong to
different genus (3) total lineage diversity, the standardized effect size of
phylogenetic diversity (sesPD), estimated as the sum of all branch lengths
including genera within a communiffaith 1992, while controlling for the effect

of genus richness; (4) neighbour lineage diversity, which is quantified by the
standardized effect size of mean nearest taxon distance (sesMNTD), also
controlling for the effect of genus richness, which is more sensitive to relatedness
near to the tips of the phylogerfiwebb 2000 Webb et al. 2002 and (5) basal
lineage diversity, which is @untified by mean pairwise distance (MPD) and
reflects phylogenetic structure at the deepest nddébb 2000 Webb et al.

2002 (seeAppendix 37 for results that include all metrics).

Because the nullexpectation for the PD and the MNTD of communities

necessarily shows strong relationships with the total taxonomic richness of
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communities, their standardized valuegre quantified the degree to which
communities show greater (+) or less D or MNTD than expected given their
genus richnesg.calculated the standardised effect sizes, sesPD and sesMNTD, by
first generating a null expectation via randomly shuffling genera tip labels in the
phylogeny 999 times. The effect size was then calculated as iffleeenice
between the observed and expected values, the latter being the mean across
randomizations, and dividing this difference by the standard deviation of values
across the randomisations. These standardized metrics essentially represent the
residualsfrom the relationship between each evolutionary diversity metric and
genus richness within each plot and allowed to identify areas with high or low
evolutionary diversity whilst accounting for the effect of richne3te
standardised effect size for MRies also calculatedbut as MPD does not vary
systematically with taxonomic richness, its raw value and standardised effect size
are strongly correlated. For simplicityfocus on the results for MPD.

3.2.4 Wood productivity and aboveground biomass

Aboveground wod productivity was estimated as the rate of gastémbiomass

during each census interval. Because longer census intervals increase the
proportion of productivity that cannot be directly detected due to trees growing
and dying during the census intdrvd.ewis et al. 2004, productivity was
corrected for varying census interval lengths. Following the methodology
developed byTalbot et al. (2014 estimates of annualized productivity per plot
were computed as: i) the sum of tree growth alive in the first and in the last
censuses, ii) growth of trees that recruited during the census interval, iii) estimates
of unobserved growth of trees that diedridg the census interval and iv)
estimates of unobserved trees that both recruited and died between census periods.
As plots vary in total monitoring period and cengusrval length is expected to
affect the estimates of productivity: plots monitored rogbort total census
lengths are more likely to be affected by stochastic changes over time and
measurement errordewis et al. 2009. Productivity estimates were therefore,

weighted by the cubic root of censuservallength @ppendix 3.9.
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Aboveground biomass per stem wastimated using a pdropical, three
parameter equatiott "O8 T8t @ 2oL QO 'O 8 | from (Chaveet al. 2014,
where wd is the stem wood density (in g’brfrom the Global Wood Density
databas€Chaveet al. 2009 Zanneet al. 2009, D is the tree diameter (in cm) at
1.3 m or above the buttress and H tree height (inTmge height was estimated
based on regional diameteeight Weibull equationgFeldpauschet al. 2011).
Similar to productivity, in order to reduce the influence of potential stochasti
changes and due to variation in census interval within,dl@stimated biomass

per plot using a weighted average across multptesusesAppendix 3.5.
3.2.5 Environmental variables

Because variation in both productivity and biomass in the Amazoniandises
mediated by soil and climgtenvironmental variablesere includedas covariates

in themodelsused hereFor climate data, to avoid collinearity among explanatory
variables,| selected just mean annual temperature (MAT °C), extracted from the
Wor |l dClim dataset gHjmaBset@l. 2008 antl kmu)ative e s ol ut i on
water deficit (CWD), a measure of water stress, extracted from a global gridded
layer (Chaveet al.2014. For soil datal used values for-80 cm depth collated at
ForestPlots.net and based on intensive soil sampling from each RAINFOR plot
that used standardised field and analytical proto¢Qlaesadaet al. 201Q
Quesadeat al. 2011, Quesadaet al. 2012. Protocols for collecting and analysing
soil data havebeen previously describe@uesadaet al. 2010 Quesadeet al.
2011D).

Because siltclay, and sand content are strongly correlated, soil texture was
expressedsathe first two axes of a principal component analysis (PCA). The first
axis was stronglypositively related with sand andegatively with siltcontent
whilst the secondaxis negativelywith clay (Appendix 3.§. Soil fertility was
represented by total psphorus (P mg kY and the sum of exchangeable bases
(TEB cmol kg?h).
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3.2.6 Standstructure variables

We also included descriptors of stand structures as covariaté®e imodels,
including wood density, potential tree size and number of stems, all of which have
been shown to shape productivity and biomass in tropical tree communities
(Bakeret al. 2004h Fausetet d. 2015. Wood density datavere extractedrom

the Global Wood Density databag€have et al. 2009 Zanne et al. 2009
selecting data for Mexico, Central America and South America. The data were
matched to each stem in the plot data at the spkniek and in cases where this
information was unavailable, matched to the average of species values for that
genus(Bakeret al. 2004h. | then calculated the mean wood density value across
all stems in a plot. For potential tree sikzased data fronchapter Zpanning 577
single census pte from across Amazonia, to derive the potential size that each
genus could achieve and assigned these values to each individual tree based on its
identity. | then derived for each plot the mean potential tree size. The number of
stems per plot was calctdéal as the averageumber of individuals with dbh

greater than 10 cm across multiple censuses.
3.2.7 Statistical analyses

To investigate the strength of the relationship between each measure of ecosystem
functioning (i.e. productivity and biomass) and the setiwérsity metrics in each
plot,Iconducted: (1) b iparamnetricacorrelatisngastd antl )6 s U n
generalised least squares modelling (GLS). For bivariate correlations, testing the
relationships for the range of biodiversity metrics involted tests for each

dependent variable -Palues were therefore adjusted for multiple comparisons

using the false discovery rafBenjamini & Hochberg 1995(Appendix 3.7-

Table A.3.7.}.

Environmental variables alsofluence the diversity of an ecosystdtar Steege
et al. 2006 Coronadcet al. 2009 Honorio Coronadet al. 2015 and its ability to
process and store carbdQuesadaet al. 2012, and may therefore obscure
relationships between diversity and ecosystem functionilegaccount for the

effect of multiple environmedal variablesl constructed generalised least square
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models where ecosystem functioning was modelled as a function of diversity
metrics, climatic and edaphic and stand structure variables. To avoid
multicollinearity anongst variables in the model, donfirmed that for each
explanatory variable variance inflation factors (VIFs) were less thar(Kumer

et al. 2005. Spatial autocorrelationvas accoungd for in the GLS analyses by
specifying a Gaussian spatial autocorrelation structure, which is consistent with
the shape of the semivariograms for these forest propédadsisoret al. 2016.

To account for heteroscedasticity and ensure that the residuals were normally

distributed, productivity and biomass were-tognsformed prior to analyses.

Separate modsl for each ecosystem functioning property and diversity metric
were conducted For each response variable (productivity and biomalss),
gererated a global model includiral soil, climate and stand structure variables
and applying a Gaussian spatial aotoelation structurel. then generated a set of
models including all possible combinations of climate, soil, and stand structure
variables. To find the most parsimonious model for each response vatiable,
selected the best null model using Akaike InfoioratCriterion (AIC). To
investigate the relationship between diversity and both productivity and biomass,
each single diversity metric was added individually to the best model (i.e. the
model including selected climate, soil and stand structure varialdes f
productivity or biomass), hereafter referred to as the null maddel.null model

was then compareavith models including each single diversity metric: models
with a difference in AIC greater than 2 when compared to the null model, indicate
models with improved support. further combined two significant diversity
metrics (i.e. representing different facefsdiversity Appendix 3.4 into a single
model to investigate whether a more complex model provides better predictively
ability over single diversity metric models. To allow comparisons of the strength
of significance of the explanatory variables, they were all normalised to have a

meanof zero and a standard deviation of one

Analyses were performed in the R Statistical software vTleam 201 using
the vegar(Oksaneret al.2013, picante(Kembelet al.2010, BiomasaFRLopez
Gonzalezet al. 20159, nime (Pinheiroet al. 2014 and MuMIn (Barton 201%

packages.
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3.3 Results

Both taxonomic and evolutionary measures of diversity showed strong positive,
bivariate relationships with productivityFigure 3.2; Appendix 3.J. Three of
these bivariate relationships were significant after accounting for the influence of
environmental factors and structural characteristics on productivity; standardise
neighbour lineage diversity (sesMNTD??RO . 4 O ; g246%; Table=3.1),

Si mpsonos$=inh.dea, -5aRahdbasal lineage diversity (MP¥, R
=0 . 3 4C =-288) lall improved the fit compared to the null model. In contrast,
the number of genera in each communitgenus richness had no effect on
productivity after accounting for envirorentd and structural factorsTéble 3.1,

full coefficients from the models are shown in Appengli8). Thebest statistical
model of productivity contained a combination of evolutionary and taxonomic
measures of diveity. Amongst models containing two significant biodiversity
metrics, a model including both sesMNTD and Simpson index provided the
greatest predictive power {R 0. 4 1 ; -7.G8AAigGre 3:3), showing that
these metrics reflect distinct aspects of diversity that are both important for
understanding patterns pfoductivity Appendix 3.4.
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Figure 3.2 Relationships between aboveground wood productivity (AGWP) and different tree
diversity metricsfrom 90 single hectare plots across Amazonia. Continuous black lines indicate
significant relationships after accounting for environmefdators, forest structureand spatial
autocorrelation (Gaussian correlation structure). Dashed grey lines indicate significant bivariate
correlations between productivity and diversity metrjpegseseeAppendix 3.7tableA.3.7.1for
coefficients andignificance).
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Table 3.1 Results for generalised least square (GLS) models across 90, one ha plots for
aboveground wood productivity (In AGWP) and aboveground biomass (In &&zBfunction of
diversity metrics, structural attributes, climate, soil variables, and accounting for spatial
autocorrelation (Gaussian correlation structure). Best model for both AGWP and AGB are
highlighted in bold full coefficients from the models shown in Appendix 4. Resallesshown for

the besfit model, with lowest AIC values, incorporating environmental variables (climate and
sail), functional attributes (mean wood density, potential tree size and number of stems), and

spatial autocorrelation. *Indicate significant bieglisity metrics (v al ues O 0. 05)

analyses.
AGWP AGB
Model

R? AIC p Al R? AIC Al C
sesMNTD + simpson 0.41* -116.16 -7.13 - - -
sesMNTD 0.40* -111.68 -2.65 0.67 -65.11 1.83
sesPD 0.38 -105.38  3.65 0.68 -65.12 1.82
simpson 0.36* -114.12  -5.09 0.67 -65.28 1.66
mpd 0.34* -111.91 -2.88 0.69* -69.41 -2.47
richness 0.34 -104.64  4.39 0.68 -66.86 0.08
null 0.34 -109.03 0.00 0.67 -66.94 0.00

Climatological and soil variables were also associated with variation in
productivity (Figure 3.3; Figure A.3.7.3. Meanannual temperatureumulative
water deficit and soil total phosphorus were all importantly associated with
productivity Figure 3.3): with higher rates of wood growth more common in
areas in the western Amazon with low water deficit and greater nutrient
availability. The standardized effect size of biodiversity variables in the bes
model was similar to the effect sizes of climate and soil variabligsire 3.3),
suggesting a similar importance for biodiversity and environmental factors for

determining Amazonian forest productivity.
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Figure 3.3 Regression estimates for thestfit generalised least square model across plots for

both aboveground wood productivity (In AGWP) and aboveground lisifia AGBas a function

of diversity metrics, structural attributes, climate and soil variables selected based on the lowest

AIC values and largest proportion of the variance explainé)l (Fhe best model for AGWP

includes neighbour lineage diversity (p=0.05) and Simpson index (p=0.01) as biodiversity metrics,

mean annual temperature (p=0.05), cumulativeter deficit (p=0.09), and total phosphorus

(p=0.02). The best model for AGB includeasal lineage diversity (p=0.04), wood density

(quadratic p<0.001; linear=0.01), total exchangeable bases (p=0.04), and number of stems

(p=0.11). The relationship between AGB and WD is-tinear and in all AGB analyses, WD was

specified as linear and quatic terms, but for clarity, in the graph, effect size is shown only for

the quadratic term. For each variable in the model, dots represent the standardized effect size and

lines one standard error. In some cases, error lines are unobserved due toalestashard

errors. SeeAppendix 3.7 for detailed bivariate correlations and Append®@8 for all the

coefficients of the models.

Bivariate correlations indicated significant negative associations between biomass

and nearlyall diversity metrics Figure A.3.7.4 TableA.3.7.1). However when

environmental and structural characteristics were accounted for, biodiversity and

biomass were almost completely unrelated, in contrast to the significant

biodiversiy-productivity relationships (Figure A.3.7)5Basa lineage diversity
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(MPD) did have a significant positive relationship with biomass after accounting
for otherfactors, but it was wealE{gure3.3) and there was novlent correlation
between the residuals from the null model &heD (Figure A.3.7.% indicating

that it is of limited importance. Instead, biomass was largely determined by wood
density and to a lesser extent by stem abundance and the concentrati@h of tot
exchangeable baseBigure 3.3; Figure 3.7.% Biomass was strongly positively
related with wood density and marginally with the number of stems per plot.
Among theclimatological and soil variables, total exchangeable bases was the

only variable associated with biomass.

3.4 Discussion

This study demonstrates that there is a significant effect of both taxonomic and
evolutionary measures of diversity on wood productivitytree communities
across lowlandterra firme Amazonian forests, after accounting for the influence
of environmental factors, stand structuvariables,and spatial autocorrelation
(Figure 3.2; Figure 3.3; Table 3.1). The strength of these effects was similar to
previous studies at small experimental scales in grassland ecosySauosteet

al. 2008 Cadotteet al. 2009 Cadotte 2018 However, in contrast, aboveground
biomassand both taxonomic and evolutionary diversity appear to be largely

unrelated Figure3.3).

A range of mechanisms may underlie the significant relationships of neighbo
lineage diversity (sesMNTD) and Simpson index with productividgyre 3.3;

Table 3.1). In general, the contribution of sesMNTD to explaining variation in
productivity, even after accounting for two major stand structural attributes (wood
density and tree size), suggests that among lineages, there are additional
functional characteristicshat are significantly related to phylogeny and that
promote productivity within plots. Since the evolutionary relationships among
species tend to reflect their similarity in functional tré@®elho de Souzat al.

2016 Dexter & Chave 2016 and because evolutionary digity explicitly
incorporates species differences, the effect of sesMNTPraductivity is likely

to be a result oincreased functional complementarity among linegdtyésherali
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& Klironomos 2007 Cadotte 2018 If so, communities encompassing more
distantly related lineage(greater sesMNTD) will use resources more efficiently
and consequently achieve higher productiy@@adotteet al. 2008 Cadotteet al.

2009 Srivastavaet al. 2012 Cadotteet al. 2013. Higher Simpson indeX a
higher prgortion of rare genera, and a more even distribution of abundances
among different generamay also increase niche complementa@gvanauglet

al. 2014 van der Sandet al.20178h.

An increase in functional complementarity and productivity in more diverse
communities may be associated with resource partitioning among lineages due to
variation in canopy structure. Canopy structure is a key determinant of
productivity in temperateofests(Reich 2012 and experiments with young trees
(Williams et al. 2017 demonstrate that a mixture of species with complementary
crown morphologies and branching patterns enables trees to pack their canopy
more densely(Pretzsch 20%4Juckeret al. 2015 Williams et al. 2017. For
instance, species with different crown architecture (e.g. height and crown width)
distribute their branches andalees in complementary height layers of the canopy,
leading to denser canopies which in turn allow higher light interception and higher
productivity (Juckeret al. 2019. In Amazonian forests, there is a wide range of
canopy architectuseeamong species and complementarity in their crowns may
enables trees to utilize canopy space more efficiently. For 2457 trees in Madre de
Dios in the Peruvian AmazofGoodmanet al. 2013 2014 crown architecture
varied widely among familiesAppendix 3.9. Differences in crown architecture
among genera from different families may enhance canopyesiiéng with
complementary crown morphologies and branching patterns and promote

optimization of resource uptake.

The effect of diversity on productivity may also reflect pathogen dilution in more
diverse communities. Host ranges of most tree pests ahdgens show a clear
phylogenetic signal, with eoccurring closely related plant lineages being more
vulnerable to similar natural enemies than distantly rela(iPeskeret al. 2015
Gilbert & Parker 2015 A community with greater sesMNTD (i.e. comprising
more distantly relatedineages) is therefore expected to be less susceptible to

disease pressuf&ilbert & Parker 201f thus needing fewer resources invested
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in defence, allowing faster growth rat@sine et al. 2004). Indeed, in tropical
regions, where strong conspecific negative density dependence is observed
(LaMannaet al. 2017, individual trees will tend to have lower performance (e.g.
growth rates) in less diverse areas when growing near conspecific neighbours.
Although at the individual level rare species are more strongly affectédeby
conspecificfLaMannaet al. 2017, at the community level, a single species will
have a better performance in more diverse compared to less diverse forests. Thus,
it is also likely that communities with a greater proportion of rare species (i.e.
hi gher Simpsonds i ndex) are |l ess suscept
individual tree being vulnerable to a particular spes@scific pathogen and
herbivore decrases, which may explain the finding that, contrary ny
hypothesis, taxonomic and evolutionary diversity contributed similarly to explain

variation in productivity.

Diversity had very little effect on aboveground living biomass, similar to a
previous partropical study that used an overlapping datéSetlivanet al. 2017).
Not surprisingly, but contrary to the positive effect of diversity on productivity,
biomass was strongly determined by functional characterigtigsire 3.3), with
variation in wood density being the most important variable on controlling
patterns of biomass in these fore@@mvanaugtet al. 2014 Fausetet al. 2015
Poorteret al. 2015h. To a lesser extent and in agreement with previous findings
that have found stem density to partially drive biorrdigsrsity relationship
(Poorteret al. 20150, the number of stems had a marginal and positive effect on
biomass [Figure 3.3). These results corroborate a recent ragialysis in tropical
forests, which found that stand structural variables are more important than
taxonomic diversity for predicting biomagvan der Sandeet al. 2017H.
Additionally, stem mortality rates exestrong and negativeontrol on biomass,
with variation in the numbers and diameters of dead trees playing a major role
(Johnsonet al. 2016. In general, as variation in mortality rates is the most
important driver that dominates variation in stand bionfdsknsoret al. 2016
and tree death is a highly stochastic pro¢€sgmoet al. 2008, any positive effect
of tree diversity on biomass through increased productivity is likely obscured by
variation in stem mortality rates.

79



Overall, resultseported heresuggest that multiple facets of diversity affect the

preserdday functioning of the wdr d 6 s | ar g e s.tin particaap, ithes a | forest
study provides the first evidence that evolutionary diversity is related to

ecosystem functioning at large scales in natural ecosystems. While evolutionary

diversity has previously been suggested as arféaxtoonsider in the identification

of priority areas for conservation because of its role in enhancing ecosystem

function (Srivastavaet al. 2012 Cadotte 2018 this study provides the first

guantitative evidence for this assertion in tropical forests, which in turn is where

the planetds terrestr Reslltsfoondtecetherefaresi ty 1 s ¢
indicate that there is a synergy between preserving diverse forests that encompass

greater evolutionary heritage, and protecting ecosystem function.
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Chapter 4 : Environmental preferences of tropical trees

are strongly shaped by evolution

Abstract

Understanding theole of evolution forshapingthe environmental preferences of
different tropical tree lineages crucial for comprehendinggthe mechanisms
underlying species diversity and distributsprandto elucidate how tropical tree
species will respad under climat and anthropogenichange Across the tropics,
variation in temperature, precipitation, and edaphic preferenseselated to
species turnover across spaddowever, the evolutionary history of these
environmental niches has not been investigattte, using a newly developed
sequencéased phylogeny and estimates of environmental niches of 510 tropical
tree g@era from a large network dbrest plos in theNeotropics, linvestigate

how environmental niches correlate with phylogenetic relatedhdesind that
evolutionaily closelyrelated genera have more similar temperature, precipitation
and edaphic niches than expected by chatwverall, across both antane and
lowland forests, temperature showed the strongest link to evolution, whereas
among lowland forests, edaphic and climatic factors are equally impantant
constraining occurrence and distribution of tree genera. These results have
important implcations for understanding the role of historical processes in
shaping species diversity patterns and give us a glimpse into how species are
likely to adapt to ofgoing increasesin temperature and deforestation
Specifically, shared environmental preferemcamong closely related species
suggest thatinder predicted climate changgecies loss may be biased against
certainclades andhawe a stronger impact on the tree life than if there were no
phylogenetic signal for environmental niches.
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4.1 Introduction

The Neotropics is among the mobiodiverse regions on earth, harbouring
approximately22 500tree speciegFine & Ree 2006 with very high turnover
across spacéGentry 1982 Tuomistoet al. 1995 ter Steegeet al. 2009. This

high diversity and variaon in species composition results from the interplay of
ecological and evolutionary processes. The role of ecological processes, such as
environmental preferences faraintainingspecies diversity and distributions, is
well known. For example, variatiom species richness and composition is
generally explained by associations with current clinf@entry 1988ater Steege

et al. 2003 EsquivetMuelbertet al. 20173, edaphicgradients(Phillips et al.

2003 Tuomistoet al. 2003 Tuomisto et al. 2016, or a combination of both
(Clinebellet al. 1995 Coronadcet al. 2009 Moulatletet al. 2017). However, the
extent to which historical, evolutionary processes underlie these preferences for

speciesspecific environmental conditionsmains poorly explored.

One way to investigate the role of evolutibor generang and maintaimg
species diversity i®d examinghe evolutionary fingerprintfeenvironmental niche
preferencesand its similarity among relateltheages(Wiens 2004aWiens &
Donoghue 2004Losos 2008aWienset al. 2010 CavendeiBareset al. 2016. If
long-distance dispersdlDexter et al. 2017 or physical barriergHaffer 1969
Hoorn et al. 2010 Antonelli & Sanmartin 2011 have ken important for
promoting species diversification, | would expect that closelgted species will
share similar habitat preferences and species associated with environmental
extremes would be clustered in the phylogéPgtersoret al. 1999 Wiens 2004a
2007: theywould berepresented within few clades that developed physiological
tolerances to cope with thosgtremeconditions

In contrast, if ecological speciatiafue to habitat specializatidmas beemmore
important forthe diversification of new speciesthen | expect a patternvhere
specificenvironmental preferencese scattered over the phylogeny atmre is
high variation within clade@~ineet al. 2005 Simonet al. 2009 Fineet al.2014

Misiewicz & Fine 2014 Fine & Baraloto 2016 This mechanism might have been
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important if contrasting environmental conditions select for different traits and
environmentally mediated presss imposedivergent slection among related
lineages. Specialization to a variety of different habitats is one way in which this
may happenThis pattern of overdispersed niches across the phylogeny would
support the gradient hypotheswhich states thhaunder selective disadvantage,
species will tend to diverge as a result of parapatric speciéEondler 1977.
Moreover, randomly distributed niches across the phylogeny would also suggest
that adaptation to extreme environmental conditions may have evolved repeatedly
and independentlyn many lineges over evolutionary timescale@=ine et al.

2005 Simonet al.2009.

The degree to which environmental prefererm@sassociated with phylogenetic
relatedness is also important to understand species resgordesate change
(Malhi & Wright 2004 Marengo et al. 2009 and increasing deforestation
(SoaresFilho et al. 2006. If environmental niches have evolved little from their
ancestral state (i.e. niche conservat@nsignificant phylogenetic signalspecies

may struggle to adapt to changing environments and their only possible response
may be tochange their distributions ttrack their most suitable environment
conditions(Wiens & Donoghue 2004VNienset al. 2010. However, these shifts

in species geographical distribats may not be possible given human impacts on
the environmen{Feeleyet al. 2012 Feeley & Rehm 20)2and the difficulty of
dispersing across large areas of unsuitable habitat . Local extinction may therefore
occur and bcause vulneraliy to climate changemay be associated with
environmental preferencespeciesdossesmay be particularly heavy igertain
clades in the tree of liféMcKinney 1997 Willis et al. 2008. This selectivity

would cause disproportionate loss of evolutionary diversity. Conversely,
environmental nicheare overdisperseacross thghylogeny this may indicate a

more rapid ability of lineages tadapt toclimatic changelf so, facing predicted
climate change, fewer species would be under risk and species loss would be
random, rather than biased against certain clades, which magteadlutionary

diversity from being degraded.

A number of studies have investigated the extent of similarity amongst

environmental preferences within tropical trees. However, these studies are either
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limited to small spatial scalesvith incomplete samplig of environmental
gradients(Schreeget al. 2010 Zhanget al. 2017 or focused on specific clades
(Fine et al. 2005 Fine et al. 2014 Misiewicz & Fine 2014 Fine & Baraloto
20169. For examplefor 64 speciesn a 20-ha plot in a Chinese tropical forest
Zhanget al. (2017 suggested that environmental nicliesthis case a preference
for specific topographic positions and soil fertility leveksie highly labile.
Nevertheless, estimates dtie preferences across small scales may not reflect
patterns across larger scales in tropical forests as they @émecmnpass complete
environmental gradients or have sufficient replication to make accurate
inferences. Large spatial scales are importantapture thdull distribution of
species and the heterogeneity of habitia#t they occupyter Steegest al. 2003
ter Steeget al.2006.

The evolution of preferences fepecificenvironments has also been investigated
for certain clade$ut different studies show contrasting res(fse et al. 2005
Kursaret al.2009 Baldecket al.2013 Fineet al.2014 Misiewicz & Fine 2014.

For exampe, Fine et al. (2005 found that specific soil preferences35 species

of the Protieae (Burseraceaegre scattered across tReotieagphylogeny, which
could suggest that edaphic specialization has been an important dfiver o
ecological speciation in western Amazonitn addition, within Cedrela
(MeliaceaeXhere is high divergence in climatic tolerances between siptaies,
providing evidence that recent speciation events may be relatecddtiations

to different condions in terms otemperaturgKoeckeet al. 2013. In contrast,
Kursar et al. (2009 found that ceoccurring species of the tree genunga
(Fabaceae: Mhosoideae) in floodplain and terra firme forests in the Peruvian
Amazon were more closely related than expected by chantayses at the
community level are necessary understandvhich pattern is typicaacross the
tropical flora

Within tropical forests,thethreemajorenvironmental gradienthatare important
for determinng community assembly and largeale floristic turnoverare
precipitation, temperature and sddrtility (Gentry 1988ab; ter Steegeet al.
2003 Tuomistoet al. 2003 ter Steegeet al. 2006 Moulatlet et al. 2017). The

amount of rainfall is an important physiological challenge for speciésbdison:
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water availability imposestrong constraints on species establishment and drier
tree communities are generally less diverse than wetter fd@stary 1988a
Clinebell et al. 1995 ter Steegeet al. 2003 EsquivetMuelbert et al. 20173.
Variation in emperaturas associated with the distribution of many tropical tree
species: lowlandand montane forests have strong differences ifloristic
composition(Gentry 1988b Feeleyet al. 20113 Feeleyet al. 20110. Niche
partitioning along edaphic gradientis also importantfor structuring tre
communities(Fine et al. 2005 Coronadocet al. 2009 Fine et al. 2014 Moulatlet

et al. 2017, both at the community level and floristic turnover in different
plant groups (e.g. pteridophytes, palms, Zingiberales, and Melastomataceae;
Tuomistoet al.2016).

To investigatethe legacy of evolution on present day environmental preferences
across the Neotropics combined a newly developed sequence based phylogeny
including 510 angiospernree and palngenera withan extensive forest plot
datasé Using local soilQuesadat al.201Q Quesadaet al. 2012, precipitation

and temperature datgHijmans et al. 2005 Chave et al. 2014 to calculate
environmental niche | investigated the fingerprint of evolution on environmental
nichesby: 1) estimaing phylogenetic signal, which represgttte extent to which
phylogenetic relatedness is associated with environmental preferépagsl
1999 Freckletonet al. 2002; 2) compaing the fit of different evolutionary
models of environmental preferend&ozak & Wiens 2010pWienset al. 2010

and 3) ivestigaing the disparity of environmental preferences through time
(Harmonet al.2003.

4.2 Methods

4.2.1 Tree community data

This chapter used inventory data from 788 forest plots across the Neotropics, from
the RAINFOR forest plot networlAll trees and palms with diameter equal or
greater 10 cnwere included Data were extracted from ForestPlots.net database
which curates treby-tree records from RAINFOR and other netwotkepez
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Gonzalezet al. 2009 LopezGonzalezet al. 201]). Distinct from the previous
chapter that focused in Amazonia and the Guiana Shield, Ih&s® included
adjacent biomes the NeotropicgFigure4.1). In order to constently estimate
environmental nichg it is necessary to includée full rangeof environmental
conditions associated with species distribudionhus, lecause several genera
within Amazon also occur in adjacent biomes @easonallydry forest,savana,

tropical montane cloud forgghey were also included.

All species and genus names were checked and standardized using the Taxonomic

Name Resolution Servid@oyle et al.2013.

© Inventory plots

P

6852 a.m.s.l(m)

0 250 500 1,000 1,500

Figure 4.1 Location of 788 inventory plots the Neotropicover a backclotlof elevation data
from the Shuttle Radar Topography Misn (SRTM)(Jarviset al.2008.

4.2.2 Environmental variables

In order to characterize climatic preferentassed5 descriptors of temperature
and precipitation obtained from the WorldClim datgstfmanset al. 2005. The
WorldClim database consists of a series of globedrpolated climate surfaces

with a spatial resolution of 1 km from weather statjaesorded monthly from
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1950 to 2000. Additionally, because patterns of species distribution and diversity
are strongly associated with climatological water deficit (CWEpquivet
Muelbertet al. 20173 | used CWD as a proxy for water availabil{ghaveet al.

2014. CWD is a metric of seasonal moisture deficit calculatedumnsing the
difference between monthly precipitation and evapotranspiration: more negative
CWD values indicate preference for drier environments and CWIxero
representspreference for wetter communitig€have et al. 2014. Thus, the
amount of rainfallwas repesented byboth mean annual precipitation and
cumulative water deficitBecause floristic variation is associated with minimum,
maximum(Feeley & Silman 2010as well as mean annual temperat{ireledoet

al. 2017 | used hese three variables to describe thermal nickes.edaphic
niches | used soil data from-80 cm depth for 160 plof®r which local soil data

is available from ForestPlots.népuesad et al. 2010 Quesadaet al. 2012. Soil
texture was described lilye proportion otlay, sand and silt, whilst soil fertility

by concentrations ototal phosphorus (P), potassium (K), magnesium (Mg)
calcium (Ca)and the sum of total exchangeable basesp@®ssium, magnesium,

calcium and sodium)
4.2.3 Niche preferences

Her e, I u siobe preferend etrom déescri be the enviro
climatic and edaphic conditions where the relative abundance of a specific taxa is
greatest. This measure therefoeflects the realised niche of these taxa in terms
of these environmental conditior{glutchinson 1957 Rutherford et al. 1995
Moscoscet al.2013. | calculated niche preference for eggmusas an index that
describes t he correlation bet ween taxo
environmental conditions to which there are associ@®shrmanet al. 2008
Tingley et al. 2014). A similar approach has been previously used to describe the
preferred elevation of taxa across altitudinal gradient in Borne@Chenet al.
2009 and the preferred precipitation levels for genera across Western Amazon
(EsquivelMuelbertet al. 2017a EsquivetMuelbertet al. 20178H. This index has
the advantage of including taxon abundance andsed on plot data where all
individuals and species within an area are sampled, regardless of commonness or
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rarity. For each taxon | calculated the mean niche value where the taxon occurs,
weighted by their relative abundance in each commuhifyst calculated the
number of individuals that belonged to a given genera and multiplied by the value
of the environmental variable in that specific plot. Then | summed the values for
each specific genera and divided by their total abundance:

. B Q:tY®
QeDd T ——
B Yw

Where n = number of plots

env = specific environmental variable (i.e. minimum, mean and maximum
temperature, cumulative water deficit, mean annual tempergitopprtion of
clay, sand and silt, concentrations of total phosphdRjs potassium (K),

magnesium (Mg), calcium (Ca) and the sum of total exchangeable bases

Ra = relative abundance based on the number of individuals. Niches were
calculated for all taxa recorded in at least 10 forest plots.

A key requirement of this apprdags to include the full range of environmental
conditions associated with the distribution of different taxa, and sample these
environments in proportion to their coverggatherfordet al. 1995 Moscosoet

al. 2013 Soberon & ArroyePena 201) As a result, in this chapter | included
plots from lowland Amazonian rain forest (591 plots; 75%422 ha; 79%),
tropical montane cloud forest (104 plots; 13.2%9 ha; 9.2%) and dry tropical
forests and savannas (93 plots; 11.B%1.2 ha;12%). The representation of
these plots in the data is similar to the area of these different forest types in the
Neotropics. For example, dry tropical forests are estimated to occupy 1,094.831
km? (Portillo-Quintero & SancheAzofeifa 2010, ca. 17% of the 6.29 million

km? estimated size of the Amazon rain forér Steegeet al. 2013. While,
tropical montane forests are estimated to occupy 1,150.588ckn14.8% of all
tropical forest in the AmericgBruijnzeeletal. 2017).

4.2.4 Association between niche variables

To specifically investigate the relationship among different environmental niches

(i.e. precipitation, temperature and soil) and show that different environmental
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factors affect species distributions indegently, | conducted a principal
component analyses (PCA) using all environmental preferences for each taxa.
Environmental niche values were standardized to a mean of zero and a unit

variance to ensure that each variable contributed equally to the PCA.
4.2.5 Phylogenetic data

| used a sequence based phylogeny including 510 genera based on two chloroplast
DNA gene regionsrbcL and matK Full details of the temporally calibrated,

ultrametric phylogeny construction can be found in Chapter 3.
4.2.6 Niche similarity amongrelated lineages

To understand the processes that determine-kuaie distributiorand diversity

of clades Iquantified niche evolutionary patterndollowing three different
approachesFirstly, to measure the extent of phylogenetic signals ed Pagel 0s
Lambda (Pagel 1999 Freckletonet al. 2002. This choice contrasts with the

metric- Bl o mb e r upddt® eskmate the extent of similarity amongst related

lineages in Chapte? (Blomberget al. 2003. Bl o mbwas gseéd in tke

previous chapter as is standardised in relation to the expectation under a null
Brownian motion model of evolution,and enablel the comparison of
phylogenetic signatstimatesamongsthe distinct phylogeniesised in previously

published studieHowever herelc hos e t o u s edudta sebéttérs | a mb ¢
performance on incompletely resolved phylogeniesibidais strongly robust to

both incompletely resolved phylogenies and suboptimal brd@ctth
information(Molina-Venegas & Rodriguez 20L7.ambda is also estimated in a

maximum likelihood framework, which allows different models of evolution, with

and without phylogenetic signaf be compared using information criteria.

Lambda quantifies the similarity among sister lineages and normally varies from O
to 1. Values of 0 show that therens correlation betweetaxarelatechess and
their niche similarityand values of indicatethat phylogenetic distance amongst
taxa is equivalent to their divergence time and perfectly explains niche similarity:
the phylogenetic signakxpected under a Brownian motiamull model of
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evolution (Freckletonet al. 2002. Significant \alues between 0 and tfeflect
intermediate levels of phylogenetic signal: close relatives share similarities in
their niche preferences but other evolutionary processeh as selectiomay be
influencing the observed patterr(€risp & Cook 2012 To test if phylgenetic
signal estimates were greater than that expected by cheatedfled niche values
randomly among taxa and determined the proportion of 1000 randomizations
where lambda was greater than the observed value. Phylogenetic signal was

calculatedand averagedcross 100 trees from the posterior distribution.

In order to detect which clades were driving the strength of phylogenetic signal
compared estimates of the ancestor state at each node with ancestor states
reconstructed after tips of the pbgeny were randomised 1000 timesnsu
Dexter and Chave (20L6Ancestor states were estimated through maximum
likelihood (Schluteret al. 1997). For each node, seconstructedancestor state
greater than 97.5 % of the randomised values suggest niche thaltiag greater

than expected by chance, whilst values lower than 2.5% were assanied
significantly lower (Dexter & Chave 2016 Because basalrédnches contribute
disproportionally to the ancestral state reconstruction and uncertainty is larger
deer in the phylogeny, to investigate which clades were driving the extent of
phylogenetic signal alade agehreshold of 75 Million yearsrasimposed.Prior

to phylogenetic signal analyses | logged niche values to achieve normally

distributed values as appropriate.

The second approach to explore niche similarity among related taxa was to
compare the fit offour different models of evolution for each netvariable.
Model fitting was conducted und&¥hite Noise (WN) Brownian motion (BM)
Lambda and Ornsteibbhlenbeck with a single optimunfOU) models of
evolution. ThewWhite Noisemodel providesvidencethat nichesare unrelated to

the phylogeny andeflectsanabsence of phylogenetic sign&l contrast, a better

fit of the Brownian motionLambda,or OrnsteinUhlenbeckmodelsindicates that
evolution is important for determining niche values and there is a correlation
between phylogenetic distandmtween species and their niche values. The
Brownian motion model provides evidence of pure genetic drift whilst a better fit

of an OrnsteidJhlenbeck model suggests stabilizing selection around a single
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optimal value.(Kozak & Wiens 2010pWiens et al. 201Q Pyronet al. 2015.
Under stabilizing selection, environmelntiches remain similar to their ancestors
because niche values represent optimal s{@adotteet al. 2017H. The relative

fit of the four different models was compared using the Akaike information
criterion (AIC).

The third approach consisted omvestigatingthe disparity in environmental
preferenceshrough time. Analyses of disparity throutiime avoid estimation of
ancestor states and enable to explayer niche variationis partitionedwithin or

among cladegHarmonet al. 2003. At every node in the phylogeny disparity is
=
calculated a§B—”’wheredi is the pairwise Euclidian distance amas the number

of taxa within that clade. At each point in time, the meelative disparity
through time was calt¢ated averaging the valder all existent clades and then
normalised by the total disparity of all tips in the phylogé@Agirmonet al. 2003
Aristide et al. 2015. Values of relative disparity through time < 1 suggest greater
variation among rather than within clades, whilst values > 1 greater variation
within clades in comparison to all the variation across the phylogeagmonet

al. 2003 Lozaet al.2017). | compared the relative disparity with the expectation
under a null Brownian motion model of evolutibg simulating evolution of the

different niche axes@D0times acrosghe phylogeny.

Analyses were conductddr two nesteddatasetsall 788 plots and across 658
solelyl owl and forest plots (i.e. excluding
All analyses were done at gerdesel due to the availability of the phylogeay

this taxonomic scaleAnalyses vere all conducted in the R Statistical Software

(Team 201% using functions in the phytoolRevell 2012, ape(Paradiset d.

2009 and geige(Harmonet al. 2008 packages.

4.3 Results

Precipitation, temperature and edaphic niches represent indepeaxiesn of
environmental requirement$igure 4.2 1 Appendix 4.). Principal component

analyss (PCA) indicates three main e of variation associated with

91



environmental nichesThe first axis (PC1) explaine4.8% of the variation and
shows strong negative loadings for temperature. PC1 thus regrasamnttinuum
from forest communitieat high altitudesncluding genera with low temperature
preferences (e.gMyrsing Prunus Symplocos Clethra) to lowland forest
communities with higher temperature preferen@eg. Eschweilera Dinizia). In
contrastthe second axis (PC2) explaial.1% of the variation and shows strong
positive loadings for soil fertilityand negative for soil sand conteméflecting a
continuumof edaphic preference#dditionally, the third axis (PC3) explained
146% of the variation and is associated witlater availability, representing a
continuum from wetter forests (egschweileraPouterig Dinizia) to drier areas

(e.g.Piptadenia Guazuma
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Figure 4.2 Principal component analyseslated totemperature, precipitatipmnd soil variables
using Euclidian distancas ameasure of the variation in genlevel environmental nichefr 310
Neotropical tree generaSquares represent the niche variables, and the lines represent the

ordination of gener&ey genera are labelled in the graph
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There issignificant andmoderate levels of phylogenetic signal for nearly all
aspects of environmentaiche: precipitationtemperature and soilTéble 4.1),
showing that asely related genera tend to have more similar environmental
preferences than expected by chariable 4.1; Figure4.3). In thefull analyses,

the strength of the signal varied from 0.23 to 0.60 for temperature, from 0.37 to
0.40 for precipitation and 0.15 to 0.45 for edaphic nicliae. only niche variable

that did not exhibit significant signal was clay conteitl temperature and
precipitation variables showed significant phylogenetic signal. These results were
consistent across 100 trdlesm the posterior distribution of the phylogefiyable

4.1; Figure4.4). Results and discussidacuson a representative variable for each
niche category(mean annual temperature for temperature preferences, annual
rainfall for precipitation andotal exchangeable baskes edaphic preferencgsas

the strength of the signal was consistenhinieach niche groug-{gure4.4).
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Table 4.1 Summary of climate and soil niches estimated for all genera occurring in at least 10 forest plotdr aespective phylogenetic signBhylogenetic signal

for each niche variable was calculated across 100 trees randomly drawn from therpdastiraction of the BEAST analysis. Lambda is the fitted value for lambda,
LoglL is the loglikelihood, andLogLO is the loglikelihood for a lambda value equal to zeNumber of genera varied from 510 and 310 for climate and soil variables
respectively according to the number of plots available for each variable; see methods for details.

Niche Units Range Lambda p value logL logLO
MAT °C 14.7-27.3 0.59+0.002 <0.001 -2304 -2340.7
Temperature Max. T °C 22.4-34.7 0.57+0.002 <0.001 -2293.2 -2331.9
Min. T °C 16-22.3 0.55+0.003 <0.001 -2450.6 -2474.6

log MAP mm 1901- 3686 0.40 +0.002 <0.001 464.5 445.6

Precipitation

CWD mm -1116 0.37+0.002 <0.001 -3257.6 -3278.6

log Mg mg.kg 23.1-162.9 0.38+0.002 <0.001 -35.5 -43.9
Silt % 19.8-65.8 0.35+0.002 <0.001 -1196.5 -1203.7

log P mg.kg 176.2-947.1 0.33+0.004 0.01 24.3 20.5

. log TEB mg.kg 191.7-1376.6 0.30+0.002 <0.001  -61.5 -66.4

sol logCa mgkg 95.1-1149.8 0.29+0.002 <0.001 -160.8  -165.7

log K mg.kg 40.8-352.4 0.28 + 0.006 0.1 50.4 48.7

Sand % 33.7-88.3 0.15+0.001 0.02 -1217.5 -1220
Clay % 23.4- 60 - 1 -1145.4 -11454
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Mean Annual Temperature (°C)

Annual Precipitation (mm)

48.1  Total exchangeable bases (mg.kg) 1376.6
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Figure43Phyl ogeny of tropical forests tree and pal m ge n e rvaribalesOnenicte vasiapmichmcy O 10 |
each niche category: (a) temperature represented by mean annual temperature (°C), (b) precipitegmmariyual precipitation (mm) and (c) sélrtility by total

exchangeable basésg.kg). Nodes highlighted by red circleslicate clades encompassing lineages with values lower than expected by chance, whilst blue circles

indicate clades including lineages showing higher \athan expected by chance. Nodes highlighted in grey give a sense of topologg. d®deimbered as

following: 1) Magnoliids 2) Monocots 3) Rosids 4) Asterids 5) Ericales 6) Aquifoliales 7) Myristicaceae 8) Salicaceaea®&duBd) Sapindaceae 11) Primulaceae

12) Apocynaceae 13) Papilionoide®&ylogenies for each trait with all tips labelled areilabée in Appendix 4.2.
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Although most climatic and edaphic niches tended to be more similar among
related lineages, across niche categories, the strength of the signal was up to four
fold stronger for temperature in relation pyecipitation and edaphic niche
variables(Figure4.4). Phylogenetic signal for these niche variables was driven by
significantly higher or lower vaks than expected by chanie a range of
lineagesStronger phylogenetic signal for temperature was clearly reflected in the
greater number of nodes encompassing lineages with significantly high or low
values in comparison to precipitation and edaphichesqFigure 4.3). For
example Ericales,Aquifoliales,and Primulaceae showed particularly strong links
with temperature nichesthese lineages hagreferences for cooler forest
communities with temperature valugsit are significantly loer than expected by
chance. In contrast, Apocynaceae and the subfamily Papilionoideae displayed
high temperature niche€onsistent with orthogonal niche axésgure4.2), none

of the higher nodes showed consistently high or low véioresll environmental
niches (Figure 4.3). For instance, withirthe Arecaceae, whilst most lineages
within this group exhibitedbw temperature niches, witomarked exception for a
single clade that includedauritia, Mauritiella, andLepidocaryum(Figure 4.3),

no cladesshowed particular preferences for either specific levetoibfertility or
precipitation
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Figure 4.4 Comparison of the strength of phylogenetic signal among temperateapitation,
and soilniches acrossall plots andlowland plots below 500m elevationError bars represent
standard deviation ofestimated phylogenetic signal across 100 trees from the posterior

distribution.

Consistent with the analyses of phylogenetic signalibdel selectiompproach
comparingthe fit of four different evolutionary models shed thatthe Lambda
model generaly provides the best fit for the majorityf environmental niche
preferenceqapart from;Table 4.2). Bestfitting of Lambda suggests significant
phylogenetic signaldd lower than expected under a pure BM, which may be due
to other evolutionary processes such as selection, driving divergence among
closely related genera. TR&N model of niche evolution provided a slightly
better fit forsoil clay content showingthatthereis nophylogenetic dependence

to the observed valuex this niche preference. This resatirroboragswith the

lack of phylogenetic signal for clay contémable4.1).
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Table 4.2. Comparison offit of different models of trait evolution for genlesvel temperature, precipitatioand soil niches. AIC values arefrom fitting four
evolutionary modelsLambda,Brownianmotion (BM), OrnsteirJhlerbeck (OU) and Whitaoise (WN. Values highlighted in bold represent models with better fit.

Niche Units Lambda BM ou WN
MAT °C 4612.9 4802.6 4651.4 4685.5
Temperature Max T °C 4591.9 4820.7 4647.7 4667.8
Min T °C 4906.7 5061.5 4916.3 4953.3
- CWD mm 6521.4 6734.8 6558.4  6561.2
Precipitation
log MAP mm -71.8 145.1 -40.3 -36.4
Clay % 2296.9 2486.8 22954 2294.9
Silt % 2398.9 25114 2405.3 2411.4
Sand % 2441.0 2600.8 2446.2 24441
_ log K mg.kg 422.5 542.9 422.7 423.8
sol log Ca mg.kg 844.8 951.7 853.1 852.5
log Mg mg.kg 594.3 696.9 602.3 609.0
log P mg.kg 474.9 585.0 475.1 480.1
log TEB mg.kg 646.3 748.5 653.0 653.9
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Overall, over evolutionary timescale average disparity through timein
environmental nichevas consistently greater than expected under theBMill
model of evolution and showed a decreadigparityrate over timeKigure4.5).

This pattern shows thalhere is a lot of variation within clades in environmental
niche, and that therefore, thabserved phylogenetic sign&r envircnment
niche is driven mostly by pattermgarto the tips(i.e. closely related genedo

tend to have the similaenvironmenrdl niches, but deeper in the phylogeay
patternof phylogenetic autocorrelatiotioes not hold as stronglyThese results
further confirm that there is a significant phylogenetic sidioal climatic and
edaphic niches with closely related species having more similar environmental

preferences

(a) @ _ (6) (c)
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Figure 4.5 Disparity-throughtime (DTT) plots for tropical trees and palms for climate and soil
niche variable with one niche variable within each niche categ¢ay temperature represented by
mean annual temperature (°C), (b) precipitation, by annual precipitation (mm) and (c) soil by total
exchangeable basesid.kg. The solid line indicates the measured relative disparity. Dashed line
and light grey area indicate the median and 95% confidence interval across 1000 simulations under
the null Brownian motion model of evolution. Time values eglative time as per Harmon et al.
(2003), whereby 0.0 represents the root and 1.0 represents the tips.

Although across the whole dataset, temperature niches tended to show stronger
phylogenetic signal when compared with both precipitation and soérprefes,

its importance is considerably diminished when montane forests are excluded (i.e.
forests above 500 a.m.s:l.Figure 4.4). Marked variation in the importaacof
temperature among different datasets is explained by the inclusion of plant genera
that are more abundant or restricted to high elevation areas, which also show a
tendency to be closely related to each other. Specifically, lineages restricted to
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montane forests such aBrunellia and Weinmanniashow lower temperature
preferences than expected by chance and significantly increase the extent of
phylogenetic signal for temperature nichégy(ire 4.3). Similarly, lineages from
Melastomataceae that occur both in lowland and montane areas, are more
abundant in high altitudinal forests, and have lower temperature preferences than
expected under the null model. These tdraxdfore also increase the strength of
phylogenetic signal for this niche axiSigure4.3). Once analyses were restricted

to lowland forests, results show that ppégition and edaphic variables are

equally important for constraining the occurrence and distribution of tree species.

4.4 Discussion

To the best ofmy knowledge, this is the first study to direct estimate
environmental niches artieir evolutionarypatternsfor tropical trees at such a
large phylogenetic and spatial scale. Estimates of phylogenetic signal for different
temperature, precipitation, and soil niches show that there is significant
correlation between phylogenetic relatedness and environmertial vadues for
nearly all climate and soil niche¥dgble4.1; Figure4.4). Phylogenetic distances
among genera eeary with their environmental niche preferences. THewkngs
indicate that across tropical trees, sister genera show greater niche similarity than
less related ones. Across different niche categories (i.e. tempegatoipitation,

and soil) the specificphylogenetic patternsaried substantiallyFigure 4.4).
Overall, the strongsignalfound for temperature variableg éble 4.1), showthat
temperature plays a major rale constraining the occurrence aditribution of
lineagesamong low anchigh elevation plots. In contrast, analysesrretstd to
lowland forests show a sharp decreasehe importance of temperature and
highlight that edaphic and precipitation preferences are equally impartant

determiningthe distribution of gener@igure4.4).

High phylogenetic signal (i.e. niche conservatism) would ingthpngsimilarity
in habitat use among genenrdilst strong selection would imply sister lineages
with contrasting environmental preferences. Tésultsfound hereare between

these two extremeshe strength of phylogenetic signal shows #ister lineages
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aremore similar than expected by charmeé there is some extent of divergence,
likely via selection promoted by habitat speciation (pleaseAppendix 4.3for
further discussion). Significaphylogenetic signdor climate and edaphic niches
suggest thahiche conservatism playa key rolein constraining the occurrence
and distribution of both higher and lowlevel taxa. The retention of
environmental preferencesver evolutionary time reported here couidve
promotal geographical isolation due to species inability to tolerate and adapt to
novel environmentsand increagd the oppontinity for allopatric speciation
(Wiens 2004aKozak & Wiens 20062010h Wienset al. 201Q Hua & Wiens
2013.

Given the extent of phylogenetic signéiqure 4.3; Table 4.1) and the fit of
Lambda mode(Table4.2), the results found here shdhat there ar@references

of entire clades for certain climatic and edaphic conditidifgs finding is
consistent with previous studies in a variety of groups a&na range otcales
showing that closely related lineages occur in more similar habitats than expected
by chancgKozak & Wiens 2010pPeiet al. 2011, Baldecket al. 2013 Pearman

et al. 2014 Moriniere et al. 2016. In particular in a subtropical foresinalysing
topographical preferences across 183 woody spéteest al. (2011 detected
nonrandom habitat associations, showing that closely related species did on
average tend to be associated with sintgarain slopesPartially conguent with

the niche conservatism hypotheses, theserandom habitat preferencesigure

4.3; Figure4.4; Table4.1) suggest that niche retention magve beernvolved in
diversification and species turnovdihese findings have important implications

for the phylogenetic structure of Neotropical tree oamities Previous studies
found significant phylogenetic clustering within the Amazae. (co-occurring
speciesare more related than expecte®raft & Ackerly 201Q Baralotoet al.

2012 Honorio Coronadet al. 2015 and results reported here demonstrating that
sister lineages share similar habitat preferences helps to ettptapatternThese
resuls are consistent with niche conservatism as one of the drivers in community
assembly in tropicalorests andalso give insightsinto the possiblemechanisms

regulating species diversity in the tropics.
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Overall, the observed pattern of niche similarity amongst related lineages is more
prominent at lower and uppeotndaries of the niche spectrum (lireages with
either very high or low niche values are more phylogenetically nestddrived
within each cladeand restricted to relatively few clagesvhilst intermediate
niche values are more scattered over the phylogeny (F8)ye These results
support previous findings of higher phylogenetic diversity at intermediate levels
of precipitation across the Neotropi¢hleveset al. in review). In particular,
because clades tite extreme®sf climatic gradiers belong to a smbdr subset of
evolutionary related lineages that acquitkd ability to persist in these extreme
conditions(Zanneet al.2014), areaswith intermediatdevels ofprecipitation are a
more suitable environment for most plant lineages amaly show higher

phylogenetic diveiity (Neveset al.in review).

Although significant phylogenetic signal coupled with the additional support for
the Lambdamodel show that closely related lineagase more similar to each
other than expected by chancesultsshown here alssuggest that selection is
also influencing the observed patternsor example, whilst monocots have
generally intermediate precipitation nichalues, one single claddriartea,
Wettiniaand Iriatella) has particularly high valudsr this variable(Figure 4.3).
This niche differentiation amongst sister lineages may refb#tter natural
selection(e.g. Kozak & Wiens 20Q6or evolutionary respors to physiological
thresholds imposed by strong environmental pressuihe gradient hypothesis
(Endler 1977. Divergent adaptation is expected when sister lineages occupy
different habitats. This role of environmental heterogerfeitypromoting lineage
divergence through habitat specialization has been previalslgrved across
tropical forest{Gentry 1981 Fine et al. 2005 Fineet al. 2013 Fineet al. 2014
Misiewicz & Fine 2014 For instance, investigating soil preferences in the
speciegich tropical tree clade Protiea€jne et al. (2005 found that species
sharing similar soil niches were often unrelatsdggesting a role foedaphic
specializationin plant diversification.The findings reported hereat a much
broader spatial and phylogenetic Ilscand across distinct axes of environmental
preferenceshelps to generalise those conclusions on the role of ecological
speciation as driver of diversification within the Neotropics.
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Across different niche categories, there is greater phylogeneticl signa
temperature variables than the other twepects of environmentatiche:
precipitation and edaphic preferencésgure 4.4). This suggests that over
evolutionay scale, temperaturgreferencesnay have been more importaior
constraining species occurrence and distribution. Globally, species and
evolutionary diversity are indeed mainly determined by differences in frost
tolerance(Zanne et al. 2014. However, withinthe Neotropics the effect of
temperature is only expressed when including high elevation forest(pigtse

4.4). Forests at high elevation have distinct floristic composi{®antry 1982
1988 and markedly lower temperaturg$srubb 1977 with temperature
ultimately setting the upper limits of spesidistributions(Feeleyet al. 2011a
Feeleyet al. 20119 and leading to major shifts in physiological functioning
(Enquist et al. 2017. Therefore, strongerhylogenetic signal for temperature
niches when including montane forests, indicates that genera with low
temperature niches, that are generally restricted to, or more abundant in,
mountainous forests, are unevenly distributed across the angiosperm piylogen

and are concentrated in a few clades.

Interestingly, when excluding high altitudinal forests, precipitation and edaphic
variablesshowmoderate and similar extents of phylogenetic signal, highlighting
that these are equally importarior shaping pattems of tropical tree diversity.
Theseresults are broadly consistent with previous findings on the importé#nce
soils (Phillips et al. 2003 Tuomistoet al. 2003 Coronadoet al. 2009 Tuomisto

et al. 2016 Figueiredoet al. 2017 Moulatlet et al. 2017 and precipitation(ter
Steegeet al. 2003 ter Steegeet al. 2006 EsquivetMuelbert et al. 20173 as
important predictors of species diversity and turnover across dpaeever, the
results of this study provide an additional evolutionary perspective on these
patterns, suggesting more specifically that species distribigtitm some extent,

controlled by environmental niche conservatism throughout evolutidnstory.

Although there is some level of divergence amongst related genera, fesatts
hereindicate a prevailing effect of niche retention over tiGe/en that climate
change is likely to consistently increase tempergiMiaengoet al. 2009 shared

temperature preferences amongst related lineagpsrted here,may have
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important consequences fdimate-change driven species loggedicedincrease

in temperature suggests that species in montane forests may lose their suitable
climate conditions and therefore may be more vulnerable to climate change.
Particularly, the finding of significant phylogenetic signal for temperature niches
may be useful to iddify which lineages may win and which may lose in these
montane forests communities: under global warming clades with significantly

lower temperature niches may be more vulnerable (i.e. red deigure4.3a).

The finding that thermal niches are retained over evolutionary timescales suggest
that tropical tree species mafruggle to adapt taovel environmental conditions

and theirresponse mayecessarily be tattampt totrack their suitableclimate.
Indeed, shifts in @eciesdistribution in response to climate changevheeen
detectedhlready(Feeleyet al.2011a Feeleyet al. 2011k Feeleyet al.2012. For
example, over a shetime scales, increase in temperature have caused non
random shifts (upslope) in the distributiaf tropical trees, though rates of
changes were significantly slower than the observed rate of rising temperature
(Feeleyet al.2011hH. Such warmingnduced changes may have a stronger impact
due to shared temperature preferences amongst related lineages: niche retention
may prevent specigsom acclimaizing and adaphg to a new environment and

their only possible response may be to change their distribufibos, to
counteract currentincreasesin temperature,the maintenance of landscape
corridors that could facilitate species movement will be ingmtrin determining

the ability of species to migrate and thus the future of the Amazon. Ultimately,
results found here may also have important implications for understanding the
effect of climate change othe tree of life.Because preferensdor certain
environmental conditions are clustered rather than overdispersed over the
phylogeny oecies loss will have a stronger impactooo mmuni ti esd phyl o
structure than if niches were scatteredcrossthe phylogeny. In this sense,
effective conservatiorstrategies to retain different aspects of the tree of life
should encompass wide environmental gradidrds encompasgariation in both

climate and soil
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Chapter 5: Conclusions

The final chapter concludes and discusses the implications of the results of the
thesis. | first give an overview of the whole thesis and a summary of each data
chapter, and discuss the overall philosophy of the study: integrating ecology and
evolution to understand current patterns. | then provide future research directions,
discusshe research implications in an era of anthropogenic and climatic changes,

and finally synthesise the main findings.

5.1 Overview of findings

This thesis focuses on investigating the legacy of evolution on préagnt
patterns in tropical forests. My main oljees were: 1) to investigate thelative

i nfl uence of speciesbo evolutionary heri
functional traits that directly represent the main axes ofigéory variation in
tropical forests, and that are also associated sp#ries ability to process and
store carbon (Chapter 2), 2) to assess the relationship between taxonomic and
evolutionary metrics of diversity and two key measures of ecosystem function:
wood productivity, and aboveground biomass (Chapter 3) and 3) tostenu

how the preferences of certain genera for specific environmental niches have
evolved (Chapter 4). To achieve these objectives | combined atdamg
inventory datasefl. opezGonzalezet al. 2009 LopezGonzalezet al. 2011) with
recently published phylogeni€Sineet al.2014 Dexter & Chave 20L@exteret

al. 2017 and a new pahmazon molecular phylogeny that Irgiructed (Chapter

3).

Overall, the results presented in this thesis demonstrate that there is a tendency for
species to retain their ancestral functional characteristics and environmental
preferences, and thus closely related lineages tend to be mdes singiach other
than expected by chance. However, although there is a tendency of sister taxa to
share similar traits and habitats, the strength of similarity cannot be predicted
easily. Over evolutionary timescales, selection has also played a role in
determining functional traits and environmental preferences: in particular,
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divergent selection has also driven close relatives to differ from each other and
their ancestors. Thus, rather than being simply assumed, the magnitude of
similarity for a particudr trait or a specific environmental niche needs to be tested

de novdor any given dataset.

In addition, | advocate for the use of phylogenetic information as a proxy for
species ecological characteristics. More practically, the significant phylogenetic
signal found in this thesis suggests that the evolutionary position of species (i.e.
the genus or family to which they belong) can provide proxies for the wood
density, demographic rates, maximum sizes, climatic and edaphic preferences of
tropical trees, wercoming a crucial data limitation for quantifying functional
traits. For instance, phylogenetic signal in plant functional trait data (maximum
height, seed mass, wood density and leaf size) was used to predict the
geographical distribution of functiondlversity for North America and European
tree speciegSwensoret al. 2017). Their study for a less diverse temperate flora
suggests a possible way to incorporate functional diversity in ecosystem
modelling that goes beyond using plant functional types; the results found here
support the use of this approach for highly diverse tropical ecosystems. The result
of sister taxa shing a similar ability to process and store carbon also suggests
that evolutionary history contributes to understanding ecosystem function in
complex and highly diverse tropical forests. Consistent with this finding, by
assessing the relationship betweemolationary diversity and ecosystem
functioning, | showed that we can still see the legacy of evolution on current
patterns of wood productivity today. Taken together, these results highlight that
the modern flora and preseady patterns of ecosystem ftioning are the result

of the interplay between recent ecological and {t@rg evolutionary processes.

5.1.1 Objective 1- Chapter 2: Investigating the legacy of evolution on

Amazon tree ecology

By investigating the associations among four major traits tipa¢sent important
functional axes that drive plant form and function (i.e. wood density, potential tree

size, growth and mortality rates), | found two main axes of variation, likely to be
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associated with adaptations to horizontal and vertical light gradientropical
forests. Half of the variation was captured by the first axes that shows @tfade
from pioneer to shade tolerant genera, whilst roughly 30% of the variation was
captured by the second axis which represents variation in tree size aots teie
continuum from understory to canopy lineages. While a number of studies have
previously used readily measured traits as a proxy for ecological strategies
relevant to growth and survivé.g. Diazet al. 2016, here | describe this trade

off using directly calculated demographic data from a large network of forest
plots. Additionally, by mapping these functional characteristics on recently
published phylogeniegFine et al. 2014 Dexter & Chave 2016Dexter et al.

2017 | show that sister species do indeed tend to rekeesach other more than
expected by chance. However, phylogenetic signal was lower than expected under
a Brownian motion model of evolution, which suggests that divergent selection
also played a role and has occurred repeatedly in independent lineages. Th
strength of similarity amongst these four functional characteristics was similar,
suggesting that the main axes of difistory variation among lineages of
Amazonian trees represents the result of repeated evolution of a suite of
coordinated functionalt@racteristics in relation to adaptations to horizontal and
vertical gradients in light. The findings of this study are also important to provide
support for using the evolutionary relationships amongst species as proxies for
trait values for species whedata are not available. This link is potentially of
particular importance in tropical forests due to their high tree diversity, where
species vary greatly in their functional characteristics and measuring traits of so
many species is difficult. Moreovethe intriguing evidence for convergent
evolution across distantly related lineages may have promoted the emergence of a
range of genera with fast demographic rates that set the scene for the subsequent
rapid diversification of these grougBakeret al. 2014 i a suite of events that
gualify as a possibl e 0synn(@®onaghue&n b6, 0
Sanderson 20}5The emergence of the range of Hfestory strategies and the
subsequent effect of these ecological traits on the diversification of different

lineages demonstrate how ecological processes such as habitat specialization in



addition to historical processes may have played a key role in generating the
diversity of Amazaian forests.

5.1.2 Obijective 2, Chapter 3 The legacy of evolution on ecosystem

functioning

Using 615 tree and palm genera and a new {acgée DNA sequeneegased
genuslevel phylogeny, | calculated ten different metrics of both taxonomic and
evolutionary divesity and showed that they represent three distinct aspects of
diversity associated with 1) common taxonomic diversity metrics; 2) evolutionary
relationships close to the tips; and 3) relationships deep in the phylogeny. | show
that common diversity metsc are correlated with each other and reflected
variation in species number and their respective abundances. In contrast, different
aspects of phylogenetic diversity were reflected in the two other dimensions of
diversity. These findings support the ideaatththe relationship between
evolutionary diversity and species richness can be decoupled, with phylogenetic
diversity metrics representing different facets of divergkgrestet al. 2007,
Tucker et al. 2016. To investigate the effect of different aspects of biodiversity
on both carbonnocessing and storage, | calculated wood productivity and carbon
stocks for 90 lowland forest plots distributed across the Amazon basin and
compared the effects of taxonomic and evolutionary diversity on ecosystem

function with the effect of environmentdtivers and functional characteristics.

By investigating the role of evolutionary relationships amongo@murring
genera, in addition to taxonomic metrics of diversity (e.g. genus richness and
Simpson index), | show that both taxonomic and evolutionargrgity metrics
significantly affect wood productivity in natural communities across the Amazon
tropical forest biome. Using appropriate locally collected soil data, climate, and
forest structure characteristics, | show that these results hold once hictéor
potential confounding factors that also affect productivity. Because the amount of
carbon processed by tropical trees is ultimately largely determined by a complex
suite of functional characteristics, | suggest that this additional contribution of

evolutionary diversity among lineages to explaining variation in productivity, is a
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result of other functional characteristics, besides the bgesintified here, that
promote productivity within plots. Although the effect of biodiversity on wood
productvity was not strong, the magnitude of the effect was similar to that

observed for environmental variabl@uffy et al.2017).

5.1.3 Objective 3, Chapter 4: The role of evolution on shaping

environmental preferences in tropical forests

In this chater | provide the first largecale assessment of the relative importance

of temperature, precipitation, and edaphic variation for promoting diversification

in tropical trees. Overall, across tropical forests, ongoing studies to understand
species diversy and spatial turnover typically show that environmental variation
(e.g. climate and edaphic regime) is associated with prdsgnpatterns of
composition. However, historical processes that underlie these habitat preferences
are poorly studied. To undgand the role of evolution for shaping present day
environmental preferences, | combined the phylogeny constructed in Chapter 3
and a comprehensive database on the distribution of 510 angiosperm tree genera
across the Neotropics. | found strong and sigaift phylogenetic signal for
environmental niche preferences (i.e. temperature, precipitation, and edaphic
regime), but less than that expected under a null, Brownian motion model of
evolution. These results are consistent with a prevalent tendency for
ewlutionarily related genera to have more similar environmental preferences than
expected by chance, but also suggest that divergent habitat specialization has
occurred repeatedly and independently in many lineages. The results presented
here support othestudies at smaller spatial scales and for a restricted number of

lineageqe.g. Fineet al.20095.

Comparing the importance of different niche variables, | show that the effect of
temperature in constraining lineagkversity and distribution is most evident
when including forest plots at high elevations (> 500 a.m.s.l), wherein specific
lineages (e.g. Ericales, Aquifoliales and Primulaceae) had preferences for cooler
temperatures. In contrast, when analyses focuswdland plots only, the effect of
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temperature is less evident and precipitation and edaphic niches are equally

important in constraining species diversity and distribution.

5.2 The advantage of integrating ecological and evolutionary

approaches

Ecological andevolutionary processes are usually studied in isolation without
taking into account processes operating at multiple temporal s@rieldefs

1987. In particular, the role of historical processes has been ignored at the
expense of ecological explanations for current patterns of diversity and
composition(Ricklefs 2004 Ricklefs & Jenkins 2011 In this context, an overall

aim of this thesis was to integrate both maecological and macrevolutionary
approaches inta single framework, to understand the role of historical processes
for determining preserday patterns in the distribution and diversity of species,
their respective functional characteristics and environmental preferences, and
ultimately their effect orecosystem function. By using a set of different data
types (i.e. single census and letegm inventory forest plots, evolutionary
relationship among taxa, climatic and edaphic data) it has been possible to explore
the legacy of evolution on current patterof species turnover across space and
the contrasting resource acquisition strategies of different species. For instance,
this integrated approach allowed me to investigate the role of evolutionary
processes such as natural selection for determinindukeyional characteristics
(Chapter 2), and also their role in the spatial distribution and structure of large
scale species assemblages (Chapter 4). These links between evolutionary
relationships and both functional characteristics and environmentaigreds is
particularly useful in tropical forests because of the high tree diversity of these
ecosystemgter Steegeet al. 2013, which means it is difficult to understand the

ecology of allof the many coexisting species.

Likewise, integrating an ecological and evolutionary approach allowed me to
investigate the legacy of evolution on carbon stocks and woodugtioity

(Chapter 3). Although there have been many studies investigating this link over
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small spatial scales and with controlled experiments, scaling up these results to
scales relevant to conservation planning is an important challenge. To the best of
my knowledge, this is the first study combining these approaches to investigate
the fingerprint of evolution on current patterns of carbon stocks and wood

productivity in such diverse systems and at large sp=tdés.

Currently, coupling phylogenies witacological data is challenging due to the
lack of data on evolutionary relationships amongst tropical species: despite the
recent emergence of a large number of dated phylogenies, they are generally
restricted to specific claddSimonet al. 2009 Couvreuret al. 2011, Bardonet

al. 2013 Fineet al. 2014 Misiewicz & Fine 2014 Liu et al. 2015 TerraAraujo

et al.2015 Dexteret al.2017). Therefore, an additional contribution of this thesis

is a new pafAmazon phylogeny including 1122 genera, which provides a
powerful tool to improve further understanding of historical processes on the
distribution and ecology of the modern Amazonian flora.
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5.3 Future researchdirections

The results from this thesis provide a number of possible avenues for future
research. Firstly, the phylogeny could be further improved. Although the
phylogeny constructed in this thesis encompasses the largest number of lineages
yet used to investigate the influence of historical processes on extant tropical
trees, many genera are still missing at the pertinent phylogenetic scale (i.e. across
all angiosperm lineages). Investigating this link between evolutionary
relationships anecological similarity in a complete phylogeny at species level
woul d be indeed the fAHoly @avephylageny However ¢
remains a very largscale project, considering the high diversity of the Amazon
and adjacent biome@Gentry 1982 1988h ter Steegeet al. 2013. A complete
phylogeny will indeed increase our understanding on the evolutionary processes
underlying current patterns. However, | do not expect that including missing
lineages will reduce our estimates of phylogenetic signal for functional
characteristis and environmental preferenceand may even increase it. Changes

in the magnitude of the effect will largely depend on the prevalence of different
types of missing genera (e.g. lianas, clades from temperate zones, understory trees
and shrubs, montanex&). For instance, Malpighiales encompasses 6% of all
angiosperm species and are mostly represented by rainforest understory trees
(Daviset al. 2005, that lave much shorter lifeycles than canopy trees. Because
smallstatured species are generally restricted to a few cliieder & Chave

2016 and share similar growth and survival strategies, | expect that including
understory genera (trees O 10 cm) would i nc¢
for the functional traits | studied. Likewise, | expect that including temperate
genera may increagghylogenetic signal for environmental preferences, because
temperate lineages are clustered within angiospéioddet al. 1994, but may

not change the extent of the signal for the functional traits | studied because there
is substantial variation for these traits within temperate clades. For instance,
Fagales, a highly derse and ecological dominant plant group is generally
restricted to temperate areas of the Northern Hemis{ereker 2006 Larson

Johnson 2016 Including genera bel@mng to this order may therefore increase
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the extent of phylogenetic signal for temperature (i.e. few clades with temperature
significantly lower than expected by chance). However, within Fagales the trade
off between pioneer and shade tolerant specias essts (e.gBetula versus
Quercus(Betulaceae/Fagaceaahd reflects similar divergent selection to what |
found for traits associated with this traol in tropical forests (Chapter 2; e.qg.

Inga versusDipteryx/Parkiain Fabaceae). Thus, | expect tpat/logenetic signal

for traits associated with growth and survival would be similar once temperate
genera are included. In another exampiemperature plays a major role
constraining genera occurrence and distribution in high elevation plots and
lineagesrestricted to these montane forests are more clustered than expected in
the angiosperm phylogeny (e $aurauia Clethra, Styrax Gordonig. Assuming

that additional taxa from montane forest that are not in the phylogeny are largely
found within a few families and orderswiould therefore expect thatcluding

more taxa from higher elevations will only increase the extent of phylogenetic
signal for environmental nichesn sum, | expect that including missing genera
that expand the range of trait and environmental preference values (e.qg.
demographical rates for understory trees or temperature preference for temperate
genera) could lead to ancrease in the extent of phylogenetic signal. Meanwhile,

| expect that including genera that do not affect the overall amplitude of sampled
trait variation (e.g. wood density and demographical rates for temperate genera)
will not change the extent of plogenetic signal. However, this may not be the
case, and future studies will benefit from a more complete and finely resolved
phylogeny.

Studies including additional functional characteristics would also improve our
understanding on the mechanisms undedypresentlay ecological patterns.
Further studies will benefit from both mapping additional traits onto the
phylogeny to investigate the extent to which evolutionarily relatedness among
species predicts their ecological similarity and also from includthgr traits as
co-variates for predicting ecosystem function. One intriguing possibility would be
to compare the extent of phylogenetic

potential tree size) that provide integrated measures of tree perfornvanses

Asofto traits (e.g. | eaf mass per area,
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plant function. | expect that hard traits may show higher levels of phylogenetic
signal because they are controlled by a linked set afdepted characteries
(Crisp & Cook 2012 and such complex traits may depend on many interacting
genegqEl-Lithy et al.2004 Conner & Hart 200p However, hard traits may have
lower phylogenetic signal than soft traits simply because they are under greater
selective pressure and show higher phenotypic plasticity in response to
environmental condition§Geber & Griffen 2003 Pitcherset al. 2014). A third
hypothesis would be that hard and soft traits may have similar phylogenetic signal

due to coordin@@devolution among all traits.

The evolutionary relatedness of taxa can represent a good proxy for overall trait
similarity, as phylogeny may integrate more trait information than a limited suite
of measured traits and thus provide crucial information oniepescological
characteristics. However, a combination of functional traits is ultimately
responsible for driving the observed relationship between evolutionary diversity
and wood productivity, and if more complete measurements of functional
characteristis are made, it will be possible to explore the role of functional
diversity for controlling ecosystem function. However, for spedigs plant
communities such as tropical forests, obtaining reliable estimates of functional
traits is extremely challengings it requires sampling at least one individual per
species in each forest pl{@aralotoet al.20103. In addition, the high number of
rarespecies in tropical foresfter Steeget al. 2013 Slik et al. 2015 that may be
associated with a highly distinct set of traits that disproportionally increases
community functional diversity, challenges the functional trait apprq@&araloto
et al. 2010a Mouillot et al. 2013 Umafaet al. 2017. For example, within
tropical forests, 55% of the species that are more functionally distinct are rare, and
on average represented by a single individual per safiuaaillot et al. 2013.
Thus, trait sampling in sticdiverse ecosystem requires considerable effort, but
considering the importance of incorporating a combination of key functional
characteristics, the investment in complete sampling is worthwhile for at least
some trait{Baralotoet al.2010g. For instance, future researchers could focus on
measuring crown architecture for different species. Because crown architecture
has been shown to be @tgly associated with productivity in temperate forests
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(Pretzsch 2014Juckeret al. 2015 and experimental studig®Villiams et al.
2017, measurements of this functional characteristic may be particularly
important to understand the biological mechanisms that underlie the diversity
productivity relationship. Thus, deise the difficulty of assessing and quantifying
functional characteristics in tropical forests, measuring a number of traits would
be essential to genuinely understand the mechanisms that underlie diversity
ecosystem function relationships. Future redeaftwuld take on the challenging

task of measuring these additional traits.

The extent to which the relationship between evolutionary diversity and
ecosystem function uncovered here can be generalised to other biomes, such as
savannas and seasonally dmypical forests, also remains to be investigated. The
key traits and trait values that influence resource uptake and thus promote
ecosystem function may differ widely among biomes with distinct evolutionary
histories(Forrestelet al. 2017). In fact, clades restricted to seasonally dry tropical
forests and savannas have very different characteristics, includingobigghoot
ratios and distinct canopy structure, and the majority of biomass may sometimes
be allocated belowground. For example, in savannas, root productivity plays a
major role in determining total productivity and varies from 4 to 8.3 Myyha
(Pandey & Singh 1992whilst in tropical forests the contubion of root
productivity is generally lower at 1.7 to 7.6 Mg hay! (Aragaoet al. 2009.
These differences are an outcome of distinct functional characteristiesinsa
woody plants generally show higher root:shoot ratios of 0.6 t¢Rl&iro et al.
2011 in comparison to tropical fest treeg0.21 + 0.03 Malhiet al. 2009, and
these different strategies could have an effect on how different metrics of
evolutionary diversity relate to ecosystem function. In particular, because savanna
is a disturbancdriven system where cesystem functions such as wood
productivity and biomass will depend on the timing and intensity of the most
recent fire (Pellegrini et al. 2017, | expect that frequent disturbances may
overwrite any effect of evolutionary diversity on ecosystem function. In contrast,
seasonally dry tropical forests are less affected bydsecgke disturbance events
and might show a pattern similar to wet forestéius, due to the different
ecological and historical context of seasonally dry tropical forests and savannas, it
117



is likely that within and crosbiome patterns are driven by different historical
processes and by a distinct sets of functional traits.iffsdance,Poorteret al.
(2017, in assessing the relative importance of biodiversity on ecosystem function
across the Neotropics, argued thatréhis a significant and positive effect of
diversity on biomass stocks in crds®me analyses (i.e. dry and wet forests).
However, results within biomes are conflicting, and in a few cases show opposite
patterns: there is a positive effect of specielsnéss on carbon stocks within wet
forests whilst there is no effect within dry forest communities. Additionally,
species richness had a positive effect on biomass growth of surviving trees (i.e. all
stems in a plot that survived until the last census)autts America but show a
negative effect in Central Amerig¢Roorteret al. 2017). Thus, interpreting cross
biome patterns is difficult and associations mayeaspuriously as it may be
driven by the relationship within a single biome rather than consistent patterns
across different biomes. | expect that crbesne effects of diversity may be
related to changes in different functional traits and therefore ltkehe difficult

to interpret. For instance, canopy architecture may be an important driver of
productivity in closed canopy forest due to canopy packing, whilst in savannas
other functional characteristics may be more important for promoting ecosystem

function.

Finally, the most prominent question that emerges for future research concerns
assessing speciesbd responses to climate che
their ability to process and stocarbon depending on their lifastory strategies
and functional characteristics, it is imperative to have a better understanding of
which species may o6wind and which may 061 os
carbon cycle in tropical forests. Here, | show that lineages tend to retain their
ancestral enviremental preferences over evolutionary time scales. Thereby under
predicted warming, clades with temperature preferences that are lower than
expected by chance would be more prone to declines in abundance and/or shifts in
their distribution. The results fno chapter 4 give us a hint as to which lineages
may be Owinnerso6 versus Ol oserso. Addi tion
constructed here with rates of population chafegg. Katabuchet al. 2017 may
provide a powerful way to potentially predict how spe@idsrespond to climatic
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changes. Through time, the consequences of climate change on species abundance
and geographical distribution is a result of how species respond and whether they
can adapt to these changes evolutiongf@uintero & Wiens 2013 Some taxa

are expected to become locally extinct anit sheir geographical distribution to
remain within their ancestral environmgRarmesan & Yohe 20030Other taxa

may acclimate to rapid changes in climate through phenotypic plasticity in order
to survive(Houlton et al. 2007 or they may have the evolutionary potential

adapt to environmental changes and pei@sil & Collins 2008. In contrast,

other species may be unable to move or evolve fast enough and may become
vulnerable to extinctior{Lavergneet al. 2013 Quintero & Wiens 2013 One
possible way to investigate this link in more detail is to examine the rate of niche
evolution among lineages and compare these rates with rates of population
change. Species ability fgersist in the ecosystem will depend on their adaptive
potential which can be evaluated through their past rate of niche evolution.
Lineages that have experienced high rates of niche evolution may be more
resilient to environmental changes, while thosarabterized by slow niche
evolution may be more susceptible to decline and become exSnuth &
Beaulieu 2009Lavergneet al. 2013. The constraints on the capacity of species

to be rescued from stressful conditions and persist via adaptive evolution will
depend on their retention of appropriate genetic variation or a high mutation rate
to allow niche shift and adagiton to new climatic condition@Bell & Collins

2008 Lavergneet al. 2013. Genetic diversity may allow different populations to
respond to selective pressure by allowing evolutionary changes of species traits,
and therefore enhance their potential to adaatvergneet al. 2010. The results

from chapter 4 of environmental preferences being heritable over evolutionary
timescales give us not just an indicatiof which species may lose and which may
win under predicted climatic change, but provides a number of possible avenues
for future research, particularly for linking rates of niche evolution with
population changes in abundance. However, despite thisiging approach to
connect estimates of past niche evolution to a pretsniability to cope with
climate change, it is important to acknowledge the vastly different timescales

involved. On a phylogenetic scale, evolutionary rates are changing ovemmillio
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of years(Quintero & Wiens 20183 while the rate Wwich climate is currently
changing is much faster; temperature for example is rising at an average rate of
0.26 £ 0.05° C per decade across the trgiehi & Wright 2004).

5.4 Researchimplications

One of the biggest challenrgé the conservation realm is to provide decision
makers with means to prioritize efforts. Recently there has been an increasing
interest of incorporating different aspects of biodiversity in these discussions,
which go beyond the number of species, tolude other metrics such as
functional and evolutionary diversity. In particular, phylogenetic diversity has
been widely recommended to be incorporated into conservation strategies
(Vanewrightet al. 1991, Forestet al. 2007 Isaacet al. 2007 Rollandet al.2012

Honorio Coronadet al. 2015 Oliveiraet al. 2017 Pollocket al.2017). Four key
arguments have been suggested to support an evolutionary perspective as an
important component of nature conservation: i) phylogenetic diversity as an
intrinsic component of biadersity; ii) as a proxy for functional diversity; iii)
because it i S related to communitieso6 abi
changes; and iv) because it promotes ecosystem functioning. However, despite the
number of arguments repeatedly recommemdavolutionary diversity to be
relevant for conservation, there seems to have little evidence of the additional
value of this approackiDiniz-Filho et al. 2013 Winter et al. 2013. Here, |
discuss how this thesis contributes to each one of these arguments in turn.

5.4.1 Phylogenetic diversity as an intrinsic biodiversity component

There is an intrinsic interest in preserving all the aspects of biodiversity, including
protecting the treef life per se(Faith 1992 Forestet al. 2007). As species are

not all equivalent there are moral and ethical arguments that evolutionary
diversity represents a value on its own and the loss of species consequently
implies a lossof evolutionary history. In this thesis, | constructed a phylogeny
including 1122 Neotropical genera that can be used to show how distinct are those

lineages. The evolutionary distinctiveness (ED) of each genus represents the
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amount of unique evolutionaryistory carried by each genus and can be
calculated by dividing the total phylogenetic diversity of a clade amongst its
members(Vanewright et al. 1991, Isaacet al. 2007 Jetz et al. 2014. For
conservation purposes an index of Evolutigriaistinct and Globally Endangered
species (EDGE) has recently been suggested for conservation prioritisation
(Redding & Mooers 2015 This index gives Igh values to species that have few
close relatives and are under greater risk of extinction, and is calculated by
combining the ED and the global extinction (GE) risk from the World
Conservation Union Red List Categor{#dCN 2017%):

0'0°001 TOO p "0a 1 I
Where ED represents how much evolutionar
taxa dies out and is measured as the distance along the phylogeny from one taxa
to its closely relative (i.e. twice the age of their most recent common ancestor).
GE reflects the risk of extinction and is attributed based on the IUCN red list:
critically endangered (GE = 4), endangered (3); vulnerable (2); near threatened (1)
and least concern (0). So far, there are quantifications of EDGE for mammals,
amphibians and cals (ZSL 2017 and the phylogeny constructed tims thesis
could potentially be used to calculate the EDGE metric for angiosperm genera.
The EDGE metric has already been shown to modify conservation initiatives
(Isaacet al. 2007 Jetzet al. 2014 Redding & Mooers 2015 For example,
investigating the effectiveness of EDGE as a tool for prioritisation scheme of
mammals, Redding and Mooers (2015showed that ranking species for
conservation attention based on EDGE sco
the advantage of preserving more of the total evolutionary history and trait
diversity compared to conservation prioritisation simply focusing on species that
are under greater extinction risk. For angiosperms, the phylogeny produced here
therefore offers a powerful tool to support current criteria for identifying target
groups. Amongt the 1122 genera in the phylogeny produced here, 320 species
belonging to 150 genera had their conservation status accessed in the IUCN red
list. | estimated the EDGE index for these genera calculating the evolutionary
distinctiveness per genera (ED) atiek highest global extinction risk category

(GE) within species fothat genus The most distinctive and threatened genera
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were: Duguetig Sorocea Mollinedia, Rinorea,and Cupania(complete list with

EDGE for the genera accessed in the IUCN red list of threatened species are
available in Appendix 5). Interestingly, the genera that | found to deserve higher
conservation attention are comprised of sratdtured trees that are usyall
ignored in threat assessments that focus on large iconic timber species. In fact,
conservation efforts used to increase awareness about conservation priorities
generally rely on iconic and charismatic species while neglecting threatened ones
(Barua et al. 2011 Bennett et al. 2015. Using the EDGE index within
conservation schemes may therefore be more effective as conservations funds
may be dbcated foroverlooked threatened spegciesther tharfocusing on iconic

and charismatic speciésat may be not threatened.
5.4.2Phylogeny as proxy for functional diversity

Beyond protecting the tree of lifeer se(lsaacet al. 2007 Jetzet al. 2014,
evolutionary diversity is also remmended to be incorporated into conservation
strategies for safeguarding the full breadth of functional diversity. Facing the
challenge of assessing a suite of functional traits due to budgetary and practical
constraints(Baralotoet al. 20103, if closely related species share similar traits,
there will be a synergy between protecting phylogenetic and functional diversity.
However, the lack of knowledge on species evolutionary relationghipse et

al. 2003 and the little evidence for phylogenetic diversity being a proxy for
measured functional diversifMouquetet al. 2012 Winter et al. 2013 have
prevented the use of this argument for conservation. In chapter 2, | show that
across tropical trees, closely related genera tend to share similarthititare
associated with key aspects of their-lifistory strategies which strengthens the
argument for incorporating an evolutionary perspective into strategies for
prioritizing conservation efforts: the results presented here support the idea that
corservation of phylogenetically diverse tropical forest tree communities also

maximizes the diversity of functional characteristics in these ecosystems.

5.4.3 Species ability to persist under environmental changes
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Another line of argument to promote the use of lewonary diversity in
conservation assessments is that the extent to which environmental niches are
retained over evolutionary timescales may be associated with species ability to
cope with ongoing climate change. If environmental niches have evolved litt
from their ancestral state, species may struggle to adapt to changing environments
and may need to shift their distribution to track their most suitable environment
conditions (Wiens & Donoghue 20Q4Wiens et al. 2010. By contrast, if
environmental niches have diverged from their ancestors, this pattern may suggest
that adaptations to novel environments are more likely to occur in the future. In
chapter 4, | show that sister lineages tendshare similar environmental
preferences. These results may help us to understand and possibly predict the
Owi nner so and 0l oser so under ongoing
Because the results from chapter 4 show a prevailing tendency for Neotropical
trees to maintain the environmental preferences of their ancestors, | expect that
facing predicted increase in temperature, lineages with cooler temperature
preferences will be more prone to decline in abundance and eventually become
locally extinct. Notaly, | expect that under global change, species loss may be
biased against certain clades, due to the shared environmental niches amongst
related lineages, and have a stronger impact on evolutionary diversity than on
diversity measures based simply on thenber of species. These results from
chapter 4 therefore suggest that the protection of evolutionary diversity may
benefit from conservation of areas encompassing distinct environmental
conditions. Conservation strategies that cover a limited environhgnratdient

may eventually experience greater losses of evolutionary diversity.
5.4.4 Promote ecosystenfunctioning

The strongest argument for incorporating evolutionary diversity into conservation
efforts relies on the relationship between diversity and ecasyfstection. More
evolutionary diverse communities are assumed to increase ecosystem function
through complementarity. However, all the evidences supporting this link has
come from grassland experimer{tSardinaleet al. 2007 Cadotteet al. 2008
Cadotteet al. 2009 Cadotteet al. 2013 Cadotte 2013Cadotteet al.2017hH and
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whether more evolutionarily diverse communities maximize function at large
scales in natural ecosystems was still lackthgugh see Duffet al.2017). The
results from chapter 3 support this argument and for the first time show that
evolutionary diversity is positively associated with wood productivity in diverse
tropical forests: even after millions of years of evolutionary processes, there is
still a legacy of evolution on current patterns of productivity. These results
suggest that incorporating evolutionary history into conservation strategies may
also maximise ecosystem function. Although the results presented here support
the relationship betweegreater evolutionary diversity and higher productivity it

IS important to state that this effect is small. Furthermore, in addition to
prioritizing areas with greater carbon stocks and productivity, other factors such
as belowground carbon should also basidered, particularly in areas of tropical

peat swampgDraperet al.2014).

The amount of carbon processed and stored in aboveground biomass is ultimately
determined by variation in local soil and climatic gradigiMsilhi et al. 2006
Baralotoet al. 2011, Quesadaet al. 2012. Although to my knowledge there are
no other studies investigating the legacy of evolution on current patterns of carbon
stocks and productivity, recent studies have recomptetitht biodiversity should
be incorporated into conservation strategies that aim to reduce carbon emissions
from deforestation and forest degradation (REDPgorteret al.2015h van der
Sandeet al. 2017hH. These studies found that biodiversity is positively associated
with carbon stocks and suggested that biodiversity conservation is not only a goal
in itself but also promotes ecosystem functioning. However, we did not find an
effect of diversity on carborstocks, just on wood productivity. Importantly,
previous studies that have attempted to account for climatic and edaphic variation
have relied on soil properties extracted from digital soil maps from the
Harmonised World Soil Database (HWS[achtergaeleet al. 2012. In fact,
because soil physical and chemical properties vary at local scales and the spatial
resolution of HSWD is 1 km, these data fail to capture local soil variation. Here,
assessing the saciation between soil data locally collected across 90 1 ha plots
and data from the HWSD, | show that all soil texture metrics and solil fertility
represented by otal exchangeable basein the HWSD are completely
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uncorrelated with soil properties calc@dtfrom locally collected samples (Figure
5.1). Including variables that do not effectively capture local edaphic variation
reduces the importance of soil properties and may inflate the effect of biodiversity
for promoting ecosystem functioning. Recentdgts that showed an effect of
biodiversity on aboveground biomass incorporated soil data from digital soil maps
(Poorteret d. 2015h Poorteret al.2017). However, considering the limitations of
using soil maps to infer local soil properties, these results should be interpreted

with caution.
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Figure 5.1 Relationship between soil data collected locally and data from the Hemenoworld

Soil database (HWSDacross 90 plots: a) Clay content, b) Sand con®n§ilt conteh and d)

Total exchangeable base

Recently developed soil grid map@lengl et al. 2017 improve on the
performance of HWSD, and sqgtoperties here are correlated with local soil data
(e.g. Sand Kendall U = 0.21 p=0.04;

However, this map does not provide soil data on properties related to fertility

0s

(Henglet al.2014 Henglet al.2017). For example, CEC extracted from soil grid
maps is commonly used as a proxy for soil ferti(iyg. Figueiredoet al. 2017,

Levis et al. 2017, although it repesents the level of soil development and
quantifies the overall potential of the soil to exchange cations (i.e. calcium,
magnesium, potassium, sodium, and aluminium), rather than the amount of
nutrients in the soil(Lloyd & Veenendaal 2016 Because CEC includes
potentially toxic aluminium, it does not provide an ecologically relevant variable
to infer soil fertility in tropical forests. Pactilarly, in the Neotropics in some
highly weathered soils, aluminium can account for up to 99% of the CEC

(Quesadaet al. 2010. Soil variation at small spatial scales, the absence of
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relevant soil properties and other issues associated with the use of largescale
maps, such as georeferencing problems, are discussed in detail elsgdyere
& Veenendaal 20L6Moulatletet al.2017).

In short, this thesis providesupport for considering the evolutionary dimension
of species when making conservation decisions. Each chapter of this thesis
provides a distinctive argument for preserving evolutionary diversity in highly

diverse tropical forests such as Amazonia.

5.5 Final synthesis

In this thesis, | showed that there is a legacy of evolution on prdagmatterns

of species turnover across environmental gradients, their respective functional
traits and contrasting abilities to process and store carbon. The significant
phylogenetic signal for functional traits that represent major axes of plant life
history strategies shows that evolutionary heritage of a lineage can act as a major
constraint on the ecological roles that species in the lineage can occupy. Similar
levels of mylogenetic signal found across all the four different and correlated
traits suggests that the main axes of-tifstory variation in survival and growth

of trees may represent the result of repeated evolution of a suite of coordinated
functional charactéstics. Analysing the environmental preferences in tropical
trees revealed that evolutionarily closely related genera have more similar
temperature, precipitation, and edaphic niches than expected by chance. Similar
environmental niche preference suggdsian under predicted climate change,
more phylogenetic diversity may be lost than if environmental preferences were
randomly distributed across tree genera. Furthermore, because closely related taxa
tend to resemble each other more than etgueby chancel suggest thathe
evolutionary position of species (i.e. the genus or family to which they belong)
can be a useful proxy for the wood density, demographic rates, maximum sizes,
climatic and edaphic preferences of tropical trees, overcoming data limitatio
This link may be particularly important for incorporating functional diversity in
ecosystem modelling to go beyond using a single plant functional type and

represent a broader range of vegetation diveré8wensonet al. 20179.
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Additionally, investigating the role of historical processes on ecosystem function |
showed that Amazonian forest communities that include moréutexmarily
distinct lineages and with a higher proportion of rare species, have greater wood
productivity. | show that different dimensions of diversity (i.e. taxonomic
diversity and evolutionary relationships close to the tips) are more associated with
carbon uptake than functional characteristics such as wood density and potential
tree size. In essence, these results suggest an additional contribution of
unmeasured traits that are significantly related to phylogeny and highlight the
importance of phylogey as a proxy for functional characteristics in hyperdiverse
systems where measuring a number of traits remains challenging. The results |
presented here advance our understanding of the role evolutionary processes in
shaping modern patterns of diversitydaecosystem function and show the need to
consider the different dimensions of diversity when prioritizing conservation

efforts in tropical forests.
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Appendices

Appendix 1 List of plots encompassing the Floristic tree inventoriedata

List of plots encompassing the Floristic tree inventories782 plots compiled from RAINFOR database, with their respective coordinates in Latitatlg and

Longitude (Long.)area in hectarechapters in which plots were used and data contribuBtrapter in which plots were used are assigned.

(I:D(I)((the Country Lat. Long. Eilgé Chazpter Che;pter Cha:lpter Data contributors
(ha)

ACL-01 Venezuela 8.75 -715 1 X Oliver Phillips
ACU-01 Bolivia -15.25 -61.25 1 X Jon Lloyd; Luzmila Arroyo, Oliver Phillips, Ted Feldpausch
ACU-02 Bolivia -15.25 -61.24 1 X Luzmila Arroyo; Timothy Killeen; Ted Feldpausch
AGJ01 Peru -11.89  -71.36 2 X X John Terborgh
AGP-01 Colombia -3.72 -70.31 1 X X X Oliver Phillips; Agustin Rudas; Alvaro Cogollo; Esteban Alvarez; Adriana Priel
AGP-02 Colombia -3.72 -70.3 1 X X X Oliver Phillips; Agustin Rudas; Alvaro Cogollo; Esteban Alvarez; Adriana Priel
ALC-01 Brasil -2.53 -54.91 1 X Jon Lloyd; Ted Feldpausch
ALC-02 Brasil -2.49 -54.96 1 X Jon Lloyd; Ted Feldpausch
ALF-01 Brasil -9.6 -55.94 1 X X X Ted FeldpausctBeatriz Marimon; Ben Hur Marimon; Jon Lloyd
ALF-02 Brasil -9.58 -55.92 1 X X X Ted Feldpausch; Beatriz Marimon; Ben Hur Marimon; Jon Lloyd
ALM-01 Peru -11.8 -71.47 2 X X John Terborgh; Roel Brienen; Nigel Pitman; Fernando Cornejo

Abel Monteagudo; Tim Baker; Oliver Phillips; Roel Brienen; Yadvinder Malhi;
ALP-01 Peru -3.95 -73.43 1 X X X Rodolfo Vasquez
ALP-02 Peru -3.95 -73.44 1 X X X Abel Monteagudo; Tim Baker; Oliver Phillips ;Roel Brienen
ALP-05 Peru -3.96 -73.44 0.1 X X Oliver Phillips
ALP-06 Peru -3.95 -73.44 0.1 X X Oliver Phillips
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ALP-10 Peru -3.95 -73.41 0.1 X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
ALP-16 Peru -3.94 -73.43 0.1 X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Aldeinteagudo
ALP-17 Peru -3.94 -73.43 0.1 X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
ALP-18 Peru -3.95 -73.43 0.1 X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
ALP-19 Peru -3.96 -73.44 0.1 X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
ALP-20 Peru -3.96 -73.43 0.1 X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
ALP-23 Peru -3.95 -73.42 0.1 X X Oliver Phillips; Rodolfovasquez
ALP-24 Peru -3.96 -73.43 0.1 X X Oliver Phillips; Rodolfo Vasquez
ALP-25 Peru -3.95 -73.44 0.1 X X Oliver Phillips; Rodolfo Vasquez
ALP-26 Peru -3.95 -73.41 0.1 X X Oliver Phillips; Rodolfo Vasquez
ALP-27 Peru -3.95 -73.44 0.1 X Oliver Phillips; Rodolfo Vasquez Martinez
ALP-30 Peru -3.95 -73.43 1 X X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
ALP-40 Peru -3.94 -73.44 1 X X Oliver Phillips; Roel BrienenAbel Monteagudo; Freddy Ramirez
ALV-01 Bolivia -16.12  -61.89 1 X Alejandro AraujeMurakam
ALV -02 Bolivia -16.08 -61.89 1 X Alejandro AraujeMurakam
AMA-02 Colombia 5.58 -77.5 1 X X Esteban Alvarez Davila; Oliver Phillips
AMD-01 Brasil -1.83 -46.75 1 X X Ima Vieira
AMD-02 Brasil -1.83 -46.75 1 X X Ima Vieira
AMI-01 Bolivia -13.58 -68.76 0.1 X X Alwyn Gentry; Percy Nufiez Vargas
AMI-02 Bolivia -13.58 -68.76 0.1 X X Alwyn Gentry
AMO-01 Peru -4.17 -80.58 0.1 X Alwyn Gentry
AMR-01 Colombia 1096 -73.98 0.1 X Alwyn Gentry
ANC-01 Colombia 3.77 -76.87 0.1 X X Alwyn Gentry
ANT-01 Colombia 7.26 -75.94 0.1 X Alwyn Gentry
ARA-01 Brasil -4.82 -52.52 1 X William Balee; David G Campbell
ARC-01 Colombia -0.6 -72.17 X Esteban Alvarez Davila; Oliver Phillips
ARC-10 Colombia -0.41 -72.33 0.1 X X Alwyn Gentry
ARC-11 Colombia -0.41 -72.31 0.04 X X Alwyn Gentry
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ASA-01 Colombia 7.16 -75.9 0.1 X Alwyn Gentry
ASR-01 Brasil -4.76 -52.6 1 X William Balee; David G Campbell

Emilio Vilanova; Hirma RamireAngulo; Armando Torresezama ; Geertje van
BAC-01 Venezuela 7.46 -71.01 0.25 X X der Heijden; Oliver Phillips

Emilio Vilanova; Hirma RamireAngulo; Armando Torredezama ; Geertje van
BAC-02 Venezuela 7.46 -71.01 0.25 X X der Heijden; Oliver Phillips

Emilio Vilanova; Hirma RamireAngulo; Armando Torresezama ; Geertje van
BAC-03 Venezuela 7.46 -71.01 0.25 X X der Heijden; Oliver Phillips

Emilio Vilanova; Hirma RamireAngulo; Armando Torresezama ; Geertje van
BAC-04 Venezuela 7.46 -71.01 0.25 X X derHeijden; Oliver Phillips

Emilio Vilanova; Hirma RamireAngulo; Armando Torredezama ; Geertje van
BAC-05 Venezuela 7.47 -71.02 0.25 X X der Heijden; Oliver Phillips

Emilio Vilanova; Hirma RamireAngulo; ArmandoTorresLezama ; Geertje van
BAC-06 Venezuela 7.47 -71.02 0.25 X X der Heijden; Oliver Phillips
BAR-01 Peru -11.9 -71.42 1 X X Abel Monteagudo; John Terborgh; Oliver Phillips; Percy Nufiez Vargas
BBC-01 Bolivia -14.3 -60.53 1 X Luzmila Arroyo; Timothy Killeen
BBC-02 Bolivia -14.3 -60.53 1 X Luzmila Arroyo; Timothy Killeen
BBS-01 Suriname 4.93 -55.22 1 X X Hans ter Steege
BBS-02 Suriname 4.93 -55.19 1 X X Hans ter Steege
BBS-03 Suriname 4.95 -55.19 1 X X Hans ter Steege
BBS-04 Suriname 4.97 -55.18 1 X X Hans ter Steege
BBS-05 Suriname 4.99 -55.2 1 X X Hans ter Steege
BBS-06 Suriname 4.94 -55.18 1 X X Hans ter Steege
BBS-07 Suriname 4.92 -55.13 1 X X Hans ter Steege
BBS-08 Suriname 4.93 -55.14 1 X X Hans ter Steege
BBS-09 Suriname 4.95 -55.19 1 X X Hans ter Steege
BCA-01 Colombia 3.97 -77.07 0.1 X X Emilio Vilanova
BCU-01 Colombia 11.14  -73.47 0.1 X X Emilio Vilanova
BDF-01 Brasil -2.34 -60.1 2 X X William Laurence; Susan Laurance; Ana Andrade; Jose Camargo, Thomas L¢
BDF-03 Brasil -2.42 -59.85 X X X William Laurence; Susan Laurance; Ana Andrade; Jose Camargo, Thomas L¢
BDF-04 Brasil -2.43 -59.85 X X William Laurence; Susan Laurance; Ana Andrade; Jose Camargo, Thomas L¢
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BDF-05 Brasil -2.43 -59.85 1 X X William Laurence; Susan Laurand&a Andrade; Jose Camargo, Thomas Love
BDF-06 Brasil -2.41 -59.86 3 X X William Laurence; Susan Laurance; Ana Andrade; Jose Camargo, Thomas Lc
BDF-07 Brasil 2.4 -59.9 1 X X William Laurence; Susan Laurance; Ana Andrade; Jose Camargo, Thowgsy
BDF-08 Brasil -2.4 -59.9 1 X X William Laurence; Susan Laurance; Ana Andrade; Jose Camargo, Thomas L¢
BDF-09 Brasil -2.4 -59.85 1 X X X William Laurence; Susan Laurance; Ana Andrade; Jose Camargo, Thomas L¢
BDF-10 Brasil -2.39 -59.86 2 X X William Laurence; Susan Laurance; Ana Andrade; Jose Camargo, Thomas L¢
BDF-11 Brasil -2.38 -59.85 3 X X William Laurence; Susan Laurance; Ana Andrade; Jose Camargo, Thomas L¢
BDF-12 Brasil -2.39 -59.85 2 X X William Laurence; Susabaurance; Ana Andrade; Jose Camargo, Thomas Lov
BDF-13 Brasil 2.4 -59.91 9 X X X William Laurence; Susan Laurance; Ana Andrade; Jose Camargo, Thomas Lc
BDF-14 Brasil -2.36 -59.97 1 X X William Laurence; Susan Laurance; Ana Andrade; &mmargo, Thomas Lovejo
BEE-01 Bolivia -16.53 -64.58 1 X X Luzmila Arroyo;Alejandro MurakarrBraujo; Oliver Phillips
BEE-05 Bolivia -16.53  -64.58 1 X X Luzmila Arroyo;Alejandro Murakarmhraujo; Oliver Phillips
BES-01 Colombia 10.53 -73.29 1 X Esteban Alvarez Davila; Oliver Phillips
BET-01 Colombia 6.92 -73.3 1.035 X Esteban Alvarez Davila; Oliver Phillips
BET-02 Colombia 6.92 -73.3 1.035 X Esteban Alvarez Davila; Oliver Phillips
BLS-01 Ecuador 0.61 -79.86 0.1 X X Alwyn Gentry
BNT-01 Brasil -2.64 -60.16 1 X X X Niro Higuchi
BNT-02 Brasil -2.64 -60.15 1 X X X Niro Higuchi
BNT-04 Brasil -2.63 -60.15 1 X X X Niro Higuchi
BNT-05 Brasil -2.63 -60.17 1 X X Niro Higuchi
BNT-06 Brasil -2.63 -60.17 1 X X Niro Higuchi
BNT-07 Brasil -2.63 -60.17 1 X X Niro Higuchi
BOG-01 Ecuador -0.7 -76.48 1 X X X Abel Monteagudo; Roel Brienen; Tony DiFiore; Nigel Pitman; Oliver Phillips
BOG-02 Ecuador -0.7 -76.47 1 X X X Abel Monteagudo; Roel Brienen; Tony DiFiore; Nigel Pitman; Oliver Phillips
BRP-01 Venezuela 2.83 -65.9 0.1 X X Gerardo Aymard
BST-01 Peru -12.38  -72.41 0.5 X Kyle G. Dexter
BST-02 Peru -12.48 -72.32 0.5 X Kyle G. Dexter
BVA-01 Peru -4.24 -73.2 0.5 X X Euridice Honorio; Tim Baker
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CAB-01 Bolivia -14.98 -68.48 0.05 X Alwyn Gentry
CAC-01 Ecuador -3.45 -78.36 0.06 X Alwyn Gentry
CAE-01 Ecuador -2 -79.96 0.1 X Alwyn Gentry
CAG-01 Peru -12.04 -69.11 0.1 X X Abel Monteagudo; Oliver Phillips; Fernando Valverde
CAG-02 Peru -12.04 -69.1 0.1 X X Abel Monteagudofliver Phillips; Fernando Valverde
CAG-03 Peru -12.03 -69.1 0.1 X X Abel Monteagudo; Oliver Phillips; Fernando Valverde
CAG-04 Peru -12.03 -69.1 0.1 X X Abel Monteagudo; Oliver Phillips; Fernando Valverde
CAG-05 Peru -12.11  -69.14 0.1 X X Abel Monteagudo; Oliver Phillips; Fernando Valverde
CAG-06 Peru -12.1 -69.18 0.1 X X Abel Monteagudo; Oliver Phillips; Fernando Valverde
CAG-07 Peru -12.17  -69.14 0.1 X X Abel Monteagudo; Oliver Phillips; Fernando Valverde
CAG-08 Peru -12.18  -69.13 0.1 X X Abel Monteagudo; Oliver Phillips; Fernando Valverde
CAG-09 Peru -12.13 -69.11 0.1 X X Abel Monteagudo; Oliver Phillips; Fernando Valverde
CAG-10 Peru -12.17  -69.05 0.1 X X Abel Monteagudo; Oliver Phillips; Fernando Valverde
CAG-11 Peru -12.18 -69.05 0.1 X X Abel Monteagudo; Oliver Phillips; Fernando Valverde
CAI-01 Venezuela 8.7 -70.07 0.25 X X Emilio Vilanova; Geertje van der Heijden; Oliver Phillips
CAI-02 Venezuela 8.7 -70.07 0.25 X X Emilio Vilanova; Oliver Phillips

CAI-03 Venezuela 8.7 -70.07 0.25 X Emilio Vilanova; Hirma RamireAngulo

CAI-04 Venezuela 8.7 -70.07 0.25 X X Emilio Vilanova; Geertje van der Heijden; Oliver Phillips
CAI-05 Venezuela 8.72 -70.08 0.25 X Emilio Vilanova; Hirma RamireAngulo

CAI-06 Venezuela 8.72 -70.08 0.25 X Emilio Vilanova; Hirma RamireAngulo
CAL-01 Peru -12.8 -71.78 1 X William Farfan
CAL-02 Peru -12.81 -71.78 1 X William Farfan
CAR-01 Brasil -5.58 -49.72 1 X Rafael Saloméo
CAS-01 Venezuela 2.03 -66.47 1 X X Gerardo Aymard
CAS-02 Venezuela 2.32 -66.48 1 X X Gerardo Aymard
CAS-03 Venezuela 1.92 -66.62 1 X X Gerardo Aymard
CAT-02 Venezuela 8.44 -71.77 0.252 X X JeanPierre Veillon
CAT-03 Venezuela 8.44 -71.77 0.252 X X JeanPierre Veillon
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CAX-01 Brasil -1.74 -51.46 1 X X X Antonio Lola da Costa da Costa
CAX-02 Brasil -1.74 -51.46 1 X X X Antonio Lola da Costa
CAX-06 Brasil -1.72 -51.46 1 X X X Antonio Lola da Costa; Luis Aragao
CAX-08 Brasil -1.85 -51.47 1 X X Antonio Lola da Costa
CAY-01 Peru -4.66 -79.55 0.1 X Alwyn Gentry
CBC-01 Venezuela 2.35 -66.55 0.1 X X Gerardo Aymard
CBN-01 Venezuela 8.58 -71.42 0.259 X JeanPierre Veillon; Ali D'Jesus; Oliver Phillips
CBN-02 Venezuela 8.58 -71.42  0.259 X JeanPierre Veillon; Ali D'Jesus; Oliver Phillips
CBN-03 Venezuela 8.58 -71.42  0.259 X JeanPierre Veillon; Ali D'Jesus; Oliver Phillips
CBN-04 Venezuela 8.58 -71.42  0.259 X JeanPierre Veillon; Ali D'Jesus; Oliver Phillips
CBN-05 Venezuela 8.58 -71.42  0.259 X JeanPierre Veillon; Ali D'JesusQliver Phillips
CBN-06 Venezuela 8.58 -71.42 0.259 X JeanPierre Veillon; Ali D'Jesus; Oliver Phillips
CBO-10 Venezuela 1.95 -66.98 0.1 X X Gerardo Aymard
CBP-01 Peru -12.39  -69.31 0.1 X X Oliver Phillips; Percy Nufiez Vargas
CBP-02 Peru -12.4 -69.33 0.1 X X Oliver Phillips; Percy Nufiez Vargas
CBP-03 Peru -12.42  -69.28 0.1 X X Oliver Phillips; Percy Nufiez Vargas
CBP-04 Peru -12.41  -69.32 0.1 X X Oliver Phillips; Percy Nufiez Vargas
CBP-05 Peru -12.39  -69.31 0.1 X X Oliver Phillips; PercyNufiez Vargas
CBP-06 Peru -12.43  -69.28 0.1 X X Oliver Phillips; Percy Nufiez Vargas
CBP-07 Peru -12.42  -69.33 0.1 X X Oliver Phillips; Percy Nufiez Vargas
CBP-08 Peru -12.43  -69.29 0.1 X X Oliver Phillips; Percy Nufiez Vargas
CBP-09 Peru -12.43  -69.29 0.1 X X Oliver Phillips; Percy Nufiez Vargas
CBR-01 Guyana 4.95 -58.36 1 X Hans ter Steege
CBR-02 Guyana 4.95 -58.35 1 X Hans ter Steege
CBR-03 Guyana 4.95 -58.37 1 X Hans ter Steege
CBR-04 Guyana 4.92 -58.35 1 X Hans ter Steege
CDK-01 Venezuela 2.92 -66.63 0.1 X X Gerardo Aymard
CDM-01 Peru -10.33 -75.3 1 X X Alwyn Gentry
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CDM-02 Peru -10.24 -75.21 0.1 X X Alwyn Gentry
CDT-01 Venezuela 2.8 -65.95 0.1 X X Gerardo Aymard
CED-01 Colombia 4.74 -75.55 0.1 X Alwyn Gentry
CEN-01 Ecuador -0.66 -79.29 0.1 X Alwyn Gentry
CESO01 Colombia 10.38  -72.92 0.1 X Alwyn Gentry
CHB-01 Peru -6.16 -78.75 0.04 X Alwyn Gentry

CHI-01 Peru -5.25 -78.96 0.1 X Alwyn Gentry
CHO-01 Bolivia -14.39  -61.15 1 X X Luzmila Arroyo: TimothyKilleen
CHO-02 Bolivia -14.34  -61.16 X Luzmila Arroyo; Timothy Killeen
CHQ-01 Bolivia -14.56  -68.46 0.1 X Alwyn Gentry

CJG04 Peru -12.67  -69.11 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez VVargas
CJGO05 Peru -12.66 -69.08 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nfiez Vargas
CJGO06 Peru -12.64 -69.1 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nfiez Vargas
CJGO7 Peru -12.68 -69.11 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CJGO08 Peru -12.69 -69.12 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CJG09 Peru -12.68 -69.18 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
CJG10 Peru -12.68 -69.18 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
CLA-03 Venezuela 10.01  -65.32 0.259 X Emilio Vilanova
CLA-04 Venezuela 10.01  -65.32 0.252 X Emilio Vilanova
CLO-01 Colombia 9.53 -75.35 0.1 X X Alwyn Gentry
CLS-01 Peru -12.6 -69.02 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CLS-02 Peru -12.6 -69.01 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CLS-03 Peru -12.61  -69.02 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CLT-01 Peru -12.82  -69.35 0.1 X X Abel Monteagudo; Oliver Phillips; Percy NGf¢argas
CLT-02 Peru -12.8 -69.34 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez VVargas
CLT-03 Peru -12.84  -69.29 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
CLT-04 Peru -12.83  -69.27 0.1 X X Abel Monteagudo; Oliver Phillipgercy Nafiez Vargas
CLT-05 Peru -12.82 -69.35 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
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CLT-06 Peru -12.88  -69.28 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez VVargas
CLT-07 Peru -12.85 -69.29 0.1 X X Abel Monteagudo; OlivePhillips; Percy Nufiez Vargas
CLT-08 Peru -12.83  -69.26 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez VVargas
CLT-09 Peru -12.82 -69.3 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nfiez Vargas
CLV-01 Peru -12.4 -68.82 0.1 X X Abel Monteagudo; Oliver Phillips
CLV-02 Peru -12.39  -68.79 0.1 X X Abel Monteagudo; Oliver Phillips
CLV-03 Peru -12.41  -68.86 0.1 X X Abel Monteagudo; Oliver Phillips
CLV-04 Peru -12.36 -68.8 0.1 X X Abel Monteagudo; Oliver Phillips
CLV-05 Peru -12.43 -68.8 0.1 X X Abel Monteagudo; Oliver Phillips
CLV-06 Peru -12.46  -68.81 0.1 X X Abel Monteagudo; Oliver Phillips
CLV-07 Peru -12.47 -68.8 0.1 X X Abel Monteagudo; Oliver Phillips
CLV-08 Peru -12.45 -68.81 0.1 X X Abel Monteagudo; Oliver Phillips
CNG-01 Venezuela 0.83 -66.17 1 X X Alwyn Gentry
CNS01 Peru -12.56  -68.71 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CNS-02 Peru -12.56 -68.7 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CNS-03 Peru -12.56  -68.72 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
CNS-04 Peru -12.59  -68.73 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
CNS-05 Peru -12.6 -68.72 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
CNS-06 Peru -12.61 -68.73 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
CNS-07 Peru -12.6 -68.75 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CNS-08 Peru -1259 -68.71 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CNS-09 Peru -12.63  -68.75 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CNS10 Peru -12.65 -68.74 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CNT-01 Peru -12.5 -69.42 0.1 X X Abel Monteagudo; Fernando Cornejo; Oliver Phillipsrcy Nafiez Vargas
CNT-02 Peru -12.49  -69.41 0.1 X X Abel Monteagudo; Fernando Cornejo; Oliver Phillips; Percy Nifiez Vargas
CNT-03 Peru -12.49  -69.41 0.1 X X Abel Monteagudo; Fernando Cornejo; Oliver Phillips; Percy Nifiez Vargas
CNT-04 Peru -12.54  -69.39 0.1 X X Abel Monteagudo; Fernando Cornejo; Oliver Phillips; Percy Nifiez Vargas
CNT-05 Peru -12.5 -69.37 0.1 X X Abel Monteagudo; Fernando Cornejo; Oliver Phillips; Percy Nufiez Vargas
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CNT-06 Peru -12.48  -69.39 0.1 X X Abel Monteagudo; Fernand@ornejo; Oliver Phillips; Percy Nafiez Vargas
CNT-07 Peru -12.53  -69.48 0.1 X X Abel Monteagudo; Fernando Cornejo; Oliver Phillips; Percy Nufiez Vargas
CNT-08 Peru -12.53  -69.48 0.1 X X Abel Monteagudo; Fernando Cornejo; Oliver Phillips; Percy N&&gas
CNT-09 Peru -12.53  -69.48 0.1 X X Abel Monteagudo; Fernando Cornejo; Oliver Phillips; Percy Nufiez Vargas
CNT-10 Peru -12.53  -69.48 0.1 X X Abel Monteagudo; Fernando Cornejo; Oliver Phillips; Percy Nifiez Vargas
COL-01 Venezuela 2.1 -67.1 0.1 X X Gerardo Aymard
CON-01 Peru -4.12 -72.92 0.1 X X Oliver Phillips; Rodolfo Vasquez
CON-02 Peru -4.12 -72.93 0.1 X X Oliver Phillips; Rodolfo Vasquez
CON-03 Peru -4.12 -72.92 0.1 X X Oliver Phillips; Rodolfo Vasquez
CON-11 Peru -4.25 -72.75 0.1 X X Alwyn Gentry
CON-12 Peru -4.16 -72.96 0.1 X X Oliver Phillips; Rodolfo Vasquez
CON-13 Peru -4.15 -72.96 0.1 X X Oliver Phillips; Rodolfo Vasquez
CPA-01 Peru -12.47  -69.21 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nfiez Vargas
CPA-02 Peru -12.48 -69.2 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CPA-03 Peru -12.47  -69.23 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CPA04 Peru -12.48 -69.21 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
CPA-05 Peru -12.45 -69.2 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
CPA-06 Peru -12.46 -69.2 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
CPAQ7 Peru -12.48  -69.22 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nif¢argas
CPA-08 Peru -12.5 -69.22 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CPA-09 Peru -12.48 -69.2 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
CPNO1 Colombia 4.56 -73.67 0.1 X Alwyn Gentry
CPN-02 Colombia 4,58 -73.66 0.1 X Alwyn Gentry
CPOO1 Colombia 11.13 -74.01 0.1 X Alwyn Gentry
CPRO1 Brasil -1.84 -47.1 X X X Ima Vieira
CPRO2 Brasil -1.84 -47.1 X X Ima Vieira
CPRO1 Peru -12.51  -68.75 0.1 X X Abel Monteagudo; Oliver Phillips; Percy NUf¢argas
CPRO2 Peru -12.52  -68.73 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
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CPRO3 Peru -12.5 -68.78 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez VVargas
CPRO4 Peru -12.5 -68.75 0.1 X X Abel Monteagudo; Oliver Phillipgercy Nafiez Vargas
CPRO5 Peru -12.55 -68.77 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez VVargas
CPRO6 Peru -12.49 -68.76 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nfiez Vargas
CPRO7 Peru -12.5 -68.78 0.1 X X Abel Monteagudo; OlivePhillips; Percy Nlfiez Vargas
CPRO08 Peru -12.52  -68.75 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nfiez Vargas
CPRO09 Peru -12.53 -68.76 0.1 X X Abel Monteagudo; Oliver Phillips; Percy NUfiez Vargas
CPR10 Peru -12.53  -68.72 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
CPR11 Peru -12.48 -68.76 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez VVargas
CPZ01 Venezuela 2.03 -67.07 0.1 X X Gerardo Aymard
CRGO1 Brasil -5.9 -50.13 1 X Manoela FF Da Silva; OlivePhillips
Abel Monteagudo; Roel Brienen; Alejandro Murakafnaujo;Luzmila Arroyo;
CRRO1 Bolivia -1454  -61.5 1 X X Timothy Killeen
Abel Monteagudo; Roel Brienen; Alejandro Murakafmaujo;Luzmila Arroyo;
CRPR02 Bolivia -14.54 -61.5 X X TimothyKilleen
CRZ-01 Venezuela 8.83 -71.86 X X JeanPierre Veillon; Oliver Phillips
CSM-01 Venezuela 2.58 -67.12 1 X X Gerardo Aymard
CUA-01 Ecuador -3.48 -78.23 0.1 X Alwyn Gentry
CUT-01 Peru -6.19 -78.67 0.1 X Alwyn Gentry
Cuv-01 Colombia 6.77 -76.22 0.1 X Alwyn Gentry
CuY-01 Peru -4.53 -79.73 0.1 X Alwyn Gentry
Cuz-01 Peru -12.54  -69.06 1 X X X Abel Monteagudo; Oliver Phillips; Rodolfo Vasquez
Cuz-02 Peru -12.54  -69.06 1 X X X Abel Monteagudo; Oliver Phillips; Rodolfo Vasquez
CuUz-03 Peru -12.53  -69.05 1 X X X Abel Monteagudo; Oliver Phillips; Rodolfo Vasquez
Cuz-04 Peru -12.54  -69.05 1 X X X Abel Monteagudo; Oliver Phillips; Rodolfo Vasquez
Cuz-10 Peru -12.58 -69.15 0.1 X X Alwyn Gentry; Percy NUfiez Vargas
CYU-01 Bolivia -18.76  -62.23 0.1 X Alwyn Gentry
CYU-02 Bolivia -18.76 -62.3 0.1 X Alwyn Gentry
DIV-01 Colombia 7.05 -73.02 1.103 X Irina Mendoza Polo; Esteban Alvarez Davila; Oliver Phillips
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DOI-01 Brasil -10.57 -68.32 1 X X X Ted Feldpausch; Marcos Silveira; TBaker; Juliana Stropp; Wenderson Castro
DOI-02 Brasil -10.55 -68.31 1 X X X Ted Feldpausch; Marcos Silveira; Tim Baker; Juliana Stropp; Wenderson Cas
DUR-01 Ecuador 0.25 -76.75 0.04 X X Alwyn Gentry
EBB-01 Bolivia -14.78 -66.34 1 X X GerardoAymard; James Comiskey
EBB-02 Bolivia -14.77  -66.35 1 X X Gerardo Aymard; James Comiskey
EBB-03 Bolivia -14.84 -66.34 1.002 X X Gerardo Aymard; James Comiskey
EBB-04 Bolivia -14.87 -66.33 1 X Jim Comiskey; Rachel Graham
EBB-05 Bolivia -14.76  -66.34 1 X X Gerardo Aymard; James Comiskey
EBB-06 Bolivia -14.87  -66.33 1 X Jim Comiskey; Rachel Graham
EBB-07 Bolivia -14.86  -66.32 1.002 X X Gerardo Aymard; James Comiskey
EBB-08 Bolivia -14.85 -66.34 1.002 X X Gerardo Aymard; James Comiskey
EBB-09 Bolivia -14.73  -66.32 1 X X Gerardo Aymard; James Comiskey
EBB-10 Bolivia -14.89 -66.59 1 X X Gerardo Aymard; James Comiskey
EBB-11 Bolivia -14.85 -66.36 1 X X Gerardo Aymard; James Comiskey
EBB-12 Bolivia -14.64 -66.06 1 X X Gerardo Aymard; Jaméomiskey
EBB-13 Bolivia -14.74  -66.27 1 X X Gerardo Aymard; James Comiskey
EBB-14 Bolivia -14.74  -66.56 1 X X Gerardo Aymard; James Comiskey
ECEO01 Colombia 10.68  -75.27 1 X Irina Mendoza Polo; Esteban Alvarez Davila; Oliver Phillips
ECE02 Colombia 10.68 -75.26 1 X Irina Mendoza Polo; Esteban Alvarez Davila; Oliver Phillips
ECM-06 Venezuela 8.67 -71.42 0.25 X JeanPierre Veillon; Oliver Phillips
ELC-01 Ecuador 0.58 -77.72 0.1 X Alwyn Gentry

Emilio Vilanova; Hirma RamireAngulo; Armando Torredezama; Geertje van
ELD-01 Venezuela 6.11 -61.41 0.25 X X der Heijden; Oliver Phillips

Emilio Vilanova; Hirma RamireAngulo; Armando Torresezama; Geertje van
ELD-02 Venezuela 6.11 -61.41 0.25 X X der Heijden; Oliver Phillips

Emilio Vilanova; Hirma RamireAngulo; Armando Torretezama; Geertje van
ELD-03 Venezuela 6.09 -61.4 0.25 X X der Heijden; Oliver Phillips

Emilio Vilanova; Hirma RamireAngulo; Armando Torretezama; Geertje van
ELD-04 Venezuela 6.09 -61.35 0.25 X X derHeijden; Oliver Phillips
ELM-01 Colombia 5.57 -77.51 1 X X Gloria Galeano
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EMC-01 Venezuela 8.01 -70.55 1 X X Emilio Vilanova
EMC-02 Venezuela 8.01 -70.55 1 X X Emilio Vilanova
EMC-03 Venezuela 8.01 -70.55 1 X X Emilio Vilanova
EME-01 Ecuador 0.94 -79.66 0.1 X Alwyn Gentry
ENT-01 Bolivia -14.63 -60.7 0.1 X X Alwyn Gentry
EPA-O1 Peru -6.47 -79.04 0.06 X Alwyn Gentry
ESM-05 Venezuela 8.68 -71.43 0.25 X Alwyn Gentry
ESRO1 Peru -13.18  -71.59 1 X William Farfan
FAR-01 Colombia 35 -76.58 0.1 X Alwyn Gentry

Foster Brown; Marcos Silveira; Oliver Phillips, Plinio Barbosa Camargo; Simo
FEGO01 Brasil -10.07 -67.62 1 X X X Aparecida Vieira, Ted Feldpausch, Wendeson Castro
FIM-01 Colombia 2.26 -76.2 0.1 X Alwyn Gentry
Flz-01 Colombia 3.53 -76.58 0.06 X Alwyn Gentry

Beatriz Marimon, Ben Hur Marimon Junior; Edmar de Oliveira; Leandro
FLO-01 Brasil -12.81 -51.85 1 X X Maracahipes; Ted Feldpausch

Beatriz Marimon, Ben Hur Marimon Junidtdmar de Oliveira; Leandro
FLO-02 Brasil -12.75 -51.88 X X Maracahipes; Ted Feldpausch
FMH-01 Guyana 5.17 -58.69 X X X Ted Feldpausch; Hans ter Steege; Eric Arets

Hans ter Steege; James Singh; Roderick Zagt; Oliver Phillips; Roel Brienen; 1
FMH-02 Guyana 5.17 -58.69 1 X X X Feldpausch

Hans ter Steege; James Singh; Roderick Zagt; Oliver Phillips; Roel Brienen; 1
FMH-03 Guyana 5.18 -58.7 1 X X Feldpausch
FOB-01 Bolivia -13.57 -61.02 1 X X Luzmila Arroyo; Timothy Killeen
FRRO1 Brasil -11.48 -51.52 1 X Beatriz MarimonBen Hur Marimon Junior
FRR02 Brasil -11.24  -51.69 1 X Beatriz Marimon; Ben Hur Marimon Junior
FZA-01 Ecuador -3.98 -79.07 1.035 X David Neill
GAB-01 Venezuela 1.7 -66.98 0.1 X X Gerardo Aymard
GAL-01 Venezuela 5.8 -67.33 0.1 X X Gerardo Aymard
GAZ-01 Colombia 10.8 -75.25 0.1 X Alwyn Gentry
GEN-01 Peru -11.06 -75.4 0.1 X Alwyn Gentry
GEN-02 Peru -11.13  -75.37 1 X Dante Anton; Carlos Reynel
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GEN-03 Peru -11.1 -75.34 0.6 X Sonia Palacios R
GEN-05 Peru -11.1 -75.35 1 X Dante AntonCarlos Reynel
GEN-06 Peru -11.1 -75.34 1 X Carlos Vargas; Carlos Reynel
GMT-01 Brasil -1.11 -47.8 1 X X Tim Baker
GUR-05 Venezuela 7.5 -63 0.252 X JeanPierre Veillon
GUR-06 Venezuela 7.5 -63 0.252 X JeanPierre Veillon
HBO-01 Venezuela 8.71 -71.45 0.252 X JeanPierre Veillon
HCC-11 Bolivia -13.91  -60.82 1 X Luzmila Arroyo; Timothy Killeen
HCC-12 Bolivia -13.91  -60.82 1 X Luzmila Arroyo; Timothy Killeen
Alejandro AraujeMurakami; Jon Lloyd; Luzmilarroyo; Timothy Killeen; Roel
HCC-21 Bolivia -14.53 -60.74 1 X Brienen
Alejandro AraujeMurakami; Jon Lloyd; Luzmila Arroyo; Timothy Killeen; Roel
HCC-22 Bolivia -14.53 -60.73 1 X Brienen
HCC-23 Bolivia -14.56  -60.75 1 X Alejandro AraujeMurakami; Luzmila Arroyo; Timothy KilleenRoel Brienen
HCC-24 Bolivia -14.57 -60.75 1 X Alejandro AraujeMurakami; Luzmila Arroyo; Timothy Killeen; Roel Brienen
HCU-01 Venezuela 8.36 -71.69 0.252 X JeanPierre Veillon
HEA-01 Peru -12.83  -68.83 0.1 X X Alwyn Gentry
HHI-01 Colombia 3.63 -76.55 0.04 X Alwyn Gentry
HSRO1 Venezuela 8.5 -69 1 X X JeanPierre Veillon
HUA-01 Ecuador -0.67 -77.54 0.1 X Alwyn Gentry
HUM-01 Peru -8.83 -75 0.1 X X Alwyn Gentry; Kenneth Young
IBG-01 Brasil -15.95  -47.87 1 X Jon Lloyd; Oliver Phillips
IBG-02 Brasil -15.95  -47.87 1 X Jon Lloyd; Oliver Phillips
IBG-03 Brasil -15.93  -47.87 1 X Jon Lloyd; Oliver Phillips
IBG-04 Brasil -15.94  -47.86 1 X Jon Lloyd; Oliver Phillips
ICA-01 Brasil 1.55 -68.68 1 X Juliana Stropp
ICH-01 Bolivia -1591 -67.58 0.1 X Alwyn Gentry
IMA-01 Venezuela 7.44 -61.17 1 X X Gerardo Aymard; Oliver Phillips
IMA-02 Venezuela 7.45 -61.17 1 X X Gerardo Aymard; Oliver Phillips
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IMA-03 Venezuela 7.62 -61.25 1 X Gerardo A. Aymard C
IMA -04 Venezuela 7.62 -61.25 1 X Gerardo A. Aymard C
IND-01 Peru -3.52 -72.85 1 X X John Pipoly; Rodolfo Vasquez
IND-10 Peru -3.51 -73.06 0.1 X X Alwyn Gentry
INF-01 Peru -12.73 -69.7 1.3 X X Miguel Alexiades; Oliver Phillips
IPR-01 Colombia 13.35 -81.36 0.1 X Alwyn Gentry
ISR-01 Colombia 9.92  -75.81 1 X Esteban Alvarez Davila
IVC-01 Venezuela 1.92 -67.03 0.1 X X Gerardo Aymard
IVC-02 Venezuela 1.92 -67.03 0.1 X X Gerardo Aymard
IVC-03 Venezuela 1.92 -67.03 0.1 X X Gerardo Aymard
IWO-03 Guyana 4.53 -58.78 1 X X Anand Roopsind; Oliver Phillips; Raquel Thomas
IWO-09 Guyana 4.61 -58.73 1 X X Anand Roopsind; Oliver Phillips; Raquel Thomas
IWO-11 Guyana 4.62 -58.72 1 X X Anand Roopsind; Oliver Phillips; Raquel Thomas
IWO-12 Guyana 4.73 -58.72 1 X X AnandRoopsind; Oliver Phillips; Raquel Thomas
IWO-21 Guyana 4.63 -58.74 1 X X Anand Roopsind; Oliver Phillips; Raquel Thomas; Roel Brienen; Ted Feldpau
IWO-22 Guyana 4.62 -58.72 1 X X X Anand Roopsind; Oliver Phillips; Raquel Thomas; Roel Brienen;Feédpausch
JAC-01 Brasil -2.61 -60.21 5 X X X Niro Higuchi
JAC-02 Brasil -2.62 -60.2 5 X X X Niro Higuchi
JAM-01 Brasil -4.67 -66.17 4 X X Antonio S. Lima
JAS02 Ecuador -1.07 -77.62 1 X X X Roel Brienen; David Neill
JAS03 Ecuador -1.08 -77.61 1 X X X Roel Brienen; David Neill
JAS04 Ecuador -1.07 -77.61 1 X X X Roel Brienen; David Neill
JAS05 Ecuador -1.06 -77.62 1 X X David Neill
JAS10 Ecuador -1.06 -77.6 0.1 X X Alwyn Gentry; David Neill
JAU-01 Ecuador -1.1 -79.63 0.1 X X Alwyn Gentry; David Neill
JBU-01 Brasil -1.14 -47.7 1 X X Ima Vieira
JEN-O1 Peru -4.91 -73.75 0.1 X X Rodolfo Vasquez
JEN11 Peru -4.88 -73.63 1 X X X Euridice Honorio
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JEN-12 Peru -4.9 -73.63 1 X X Euridice Honorio
JEN-13 Peru -4.92 -73.54 1 X X X EuridiceHonorio
JEN-14 Peru -4.84 -73.83 0.5 X X Euridice Honorio
JEN-15 Peru -4.84 -73.65 0.5 X X Euridice Honorio

JFRO1 Brasil -10.48  -58.47 0.93 X X Ted Feldpausch

JFRO2 Brasil -10.55 -58.49  0.525 X X Ted Feldpausch

JFRO3 Brasil -10.48 -58.52 1.025 X X Ted Feldpausch

JFRO0O4 Brasil -10.48 -58.48 1 X X Ted Feldpausch

JFRO5 Brasil -10.48 -58.48 1 X X Ted Feldpausch

JFRO6 Brasil -10.47  -58.49 1 X X Ted Feldpausch

JFRO7 Brasil -10.48 -58.5 1.025 X X Ted Feldpausch

JFRO8 Brasil -10.47 -58.5 1 X X Ted Feldpausch

JFRO09 Brasil -10.47 -58.51  0.975 X X Ted Feldpausch

JRIO1 Brasil -0.89 -52.19 1 X X X Natalino Silva
JUY-01 Ecuador -2.13 -76.2 1 X X Kenneth Young; Ophelia Wang
KAL-01 Colombia 11.24 -74.14 1 X Irina Mendoza Polo; Estebdtivarez Davila; Oliver Phillips
KEN-01 Bolivia -16.02  -62.73 1 X Yadvinder Malhi; Alejandro Araujdurakam
KEN-02 Bolivia -16.01  -62.74 1 X Yadvinder Malhi; Alejandro Araujdlurakam; Ted Feldpausch
KND-01 Colombia 11.11  -74.03 0.1 X Alwyn Gentry
LAS-01 Peru -1255 -70.11 2 X X Fernando Valverde; Nigel Pitman
LAS-02 Peru -12.57  -70.09 1 X X Fernando Valverde; Nigel Pitman
LAS-03 Peru -12.53 -70.08 2 X X Fernando Valverde; Nigel Pitman
LCA-13 Bolivia -15.68 -62.78 1 X Todd Fredericksen, Marielos Pes@laros, Marisol Toledo
LCA-16 Bolivia -15.68 -62.78 1 X Todd Fredericksen, Marielos Pe@taros, Marisol Toledo
LCA-29 Bolivia -15.68 -62.77 1 X Todd Fredericksen, Marielos Pe@taros, Marisol Toledo
LCA-30 Bolivia -15.68 -62.77 1 X Todd Fredericksen, Marielos Pe@taros, Marisol Toledo
LCL-01 Colombia 9.96 -75.16 0.1 X X Alwyn Gentry
LFA-01 Brasil -5.85 -50.48 1 X Manoela FF Da Silva
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LFB-01 Bolivia -14.58 -60.83 1 X X X Roel Brienen
LFB-02 Bolivia -14.58 -60.83 1 X X X Roel Brienen
LFB-03 Bolivia -14.6 -60.85 1 X Alejandro AraujeMurakami; Ted Feldpausch; Jon Lloyd
LGB-01 Bolivia -14.8 -60.39 1 X Luzmila Arroyo; Timothy Killeen
LJV-01 Venezuela 2.07 -67.08 0.1 X X Gerardo Aymard
LMS-01 Suriname 4.27 -54.75 1 X X Hans ter Steege
LMS-02 Suriname 4.26 -54.74 1 X X Hans ter Steege
LMS-03 Suriname 4.27 -54.74 1 X X Hans ter Steege
LMS-04 Suriname 4.25 -54.73 1 X X Hans ter Steege
LMS-05 Suriname 4.25 -54.73 1.002 X X Hans ter Steege
LMS-06 Suriname 4.26 -54.78 1 X X Hans ter Steege
LMS-07 Suriname 4.27 -54.78 1 X X Hans ter Steege
LMS-08 Suriname 4.27 -54.75 1 X X Hans ter Steege
LOR-01 Colombia -3.06 -69.99 1 X X X Adriana Prieto; Agustin Rudas
LOR-02 Colombia -3.06 -69.99 0.52 X X Adriana Prieto; Agustin Rudas
LOR-03 Colombia -3.06 -69.99 0.48 X X Adriana Prieto; Agustin Rudas
LPL-01 Colombia 1.13 -77.96 0.1 X Alwyn Gentry
Alejandro AraujeMurakami; Jon Lloyd; Luzmila Arroyo; Timothiilleen; Roel
LSL-01 Bolivia -14.4 -61.14 1 X X Brienen
Alejandro AraujeMurakami; Jon Lloyd; Luzmila Arroyo; Timothy Killeen; Roel
LSL-02 Bolivia -14.4 -61.14 1 X X Brienen
LST-01 Colombia 491 -74.83 0.1 X X Alwyn Gentry
MAC-01 Ecuador 0.11 -78.61 0.1 X Alwyn Gentry
MAJ-01 Venezuela 1.9 -67.03 0.1 X X Gerardo Aymard
MAJ-02 Venezuela 1.9 -67.05 0.1 X X Gerardo Aymard
MAN-01 Colombia 10.38  -73.09 0.07 X Alwyn Gentry
MAS-01 Colombia 7.55 -76.08 0.1 X X Alwyn Gentry
MBT-01 Bolivia -10.07 -65.89 X X Marisol Toledo;Roel Brienen; Guido Pardo; Juan Licona
MBT-02 Bolivia -10.05 -65.89 1 X X Marisol Toledo; Roel Brienen; Guido Pardo; Juan Licona
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MBT-04 Bolivia -10.31  -65.55 1 X X Marisol Toledo; Roel Brienen; Guido Pardo; Juan Licona
MBT-05 Bolivia -10.03  -65.63 1 X X Marisol Toledo; Roel Brienen; Guido Pardo; Juan Licona
MBT-06 Bolivia -10.04 -65.64 1 X X Marisol Toledo; Roel Brienen; Guido Pardo; Juan Licona
MBT-07 Bolivia -9.91 -65.74 1 X X Marisol Toledo; Roel Brienen; Guido Pardo; Juan Licona
MBT-08 Bolivia -9.94 -65.75 1 X X Marisol Toledo; Roel Brienen; Guido Pardo; Juan Licona
MCB-01 Brasil -1.44 -48.41 2 X X Rafael Saloméo
MCP-01 Brasil -5.88 -50.47 1 X Oliver Phillips; Manoela FF Da Silva
MIA-01 Ecuador -4.28 -78.64 0.1 X Oliver Phillips
MIN-01 Brasil -8.57 -72.9 1 X X X Ted Feldpausch; Marcos Silveira; Jorcely Barroso
MNU-01 Peru -11.89 -71.41 2.25 X X John Terborgh; Roel Brienen; Fernando Valverde
MNU-03 Peru -11.9 -71.4 2 X X X John Terborgh; Roel Brienen; Fernando Valverde
MNU-04 Peru -11.9 -71.4 2 X X X John Terborgh; Roel Brienen; Fernando Valverde
MNU-05 Peru -11.88 -71.41 2.25 X X X John Terborgh; Roel Brienen; Fernando Valverde
MNU-06 Peru -11.89 -71.4 2.25 X X X John Terborgh; Roel Brienen; Fernando Valverde
MNU-08 Peru -12 -71.24 2 X X John Terborgh; Roel Brienen; Fernando Valverde
MNU-09 Peru -12.04 -71.21 2 X X John Terborgh; Roel Brienen; Fernando Valverde
MNU-10 Peru -11.85 -71.31 0.1 X X John Terborgh; Roel Brienen; Fernando Valverde
MOL-04 Venezuela 8.67 -71.58 0.25 X Oliver Phillips; JeatPierre Veillon
MRB-01 Brasil -5.73 -49.05 2 X X Rafael Saloméao
MRB-02 Brasil -5.72 -49.03 2 X X Rafael Saloméo
MRB-03 Brasil -5.7 -49 2 X X Rafael Saloméo
MSH-01 Peru -3.78 -73.5 1 X X Alwyn Gentry; Oliver Phillips; Rodolfo Vasquez
MSH-10 Peru -3.78 -73.5 0.1 X X Alwyn Gentry
MSH-11 Peru -3.78 -73.5 0.1 X X Alwyn Gentry
MSH-12 Peru -3.78 -73.5 0.1 X X Alwyn Gentry
MTG-01 Bolivia -19.27  -63.83 0.25 X Luzmila Arroyo; Jeanneth Villalobos
MTG-02 Bolivia -19.27  -63.83 0.25 X Luzmila Arroyo; Jeanneth Villalobos
MTG-03 Bolivia -19.27  -63.83 0.25 X Luzmila Arroyo; Jeanneth Villalobos
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MTG-04 Bolivia -19.27  -63.83 0.25 X Luzmila Arroyo; Jeanneth Villalobos
MTG-05 Bolivia -19.27  -63.84 0.25 X Luzmila Arroyo; Jeanneth Villalobos
MTG-06 Bolivia -19.27  -63.84 0.25 X Luzmila Arroyo; Jeanneth Villalobos
MTG-07 Bolivia -19.27 -63.84 0.25 X Luzmila Arroyo; Jeanneth Villalobos
MTG-08 Bolivia -19.27  -63.85 0.25 X Luzmila Arroyo; Jeanneth Villalobos
MTH-01 Brasil -8.88 -72.79 1 X X X Ted Feldpausch; Marcos Silveira; Jose Barroso; Wenderson Castro
MTV-01 Colombia 6.28 -75.51 1 X EstebarAlvarez Davila; Zorayda Correa
MUR-01 Colombia 6.61 -76.58 0.1 X Alwyn Gentry
MVE-01 Bolivia -15.01 -61.13 1 X X Luzmila Arroyo; Timothy Killeen
NAN-01 Ecuador -4.3 -78.66 0.07 X Alwyn Gentry
NCR-01 Bolivia -14.64  -61.16 1 X X Luzmila Arroyo; Timothy Killeen
NCR-02 Bolivia -14.71  -61.15 1 X X Luzmila Arroyo; Timothy Killeen
NEB-01 Venezuela 0.83 -66.18 0.1 X X Gerardo Aymard
NEB-02 Venezuela 0.83 -66.18 0.1 X X Gerardo Aymard
NEN-01 Bolivia -13.63 -60.89 1 X Luzmila Arroyo; TimothyKilleen
NEN-02 Bolivia -13.63  -60.89 1 X Luzmila Arroyo; Timothy Killeen
NEU-01 Colombia 5.16 -74.05 0.05 X Alwyn Gentry
NLT-01 Bolivia -13.65 -60.82 1 X Luzmila Arroyo; Timothy Killeen
NLT-02 Bolivia -13.65 -60.83 1 X Luzmila Arroyo; Timothy Killeen
NLT-03 Bolivia -13.66 -60.82 1 X X Luzmila Arroyo; Timothy Killeen
NMS-01 Suriname 4.78 -54.62 1 X X Hans ter Steege
NMS-02 Suriname 4.82 -54.61 0.5 X X Hans ter Steege
NMS-03 Suriname 4.82 -54.6 1 X X Hans teiSteege
NMS-04 Suriname 4.93 -54.52 1 X X Hans ter Steege
NMS-05 Suriname 4.93 -54.52 1 X X Hans ter Steege
NMS-06 Suriname 4.83 -54.61 1 X X Hans ter Steege
NMU-01 Bolivia -10.65 -66.76 0.1 X X Alwyn Gentry
NOU-01 French Guiana 4.09 -52.67 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
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NOU-02 French Guiana 4.09 -52.67 1 X X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-03 French Guiana 4.09 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-04 French Guiana 4.09 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-05 French Guiana 4.09 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-06 French Guiana 4.09 -52.68 1 X X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-07 French Guiana 4.08 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-08 French Guiana 4.08 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-09 French Guiana 4.08 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-10 French Guiana 4.09 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-11 French Guiana 4.08 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-12 French Guiana 4.08 -52.68 1 X X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-13 French Guiana 4.08 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-14 French Guiana 4.08 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-15 French Guiana 4.08 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-16 French Guiana 4.08 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-17 French Guiana 4.08 -52.68 1 X X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-18 French Guiana 4.08 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-19 FrenchGuiana 4.08 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-20 French Guiana 4.08 -52.68 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-21 French Guiana 4.08 -52.68 1 X X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NOU-22 French Guiana 4.08 -52.67 1 X X Jerome Chave; Ted Feldpausch; Chris Baraloto
NXV-01 Brasil -14.71  -52.35 1 X Beatriz Marimon; Ben Hur Marimon Junior

NXV-03 Brasil -14.71  -52.35 0.5 X Beatriz Marimon; Ben Hur Marimon Junior

NXV-05 Brasil -14.71  -52.35 1 X Beatriz Marimon; Ben Hur Marimon Junior

NXV-06 Brasil -14.72  -52.36 0.47 X Beatriz Marimon; Ben Hur Marimon Junior

NXV-07 Brasil -14.72  -52.36 0.47 X Beatriz Marimon; Ben Hur Marimon Junior

NXV-08 Brasil -14.72  -52.36 0.47 X BeatrizMarimon; Ben Hur Marimon Junior

NXV-09 Brasil -14.69 -52.35 0.5 X Beatriz Marimon; Ben Hur Marimon Junior
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NXV-10 Brasil -14.71  -52.35 1 X Beatriz Marimon; Ben Hur Marimon Junior
ODE-01 Brasil -3.48 -51.67 3 X David G Campbell; Douglas C Daly
ODE-02 Brasil -3.48 -51.67 0.5 X David G Campbell; Douglas C Daly

OTT-01 Bolivia -16.39 -61.21 1 X Jon Lloyd; Ted Feldpausch; Luzmila Arroyo; Oliver Phillips
OTT-02 Bolivia -16.41  -61.19 1 X Jon Lloyd; Ted Feldpausch; Luzmila Arroyo; Olivehillips
OTT-03 Bolivia -16.42  -61.19 1 X Jon Lloyd; Ted Feldpausch; Luzmila Arroyo; Oliver Phillips
PAB-01 French Guiana 5.27 -52.92 6.25 X X Bruno Herault; Chris Baraloto

PAB-02 French Guiana 5.27 -52.92 25 X X Bruno Herault; Chris Baraloto

PAK-01 Peru -11.94  -71.28 1 X X James Comiskey; Oliver Phillips; Patricia Alvarez Loayza
PAK-02 Peru -11.97  -71.27 14 X X James Comiskey; Oliver Phillips; Patricia Alvarez Loayza
PAR-20 French Guiana 5.28 -52.92 0.49 X X Damien Bonal

PAR-21 FrenchGuiana 5.28 -52.92 0.49 X X Damien Bonal

PAR-22 French Guiana 5.28 -52.92 0.49 X X Damien Bonal

PAR-23 French Guiana 5.28 -52.92 0.49 X X Damien Bonal

PAR-24 French Guiana 5.28 -52.92 0.49 X X Damien Bonal

PAR-25 French Guiana 5.28 -52.92 0.49 X X Damien Bonal

PAR-26 French Guiana 5.28 -52.92 0.49 X X Damien Bonal

PAR-27 French Guiana 5.28 -52.92 0.49 X X Damien Bonal

PAR-28 French Guiana 5.28 -52.92 0.49 X X Damien Bonal

PAR-29 French Guiana 5.28 -52.92 0.49 X X Damien Bonal

PAS-01 Ecuador -0.46 -78.41 0.04 X Alwyn Gentry

PAY-01 Ecuador -0.45 -77.03 1 X X Carlos Céron; David Neill; Nigel Pitman; Walter Palacios
PBS01 Peru -12.65 -68.74 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nufiez Vargas
PBS02 Peru -12.66  -68.75 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez VVargas
PBS03 Peru -12.73  -68.78 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez VVargas
PBS04 Peru -12.72  -68.81 0.1 X X Abel Monteagudo; Oliver Phillips; Percy Nifiez Vargas
PEA-01 Brasil -12.15 -50.83 X Beatriz Marimon; Ben Hur Marimon Junior

PEA-02 Brasil -12.32  -50.74 X X Beatriz Marimon; Ben Hur Marimon Junior
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PEA-03 Brasil -12.38  -50.89 1 X X Beatriz Marimon; Ben Hur Marimon Junior; Eddie Lenza de Oliveira
PEA-04 Brasil -12.42  -50.71 1 X X Beatriz Marimon; Ben Hur Marimon Junior; Eddie Lenza de Oliveira
PEA-05 Brasil -11.9 -50.75 1 X X Beatriz Marimon; Ben Hur Marimon Junior; Eddie Lenza de Oliveira
PEA-06 Brasil -11.92 -50.71 1 X X Beatriz Marimon; Ben Hur Marimodunior; Eddie Lenza de Oliveira
PEA-07 Brasil -12.48 -50.9 1 X X Beatriz Marimon; Ben Hur Marimon Junior; Eddie Lenza de Oliveira
PEA-08 Brasil -12.54 -50.74 1 X X Beatriz Marimon; Ben Hur Marimon Junior; Eddie Lenza de Oliveira
PEM-01 Ecuador -1.6 -80.7 0.1 X Alwyn Gentry

PERO1 Bolivia -14.63  -62.61 0.1 X Alwyn Gentry

PGRO1 Venezuela 2 -66.63 0.1 X X Gerardo Aymard

PIB-05 Guyana 5.02 -58.62 1 X X X Hans ter Steege; James Singh; Peter van de Hout

PIB-06 Guyana 5.01 -58.62 1 X X X Hanster Steege; James Singh; Peter van de Hout

PIB-12 Guyana 5.03 -58.6 1 X X X Hans ter Steege; James Singh; Peter van de Hout

PNY-01 Peru -10.38  -75.47 1 X Abel Monteagudo; Rodolfo Vasquez Martinez

PNY-02 Peru -10.3 -75.61 1 X Abel Monteagudo; Rodolfo Vasquez Martinez

PNY-03 Peru -10.31  -75.29 1 X X Abel Monteagudo; Rodolfo Vasquez Martinez

PNY-04 Peru -10.34  -75.25 1 X X X Abel Monteagudo; Oliver Phillips; Rodolfo Vasquez;

PNY-05 Peru -10.35 -75.25 1 X X X Abel Monteagudo; Oliver Phillips; Rodolfo Vasquez;

PNY-06 Peru -10.36  -75.25 1 X X X Abel Monteagudo; Oliver Phillips; Rodolfo Vasquez;

PNY-07 Peru -10.35 -75.26 1 X X X Abel Monteagudo; Oliver Phillips; Rodolfo Vasquez;

PNY-08 Peru -10.55 -75.36 1 X Abel Monteagudo; Rodolfo Vasquez Martinez

PNY-11 Peru -10.54 -75.36 1 X Damien Catchpole; Abel Monteagudo; Rodolfo Vasquez

PNY-12 Peru -10.53 -75.35 1 X Damien Catchpole; Abel Monteagudo; Rodolfo Vasquez

PNY-13 Peru -10.53 -75.34 1 X Damien Catchpole; Abel Monteagudo; Rodolfo Vasquez

PORO1 Brasil -10.82  -68.77 1 X X X Marcos Silveira; Oliver Phillips; Ted Feldpausch; Tim Baker
PORO02 Brasil -10.8 -68.77 1 X X X Marcos Silveira; Oliver Phillips; Ted Feldpausch; Tim Baker

PPBO1 Brasil -1.18 -47.32 1 X X Rafael Saloméo

PPB02 Brasil -1.18 -47.32 1 X X Rafael Saloméo

PPB-03 Brasil -1.18 -47.32 1 X X Rafael Saloméao
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PTA-01 Venezuela 5.11 -67.74 1 X X Gerardo Aymard; Oliver Phillips
PTA-02 Venezuela 5.84 -67.45 1 X X GerardaAymard; Oliver Phillips
PTA-03 Venezuela 5.11 -67.74 1 X X Gerardo Aymard; Oliver Phillips
PTA-04 Venezuela 5.84 -67.49 1 X Gerardo Aymard
PTA-05 Venezuela 5.84 -67.45 1 X X Gerardo Aymard; Oliver Phillips
PTA-06 Venezuela 5.84 -67.45 1 X X Gerardo Aymard; Oliver Phillips
PTA-07 Venezuela 5.78 -67.46 1 X X Gerardo Aymard; Oliver Phillips
PTA-08 Venezuela 5.78 -67.46 1 X X Gerardo Aymard; Oliver Phillips
PTA-11 Venezuela 5.12 -67.67 0.1 X Gerardo Aymard
PTA-12 Venezuela 5.08 -67.67 0.1 X X Gerardo Aymard; Oliver Phillips
PTB-01 Brasil -1.17 -56.41 1 X X Rafael Saloméao
PTB-02 Brasil -1.48 -56.39 X X Rafael Saloméo
PTN-01 Colombia 6.12 -74.67 X X Esteban Alvarez
QPA-01 Bolivia -18.33 -59.5 0.1 X Alwyn Gentry
QUI-01 Peru -3.83 -73.32 0.5 X X Euridice Honorio; Tim Baker
RAS-01 Colombia 7.05 -73.01 1.035 X Esteban Alvarez Davila; Oliver Phillips
RAY-01 Colombia 8.33 -74.91 0.1 X X Alwyn Gentry
RBR-01 Brasil -11 -61.95 1 X Rafael Saloméao
RCA-01 Peru -13.47  -69.78 0.1 X Alwyn Gentry
RCSO01 Peru -9.47 -74.77 1 X Abel Monteagudo; Rodolfo Vasquez Martinez
RCS02 Peru -9.43 -74.74 1 X Abel Monteagudo; Rodolfo Vasquez Martinez
RCS03 Peru -9.42 -74.74 1 X Abel Monteagudo; Rodolfo Vasquez Martinez
RCS04 Peru -9.42 -74.71 1 X Abel Monteagudo; Rodolfo Vasquez Martinez
RCS05 Peru -9.62 -74.93 1 X X Abel Monteagudo; Oliver Phillips
REQO01 Peru -4.91 -73.82 0.5 X X Euridice Honorio
REQ04 Peru -4.88 -73.79 0.5 X X Euridice Honorio
REQ05 Peru -4.81 -73.82 0.5 X X Euridice Honorio
REQ13 Peru -4.87 -73.65 0.5 X X Euridice Honorio
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Plot Country Lat. Long. size Chapter Chapter  Chapter Data contributors
Code (ha) 2 3 4
Marisol Toledo;Roel Brienen; Eric Arets; Laurens Poorter; Marielos Pena Clar
RET-05 Bolivia -10.97 -65.72 1 X X Vincent Vos; Rene Boot; Guido Pardo
Marisol Toledo;Roel Brienen; Eric Arets; Laurens Poorter; Marielos Pena Clar
RET-06 Bolivia -10.97 -65.72 1 X X Vincent Vos; Rene Boot; Guido Pardo
Marisol Toledo;Roel Brienen; Eric Arets; Laurens Poorter; Marielos Pena Clar
RET-08 Bolivia -10.97 -65.72 1 X X Vincent Vos; Rene Boot; Guido Pardo
Marisol Toledo;Roel Brienen; Eric Arets; Laurens Poorter; Marielos Pena Clar
RET-09 Bolivia -10.97 -65.72 1 X X Vincent Vos; Rene Boot; Guido Pardo
RFE-34 Peru -4.01 -73.45 0.04 X X Kalle Ruokolainen
RFE-35 Peru -4.01 -73.45 0.04 X X Kalle Ruokolainen
RFE36 Peru -4.01 -73.45 0.04 X X Kalle Ruokolainen
RFE37 Peru -4.01 -73.45 0.04 X X Kalle Ruokolainen
RFH-01 Brasil -9.75 -67.67 1 X X X Foster Brown; Marcos Silveira; Ted Feldpausch; Wendeson Castro
RGE14 Peru -3.61 -73.3 0.04 X Kalle Ruokolainen
RGE15 Peru -3.61 -73.3 0.04 X X Kalle Ruokolainen
RGE16 Peru -3.61 -73.3 0.04 X X Kalle Ruokolainen
RGE17 Peru -3.61 -73.3 0.04 X X Kalle Ruokolainen
RHA-26 Peru -3.51 -72.04 0.04 X X Kalle Ruokolainen
RHA-27 Peru -3.51 -72.04 0.04 X X Kalle Ruokolainen
RHA-28 Peru -3.51 -72.04 0.04 X X Kalle Ruokolainen
RHA-29 Peru -3.51 -72.04 0.04 X X Kalle Ruokolainen
RIA-01 Brasil -2.9 -46.15 4 X William Balee
Emilio Vilanova; Hirma RamireAngulo; Armando Torresezama ; Geertje van
RIO-01 Venezuela 8.11 -61.69 0.25 X X der Heijden; Oliver Phillips
Emilio Vilanova; Hirma RamireAngulo; Armando Torredezama ; Geertje van
RIO-02 Venezuela 8.11 -61.69 0.25 X X der Heijden; Oliver Phillips
RMA-22 Peru -3.6 -72.9 0.04 X X Kalle Ruokolainen
RMA-23 Peru -3.6 -72.9 0.04 X X Kalle Ruokolainen
RMA-24 Peru -3.6 -72.9 0.04 X X Kalle Ruokolainen
RMA-25 Peru -3.6 -72.9 0.04 X X Kalle Ruokolainen
RMI-05 Peru -3.89 -73.48  0.0625 X X Kalle Ruokolainen
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RMI-06 Peru -3.89 -73.48  0.0625 X X Kalle Ruokolainen
RMI-07 Peru -3.89 -73.48  0.0625 X X Kalle Ruokolainen
RMI-08 Peru -3.89 -73.48  0.0625 X X Kalle Ruokolainen
RMI-09 Peru -3.9 -73.48  0.0625 X X Kalle Ruokolainen
RMI-10 Peru -3.9 -73.48  0.0625 X X Kalle Ruokolainen
RMI-11 Peru -3.9 -73.48  0.0625 X X Kalle Ruokolainen
RMI-12 Peru -3.9 -73.48  0.0625 X X Kalle Ruokolainen
RMI-13 Peru -3.9 -73.48  0.0625 X X Kalle Ruokolainen
RMO-01 Peru -3.67 -73.29 0.06251 X X Kalle Ruokolainen
RMO-02 Peru -3.67 -73.29  0.0625 X X Kalle Ruokolainen
RMO-03 Peru -3.66 -73.29  0.0625 X X Kalle Ruokolainen
RMO-04 Peru -3.66 -73.29  0.0625 X X Kalle Ruokolainen
RNA-18 Peru -4.45 -73.59 0.04 X X Kalle Ruokolainen
RNA-19 Peru -4.45 -73.59 0.04 X X Kalle Ruokolainen
RNA-20 Peru -4.45 -73.59 0.04 X X Kalle Ruokolainen
RNA-21 Peru -4.45 -73.59 0.04 X X Kalle Ruokolainen
RNE-01 Bolivia -9.83 -65.66 0.1 X X Alwyn Gentry
RPA-01 Peru -12.39  -69.36 1 X X John Terborgh; Percy Nufiez Vargas
RPE38 Peru -4.07 -73.46 0.04 X X Kalle Ruokolainen
RPE39 Peru -4.07 -73.46 0.04 X X Kalle Ruokolainen
RPE40 Peru -4.07 -73.46 0.04 X X Kalle Ruokolainen
RPE41 Peru -4.07 -73.46 0.04 X X Kalle Ruokolainen
RPFO1 Peru -12.36  -69.23 1 X X John TerborghPercy Nufiez Vargas
RPL-01 Ecuador -0.56 -79.33 0.1 X X Alwyn Gentry
RPL-02 Ecuador -0.56 -79.33 0.1 X X Alwyn Gentry
RPN-30 Peru -3.88 -73.08 0.04 X X Kalle Ruokolainen
RPN-31 Peru -3.88 -73.08 0.04 X X Kalle Ruokolainen
RPN-32 Peru -3.88 -73.08 0.04 X X Kalle Ruokolainen
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RPN-33 Peru -3.88 -73.08 0.04 X Kalle Ruokolainen
RSA-42 Peru -4.09 -73.12 0.04 X X Kalle Ruokolainen
RSA-43 Peru -4.09 -73.12 0.04 X X Kalle Ruokolainen
RSA-44 Peru -4.09 -73.12 0.04 X X Kalle Ruokolainen
RSA-45 Peru -4.09 -73.12 0.04 X X Kalle Ruokolainen
RSN-46 Peru -4.54 -73.63 0.04 X X Kalle Ruokolainen
RSN-47 Peru -4.54 -73.63 0.04 X X Kalle Ruokolainen
RSN48 Peru -4.54 -73.63 0.04 X X Kalle Ruokolainen
RSN49 Peru -4.54 -73.63 0.04 X X Kalle Ruokolainen
RST-01 Brasil -9.04 -72.27 1 X X X Ted Feldpausch; Marcos Silveira; Jose Barroso
RTA-01 Peru -13.35 -69.66 0.1 X X Alwyn Gentry; Percy Nufiez Vargas
RTH-01 Peru -11.37  -69.66 1 X X John Terborgh; Percy NUfiez Vargas
RTP-50 Peru -3.78 -73.45 0.04 X X Kalle Ruokolainen
RTP-51 Peru -3.78 -73.45 0.04 X X Kalle Ruokolainen
RTP-52 Peru -3.78 -73.45 0.04 X X Kalle Ruokolainen
RTP-53 Peru -3.78 -73.45 0.04 X X Kalle Ruokolainen

Beatriz Marimon; Ben Hur Marimon Junideder Carvalho das Neves; Fernandc
SAA-01 Brasil -9.79 -50.43 1 X X Elias

Beatriz Marimon; Ben Hur Marimon Junior; Eder Carvalho das Neves; Fernar
SAA-02 Brasil -9.64 -50.45 1 X X Elias
SAR-02 Venezuela 9.99 -65.28 0.25 X JeanPierre Veillon
SASO01 Ecuador -1.6 -80.7 0.1 X Alwyn Gentry

Beatriz Marimon; Ben Hur Marimon Junior; Eder Carvalho das Neves; Fernar
SAT-01 Brasil -9.84 -50.46 1 X X Elias
SAW-01 Ecuador -2.64 -77.15 1 X X Kenneth Young; Ophelia Wang
SCM-01 Bolivia -16.3 -67.8 0.1 X Alwyn Gentry
SCNO01 Venezuela 1.92 -67.03 0.1 X Gerardo Aymard
SCRO04 Venezuela 1.93 -67.04 1 X X Gerardo Aymard; Jon Lloyd; Oliver Phillips; Rafael Herrera Fernandez
SCRO05 Venezuela 1.93 -67.04 X X X Carlos Quesada; Gerardo Aymard; Oliver Phillips
SCT-01 Bolivia -17.09  -64.77 1 X X X Luzmilla Arroyo; Casimiro Mendoza; Oliver Phillips; Roel Brienen
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SCT-06 Bolivia -17.09  -64.77 1 X X Luzmilla Arroyo; Casimiro Mendoza; Oliver Phillips; Roel Brienen
SCZz01 Bolivia -17.76  -63.06 0.1 X Alwyn Gentry
SDL-04 Venezuela 6.1 -61.4 0.1 X Lionel Hernandez
SEUO01 Venezuela 8.66 -71.4 0.252 X Emilio Vilanova; Hirma RamireAngulo
SEU-02 Venezuela 8.62 -71.14 0.252 X Emilio Vilanova; Hirma RamireAngulo
SEU-03 Venezuela 8.64 -71.41  0.252 X Emilio Vilanova; Hirma RamireAngulo
SEU-04 Venezuela 8.64 -71.41 0.252 X Emilio Vilanova; Hirma RamireAngulo
SEU-05 Venezuela 8.64 -71.4 0.25 X Emilio Vilanova; Hirma RamireAngulo
SEU-06 Venezuela 8.63 -71.4 0.25 X Emilio Vilanova; Hirma RamireAngulo

SHI-01 Ecuador -1.02 -76.98 1 X X Carlos Céron; Nigel Pitman
SHR-01 Peru -10.31  -75.11 0.1 X X Alwyn Gentry

SIP-01 Brasil -11.41  -55.32 1 X X Marcos Silveira

SJGO01 Peru -4.06 -73.2 0.5 X X Euridice Honorio
SMT-01 Brasil -12.82  -51.77 1 X Beatriz Marimon; Ben Hur Marimon Junior
SMT-02 Brasil -12.82  -51.77 1 X Beatriz Marimon; Ben Hur Marimon Junior
SMT-03 Brasil -12.83  -51.77 1 X Beatriz Marimon; Ben Hur Marimon Junior
SNRO1 Brasil -6.04 -50.15 1 X Rafael Salom&o; Manoela FF Da Silva
SPDO1 Peru -13.05 -71.54 1 X William Farfan

SRF01 Colombia 6.27 -75.09 1 X Esteban Alvarez Davila; Oliver Phillips
SRL-01 Peru -11.13  -75.32 1 X Dante Anton B; Carlos Reynel
SRQO1 Bolivia -14.4 -62.3 1 X Timothy Killeen
SRT-01 Brasil -1.46 -47.92 1 X X Ima Vieira
SRUO01 Colombia 10.47 -70.8 0.1 X Alwyn Gentry

SSE01 Colombia 6.1 -75.51 1.103 X Esteban Alvarez Davila; Oliver Phillips
STGO1 Bolivia -18.35 -59.53 0.06 X Alwyn Gentry
SUGO01 Peru -3.25 -72.91 1 X X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
SUCG02 Peru -3.25 -72.9 1 X X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
SUG03 Peru -3.25 -72.92 1 X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
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SUG04 Peru -3.25 -72.89 1 X X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
SUG05 Peru -3.26 -72.89 1 X X X Oliver Phillips; Tim Baker; Roel BrieneiRodolfo Vasquez; Abel Monteagudo
SUG10 Peru -3.25 -72.91 0.08 X X Alwyn Gentry; Rodolfo Vasquez
SUM-01 Ecuador -0.6 -77.63 0.82 X Timothy Baker
TAM-01 Peru -12.84  -69.29 1 X X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Aldeinteagudo
TAM-02 Peru -12.83  -69.29 1 X X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
TAM-03 Peru -12.84  -69.28 0.58 X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
TAM-04 Peru -12.84  -69.28 0.42 X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
TAM-05 Peru -12.83  -69.27 1 X X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
TAM-06 Peru -12.84  -69.3 1 X X X Oliver Phillips; TimBaker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
TAM-07 Peru -12.83  -69.26 1 X X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
TAM-08 Peru -12.83  -69.27 1 X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfasquez; Abel Monteagudo
TAM-09 Peru -12.83  -69.28 1 X X X Oliver Phillips; Yadvinder Malhi
TAM-20 Peru -12.78  -69.28 0.1 X X Alwyn Gentry; Kenneth Young
TAM-21 Peru -12.84  -69.29 0.1 X X Alwyn Gentry
TAM-22 Peru -12.78  -69.28 0.1 X X Alwyn Gentry
TAM-23 Peru -12.83  -69.27 0.1 X X Alwyn Gentry

Beatriz Marimon; Ben Hur Marimon Junior; Jon Lloyd; Oliver Phillips; Ted
TAN-02 Brasil -13.08 -52.38 1 X X Feldpausch

Beatriz Marimon; Ben Hur Marimon Junior; Jon Lloyaljver Phillips; Ted
TAN-03 Brasil -12.83  -52.35 1 X X Feldpausch

Beatriz Marimon; Ben Hur Marimon Junior; Jon Lloyd; Oliver Phillips; Ted
TAN-04 Brasil -12.92  -52.37 1 X X Feldpausch
TAP-50 Brasil -3.31 -54.94 0.25 X X Natalino Silva
TAP-51 Brasil -3.31 -54.94 0.25 X X NatalinoSilva
TAP-52 Brasil -3.31 -54.94 0.25 X X Natalino Silva
TAP-53 Brasil -3.31 -54.94 0.25 X X Natalino Silva
TAP-54 Brasil -3.31 -54.95 0.25 X X Natalino Silva
TAP-55 Brasil -3.31 -54.95 0.25 X X Natalino Silva
TAP-56 Brasil -3.31 -54.95 0.25 X X Natalino Silva
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TAP-57 Brasil -3.31 -54.95 0.25 X X Natalino Silva
TAP-58 Brasil -3.31 -54.94 0.25 X X Natalino Silva
TAP-59 Brasil -3.31 -54.94 0.25 X X Natalino Silva
TAP-60 Brasil -3.31 -54.94 0.25 X X Natalino Silva
TAP-61 Brasil -3.31 -54.94 0.25 X X Natalino Silva
TAR-01 Peru -6.58 -76.41 0.1 X Alwyn Gentry
TAY-01 Colombia 11.33 -74.03 0.1 X X Alwyn Gentry
TEC-01 Brasil -1.71 -51.46 1 X X X Leandro Ferreira
TEC-02 Brasil -1.74 -51.49 1 X X X Leandro Ferreira
TEC-03 Brasil -1.73 -51.51 1 X X X Leandro Ferreira
TEC-04 Brasil -1.75 -51.52 1 X X X Leandro Ferreira
TEC-05 Brasil -1.78 -51.59 1 X X X Leandro Ferreira
TEC-06 Brasil -1.73 -51.43 1 X X X Leandro Ferreira
TEM-01 Brasil -2.97 -59.9 1 X X ls eda Amaral; Atila Alves
TEM-02 Brasil -2.93 -59.95 1 X X ls eda Amaral; Atila Alves
TEM-03 Brasil -2.41 -59.9 1 X X X ls eda Amaral; Atila Alves
TEM-04 Brasil -2.43 -59.79 1 X X X ls eda Amaral; Atila Alves
TEM-05 Brasil -2.62 -60.21 1 X X X ls eda Amaral; Atila Alves
TEM-06 Brasil -2.6 -60.11 1 X X ls eda Amaral; Atila Alves
TIP-01 Ecuador -0.66 -76.4 1 X X Abel Monteagudo; Nigel Pitman; Roel Brienen
TIP-02 Ecuador -0.63 -76.14 0.8 X X Abel Monteagudo,David Neill,Oliver Phillips,Roel Brienen
TIP-03 Ecuador -0.64 -76.15 1 X X Abel Monteagudo,David Neill,Oliver Phillips,Roel Brienen
TIP-05 Ecuador -0.64 -76.14 1 X Nigel Pitman
TMP-01 Peru -13.13  -69.57 2.25 X X John Terborgh; Percy Nufiez Vargas
TRU-01 Peru -13.11  -71.61 1 X William Farfan
TRU-02 Peru -13.11 -71.6 1 X William Farfan
TRU-03 Peru -13.11 -71.6 1 X William Farfan
TRU-04 Peru -13.11  -71.59 1 X William Farfan
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TRU-05 Peru -13.09 -7157 1 X William Farfan
TRU-06 Peru -13.08 -71.57 1 X William Farfan
TRU-07 Peru -13.07 -71.56 1 X William Farfan
TRU-08 Peru -13.07 -71.56 1 X William Farfan
TUC-01 Bolivia -18.52  -60.81 1 X Jon Lloyd; Luzmila Arroyo, Oliver Phillips, Ted Feldpausch
TUC-02 Bolivia -18.53  -60.63 1 X Jon Lloyd; Luzmila Arroyo, Oliver Phillips, Ted Feldpausch
TUC-03 Bolivia -18.19  -60.86 1 X Jon Lloyd; Luzmila Arroyo, Oliver Phillips, Ted Feldpausch
TUT-01 Colombia 5.76 -76.58 0.1 X X Alwyn Gentry
UCM-01 Colombia 3.99 -75.56 0.1 X Alwyn Gentry
VCE-01 Peru -5.75 -77.66 0.1 X Alwyn Gentry
VCR-01 Brasil -14.83 -52.16 0.64 X X Beatriz Marimon; Ben Hur Marimon Junior; Ted Feldpausch; Jon Lloyd
VCR-02 Brasil -14.83 -52.17 1.2 X Beatriz Marimon; Ben Hur Marimon Junior; Ted Feldpausch; Jon Lloyd
VCR-03 Brasil -14.83 -52.16 X X Beatriz Marimon; Ben HuMarimon Junior; Ted Feldpausch; Jon Lloyd
VCR-04 Brasil -14.83 -52.17 X X Beatriz Marimon; Ben Hur Marimon Junior; Ted Feldpausch; Jon Lloyd
VEN-01 Peru -4.67 -73.82 0.5 X X Euridice Honorio; Fredy Rodriguez Davila
VEN-02 Peru -4.67 -73.82 0.5 X X Euridice Honorio; Fredy Rodriguez Davila
VTU-01 Venezuela 4.1 -66.63 0.1 X X Gerardo Aymard
VTU-02 Venezuela 4.1 -66.65 0.1 X X Gerardo Aymard
VTU-03 Venezuela 4.08 -66.62 0.1 X X Gerardo Aymard
VTU-04 Venezuela 4.18 -66.52 0.1 X X Gerardo Aymard
VTU-05 Venezuela 4.08 -66.72 0.1 X X Gerardo Aymard
VTU-06 Venezuela 4.13 -66.47 0.1 X X Gerardo Aymard
VTU-07 Venezuela 4.08 -66.43 0.1 X X Gerardo Aymard
VTU-08 Venezuela 4.7 -66.3 0.1 X X Gerardo Aymard
WAY -01 Peru -13.19  -71.59 X William Farfan
YAN-01 Peru -3.43 -72.84 X X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
YAN-02 Peru -3.43 -72.84 X X X Oliver Phillips; Tim Baker; Roel Brienen; Rodolfo Vasquez; Abel Monteagudo
YAN-11 Peru -3.43 -72.85 0.1 X X Alwyn Gentry; Rodolfo Vasquez

19¢



Plot

g(l)%te Country Lat. Long. size Chazpter Che;pter Chapter Data contributors
(ha)

YAN-12 Peru -3.43 -72.85 0.1 X X Alwyn Gentry; Rodolfo Vasquez

YAN-13 Peru -3.46 -72.83 0.1 X X Alwyn Gentry; Rodolfo Vasquez

YNG-01 Bolivia -19.7 -62.1 0.1 X Alwyn Gentry

YUT-01 Ecuador -2.35 -76.43 1 X X Kenneth Young; Ophelia Wang

ZAR-01 Colombia -4.01 -69.91 1 X X Eliana Jimenez, Jon Lloyd, Maria Pefiuela, Oliver Phillips
ZAR-02 Colombia -4 -69.9 1 X X X Eliana Jimenez, Jon Lloyd, Maria Pefiuela, Oliver Phillips
ZAR-03 Colombia -3.99 -69.9 1 X X X Eliana Jimenez, Jon Lloyd, Maria Pefiuela, Oliver Phillips
ZAR-04 Colombia -3.99 -69.91 1 X X X Eliana Jimenez, Jon Lloyd, Maria Pefiuela, Oliver Phillips
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Appendix 2 Supplementaryinformation Chapter 2

Appendix 2.1 Methods for calculating trait intrinsic value

We calcul ated o6intrinsicd trait valwues f
growth rates and mortality rates using a meedf@cts modelling approach to

account for the effect of variation in environmental conditions among plots (e.qg.

in precipitation, elevation and soil fertility) that affect plant trdBsker et al.

2003 Baker et al. 2004h Quesadeaet al. 2010 Quesadeet al. 2012. | used

models based on restricted maximum likelihood (REML), with plot (representing,

for example, variation in topography, soil and/or climate) as a random effect and

genus or species as the fixed effect in order to calculate jepus e | Oi ntrin:

values(Fyllaset al.2009.

For potential tree size, the arevalues for each genievel fixed effect and their
respective standard errors were used to calculate the 95th percentile of diameter,
corrected for variation in environmental conditions. Mixed models were
constructed separately for angiosperm treesaiohs, as trees and palms have
very distinctive growth patterns and physiological characteristics, which lead to
different sizedistribution patterns. Size distributions of palms are approximately
normally distributed and therefore untransformed data veasl fior the mixed
model analysis. However, the diameter distributions of trees are highly skewed to
the right, and thus prior to the mixed model analysis, all diameter data was log
transformed to increase the normality of model residuaddlowing analyss,
estimates of maximum size for trees were then back transformed to be on the

original scale.

Growth rates were similarly legansformed prior to mixed model analydixue

to the higher sampling needed to consistently estimate mortality(Riigsret al.

2011, plots located in close proximity (with the same three letter cAdpendix

1) were aggregated and treated as having the same level in the random effect term
in the mixed models of mortality rates, followiBgkeret al.(2014).
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Statistical analyses were performed in the R 3(Idam 2013 program using
Ime4 (Bateset al.2015 and ImerBaye¢$Condit 2012 packages.

Appendix 2.2 Comparison between different evolutionary models

Although continuous traits are typically assumed to evolve under Brownian
motion (BM) (Felsenstein 1985 this may not be the most appropriate
evolutionary model, and other models may perform better for estimating
phylogenetic signaMinkemdlleret al.2012. | compared the fit of the Brownian
motion model of evolution with WhitédNoise and lambda models. Brownian
motion represents a random model of evolutionary change along each lineage,
which assumes a constant rate of tramletton through time, where covariance
between genus trait values is proportional to the duration of their shared
evolutionary history. Under pure BM, phylogenetic signal is equal to one. A
white-noise model assumes that trait data come from a single hdistrébution

and there is no correlation between the ecological similarity and phylogenetic
relatedness. A model i ncluding Pagel 6s | an
Brownian motion model and assesses #xtent of phylogenetic signal by
multiplying internal branches of the tree by the lambda parameter, which ranges

from O to 1. When lambda values equal one, this model corresponds to BM.

Di fferent evolutionary models were compare
criterion AIC.For all traits, the model i ncluding F
fit.
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Table A.2.21 Comparison of different evolutionary models considered for the evolution of: wood density, potential tree sizeragesyetiid mortaty rates. The
table shows | ambda estimates and model fitting r e s differerd mosldlisailLansbtaifits the extent h
to which phylogeny predict trait data; ii) Brownian Motion model ofletion; and iii) Whitenoise, stasis model with no phylogenetic signal, where phylogeny does

not represents a good proxy for trait data

Trait | amb d Lambda Brownian White-noise
AIC motion AIC AlIC
Wood density wd 0.65 -9.07 198.75 173.73
Max. D 0.49 424.48 582.30 497.29
Potential size Max. Dwd 0.49 955.17 1112.34 1027.99
Max. AGB 0.50 1129.23 1306.76 1215.75
Maxgr. D 0.40 488.48 632.05 520.77
Maxgr. BA 0.42 770.89 888.98 809.07
Growth rates Maxgr. AGB 0.52 866.06 969.25 919.77
Meangr. D 0.34 537.05 688.85 558.39
Meangr. BA 0.36 754.16 894.83 785.57
Meangr. AGB 0.44 733.03 858.56 782.41
Mortality Mortality 0.39 478.60 596.46 491.45
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Appendix 2.3 Trait data mapped in the phylogeny

Please ee figure supplemer.3 located in the back cover folder and refer to the
electronic materialAppendix 2.3} Figures of tee and palm traits mapped onto a
phylogeny The number of lineages varied widely according to the selection
criterion for each traitBranchesarecoloured according to wood density, potential
tree size in diametéMaximumD), maximum tree growth in diameter @&4mum
growth D), and mortality rates. Continuous traits were coloured using a
continuous colour gradient, colour codes indicate the wide raihgaibvalues,

from blue to red, indicating respectively higher and lower trait values.

Appendix 2.4 Phylogenetic Principal Components Analysis (PPCA)
performed on trait data

Table A.2.41 Loadings of the first two axes of Phylogenetic Principal Components Analysis
(PPCA) performed on wood density, potential tree size in diameter, maximum gatethnd

mortality rate All genera (n=214) which hatbmplete set of trait data were used fos analysis.

Trait PPC1 PPC2
Maximum diameter 0.364 0.909
Maximum growth rates 0.926 0.195
Wood density -0.786 0.123
Mortality 0.711 -0.584

Proportion of variance explained  52.80% 30.50%
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Appendix 2.5 Sensitivity analysis

Table A.2.51 Summary of trait data calculated across a subset of 26 plots (Manaus region), including number of individuals per gberera, gemera perait,

and number of species. The table also shows the respective phylogemeticfeigManaus plots, Protied®ga and restricting the number of lineages to 214 genera

that have values for all traits. Khy<0@gt ipxd.05cp<8i.gnal was measured using Bl om
Manaus Burseraceae Inga
Phylogenetic Signal (K) Restricted
Trait : : number of
. . - — Ne Phylogenetic N° Phylogenetic :
0 0 o
N° ind N° Genera N° Species Intrageneric variation Species Signal (K) Species Signal (K) lineages
No Yes
Wood density wd - 292 293 0.25%** 0.27%** 23 0.55 27 0.21 0.24%*
Max. D 33.453 160 364 0.26*** 0.40%+* 37 0.34 40 0.3 0.23*
Max. Dwd 33.453 160 364 0.29%** 0.44%+* 37 0.23 40 0.24 0.25%*
Potential size
Max. BA 33.453 160 364 0.26%** 0.40%** 37 0.34 40 0.3 0.23***
Max. AGB 33.453 160 364 0.29%** 0.45%** 37 0.24 40 0.31 0.24%+*
Max. gr. D 27.327 152 315 0.25** 0.41%+* 31 0.35 29 0.7 0.25**
Max. gr.BA 27.327 152 315 0.26%** 0.37*** 31 0.33 29 0.86** 0.2**
Max. gr.AGB 27.327 152 315 0.28*** 0.39%** 31 0.2 29 0.52 0.22**
Growth raes
Mean. gr. D 27.327 152 315 0.28*** 0.45%+* 30 0.33 29 0.69 0.26***
Mean.gr.BA 27.327 152 315 0.28*** 0.41%+* 30 0.38 29 0.76* 0.19*
Mean.gr.AGB 27.327 152 315 0.30%** 0.45%** 30 0.16 29 0.4 0.24%+*
Mortality Mortality 26.894 67 69 0.32%** 0.43%** - - - - 0.24%**




Appendix 2.6 Phylogenetic signal comparison across p
tropical forest trees
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Figure A.2.6 Comparison between published values of phylogenetic
forest trees measured by Bl ombe
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Appendix 3 Supplementaryinformation Chapter 3

Appendix 3.1 List of 1122generausedin the phylogenetic reconstructions

List of 1122 angiospermgenerausedin the phylogeatic reconstruction, their
respectivesources ofbcL and matK seqences and Genbankaession numbers

where applicable

source

source

Family Genus rbel. rbcL matk matK
Acanthaceae Aphelandra L01884 Genbank  GQ981937 Genbank
Avicennia AY008830 Genbank  AF531771 Genbank
Ruellia GU135168.1 Genbank GU135004.1 Genbank
Sanchezia AJ247613 Genbank
Suessenguthia 140037105 RBG
Trichanthera GQ981903 Genbank  GQ982116 Genbank
Achariaceae Carpotroche 140037111 RBG
Kuhlmanniodendron GU929701 Genbank
Lindackeria GQ981788 Genbank  GQ982034 Genbank
Achatocarpaceae  Achatocarpus 12-0028245 RBG 120028245 RBG
Actinidiaceae Saurauia AF088852 Genbank EU310435 Genbank
Adoxaceae Sambucus SBURBCLA Genbank  HQ593429 Genbank
Viburnum HQ591701 Genbank  HQ591557 Genbank
Alzateaceae Alzatea AVU26316 Genbank  AY151567 Genbank
Anacardiaceae Anacardium JQ626226 Genbank  GQ981932 Genbank
Antrocaryon AY594460 Genbank
Apterokarpos 130032561 RBG 130032561 RBG
Astronium 12-0028223 RBG 120028223 RBG
Campnosperma KJ594639 Genbank KJ708854  Genbank
Cardenasiodendron GU935419 Genbank
Cyrtocarpa CPU39272 Genbank  AY594464 Genbank
Lithraea AY594470 Genbank
Loxopterygium 140037088 RBG
Metopium GU935434.1  Genbank
Myracrodruon 13-0032562 RBG 130032562 RBG
Ochoterenaea 130034078 RBG
Schinopsis 12-0028234 RBG 120028234 RBG
Schinus 12-0028275 RBG 120028275 RBG
Spondias GQ981882 Genbank
Tapirira JQ625925 Genbank JQ626383 Genbank
Thyrsodium JQ626075 Genbank JQ626480 Genbank
Toxicodendron U39271 Genbank  AY594491 Genbank
Anisophylleaceae  Anisophyllea AY973480 Genbank  AY973459 Genbank
Polygonanthus AY973489 Genbank
Annonaceae Anaxagorea AY743439 Genbank  AY743477 Genbank
Annona JQ625732 Genbank  JQ626342 Genbank
Bocageopsis PEROO7 120029647 RBG
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Family Genus rbcL Sr%lirfe matK Snggzlie
Cardiopetalum 150038112 RBG
Cremastosperma AY743536 Genbank  AY743559 Genbank
Cymbopetalum AY841608 Genbank  DQ125055 Genbank
Diclinanona PER023 RBG DQ125056 Genbank
Duguetia AY738171 Genbank  AY740551 Genbank
Ephedranthus AY841616 Genbank  AY841396 Genbank
Fusaea AY743445 Genbank  AY743483 Genbank
Guatteria AY740976 Genbank  AY740927 Genbank
Hornschuchia AY841625 Genbank
Klarobelia AY743452 Genbank  AY743490 Genbank
Malmea AY743453 Genbank  AY743491 Genbank
Mosannona AY743515 Genbank  AY743508 Genbank
Onychopetalum DQ018222 Genbank DQO018261 Genbank
Oxandra AY319066 Genbank  AY518868 Genbank
Porcelia AY841649 Genbank
Pseudephedranthus AY841651 Genbank
Pseudomalmea AY841530 Genbank  AY841398 Genbank
Pseudoxandra AY319076 Genbank  AY518870 Genbank
Rollinia 150038517 RBG
Ruizodendron AY841657 Genbank  HQ214070 Genbank
Tetrameranthus 12-0029667 RBG 120029667 RBG
Trigynaea AY743449 Genbank  AY743487 Genbank
Unonopsis AY743455 Genbank  AY743494 Genbank
Xylopia AY238958 Genbank  AY238967 Genbank

Apocynaceae Allamanda DQ660626 Genbank DQ660495 Genbank
Ambelania DQ660628 Genbank  DQ660497 Genbank
Anartia JQ626134 Genbank
Aspidosperma JQ626066 Genbank  JQ626476 Genbank
Calotropis 12-0029833 RBG 120029833 RBG
Couma DQ660640 Genbank  DQ660512 Genbank
Forsteronia 130032563 RBG
Geissospermum DQ660643 Genbank  DQ660517 Genbank
Hancornia DQ660646 Genbank DQ660519 Genbank
Himatanthus JQ625987 Genbank  JQ626428 Genbank
Lacmellea JQ626053 Genbank JQ626466 Genbank
Laxoplumeria 140037100 RBG 140037100 RBG
Macoubea JQ625771 Genbank JQ626352 Genbank
Malouetia JQ625814 Genbank JQ626356 Genbank
Molongum X91765 Genbank 270185 Genbank
Mucoa 12-0029657 RBG 120029657 RBG
Neocouma GU973903 Genbank
Parahancornia JQ625735 Genbank
Plumeria DQ660661 Genbank DQ660536 Genbank
Rauvolfia DQ660662 Genbank DQ660537 Genbank
Rhigospira GU973904 Genbank
Spongiosperma GU973905 Genbank
Stemmadenia DQ660666 Genbank  DQ660542 Genbank
Tabernaemontana DQ660672 Genbank  DQ660549 Genbank
Vallesia AJ419767 Genbank  AM295075 Genbank

Aquifoliaceae llex 12-0028228 RBG 120028228 RBG
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Family Genus rbcL Sr%lirfe matK Snc;:{ﬁe
Araliaceae Aralia 12-0029800 RBG 120029800 RBG
Dendropanax DAU50244 Genbank DAUS58609 Genbank
Oreopanax 12-0029795 RBG 120029795 RBG
Schefflera JQ625964 Genbank JQ626409 Genbank
Arecaceae Acrocomia AM110212 Genbank AM114639 Genbank
Aiphanes AJ404831 Genbank AM114641 Genbank
Aphandra AJ404837 Genbank AM114612 Genbank
Archontophoenix AJ404806 Genbank AM114660 Genbank
Astrocaryum JQ626256 Genbank JF758213 Genbank
Attalea GQ981675 Genbank  GQ981943 Genbank
Bactris AM110214 Genbank AM114642 Genbank
Butia JX903252 Genbank JX903668 Genbank
Ceroxylon AJ404781 Genbank AM114607 Genbank
Chamaedorea AJ404787 Genbank AM114623 Genbank
Chelyocarpus AJ404746 Genbank AM114562 Genbank
Cocos AM110211 Genbank AM114637 Genbank
Copernicia AM110199 Genbank  AM114582 Genbank
Dictyocaryum AM110204 Genbank AM114616 Genbank
Elaeis AJ404830 Genbank AM114644 Genbank
Euterpe AJ404802 Genbank  AM114647 Genbank
Geonoma AJ404834 Genbank AM114655 Genbank
Hyospathe AJ404804 Genbank AM114646 Genbank
Iriartea AJ404793 Genbank AM114617 Genbank
Iriartella AM110203 Genbank AM114615 Genbank
Itaya AJ404748 Genbank  AM114564 Genbank
Leopoldinia AJ404798 Genbank  AM114656 Genbank
Lepidocaryum AJ829880 Genbank
Lytocaryum AY044633 Genbank
Manicaria AJ404797 Genbank  AM114645 Genbank
Mauritia 12-0029654 RBG 120029654 RBG
Mauritiella 12-0029655 RBG 120029655 RBG
Oenocarpus 12-0029658 RBG 120029658 RBG
Orbignya AY012508 Genbank
Parajubaea AJ829891 Genbank
Pholidostachys AM110217 Genbank AM114651 Genbank
Phytelephas AJ404836 Genbank AM114614 Genbank
Polyandrococos AJ829902 Genbank
Prestoea AM110216 Genbank AM114648 Genbank
Raphia AJ829907 Genbank  AM114544  Genbank
Roystonea AJ404805 Genbank  AM114630 Genbank
Scheelea AY044636 Genbank
Socratea AM110205 Genbank AM114618 Genbank
Syagrus AJ404827 Genbank AM114638 Genbank
Synechanthus AJ404786.1  Genbank
Trithrinax AJ404745 Genbank  AM114556 Genbank
Welfia AJ829917 Genbank  AM114650 Genbank
Wettinia AJ404794 Genbank AM114619 Genbank
Asparagaceae Cordyline HM640529 Genbank HM640647 Genbank
Asteraceae Achyrocline 13-0032564 RBG 130032564 RBG
Ageratina KJ841084 Genbank  KJ840849 Genbank
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Family Genus rbcL Sr%lirfe matK Snggzlie
Albizia 12-0027155 RBG 120027155 RBG
Arnaldoa EU841098 Genbank EU841316 Genbank
Baccharis 12-0028268 RBG 120028268 RBG
Barnadesia 12-0028293 RBG 120028293 RBG
Clibadium AY215095.1 Genbank AY215775.1 Genbank
Cnicothamnus EU384961 Genbank  EU385339 Genbank
Dasyphyllum EU841115 Genbank  EU385342 Genbank
Dendrophorbium GU817755 Genbank
Dinoseris EU384967 Genbank EU385346 Genbank
Eirmocephala JQ590740 Genbank JQ586947 Genbank
Eremanthus EU384972 Genbank EU385351 Genbank
Gochnatia 12-0028274 RBG 120028274 RBG
Gongylolepis EU384980 Genbank  EU385359 Genbank
Kaunia 140037083 RBG
Koanophyllon 140037092 RBG
Lychnophora 13-0032565 RBG 130032565 RBG
Mikania JF826307 Genbank JF826294  Genbank
Morithamnus 13-0032566 RBG 130032566 RBG
Oyedaea AY215153 Genbank  AY215835 Genbank
Paralychnophora 130034081 RBG
Piptocarpha PPJCPRBCL Genbank 150038143 RBG
Pluchea EU385011 Genbank  EU385389 Genbank
Smallanthus AY215177 Genbank
Stenopadus EU385019 Genbank  EU385398 Genbank
Stifftia EU385020 Genbank  EU385399 Genbank
Symphyopappus 150038127 RBG
Tessaria 12-0028258 RBG 120028258 RBG
Trixis EU385025 Genbank  EU385405 Genbank
Verbesina 12-0028251 RBG 120028251 RBG
Vernonanthura 12-0028278 RBG 120028278 RBG
Vernonia 12-0028269 RBG 120028269 RBG
Wunderlichia EU385028 Genbank EU385408 Genbank

Begoniaceae Begonia 130034056 RBG

Berberidaceae Berberis AF139878 Genbank  AB069827 Genbank

Betulaceae Alnus FJ844584 Genbank FJO11815 Genbank

Bignoniaceae Adenocalymma 13-0032567 RBG 130032567 RBG
Arrabidaea AF102641 Genbank 130032568 RBG
Clytostoma 130032569 RBG 130032569 RBG
Crescentia AF102643 Genbank
Cybistax 12-0029819 RBG 120029819 RBG
Distictella 140037099 RBG 140037099 RBG
Godmania 13-0032571 RBG 130032571 RBG
Handroanthus 150038119 RBG
Jacaranda JQ626146 Genbank  JQ626519 Genbank
Lundia 130032572 RBG 130032572 RBG
Macfadyena AF102649 Genbank  GU134972 Genbank
Melloa 130032573 RBG 130032573 RBG
Memora 140037123 RBG
Pleonotoma KJ594438.1 Genbank KJ594004.1 Genbank
Sparattosperma 120028292 RBG 120028292 RBG
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Family Genus rbcL Sr%lirfe matK Snc;:{ﬁe
Tabebuia JQ626096 Genbank JQ626497 Genbank
Tecoma 12-0028262 RBG 120028262 RBG
Xylophragma 140037097 RBG
Zeyheria BOLINO034 130034086 RBG
Bixaceae Bixa Y15139 Genbank FM179929 Genbank
Cochlospermum AF022129 Genbank 120028291 RBG
Bonnetiaceae Archytaea AY380342 Genbank  HQ331545 Genbank
Bonnetia HQ332012 Genbank  HQ331549 Genbank
Boraginaceae Bourreria AF258345 Genbank DQ197229 Genbank
Cordia JQ626197 Genbank JQ626469 Genbank
Heliotropium HM850048 Genbank  HM850863 Genbank
Tournefortia EU599824 Genbank  EU599648 Genbank
Varronia 140037074 RBG
Brunelliaceae Brunellia FJ707536 Genbank EF135512 Genbank
Burseraceae Bursera 12-0028241 RBG 120028241 RBG
Commiphora FJ466630 Genbank  JF270711 Genbank
Crepidospermum 150040005 RBG
Dacryodes JQ626006 Genbank  JQ626441 Genbank
Protium JQ626194 Genbank JQ626503 Genbank
Tetragastris JQ625986 Genbank  JQ626484 Genbank
Trattinnickia JQ626083 Genbank  GQ982114 Genbank
Buxaceae Buxus DQ182333.1 Genbank AF543728.1 Genbank
Styloceras AF093733 Genbank
Cactaceae Armatocereus HM041650 Genbank
Arrojadoa 130032574 RBG 130032574 RBG
Brasiliopuntia AY875234 Genbank  AY875370 Genbank
Browningia 12-0028248 RBG 120028248 RBG
Calymmanthium AY875230 Genbank  AY015291 Genbank
Cereus 12-0029830 RBG 120029830 RBG
Cleistocactus 130034067 RBG
Echinopsis FR853367 Genbank  FN669743 Genbank
Espostoa 130034068 RBG
Espostoopsis HMO041694 Genbank
Harrisia 150038122 RBG
Hylocereus AY015310 Genbank
Melocactus HMO041719 Genbank
Micranthocereus AY015314 Genbank
Neoraimondia HM041728 Genbank
Opuntia AY875233 Genbank  AY875369 Genbank
Pereskia AF206805 Genbank  AY875355 Genbank
Pilosocereus HMO041759 Genbank
Quiabentia AY875236 Genbank  AY875372 Genbank
Rauhocereus AY015326 Genbank
Samaipaticereus 140037078 RBG
Stetsonia 140037084 RBG
Tacinga 150039161 RBG
Weberbauerocereus HM041796 Genbank
Calophyllaceae Calophyllum HQ332018 Genbank HQ331555 Genbank
Caraipa HQ332025 Genbank  HQ331564 Genbank
Clusiella AY625019 Genbank  HQ331585 Genbank
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Family Genus rbcL Sr%lirfe matK Snggzlie
Haploclathra HQ332068 Genbank  HQ331614 Genbank
Kielmeyera AY625015 Genbank  HQ331641 Genbank
Mahurea AY625018 Genbank  HQ331650 Genbank
Mammea AY625029 Genbank  HQ331652 Genbank
Marila AY625010 Genbank HQ331660 Genbank
Canellaceae Cinnamodendron EU669512 Genbank EU669485 Genbank
Cannabaceae Celtis 12-0028240 RBG 120028240 RBG
Trema 12-0028244 RBG 120028244 RBG
Capparaceae Anisocapparis 140037075 RBG
Atamisquea 140037076 RBG
Belencita EU371746 Genbank
Capparicordis 140037086 RBG
Capparidastrum KJ082172 Genbank KJ012501 Genbank
Capparis GQ981684 Genbank  GQ981949 Genbank
Colicodendron 130034082 RBG
Crateva AY483265 Genbank  AY483229 Genbank
Cynophalla 120029857 RBG
Morisonia 12-0028282 RBG 120028282 RBG
Neocalyptrocalyx JQ625979 Genbank  JQ626425 Genbank
Preslianthus 120028281 RBG
Quadrella KJ082530 Genbank  KJ012740 Genbank
Sarcotoxicum 140037093 RBG
Steriphoma 12-0028280 RBG 120028280 RBG
Cardiopteridaceae  Citronella 150038113 RBG
Dendrobangia JQ626064 Genbank  JQ626474 Genbank
Caricaceae Carica CPACPRBCLA Genbank AY483221 Genbank
Jacaratia AF405245 Genbank  AY461574 Genbank
Vasconcellea 12-0029803 RBG 120029803 RBG
Caryocaraceae Anthodiscus FJ670162 Genbank FJ670000 Genbank
Caryocar 12-0029650 RBG 120029650 RBG
Celastraceae Anthodon HM230160 Genbank
Cheiloclinium JQ626275 Genbank JQ626564 Genbank
Cuervea KJ594207.1 Genbank KJ593844.1 Genbank
Elaeodendron AY380347 Genbank DQ217541 Genbank
Fraunhofera JF410097 Genbank
Gymnosporia AY380352 Genbank  EU328974 Genbank
Hippocratea 13-0032576 RBG 130032576 RBG
Hylenaea KJ594297.1 Genbank KJ593908.1 Genbank
Maytenus JQ626259 Genbank JQ626557 Genbank
Peritassa FJ705544  Genbank
Plenckia JF410098 Genbank
Prionostemma KJ594446 Genbank KJ594009 Genbank
Salacia AJ402998 Genbank FJ705557 Genbank
Schaefferia 130034070 RBG
Tontelea FJ705562 Genbank
Zinowiewia AY935741 Genbank  AY935922 Genbank
Chloranthaceae Hedyosmum HDYCPRBCLA Genbank DQ401339 Genbank
Chrysobalanaceae Acioa GQ424473 Genbank
Chrysobalanus L11178 Genbank  EF135519 Genbank
Couepia JQ625980 Genbank  JQ626426 Genbank
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Family Genus rbcL Sr%lirfe matK Snc;:{ﬁe
Exellodendron JQ625744 Genbank
Hirtella JQ625956 Genbank JQ626404 Genbank
Licania AB233846 Genbank  GQ982032 Genbank
Parinari AB233847 Genbank  AB233743 Genbank
Clethraceae Clethra CTFCPRBCLA Genbank AJ429281 Genbank
Purdiaea AY082698 Genbank
Clusiaceae Chrysochlamys HQ332031 Genbank  HQ331570 Genbank
Clusia JQ626019 Genbank  JQ626447 Genbank
Dystovomita HQ332051 Genbank  HQ331594 Genbank
Garcinia JQ626234 Genbank JQ626543 Genbank
Lorostemon AF518401 Genbank  HQ331648 Genbank
Moronobea JQ626143 Genbank  HQ331665 Genbank
Platonia JQ626227 Genbank HQ331670 Genbank
Symphonia HQ331680 Genbank
Tovomita HQ332120 Genbank HQ331684 Genbank
Tovomitopsis HQ332123 Genbank  HQ331687 Genbank
Columelliaceae Columellia 130034079 RBG 130034079 RBG
Combretaceae Buchenavia FJ381805 Genbank HM446660 Genbank
Combretum EU338147 Genbank  FM179938 Genbank
Conocarpus FJ381822 Genbank
Laguncularia FJ381825 Genbank
Terminalia FJ381811 Genbank  GU135057 Genbank
Connaraceae Connarus CNFRBCL Genbank EU002174 Genbank
Rourea FJ707537 Genbank  EF135591 Genbank
Convolvulaceae Dicranostyles AY101043 Genbank
Ipomoea AY100962 Genbank  AJ429355 Genbank
Jacquemontia AY101039 Genbank  EU330286 Genbank
Maripa JQ591163 Genbank JQ587303 Genbank
Cornaceae Cornus EU002276 Genbank EU002175 Genbank
Cunoniaceae Lamanonia 13-0032577 RBG 130032577 RBG
Weinmannia AF291915 Genbank  GQ248213 Genbank
Cyrillaceae Cyrilla CYQCPRBCL Genbank AJ429282 Genbank
Dichapetalaceae Dichapetalum GQ424469 Genbank
Stephanopodium 130032578 RBG
Tapura 12-0029846 RBG FJ670009 Genbank
Dilleniaceae Curatella FJ860341.1 Genbank 120028224 RBG
Davilla FJ860342.1  Genbank FJ514769 Genbank
Doliocarpus FJ860360.1 Genbank 130034083 RBG
Hibbertia FJ860367.1 Genbank HQ896421 Genbank
Tetracera FJ860393.1 Genbank AY042665 Genbank
Dipentodontaceae  Perrottetia AY935736 Genbank  AY935915 Genbank
Ebenaceae Diospyros EU980663 Genbank  DQ924003 Genbank
Lissocarpa EU980794 Genbank  DQ924078 Genbank
Elaeocarpaceae Crinodendron AF291940 Genbank  AY935929 Genbank
Sloanea JQ626032 Genbank JQ626451 Genbank
Vallea AJ403035 Genbank
Ericaceae Agarista 12-0029835 RBG 120029835 RBG
Bejaria GU176639 Genbank  AF440412 Genbank
Cavendishia AF382747 Genbank
Gaultheria GAHCPRBCLA Genbank GEU61317 Genbank
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Thibaudia AF382790 Genbank
Erythroxylaceae Erythroxylum PERO028 GQ981987 Genbank
Escalloniaceae Escallonia 12-0028277 RBG 120028277 RBG
Euphorbiaceae Acalypha 12-0028252 RBG 120028252 RBG
Acidoton AB267913 Genbank  AB268017 Genbank
Actinostemon AB233883 Genbank  AB233779 Genbank
Adelia 12-0029848 RBG 120029848 RBG
Adenophaedra AY794930 Genbank
Alchornea HM446755 Genbank HM641813 Genbank
Alchorneopsis AY794962 Genbank HM446655 Genbank
Anomalocalyx 140037126 RBG
Aparisthmium AY794955 Genbank  GQ981929 Genbank
Bernardia 12-0029849 RBG 120029849 RBG
Brasiliocroton AY794907 Genbank
Caryodendron AB233857 Genbank  AB233753 Genbank
Chaetocarpus JQ626189 Genbank  JQ626531 Genbank
Cleidion AY794936 Genbank
Cnidoscolus 12-0029808 RBG 120029808 RBG
Conceveiba AY788170 Genbank FJ670011 Genbank
Croton 12-0028261 RBG HM446680 Genbank
Ditaxis AB233865 Genbank  AB233761 Genbank
Dodecastigma AY794885 Genbank 150038518 RBG
Euphorbia AY794827 Genbank  EF135539 Genbank
Glycydendron AB267942 Genbank  AB268046 Genbank
Gymnanthes AY794851 Genbank 140037102 RBG
Hevea AB267943 Genbank  AB268047 Genbank
Hura AB233886 Genbank  AB233782 Genbank
Jatropha 12-0029805 RBG 120029805 RBG
Joannesia AJ418808 Genbank
Mabea JQ625917 Genbank JQ626381 Genbank
Manihot AB233880 Genbank  AB233776 Genbank
Maprounea AJ418810 Genbank 150038519 RBG
Micrandra AB267945 Genbank  AB268049 Genbank
Micrandropsis AB267946 Genbank  AB268050 Genbank
Nealchornea AY 794865 Genbank 140037129 RBG
Ophthalmoblapton AY794848 Genbank
Pachystroma AY794847 Genbank
Pausandra AY794887 Genbank 140037116 RBG
Pera AY380355 Genbank EF135578 Genbank
Philyra AB267927 Genbank  AB268031 Genbank
Pogonophora AY788185 Genbank  EF135585 Genbank
Pseudosenefeldera AY794862 Genbank
Rhodothyrsus 140037119 RBG 140037119 RBG
Ricinus AY788188 Genbank EF135590 Genbank
Sagotia AY794903 Genbank 150038125 RBG
Sandwithia AY794904.1 Genbank 140037135 RBG
Sapium 12-0028301 RBG GQ982089 Genbank
Sebastiania AY794850 Genbank 140037090 RBG
Senefeldera 150038126 RBG
Stillingia AY794843 Genbank 140037089 RBG
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Tacarcuna AY663623 Genbank
Tetrorchidium AB267952 Genbank  AB268056 Genbank
Euphronia AB233741 Genbank

Fabaceae Abarema 12-0027154 RBG GQ981925 Genbank
Acaciella HMO020733 Genbank
Acosmium 12-0027096 RBG 120027096 RBG
Adesmia u74254 Genbank  AF142690 Genbank
Aeschynomene AB045784 Genbank  AF272086 Genbank
Aldina U74252 Genbank
Alexa JQ625719 Genbank JQ626338 Genbank
Amburana 12-0027097 RBG AY553712 Genbank
Amicia AF203583 Genbank
Amphiodon JQ625776 Genbank
Anadenanthera 12-0027156 RBG EU812064 Genbank
Andira 12-0027098 RBG 120027098 RBG
Apuleia u74249 Genbank  EU361858 Genbank
Apurimacia 12-0027169 RBG 120027169 RBG
Arapatiella AY904376 Genbank  EU361859 Genbank
Ateleia 12-0027099 RBG GU220020 Genbank
Balizia 140035558 RBG
Barnebydendron EU361868 Genbank
Batesia AY904375 Genbank
Bauhinia 12-0027176 RBG 120027176 RBG
Blanchetiodendron 1300322580 RBG 130032580 RBG
Bocoa JQ626179 Genbank  JQ626415 Genbank
Bowdichia 12-0027101 RBG AY386937 Genbank
Brodriguesia 130032581 RBG EU361890 Genbank
Brownea Z70159 Genbank  EU361891 Genbank
Browneopsis AM234233 Genbank  EU361894 Genbank
Caesalpinia KP094413 Genbank  KP093492 Genbank
Calliandra AM234252 Genbank  HMO020736 Genbank
Campsiandra EU361908 Genbank
Candolleodendron EF466154 Genbank  JX295890 Genbank
Cascaronia AF272072 Genbank
Cassia AM234244 Genbank  EU361909 Genbank
Cedrelinga 12-0027105 RBG
Cenostigma 130032582 RBG 130032582 RBG
Centrolobium BOLINO21
Chamaecrista AM234248 Genbank  EU361914 Genbank
Chloroleucon AY386921 Genbank
Clathrotropis JX295951 Genbank
Clitoria 12-0027107 RBG 120027107 RBG
Cojoba GQ981709 Genbank  GQ981971 Genbank
Cologania AF181932 Genbank  GQ246140 Genbank
Copaifera 12-0029861 RBG EU361918 Genbank
Coursetia 12-0027109 RBG AF547188 Genbank
Crotalaria 270134 Genbank  GQ246141 Genbank
Crudia AM234230 Genbank  EU361922 Genbank
Cyathostegia HM347480 Genbank
Cyclolobium BOLLC377 Genbank  GQ246151 Genbank
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Cynometra AY289677 Genbank  EU361925 Genbank
Dahlstedtia 130034051 RBG
Dalbergia 12-0027161 RBG HQ427296 Genbank
Dalea AY386860 Genbank
Deguelia 12-0027170 RBG 140035565 RBG
Derris u74234 Genbank  AF142715 Genbank
Desmanthus AF521820 Genbank
Desmodium EU717279 Genbank  EU717420 Genbank
Dialium 12-0027113 RBG EU361930 Genbank
Dicorynia JQ626129 Genbank  EU361931 Genbank
Dicymbe PER024 EU361932 Genbank
Dimorphandra 12-0027114 RBG EU361934 Genbank
Dinizia 13-0032584 RBG EU361951 Genbank
Dioclea 130033193 RBG
Diplotropis 12-0027115 RBG 120027116 RBG
Dipteryx 12-0027119 RBG
Diptychandra 13-0032585 RBG EU361935 Genbank
Dussia JQ625757 Genbank  AY386903 Genbank
Elizabetha 140037127 RBG EU361940 Genbank
Enterolobium JQ626149 Genbank  GQ981984 Genbank
Eperua JQ626198 Genbank  JQ626458 Genbank
Eriosema AM235007 Genbank
Erythrina 12-0027120 RBG 120027120 RBG
Erythrostemon JN796934 Genbank  AY386845 Genbank
Etaballia AF272073S2 Genbank
Exostyles 13-0032586 RBG 150038555 RBG
Fissicalyx AF272063 Genbank
Galactia EU717287 Genbank  EU717428 Genbank
Geoffroea 12-0027121 RBG AF270880 Genbank
Gleditsia Z70129 Genbank  AY386849 Genbank
Gliricidia JF738386 Genbank  AF547197 Genbank
Goniorrhachis AM234232 Genbank  EU361959 Genbank
Grazielodendron AF270862 Genbank
Guianodendron JX124403 Genbank
Guibourtia BOLXX004 EU361962 Genbank
Guilandina EU361900 Genbank
Harleyodendron 13-0032587 RBG 130032587 RBG
Heterostemon EU361968 Genbank
Hoffmannseggia AY308531 Genbank  EU361969 Genbank
Holocalyx u74244 Genbank  AY553714  Genbank
Hydrochorea 130033195 RBG
Hymenaea JQ625969 Genbank JQ626412 Genbank
Hymenolobium PERO038 AY386934 Genbank
Indigofera u74214 Genbank  AF142697 Genbank
Inga 12-0029860 RBG JQ626408 Genbank
Jacqueshuberia AY904391 Genbank  EU361984 Genbank
Krameria Y15032 Genbank FJ670058 Genbank
Lathyrus HMO029364 Genbank  AF522085 Genbank
Lecointea AM234260 Genbank  EU361990 Genbank
Leptolobium U74255 Genbank
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Leucaena GU135204 Genbank  GU135042 Genbank
Leucochloron 14-0035232 RBG 140035232 RBG
Libidibia EU361901 Genbank
Lonchocarpus HM446818 Genbank HM446705 Genbank
Luetzelburgia U74185 Genbank  AY553716 Genbank
Lupinus HM850145 Genbank HM851129 Genbank
Machaerium 12-0027129 RBG 130033200 RBG
Macrolobium JQ625745 Genbank  EU361996 Genbank
Macrosamanea 140035543 RBG
Maraniona JN083774 Genbank  AY247263 Genbank
Martiodendron 13-0032589 RBG EU361999 Genbank
Melanoxylon AY904388 Genbank  EU362000 Genbank
Microlobius 140037104 RBG AF521842 Genbank
Millettia AF308714 Genbank  AF142726 Genbank
Mimosa 12-0027180 RBG GU135076 Genbank
Mimozyganthus 140037085 RBG AY944556  Genbank
Moldenhawera AY904390 Genbank  EU362004 Genbank
Monopteryx KP177917 Genbank
Mora EU362005 Genbank
Mucuna EU717281 Genbank  EU717422 Genbank
Muellera AB045813 Genbank
Myrocarpus 130032590 RBG AY386925 Genbank
Myroxylon 12-0027131 RBG 120029860 RBG
Newtonia AF521847 Genbank
Ormosia 12-0027132 RBG 120027132 RBG
Paloue EU362014 Genbank
Panurea JX295947  Genbank
Paramachaerium AF272062 Genbank
Parapiptadenia 13-0032591 RBG AF521849  Genbank
Parkia JQ625940 Genbank JQ626393 Genbank
Parkinsonia AY904403 Genbank  AY386917 Genbank
Peltogyne AF308718 Genbank  EU362021 Genbank
Peltophorum AY904400 Genbank  AY386846 Genbank
Pentaclethra AM234250 Genbank  AY386904 Genbank
Petaladenium KP177896 Genbank
Phanera 13-0032592 RBG 130032592 RBG
Piptadenia BOLIN205COR AF521855  Genbank
Piscidia AB045816 Genbank  AF142710 Genbank
Pithecellobium GQ436357 Genbank  HMO020740 Genbank
Pityrocarpa 130034053 RBG
Plathymenia 130034064 RBG AF521858 Genbank
Platycyamus AB045817 Genbank  AF142709 Genbank
Platymiscium JQ626063 Genbank  JQ626473 Genbank
Platypodium GQ981836 Genbank  GQ982065 Genbank
Poecilanthe 130032594 RBG 130032594 RBG
Poeppigia AY904370 Genbank  EU362026 Genbank
Poincianella 12-0027104 RBG EU361904 Genbank
Prosopis 12-0027165 RBG AY944562 Genbank
Pseudopiptadenia JQ625948 Genbank  JQ626397 Genbank
Pseudosamanea JQ591565 Genbank
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Pterocarpus 12-0027175 RBG 120027175 RBG
Pterodon 12-0027139 RBG
Pterogyne AY904377 Genbank  EU362031 Genbank
Recordoxylon JQ626133 Genbank
Rhynchosia AB045823 Genbank
Riedeliella 13-0032595 RBG AF272090S1 Genbank
Samanea 13-0032596 RBG
Savia AY663619 Genbank  AY552449 Genbank
Schizolobium AY904398 Genbank  EU362036 Genbank
Sclerolobium AM234242 Genbank
Senegalia 12-0027181 RBG HMO020731 Genbank
Senna GU135268 Genbank  GU135008 Genbank
Spirotropis JX295950.1 Genbank
Stryphnodendron JQ626052 Genbank  JQ626465 Genbank
Stylosanthes AF203595 Genbank
Swartzia AM234259 Genbank  EU362053 Genbank
Sweetia 12-0027150 RBG AY386911 Genbank
Tabaroa 130032597 RBG 130032597 RBG
Tachigali JQ626001 Genbank  EU362040 Genbank
Tara 12-0027184 RBG 120027184 RBG
Taralea PERO085 Genbank
Tephrosia u74211 Genbank  AF142712 Genbank
Tipuana JN083777 Genbank  AF270882 Genbank
Trischidium 13-0032598 RBG 130032598 RBG
Uleanthus 13-0032599 RBG
Ulex HM850431 Genbank HM851132 Genbank
Uribea AY553719.1 Genbank
Vachellia HM850439 Genbank HM850602 Genbank
Vatairea JQ625866 Genbank
Vataireopsis JQ626110 Genbank  AF142680 Genbank
Vouacapoua JQ626170 Genbank JQ626385 Genbank
Zapoteca 12-0027166 RBG EU362064 Genbank
Zollernia 13-0032600 RBG 140035578 RBG
Zygia JQ625977 Genbank  JQ626423 Genbank

Gentianaceae Macrocarpaea AJ010523 Genbank
Potalia AJ235816 Genbank

Gesneriaceae Sanango AJ001763 Genbank

Goupiaceae Goupia JQ626141 Genbank EF135544 Genbank

Griseliniaceae Griselinia AF307916 Genbank AJ429372 Genbank

Hernandiaceae Gyrocarpus GYRCPRBCLA Genbank DQ401370 Genbank
Hernandia HRNCPRBCLA Genbank  AJ966799 Genbank
Sparattanthelium AF052197 Genbank  AJ627931 Genbank

Humiriaceae Duckesia 140037109 RBG
Endopleura 140037112 RBG
Humiria AB233889 Genbank  AB233785 Genbank
Humiriastrum JQ626167 Genbank JQ626522 Genbank
Sacoglottis JQ625910 Genbank JQ626378 Genbank
Schistostemon JX664071 Genbank JX661963 Genbank
Vantanea JQ625882 Genbank  JQ626370 Genbank

Hypericaceae Vismia JQ626022 Genbank HQ331694 Genbank
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|Icacinaceae Calatola JQ592254 Genbank JQ588040 Genbank
Emmotum JQ626244 Genbank JQ626549 Genbank
Poraqueiba JQ626039 Genbank JQ626457 Genbank
Ixonanthaceae Cyrillopsis FJ670170 Genbank FJ670024 Genbank
Ochthocosmus FJ707535 Genbank EF135573 Genbank
Juglandaceae Juglans AF206785 Genbank U92851 Genbank
Koeberliniaceae Koeberlinia KBECPRBCL Genbank AY483222 Genbank
Lacistemataceae Lacistema AB233894 Genbank  AB233790 Genbank
Lozania AJ418804 Genbank FJ670026 Genbank
Lamiaceae Aegiphila GQ981656 Genbank  GQ981928 Genbank
Callicarpa JQ594368 Genbank JQ589422 Genbank
Cornutia JQ592281 Genbank JQ588061 Genbank
Hyptidendron 120029809 RBG
Lepechinia AY570387 Genbank
Vitex 12-0028287 RBG AB284182 Genbank
Lauraceae Aiouea JQ625982 Genbank AJ247143 Genbank
Anaueria PERO00O1 120029645 RBG
Aniba JQ626084 Genbank  JQ626487 Genbank
Beilschmiedia EU153825 Genbank
Caryodaphnopsis EU153828 Genbank
Chlorocardium 12-0029651 RBG 120029651 RBG
Cinnamomum CNMCPRBCLA Genbank  AJ966800 Genbank
Cryptocarya GQ248578 Genbank  AJ247158 Genbank
Dicypellium AJ247161 Genbank
Endiandra JF738632 Genbank  AJ247162 Genbank
Endlicheria JQ625787 Genbank  JQ626354 Genbank
Licaria JQ625945 Genbank JQ626395 Genbank
Mezilaurus 120029656 RBG
Nectandra GQ981812 Genbank  GQ982050 Genbank
Ocotea JQ626098 Genbank JQ626566 Genbank
Paraia 140037133 RBG
Persea 12-0028270 RBG 120028270 RBG
Pleurothyrium 150040009 RBG 150040009 RBG
Rhodostemonodaphn JQ626255 Genbank  JQ626554 Genbank
Sextonia JQ626173 Genbank  JQ626456 Genbank
Urbanodendron AJ247191 Genbank
Williamodendron AJ247192 Genbank
Lecythidaceae Allantoma AF077657 Genbank 140037120 RBG
Asteranthos Z80198 Genbank
Bertholletia Z80178 Genbank
Cariniana 780179 Genbank 120028310 RBG
Corythophora AF077653 Genbank 140037115 RBG
Couratari JQ626050 Genbank  JQ626511 Genbank
Couroupita 780181 Genbank
Eschweilera JQ625971 Genbank JQ626416 Genbank
Grias AF077652 Genbank
Gustavia JQ626207 Genbank  GQ982005 Genbank
Lecythis JQ626036 Genbank JQ626453 Genbank
Lepidobotryaceae  Ruptiliocarpon AJ402997 Genbank  AY935918 Genbank
Linaceae Hebepetalum HM544047 Genbank HM544082 Genbank
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Roucheria FJ169603 Genbank HM544121 Genbank
Loasaceae Mentzelia JF308670 Genbank AF503308 Genbank
Loganiaceae Antonia JQ625999 Genbank 150038109 RBG
Bonyunia AJ235818 Genbank
Strychnos JQ626240 Genbank FJ514680 Genbank
Loranthaceae Gaiadendron GIDRBCL Genbank DQ787445 Genbank
Lythraceae Adenaria 12-0028257 RBG 120028257 RBG
Lafoensia AY905411 Genbank  GQ982030 Genbank
Physocalymma 120029829 RBG
Magnoliaceae Magnolia 12-0029855 RBG AY008996 Genbank
Talauma L12666 Genbank  AF548642 Genbank
Malpighiaceae Acmanthera AF344454 Genbank AF344524  Genbank
Banisteriopsis HQ247439 Genbank  HQ247199 Genbank
Barnebya AJ402924 Genbank  AF344531 Genbank
Blepharandra AF344461 Genbank  AF344532 Genbank
Bunchosia HQ247454 Genbank  HQ247225 Genbank
Burdachia AF344462 Genbank  AF344534 Genbank
Byrsonima AB233898 Genbank  AB233794 Genbank
Dicella HQ247479 Genbank  HQ247260 Genbank
Diplopterys AF344460 Genbank  AF344530 Genbank
Glandonia AF344478 Genbank  AF344548 Genbank
Heteropterys HQ247495 Genbank  HQ247284 Genbank
Lophanthera AF344491 Genbank  AF344559 Genbank
Malpighia HQ247542 Genbank  HQ247334 Genbank
Mascagnia AF344500 Genbank  HQ247347 Genbank
Niedenzuella HQ247566 Genbank  HQ247369 Genbank
Pterandra AF344506 Genbank  AF344573 Genbank
Ptilochaeta HQ247570 Genbank  HQ247376 Genbank
Spachea HQ247575 Genbank  HQ247380 Genbank
Stigmaphyllon AF344514 Genbank  HQ247393 Genbank
Tetrapterys HQ247590 Genbank  HQ247398 Genbank
Malvaceae Abutilon 12-0028266 RBG 120028266 RBG
Apeiba JQ625941 Genbank JQ626394 Genbank
Ayenia 130032602 RBG
Bastardiopsis KJ082134 Genbank KJ012469 Genbank
Bombax AF022118 Genbank  AY321171 Genbank
Byttneria AF022123 Genbank  AY321196 Genbank
Catostemma JQ626285 Genbank  AY589069 Genbank
Cavanillesia GQY81691 Genbank  HQ696686 Genbank
Ceiba 12-0029806 RBG HQ696702 Genbank
Christiana AJ233149 Genbank
Eriotheca 12-0028226 RBG 120028226 RBG
Gaya FJ204706 Genbank
Goethalsia AJ233151.1  Genbank
Guazuma GQ981753 Genbank  GQ982003 Genbank
Helicteres AJ233127 Genbank  AY321186 Genbank
Heliocarpus 12-0029818 RBG 120029818 RBG
Herrania GQ981762 Genbank  GQ982011 Genbank
Hibiscus AY328174 Genbank  AF345329 Genbank
Huberodendron 13-0032603 RBG 130032603 RBG
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Luehea BOLLC121 120028254 RBG
Lueheopsis JQ626279 Genbank 140037124 RBG
Malvaviscus JQ592519 Genbank JQ588237 Genbank
Matisia 12-0028305 RBG 120028305 RBG
Mollia 120029842 RBG
Ochroma AF022122 Genbank  AY321172 Genbank
Pachira AJ233119 Genbank  AY321170 Genbank
Patinoa AY589074 Genbank
Pavonia AJ233123 Genbank  AY589056 Genbank
Pentaplaris AJ233157 Genbank  AY321163 Genbank
Phragmotheca AY589068 Genbank
Pseudobombax GQ981847 Genbank  GQ982072 Genbank
Quararibea JQ626033 Genbank  JQ626452 Genbank
Scleronema 12-0029665 RBG 120029665 RBG
Septotheca AY589073 Genbank
Spirotheca HQ696691 Genbank
Sterculia JQ626037 Genbank JQ626455 Genbank
Talipariti AY289678 Genbank  AB233275 Genbank
Tetrasida 150038128 RBG
Theobroma JQ626171 Genbank FJ514692 Genbank
Trichospermum JQ594275 Genbank
Triumfetta JF265638 Genbank JF270979 Genbank

Marcgraviaceae Marcgravia 783148 Genbank  AJ429289  Genbank
Norantea JQ625952 Genbank  JQ626401 Genbank
Sarcopera AF303124 Genbank
Schwartzia AF303127 Genbank
Souroubea AF303125 Genbank

Melastomataceae  Adelobotrys AF215530 Genbank
Behuria JQ899085 Genbank
Bellucia EU711385 Genbank
Blakea EU711386 Genbank
Brachyotum 140037082 RBG
Conostegia EU711388 Genbank
Graffenrieda AF215532 Genbank
Henriettea HM446810 Genbank HM446698 Genbank
Henriettella JQ626220 Genbank 150038121 RBG
Huberia JQ899092 Genbank
Leandra GQ981785 Genbank  GQ982031 Genbank
Loreya JQ626318 Genbank 140037118 RBG
Macairea EU711394 Genbank
Meriania EU711395 Genbank
Merianthera JQ899101 Genbank
Miconia JQ626214 Genbank  JQ626538 Genbank
Mouriri JQ626296 Genbank  JQ626576 Genbank
Ossaea 13-0032605 RBG 130032605 RBG
Tibouchina 150040010 RBG 150040010 RBG
Tococa AF215539 Genbank
Topobea JQ899107 Genbank
Trembleya 130032606 RBG
Wurdastom KF407948 Genbank

21¢



Family Genus rbcL Sr%lirfe matK Snggzlie
Meliaceae Cabralea DQ238055 Genbank
Carapa AY128219 Genbank  AY128181 Genbank
Cedrela AY128220 Genbank  AY128182 Genbank
Guarea AY128229 Genbank  AY128188 Genbank
Ruagea DQ238057 Genbank  AY128198 Genbank
Schmardaea 130034072 RBG
Swietenia AY128241 Genbank  AY128200 Genbank
Trichilia JQ626046 Genbank  JQ626491 Genbank
Menispermaceae Abuta JQ626102 Genbank JQ626504 Genbank
Metteniusaceae Metteniusa AM421128 Genbank
Monimiaceae Hennecartia AF022950 Genbank
Macropeplus 12-0029854 RBG
Macrotorus 150039162 RBG
Mollinedia AF050218 Genbank  GQ429060 Genbank
Moraceae Bagassa JQ625997 Genbank JQ626434 Genbank
Batocarpus 12-0029793 RBG 120029793 RBG
Brosimum JQ625739 Genbank  JQ626346 Genbank
Castilla JQ592803 Genbank JQ588396 Genbank
Castilla JQ592803 Genbank JQ588396 Genbank
Castilla JQ592803 Genbank JQ588396 Genbank
Castilla JQ592803 Genbank  JQ588396 Genbank
Clarisia 12-0029826 RBG 120029826 RBG
Ficus JQ626312 Genbank  JQ626578 Genbank
Helianthostylis 140037106 RBG
Helicostylis JQ626081 Genbank  JQ626485 Genbank
Maclura 12-0028256 RBG 120028256 RBG
Maquira JQ626014 Genbank JQ626443 Genbank
Morus AF400590 Genbank
Naucleopsis JQ626013.1 RBG
Perebea 12-0029664 RBG 120029664 RBG
Poulsenia GQ981838 Genbank
Pseudolmedia HM446858.1 Genbank HM446734.1 Genbank
Sorocea 12-0028296 RBG 120028306 RBG
Trophis KJ082625.1  Genbank KJ012814.1 Genbank
Trymatococcus JQ626260 Genbank  JQ626558 Genbank
Muntingiaceae Muntingia Y15146 Genbank FM179930 Genbank
Myricaceae Morella U92857 Genbank
Myrica AJ626757 Genbank  AY191715 Genbank
Myristicaceae Compsoneura EU090509 Genbank EU090470 Genbank
Iryanthera JQ625975 Genbank JQ626420 Genbank
Osteophloeum JQ625884 Genbank  JQ626371 Genbank
Virola JQ626059 Genbank  JQ626468 Genbank
Myrtaceae Acca 150038523 RBG 150038523 RBG
Amomyrtella 150038108 RBG
Blepharocalyx AY521531 Genbank
Calycolpus 13-0032607 RBG 130032607 RBG
Calyptranthes 12-0029828 RBG 120029828 RBG
Campomanesia 12-0028308 RBG 120028308 RBG
Eugenia JQ625914 Genbank  JQ626380 Genbank
Luma AM489995 Genbank
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Marlierea 130032608 RBG 130032608 RBG
Myrceugenia AM490000 Genbank
Myrcia JQ626253 Genbank JQ626553 Genbank
Myrcianthes MFU26328 Genbank 140037079 RBG
Myrciaria JQ626319 Genbank 140037136 RBG
Neomitranthes KF981266 Genbank  KF981344 Genbank
Pimenta AM490013 Genbank
Plinia JQ626311 Genbank  AM490007 Genbank
Psidium HM850290 Genbank HM851054 Genbank
Siphoneugena 12-0029816 RBG 120029816 RBG
Syzygium FJ976173 Genbank  GQ248207 Genbank
Nyctaginaceae Bougainvillea 12-0028246 RBG 120028246 RBG
Guapira 12-0028249 RBG 120028249 RBG
Mirabilis HM850179 Genbank HM850884 Genbank
Neea JQ626040 Genbank  JQ626464 Genbank
Pisonia HM446854 Genbank HM446731 Genbank
Reichenbachia 140037094 RBG
Nymphaeaceae Nymphaea AB917059.1 Genbank HQ592332.1 Genbank
Ochnaceae Adenarake KF263345 Genbank KF263231 Genbank
Blastemanthus KF263343 Genbank  KF263229 Genbank
Cespedesia AJ420168 Genbank  EF135518 Genbank
Elvasia FJ670171 Genbank FJ670028 Genbank
Froesia FJ670173 Genbank FJ670036 Genbank
Godoya KF263352 Genbank  KF263236 Genbank
Lacunaria JQ626113 Genbank 140037117 RBG
Luxemburgia 275685 Genbank
Ouratea JQ625759 Genbank
Philacra KF263408 Genbank  KF263286 Genbank
Poecilandra KF263357 Genbank
Quiina AF206815 Genbank EF135589 Genbank
Touroulia 275690 Genbank FJ670037 Genbank
Tyleria KF263344 Genbank  KF263230 Genbank
Wallacea KF263363 Genbank
Olacaceae Aptandra DQ790141 Genbank DQ790178 Genbank
Cathedra JQ625808 Genbank DQ790182 Genbank
Chaunochiton DQ790142 Genbank DQ790179 Genbank
Curupira DQ790150 Genbank  DQ790187 Genbank
Dulacia DQ790137 Genbank  DQ790174 Genbank
Heisteria DQ790160 Genbank  DQ790196 Genbank
Maburea DQ790165 Genbank  DQ790201 Genbank
Minquartia FJ038137 Genbank  DQ790185 Genbank
Ptychopetalum JQ626003 Genbank  JQ626439 Genbank
Tetrastylidium DQ790154 Genbank  DQ790190 Genbank
Oleaceae Chionanthus DQ673309 Genbank HM751206 Genbank
Priogymnanthus 140037095 RBG
Onagraceae Fuchsia HM850012 Genbank HM851003 Genbank
Ludwigia LUDRBCLX Genbank  GU134991 Genbank
Opiliaceae Agonandra JQ625908 Genbank JQ626377 Genbank
Papaveraceae Bocconia 130034073 RBG
Pentaphylacaceae Ternstroemia AF380065 Genbank  AF380110 Genbank
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Peridiscaceae Peridiscus AY380356 Genbank  DQ411570 Genbank
Phyllanthaceae Amanoa AY663562 Genbank  AY830258 Genbank
Astrocasia AY663569 Genbank  AY830261 Genbank
Didymocistus AY663581 Genbank
Discocarpus AY663582 Genbank  AY830267 Genbank
Gonatogyne AJ418815 Genbank  AY552429 Genbank
Hieronyma AY830387 Genbank  AY830268 Genbank
Jablonskia AY663590 Genbank
Margaritaria GQ981795 Genbank  GQ982040 Genbank
Phyllanthus 12-0029817 RBG 120029817 RBG
Richeria AY663616 Genbank  AY830281 Genbank
Phytolaccaceae Gallesia 12-0028302 RBG AY042590 Genbank
Phytolacca 12-0028260 RBG 120028260 RBG
Seguieria 12-0028250 RBG 120028250 RBG
Picramniaceae Alvaradoa AF123277 Genbank
Picramnia AF127025 Genbank
Picrodendraceae Piranhea 12-0029847 RBG
Podocalyx AY663647 Genbank  EF135583 Genbank
Piperaceae Piper AY572252 Genbank DQ882201 Genbank
Poaceae Guadua 12-0028311 RBG 120028311 RBG
Polemoniaceae Cantua AY725864 Genbank L48566 Genbank
Polygalaceae Acanthocladus AM234190 Genbank
Bredemeyera EU644699 Genbank  EU596520 Genbank
Moutabea JQ625841 Genbank  JQ626362 Genbank
Securidaca EU644681 Genbank  EU604029 Genbank
Polygonaceae Coccoloba JQ626225 Genbank JQ626541 Genbank
Ruprechtia 12-0028233 RBG 120028233 RBG
Symmeria GQ206235 Genbank  GQ206209 Genbank
Triplaris Y16910 Genbank  AY042668 Genbank
Primulaceae Ardisia GU134982 Genbank
Bonellia 12-0029856 RBG 120029856 RBG
Clavija CLICPRBCLA Genbank 120028286 RBG
Cybianthus 120029827 RBG
Embelia JF738675 Genbank
Geissanthus AF213810 Genbank
Jacquinia AF213816 Genbank 12-0029856 RBG
Myrsine 12-0029815 RBG 120029815 RBG
Parathesis AF213814 Genbank
Stylogyne 12-0029827 RBG 120029827 RBG
Proteaceae Euplassa PERO029 Genbank  EU642689 Genbank
Oreocallis 130034080 RBG 130034080 RBG
Panopsis DQ875850 Genbank  EU642708 Genbank
Roupala 12-0028232 RBG 120028232 RBG
Putranjivaceae Drypetes 12-0028225 RBG 120028225 RBG
Quillajaceae Quillaja u06822 Genbank AY386843 Genbank
Rhabdodendraceae Rhabdodendron JQ625835 Genbank JQ626361 Genbank
Rhamnaceae Ampelozizyphus AJ390037.1  Genbank
Colletia Ccuu59819 Genbank
Colubrina AJ390047 Genbank  GU135023 Genbank
Condalia 12-0028242 RBG 120028242 RBG
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Rhamnidium 12-0028297 RBG 120028297 RBG
Rhamnus KJ082543.1 Genbank KJ012751.1 Genbank
Sageretia AJ225785 Genbank 130034074 RBG
Scutia AJ390033 Genbank 140037081 RBG
Ziziphus AJ390052 Genbank  AF049848 Genbank

Rhizophoraceae Cassipourea JQ625770 Genbank HM446665 Genbank
Paradrypetes FJ670175 Genbank FJ670039 Genbank
Rhizophora AF127687 Genbank  AF329465 Genbank
Sterigmapetalum AF127671 Genbank 120029666 RBG

Rosaceae Kageneckia KAU06808 Genbank DQ860447 Genbank
Prunus 12-0029792 RBG 120029792 RBG

Rubiaceae Alibertia 768843 Genbank  GQ981930 Genbank
Alseis Y18709 Genbank FJ905331 Genbank
Amaioua JQ626322 Genbank  GQ981931 Genbank
Arachnothryx JQ594657 Genbank  JQ589669 Genbank
Bathysa AM117206 Genbank FJ905336 Genbank
Bertiera AJ224845 Genbank HM119515 Genbank
Borojoa AJ286694 Genbank  GQ981946 Genbank
Bothriospora FJ905339 Genbank
Botryarrhena PERO0O8 Genbank 120029648 RBG
Calycophyllum 12-0028303 RBG 120028303 RBG
Capirona JQ626324 Genbank 120029649 RBG
Carapichea AJ002184 Genbank
Chimarrhis JQ626106 Genbank  JQ626508 Genbank
Chiococca CCWCPRBCL Genbank  AY538378 Genbank
Chione AM117215 Genbank
Chomelia GQ852316 Genbank 140037128 RBG
Cinchona AY538478 Genbank  AY538379 Genbank
Cinchonopsis AY538482 Genbank  AY538383 Genbank
Coccocypselum FJ209066 Genbank
Condaminea HM164161 Genbank FJ905347  Genbank
Cordiera 150038163 RBG 150038163 RBG
Cosmibuena AY538483 Genbank  AY538385 Genbank
Coussarea 12-0029824 RBG 120029824 RBG
Coutarea AM117221 Genbank  GQ981975 Genbank
Dendrosipanea HM164162 Genbank FJ905324 Genbank
Dialypetalanthus AJ251366 Genbank FJ905348 Genbank
Dolichodelphys FJ905350 Genbank
Duroia JQ626024 Genbank JQ626449 Genbank
Elaeagia FJ905355 Genbank
Erithalis X83635 Genbank
Exostema 12-0029810 RBG 120029810 RBG
Faramea GQ981734 Genbank  GQ981990 Genbank
Ferdinandusa JQ625906 Genbank  JQ626376 Genbank
Genipa 768839 Genbank  AY538388 Genbank
Gonzalagunia HM446803 Genbank HM446693 Genbank
Guettarda GQ981754 Genbank  GQ982004 Genbank
Hamelia GQ981757 Genbank  GQ982006 Genbank
Henriquezia 140037121 RBG
Hillia AM117233 Genbank
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Hippotis HM164165 Genbank FJ905365 Genbank
Isertia AY538489 Genbank  AYb538393 Genbank
Ixora EU817422 Genbank HM119545 Genbank
Joosia AY538492 Genbank  AYb538396 Genbank
Kerianthera AY538493 Genbank  AY538397 Genbank
Kutchubaea AM117235 Genbank 140037113 RBG
Ladenbergia AY538494 Genbank  AY538398 Genbank
Macbrideina FJ905366 Genbank
Machaonia GQ852339 Genbank 150038129 RBG
Macrocnemum 12-0028309 RBG 120028309 RBG
Malanea AM117245 Genbank
Margaritopsis AM117247 Genbank 140037114 RBG
Melanopsidium 130032611 RBG
Molopanthera HM164172 Genbank
Morinda AJ318448 Genbank JF954629 Genbank
Oxyanthus 768836 Genbank HM119554 Genbank
Pagamea PER064
Palicourea JQ625897 Genbank  GQ982058 Genbank
Parachimarrhis 150038526 RBG
Pentagonia X83658 Genbank FJ905374  Genbank
Pogonopus 12-0028290 RBG 120028290 RBG
Posoqueria 768850 Genbank  AY538412 Genbank
Psychotria JQ625868 Genbank  JQ626366 Genbank
Randia 768832 Genbank HM119563 Genbank
Remijia AY538505 Genbank  AY538416 Genbank
Retiniphyllum AF331654 Genbank
Rondeletia AM117265 Genbank HM446741 Genbank
Rosenbergiodendron HM164177 Genbank HM119566 Genbank
Rudgea 268821 Genbank 130034075 RBG
Rustia Y18716 Genbank FJ905380 Genbank
Salzmannia 13-0032612 RBG
Semaphyllanthe FJ905387 Genbank
Simira HM164179 Genbank FJ905388 Genbank
Sommera AM117278.1 Genbank FJ905394.1 Genbank
Sphinctanthus 12-0029834 RBG 120029834 RBG
Stachyarrhena JQ625826 Genbank  JQ626359 Genbank
Stilpnophyllum AY538510 Genbank  AY538422 Genbank
Tocoyena HM164181 Genbank HM119571 Genbank
Uncaria AJ347007 Genbank
Warszewiczia Y18722 Genbank FJ905398 Genbank
Wittmackanthus FJ905399 Genbank

Rutaceae Adiscanthus 140037125 RBG
Amyris KJ082118 Genbank  KJ012461 Genbank
Angostura JQ593927 Genbank  JQ589080 Genbank
Balfourodendron FJ716747 Genbank
Casimiroa EU042975 Genbank  EU042837 Genbank
Citrus AB505950 Genbank FJ716730 Genbank
Conchocarpus 130032615 RBG
Dictyoloma 12-0029813 RBG
Erythrochiton 12-0028294 RBG
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Esenbeckia 12-0028271 RBG 120028271 RBG
Euxylophora 150038117 RBG
Galipea 150040015 RBG 150040015 RBG
Helietta 140037103 RBG
Hortia JQ625842 Genbank 130034084 RBG
Metrodorea 130032616 RBG
Pilocarpus AF066809 Genbank
Raputia 140037134 RBG
Rauia 130034076 RBG
Ravenia FJ716746 Genbank
Spathelia AF066798 Genbank FJ716739 Genbank
Toxosiphon JQ593943.1 Genbank JQ589090.1 Genbank
Zanthoxylum 12-0028237 RBG 120028237 RBG

Sabiaceae Meliosma HM446826 Genbank HM446712 Genbank
Ophiocaryon PERO059

Salicaceae Abatia AF206726 Genbank EF135498 Genbank
Azara AJ418820 Genbank
Banara 12-0028307 RBG 120028307 RBG
Casearia JQ626018 Genbank JQ626446 Genbank
Flacourtia AF206768 Genbank  EF135541 Genbank
Hasseltia 12-0028227 RBG 12-0028227 RBG
Homalium AJ418822 Genbank  HM446700 Genbank
Laetia JQ625734 Genbank  JQ626344 Genbank
Lunania AB233936 Genbank  AB233832 Genbank
Pleuranthodendron AJ418832 Genbank
Prockia AJ418831 Genbank  EF135588 Genbank
Ryania 150038124 RBG
Salix 12-0028276 RBG 120028276 RBG
Tetrathylacium GQ982110 Genbank
Xylosma JQ625911 Genbank JQ626379 Genbank
Zuelania GQ981924 Genbank

Santalaceae Acanthosyris DQ329172 Genbank DQ329183 Genbank
Jodina 150038120 RBG

Sapindaceae Allophylus JQ626023 Genbank EU720665 Genbank
Athyana 140037087 RBG
Averrhoidium 150038110 RBG
Cupania 12-0029794 RBG 120029794 RBG
Diatenopteryx AJ402943 Genbank  EU720682 Genbank
Dilodendron 12-0029821 RBG 120029821 RBG
Diplokeleba 12-0029843 RBG 120029843 RBG
Dodonaea AM235129 Genbank  EU720567 Genbank
Magonia 140037096 RBG
Matayba JQ625852 Genbank  EU720676 Genbank
Melicoccus JQ626266 Genbank  EU720610 Genbank
Porocystis 150038123 RBG
Pseudima 140037110 RBG
Sapindus AY724366 Genbank  AY724324 Genbank
Scyphonychium EU720672 Genbank
Serjania AJ403001 Genbank  EU720640 Genbank
Talisia AJ403008 Genbank  EU720643 Genbank
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Vouarana JQ626103 Genbank  EU720673 Genbank
Sapotaceae Chromolucuma EF558591 Genbank
Chrysophyllum JQ626243 Genbank  JQ626548 Genbank
Diploon JQ626045 Genbank JQ626461 Genbank
Ecclinusa JQ626076 Genbank 150038116 RBG
Elaeoluma JQ626242 Genbank  JQ626547 Genbank
Manilkara JQ625936 Genbank  JQ626390 Genbank
Micropholis JQ625973 Genbank  JQ626417 Genbank
Planchonella GQ248683 Genbank  GQ248187 Genbank
Pouteria JQ625955 Genbank JQ626403 Genbank
Pradosia JQ626027 Genbank JQ626386 Genbank
Sarcaulus DQ377537 Genbank 150040018 RBG
Sideroxylon 283136 Genbank  GQ429074 Genbank
Schoepfiaceae Schoepfia SHOCPRBCL Genbank AY957454 Genbank
Scrophulariaceae Buddleja AJ001758 Genbank AJ429346 Genbank
Peltanthera AJ001762 Genbank  AJ429330 Genbank
Simaroubaceae Castela EU042989 Genbank  EU042851 Genbank
Picrasma EU043010 Genbank  EU042872 Genbank
Picrolemma EU043013 Genbank
Quassia EU043017 Genbank  EU042879 Genbank
Simaba EU043024 Genbank  EU042886 Genbank
Simarouba EU043036 Genbank  EU042898 Genbank
Siparunaceae Siparuna JQ626097 Genbank JQ626498 Genbank
Solanaceae Acnistus 12-0028239 RBG 120028239 RBG
Aureliana EF537319 Genbank
Brugmansia HM849829 Genbank  HM851090 Genbank
Brunfelsia HM446761 Genbank HM446659 Genbank
Capsicum 12-0029804 RBG 120029804 RBG
Cestrum 12-0028238 RBG 120028238 RBG
Duckeodendron Y14760 Genbank 140037108 RBG
Dunalia EF438836 Genbank
Grabowskia HQ216120 Genbank 140037077 RBG
Lycianthes 12-0028243 RBG 120028243 RBG
Lycium HQ216128 Genbank  AB036627 Genbank
Metternichia AF022182 Genbank
Nicotiana 12-0029799 RBG 120029799 RBG
Solanum HM850361 Genbank  HM851097 Genbank
Vassobia 12-0028236 RBG 120028236 RBG
Staphyleaceae Turpinia BOLLC394 GQ982121 Genbank
Stemonuraceae Discophora JQ625904 Genbank JQ626375 Genbank
Strelitziaceae Phenakospermum AF243845 Genbank AF478911 Genbank
Styracaceae Styrax JQ626303 Genbank JQ626577 Genbank
Symplocaceae Symplocos JQ625921 Genbank  AY630657 Genbank
Tamaricaceae Myricaria AY099907 Genbank
Tapisciaceae Huertea AY646109 Genbank FM179926 Genbank
Tetrameristaceae Pentamerista AY725860 Genbank
Theaceae Gordonia AF380042 Genbank AF380085 Genbank
Laplacea AF380045 Genbank  AF380088 Genbank
Thymelaeaceae Daphnopsis HM446790 Genbank HM446682 Genbank
Ticodendraceae Ticodendron AB015455.1 Genbank U92855.1  Genbank
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Trigoniaceae Trigonia AB233848 Genbank AB233744 Genbank
Ulmaceae Ampelocera 12-0029820 RBG 12-0029820 RBG
Phyllostylon BOLXX091 140037091 RBG
Urticaceae Boehmeria 12-0029802 RBG 120029802 RBG
Cecropia JQ626251 Genbank  JQ626552 Genbank
Coussapoa 12-0029822 RBG 120029822 RBG
Myriocarpa KF138193.1 Genbank KF138021.1 Genbank
Pourouma JQ626107 Genbank  JQ626509 Genbank
Pouzolzia JF265556 Genbank JF270899 Genbank
Urera 12-0028247 RBG 120028247 RBG
Urtica FJ432249 Genbank  EU002192 Genbank
Velloziaceae Vellozia VELCPRBCL Genbank 130034065 RBG
Verbenaceae Aloysia 12-0028259 RBG 120028259 RBG
Citharexylum HM853911 Genbank HM853879 Genbank
Duranta 12-0028267 RBG 120028267 RBG
Lantana HM850104 Genbank HM850972 Genbank
Lippia HM853891 Genbank  HM853858 Genbank
Recordia HM853919 Genbank HM853888 Genbank
Stachytarpheta GU135267 Genbank
Violaceae Amphirrhox AB354404 Genbank  AB354476 Genbank
Fusispermum AB354410 Genbank  AB354482 Genbank
Gloeospermum AB354413 Genbank  AB354485 Genbank
Leonia JQ626288 Genbank  JQ626572 Genbank
Orthion AB233941.1 Genbank AB233837.1 Genbank
Paypayrola AB354429 Genbank  AB354501 Genbank
Rinorea AB354430 Genbank  AB354502 Genbank
Rinoreocarpus AB354435 Genbank  AB354507 Genbank
Vochysiaceae Callisthene 130032617 RBG
Erisma JQ626108 Genbank JQ626510 Genbank
Qualea JQ626047 Genbank JQ626462 Genbank
Ruizterania JQ626202 Genbank JQ626501 Genbank
Salvertia 130032618 RBG
Vochysia JQ625791 Genbank JQ626355 Genbank
Winteraceae Drimys EU669518 Genbank EU669474 Genbank
Ximeniaceae Ximenia DQ790149 Genbank DQ790186 Genbank
Zygophyllaceae Bulnesia EU002275 Genbank EU002172 Genbank
Larrea AF200471 Genbank  AF542602 Genbank
Porlieria 12-0029807 RBG 12-0029807 RBG
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Appendix 3.2 List of fossil-derived calibrations

Table A.3.21 List of angiosperm clades (nodes) used to date the phylogeny viadedsid calibrations, taxa assigned as a reference for fossil placement, minimum

age used as offset, mean age of the clades, and their respective sourcesM&ges in

Clade Taxa 1l Taxa2 Minimum age Mean age Source
Winteraceae Drimys Cinnamodendron 100 125 Magallon et al.,2015
Magnoliales Magnolia Diclinanona 86.4 108 Magallon et al.,2015

Arecaceae Guadua Mauritia 66.8 83.5 Magallon et al.,2015
Eudicotyledoneae Abuta Acalypha 100 125 Magallon et al.,2015
Ranunculales Bocconia Abuta 89.6 112 Magallon et al.,2015
Pentapetalae Davilla Matisia 79.68 99.6 Magallon et al.,2015
Dilleniales Tetracera Curatella 38.88 48.6 Magallon et al.,2015
Santalales Jodina Pouteria 56.48 70.6 Magallon et al.,2015
Loranthaceae Gaiadendron Schoepfia 52.4 65.5 Magallon et al.,2015
Phytol ac Guapira Sequieria 56.48 70.6 Magallon et al.,2015
Nyssaceae Cornus Mentzelia 70 87.5 Magallon et al.,2015
Ebenaceae Diospyros Cybianthus 27.12 33.9 Magallon et al.,2015
Ericaceae Agarista Saurauia 71.44 89.3 Magallon et al.,2015
Solanaceae Solanum Ipomoea 27.12 33.9 Magallon et al.,2015
Rubiaceae Cinchonopsis Psychotria 29.76 37.2 Magallon et al.,2015
Apocynaceae Potalia Geissospermum 29.76 37.2 Magallon et al.,2015
Bignoniaceae Jacaranda Tecoma 31.04 38.8 Magallon et al.,2015
Acanthaceae Avicennia Ruellia 22.72 28.4 Magallon et al.,2015
Lamiaceae Callicarpa Vitex 22.72 28.4 Magallon et al.,2015
Asteraceae Lychnophora Columellia 38.08 47.6 Magallon et al.,2015
Araliaceae Schefflera Dendropanax 29.76 37.2 Magallon et al.,2015
Combretaceae Fuchsia Terminalia 70 87.5 Magallon et al.,2015
Lythraceae Lafoensia Physocalymma 56.48 70.6 Magallon et al.,2015
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Myrtaceae Vochysia Calyptranthes 66.8 83.5 Magallon et al.,2015
Burseraceae Bursera Protium 38.88 48.6 Magallon et al.,2015
Meliaceae Swietenia Trichilia 38.88 48.6 Magallon et al.,2015
Rutaceae Spathelia Zanthoxylum 52.4 65.5 Magallon et al.,2015
Malvaceae Bixa Theobroma 44.64 55.8 Magallon et al.,2015
Brassicales Capparis Eriotheca 71.44 89.3 Magallon et al.,2015
Mimosoideae Diptychandra Inga 38.88 48.6 Magallon et al.,2015
Papilionoideae Dicorynia Swartzia 44.64 55.8 Magallon et al.,2015
Rhamnaceae Colletia Ziziphus 38.88 48.6 Magallon et al.,2015
Ulmaceae Ampelocera Maquira 44.64 55.8 Magallon et al.,2015
Fagales Anisophyllea Juglans 70 87.5 Magallon et al.,2015
Betulaceae Ticodendron Alnus 66.8 83.5 Magallon et al.,2015
Celastraceae Zinowiewia Plenckia 29.76 37.2 Magallonet al.,2015
Cunoniaceae Weinmannia Sloanea 63.36 79.2 Magallon et al.,2015
Elaeocarpaceae Sloanea Crinodendron 49.36 61.7 Magallon et al.,2015
Clusiaceae Garcinia Bonnetia 71.44 89.3 Magallon et al.,2015
Tetrapterys Tetrapterys Malpighia 22.72 28.4 Magallon et al.,2015
Euphorbioideae Hevea Acalypha 29.76 37.2 Magallon et al.,2015
Anaxagorea Anaxagorea - 72.352 90.44 Baker et al., 2014
Bocageopsis Bocageopsis - 4.784 5.98 Baker et al., 2014
Duguetia Duguetia - 24512 30.64 Baker et al., 2014
Fusaea Fusaea - 24512 30.64 Baker et al., 2014
Guatteria Guatteria - 44.664 55.83 Baker et al., 2014
Malmea Malmea - 15.992 19.99 Baker et al., 2014
Pseudoxandra  Pseudoxandra - 12.072 15.09 Baker et al., 2014
Unonopsis Unonopsis - 6.352 7.94 Baker efal., 2014
Xylopia Xylopia - 39.984 49.98 Baker et al., 2014
Dacryodes Dacryodes - 30.4 38 Baker et al., 2014
Protium Protium - 42 525 Baker et al., 2014

22¢



Clade Taxa l Taxa2 Minimum age Mean age Source
Andira Andira - 14.008 17.51 Baker et al., 2014
Cynometra Cynometra - 10.344 12.93 Baker et al.2014
Dialium Dialium - 8.72 10.9 Baker et al., 2014
Dicorynia Dicorynia - 8.72 10.9 Baker et al., 2014
Dicymbe Dicymbe - 9.6 12 Baker et al., 2014
Diplotropis Diplotropis - 16.216 20.27 Baker et al., 2014
Dipteryx Dipteryx - 21.152 26.44 Baker et al.2014
Eperua Eperua - 9.856 12.32 Baker et al., 2014
Hymenaea Hymenaea - 19.736 24.67 Baker et al., 2014
Inga Inga - 8 10 Baker et al., 2014
Lonchocarpus  Lonchocarpus - 12.056 15.07 Baker et al., 2014
Macrolobium Macrolobium - 25.6 32 Baker et al.2014
Ormosia Ormosia - 32.496 40.62 Baker et al., 2014
Parkia Parkia - 36.4 455 Baker et al., 2014
Peltogyne Peltogyne - 23.04 28.8 Baker et al., 2014
Poecilanthe Poecilanthe - 32.792 40.99 Baker et al., 2014
Pterocarpus Pterocarpus - 13.328 16.66 Baker et al., 2014
Swartzia Swartzia - 36.768 45.96 Baker et al., 2014
Tachigali Tachigali - 3.72 4.65 Baker et al., 2014
Vouacapoua Vouacapoua - 38.952 48.69 Baker et al., 2014
Zygia Zygia - 14.256 17.82 Baker et al., 2014
Carapa Carapa - 23.6 295 Baker et al., 2014
Guarea Guarea - 11.84 14.8 Baker et al., 2014
Brosimum Brosimum - 38.4 48 Baker et al., 2014
Castilla Castilla - 17.6 22 Baker et al., 2014
Clarisia Clarisia - 52 65 Baker et al., 2014
Helicostylis Helicostylis - 22.4 28 Baker efal., 2014
Poulsenia Poulsenia - 17.6 22 Baker et al., 2014
Pseudolmedia  Pseudolmedia - 28.8 36 Baker et al., 2014
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Clade Taxa l Taxa2 Minimum age Mean age Source
Sorocea Sorocea - 47.2 59 Baker et al., 2014
Iryanthera Iryanthera - 15.2 19 Baker et al., 2014

Virola Virola - 13.6 17 Baker et al.2014
Cecropia Cecropia - 35.2 44 Baker et al., 2014
Pourouma Pourouma - 35.2 44 Baker et al., 2014




Appendix 3.3 Biodiversity metrics

Table A.3.3.1 Biodiversity metrics, their respective abbreviatidiosmulas, and descriptions.

Diversity metric Code Formula Description

‘OY B "Owherei is each individual

Genus richness GR genus The total number of genera in a commuiiitychness

"0 Bl R, wherepiis the proportion
Shannon H' Diversity index including both genus richness and abundance
of stems of genuisin the plot

Probability that two individuals randomly selected from a con

Simpson index of diversity S _ P |
belong to different genera
'O |17 Y|, where G is the 3
. . Fishero6s U: a constant deriv
Fisherds U U number of genera per ploftN is the
abundance

number of stems
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Diversity metric

Code

Formula

Description

2

0 'Oi iB 0, wherelLi is the branch

Total branch lengths of the phylogeny representing all genera

Phylogenetic diversity PD length, B is the number of branches in
given community
tree
L B B
anaQ ,
Mean pairwise taxon distance MPD . . Mean of all distances connecting the genera in a specific comm
'hered; is the pd between genus | anandr
rtal number of genera
P Mean phylogenetic distance between each species and its ¢
. BIE
Mean nearest taxon distance MNTD G0 Q——
£ relative per plot
Standardizeghhylogenetic diversity ses.PD Deviation ofPDssfrom a null expectation Standardized effect size of phylogenetic diversity in communitie
Standardized mean pairwise taxon
ses.MPD Deviation ofmpdfrom a null expectation Standardized effect sizd mean pairwise distances in communitie

distance




Diversity metric Code Formula Description

Standardized effect size of mean nearest taxon distance
Standardized mean nearest taxon distai  ses.MNTD Deviation ofmntdfrom a null expectation
communities
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Appendix 3.4 Association betweerbiodiversity metrics

Traditional and phylogenetic diversity metrics represent different aspects of
biodiversity, reflected by three main axis of variation (TaBl8.4.1; Figure
A.3.4.1). Common diversity metrics (i.e. richness, Shannon, Simpson and Fislse
Alpha) vary in similar ways reflecting variation in species number and their
respective abundanceRaw phylogenetic diversity (or PDss) correlates strongly
with this axis.In contrastotheraspects of phylogenetic diversigyereflected in

two otherdimensions of diversityTuckeret al. 201§. The second axis detected

the owrall tree topology (ses.PD) and relatedness among lineages closer to the
tips (MNTD and ses.MNTD) and a thiekis of variation showed patterns at deep
phylogenetic nodes (MPD and ses.MPD

Table A.3.41 Results of PrincipaComponent analyses @D diversity metrics ir90 plots across

Amazonia.
Diversity metric PC1 PC2 PC3
Genus richness -0.40 0.19 -0.01
Shannon -0.40 0.16 -0.20
Simpson index -0.36 0.10 -0.27
Fisherds al ph -0.39 0.16 -0.11
PD -0.41 0.10 -0.03
Totallineage diversity -0.20 -0.55 -0.10
MNTD 0.09 -0.51 -0.27
Neighbour lineage diversity -0.21 -0.51 -0.19
Basal lineage diversity -0.30 -0.24 0.32
sesMPD -0.22 -0.17 0.81
% Variance explained 55.18 22.16 9.40
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axis 2 (22.16%)
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|
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Figure A.3.41 Two first axis of Principal Component Analyses (PCA) of ten diversity metrics,

including four traditional measur ement s: Genus rich
indexes and also six phylogenetic diversitgetrics: Phylogenati diversity stricto sensus (BPD

total lineage diversity (sesPDMean pairwise taxon distance (MPD)asal lineage diversity

(sesMPD)Mean Nearest taxon distan@dNTD) andNeighbour lineage diversity (sesMNTD).

Appendix 3.5 Weighting of wood productivity and aboveground biomass

Total census length is expected to affect estimates of aboveground wood
productivity (AGWP) and aboveground biomass (AGB), with plots monitored
over short total census length being more likely to be affected due to siochast
changes over time and measurement errors. Overall, variance of the residuals was
greater among plots monitored over shorter total census length and smaller for
longer total census length (Figufe3.5.1). In order to reduce thmfluence of

potential sbchastic changek explicitly tested for the effect of total monitoring
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period on wood productivity estimates, using a procedure developkeviy et

al. (2009. Herel found that the cube root of total census length best removed
patterns from the residua(figure A.3.5.1), and so, to control for the observed
variance in the residualsweighted AGWP by the cube root of the total census
length. Aboveground biomass estimates were calculated by averaging values
across multiple censuseBecause census intetvaaried within plots, mean
values were weighted according to each census intasiad) a trapezoidal rule
numerical integrationThis method is simply a weighted average that allows more
precise estimation of mean values when intervals are unequallydspac

VAW = — 006 0006 i Wi

al o)
€

©
€

whereN is the number of census intervalis the year of the first census dmthe
year when the plot was last monitorédd;B is the value of aboveground biomass

at yearn , Yr is the year of census monitoring.
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Figure A.3.51 Standardisedresiduals from wood productivity (AGWP) versus years of
monitoring with different weights to remove patterns from the residuals, fopedthanent
inventory plots located in lowland moist forest across the Amazon Baaleights all plots:a)
0.02 p = 0.04); b) by years of monitoringR? = 0.26 p <0.001); c) by the cube
root of years of monitoringa§R? = 0.003 p =0.24) and d) by the squam®t of the years of
monitoring (qR?= 0.05 p = 0.008)

equally (qR? =

Appendix 3.6 Principal component analysegor soil texture

Table A.3.8.1 Results of Principal Component analyses of soil texture among 90 plots across

Amazonia.
Soil content (%) PC1 PC2
Sand 0.75 0.23
Silt -0.64 0.50
Clay -0.17 -0.84
% Variance explained 0.55 0.45
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Appendix 3.7 Results from hivariate relationships

Table A3.71Kendal |l 6s tau for correl ati onsvaraldessween bi o
aboveground wood productivity (AGWP) and aboveground biomass (AGB). Probabilities are

given without (P) and with adjustment (P.adj) for multiple comparisons using a false discovery

rate (please see details in the methods section).

AGWP AGB
Diversity metics
Kendall's p p.adj Kendall's p p.adj
Genus richness 0.19 0.01 0.01 -0.24 0.00 0.00
Common Shannon 0.25 0.00 0.00 -0.28 0.00 0.00
diversity
metrics Simpson index 0.28  0.00 0.00 028  0.00 0.00
Fisherdéds al ph 0.21 0.00 0.00 -0.23 0.00 0.00
PD 0.22 0.00 0.00 -0.26 0.00 0.00
Total lineage diversity 0.30 0.00 0.00 -0.19 0.01 0.01
Phylogenetic  Basal lineage diversity 0.34  0.00 0.00 -0.32  0.00 0.00
dr:;gr,sétsy sesMPD 0.17  0.02 0.02 -0.27  0.00 0.00
MNTD 0.21 0.00 0.00 -0.14 0.05 0.06
Neighbour lineage diversity 0.33 0.00 0.00 -0.20 0.00 0.01
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Figure A.3.71 Bivariate relationships between above ground woody productivity (AGWP) and
different biodiversity metrics across 90ne ha inventory plots. Continuous black lines indicate
significant relationships after accounting for environment, stand structure variables and spatial
autocorrelation (Gaussian correlation structure). Dashed grey lines indicate significant bivariate
correlation between AGWP and diversity metridsalle A.3.7.}. Significant correlations were
assessed usi ng-vdueswera tofrettted usirey a fathecodery Pate (see methods

for details).
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Sensitivity analyses in relation to potentiallynon-linear relationships between
Simpson Index and wood productivity

The bivariate relationship between wood productivity and Simpson index may be
nontlinear (Figure 3.2). As a result, | tested the sensitivity of the results to
specifying Simpson index witboth a quadratic and linear term (Figure A.3.7.2).
Specifying the association between AGWP and Simpson in this way yielded
similar results, and improved model fit slightly (Table A.3.7.2). The results of the
importance of different facets of diversityrfpromoting wood productivity were
consistent: communities including more distantly related lineages (i.e. greater
sesMNTD) and a higher proportion of rare genera, and a more even distribution of
abundances among different genera (i.e. higher Simpson )ineleixanced
productivity. However, as the results are consistent using both linear and non
linear relationships, and there is o priori ecological reasoning to expect
increasing wood productivity at low diversity in tropical forests | retain the use of
sdely linear relationships in Chapter 3. The results specifying-limear

associations are provided below:

AGWP
AGWP

Simpson ) Simpson + Simpson 2

Figure A.3.7. 2. Relationships between aboveground wood productivity (AGWP) and
Simpson index: a) linear relationslip and b) specifying the relationship as both linear and
quadratic terms.




Table A.3.7 2 Results for generalised least square (GLS) models across 90, one ha plots for
wood productivity (In AGWP) as a function of diversity metics, structural attributes,
climate, soil variables, and accounting for spatial autocorrelation (Gaussian correlation
structure). The relationship between Simpson index and wood productivity was modelled as
both a linear and quadratic function.

AGWP
Model

R2 AIC p Al
sesMNTD + simpson + simpsbn 0.44  -119.20 -10.18
sesMNTD + simpson 0.41* -116.16 -7.13
sesMNTD 0.40* -111.68 -2.65
simpson 0.36* -114.12 -5.09
simpson + simpsan 0.40* -117.00 -7.97
null 0.34  -109.03 0.00

Independently ofthe use of either linear or ndimear relationships, the best
model included a combination of both Simpson and Neighbour lineage diversity
(Table 3.1; AIC=116.16; R2=0.41; AIC419.21; R2 = 0.44).
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Figure A.3.73 Bivariate relationships betweehe normalized residual from the generalised least
square null model forproductivity (i.e. including cumulativewater deficit, mean annual
temperature, and total phosphoiusee methods anBigure A.3.7.3for details)and diffeent

biodiversity metrics acro®0, one ha inventorglots
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Figure A.3.74 Bivariate relationships betweesboveground wood productivityAGWP) and
other variables in thgeneralized least squaneodels §tand structureariables climate, and soil
variables) across 9@ haplots. Stand structure variablesnaximum size (Max D, as the 95th
percentile of the distribution of trees diameter), mean wood density (wd) and number of stems.
Climate: cumulative water deficit (CWpPand mean annual temperature (MABpIl texture
represented byC1 (sand conteftand PC2 (clay contentpoil fertility by total phosphorus (P)
andtotd exchangeable bases (log TERpontinuous black lines indicate significant relationships
after accounting for environmentstand structure variablesd spatial autocorrelation (Gaussian
correlation structure)Dashedgrey regression lines indicate significabtvariate relationships,
significancewagss s sessed usi ng -vllueswe corréd usihgea dalseiseoderyP
rate (see methods for detail$able A.3.71).
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Figure A.3.75 Bivariate relationships between abgweund biomass (AGB and different

biodiversity metrics acros80, onehainventoryplots. Continuous blackines indicatesignificant

relationshipg(p < 0.05)after accountindgor environnental factors;stand structure variablesd

spatial auto coelation. Dashedgrey regession lines indicate significativariate correlation

between AGB and diversity metrics (Table A.3.7.1). Significant correlations agsessed using

Kendal | 6waluesavere eomegttedRising a fatliecovery rate (see methods for details).
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Figure A.3.76 Bivariate relationships betweehe normalized residual from the generalised least
square null model (i.e. including wood density, number of stems and total exchangeable bases

seeFigure A.3.7.6or detailg ard different biodiversity metrics acro88, onehainventoryplots
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Figure A.3.77 Bivariate relationship between aboveground biomass (AGB) and other variables in
the mixed model (stand structure variables, climate, smildvariables) across 90, one ha plots.
Stand structure variables: maximum size (Max D, as the 95th percentile of the distribution of trees
diameter), mean wood density (wd) and number of stems. Climate: cumulative water deficit
(CWD) and mean annual teeyature (MAT). Soil texture represented by PC1 (sand content) PC2
(clay content). Soil fertility: total phosphorus (P) and total exchangeable bases (log TEB).
Continuous black lines indicate significant relationships even when accounting for environment,
stand structure variables and spatial autocorrelation (Gaussian correlation structure). Dashed grey
regression lines indicate significant bivariate relationships, significance was assessed using

Kendal | 6 waluesavere eomedtedRising a fatisco\ery rate (see methods for details).
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