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Cover image: Hurricane Ridge, Olympic National Park, Washington, US. A stand of mountain hemlock 

(Tsuga mertensiana) and a group of Columbian black-tailed deer (Odocoileus hemionus columbianus) is in 
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PREFACE 

This Ph.D. thesis is a summary of my three-year study at Aarhus University. It presents scientific outcomes 

as a part of the “Paleoclimatic Stability and the Evolutionary Ecosystem Ecology of Earth’s Forests” 

(STABFOR) project supervised by Professor Jens-Christian Svenning in the Department of Bioscience - 

Ecoinformatics and Biodiversity. I analyzed forest responses to climate change in multiple spatial and 

temporal scales with four subprojects. 

Chapter 1 of the thesis provides a literature review and background introduction on Cenozoic climate change 

and their ecological and evolutionary effects on forests in the northern temperate zone. It also outlined 

purposes and results of the subprojects, as well as pointing out their relevancy to the general context. 

Following chapters were prepared as manuscripts submitting to journals for the four subprojects. The first 

subproject examined the glacial-interglacial climate change legacies in North American trees; the second and 

third subprojects expanded the investigation to the angiosperm tree floras across the Northern Hemisphere 

and tested the role paleoclimate stability in influencing phylogenetic endemism, extinction and speciation; 

the last subproject tried to demonstrate the effects of current climate change on destabilizing permafrost in 

the boreal forests. A version of Chapter 2 was admitted by Ecology and Evolution, and Chapter 3 was 

submitted the Annals of Botany. Chapter 5 was still a work in progress with the aim to submit to Global 

Change Biology.  

 

 

 

 

 

 

Ziyu Ma 

March 26, 2016 
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SUMMARY 

Life's display of diversity and evolutionary histories is intertwined with climate on Earth. 

In this Ph.D. study, I explored the influence of both the past and ongoing climate change on forest trees north 

of the tropics using large geospatial data sets. Phylogenetic structure of species assemblage and change of 

tree cover was analyzed. The results indicated the importance of climate stability in maintaining the forests 

that were familiar to us. 

For Quaternary climate change, I demonstrated that areas with long-term stable climate allowed special 

evolutionary heritage and diversity of trees. The evolutionary relationship among species is known as 

phylogeny. Tree diversity was mapped using a phylogenetic supertree, covering species in the temperate 

forests of North America, Europe, and China. I found that Quaternary climate fluctuations limited 

phylogenetic endemism, which quantified unique evolutionary histories in confined spatial extents. In 

Europe and North America, with their extensive Pleistocene glaciations, effects of glacial-interglacial 

climate change on phylogenetic structures of species assemblages were more pronounced than in China, with 

the results indicating that glacial forest refugia have served as both museums and cradles for old and new 

species, respectively. Moreover, comparing gymnosperm to angiosperm trees in North America, I found that 

gymnosperm phylogenetic diversity patterns were more linked to historical than to current climate. However, 

I also documented effects of modern climate in all analyses, with more diverse and distantly related species 

in warmer and wetter areas, confirming the Tropical Niche Conservatism hypothesis, which predicts that 

because tropical climate dominated the Earth's past, non-tropical species should be relatively young 

descendants from a small subset of phylogenetic lineages. 

For current climate change, I examined the broad-scale dynamics of climate-sensitive boreal forest on a 

decadal time scale. Using global remote sensing data and machine learning, I tested for associations between 

spatial patterns of tree cover change with possible drivers, i.e., climate anomalies, permafrost, fire, and 

human activities from years 2000 to 2010. The results showed tree cover change links to fire prevalence and 

rising temperature in permafrost zones, suggesting impacts of permafrost thawing on large-scale tree cover 

dynamics in the boreal zone for the first time. 
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RESUMÉ 

Livets mangfoldighed og evolutionære historie er flettet sammen med klimaet på Jorden. 

I denne ph.d. har jeg forsket i betydningen af historiske og nuværende klimaforandringer for træer i skove nord for 

troperne, ved hjælp af store geospatielle datasæt. Fokus for analyserne har været den fylogenetiske struktur af 

artssammensætninger samt ændringer i trædække. Resultaterne indikerer vigtigheden af stabilitet i klimaet for at 

opretholde skovene, som vi kender dem. 

I forhold til Kvartærtidens klimaforandringer har jeg påvist, at områder med langvarig stabilitet har muliggjort en særlig 

evolutionær arv og mangfoldighed af træarter. De evolutionære slægtskaber mellem arter er kendt som fylogenetiske 

træer. Træarternes mangfoldighed blev kortlagt ved hjælp af et fylogenetisk supertræ, som omfatter arter fra de 

tempererede skove i Nordamerika, Europa og Kina. Jeg fandt, at Kvartærtidens klimaudsving har virket begrænsende på 

fylogenetisk endemisme, der kvantificerer unikke evolutionære historier indenfor et begrænset udbredelsesområde. I 

Europa og Nordamerika, der havde udbredte gletchere under de Pleistocæne istider, var effekten af klimasvingninger 

imellem istider og mellemistider på træsamfundenes fylogenetisk strukturer mere udtalt end i Kina, og istidsrefugierne 

har fungeret både som museer og vugger for hhv. gamle og nye arter. Endvidere viste en sammenligning mellem 

nøgenfrøede og dækfrøede træer i Nordamerika, at nøgenfrøede træers fylogenetiske mangfoldighed i større grad er 

koblet til det historiske klima relativt til det nutidige klima. Jeg har også vist, at effekter af det nuværende klima i alle 

analyser, med frembyder større mangfoldighed af og afstand imellem beslægtede arter i de varmeste og vådeste egne af 

området, hvilket bekræfter The Tropical Niche Conservatism-hypotesen, der forudsiger, at fordi tropisk klima var 

dominerende i jordens fortid, er ikke-tropiske arter relativt unge efterkommere af en lille delmængde af fylogenetiske 

linjer. 

Vedrørende de nuværende klimaændringer har jeg undersøgt de klimasensitive boreale skoves stor-skala dynamik på en 

tiårig tidsskala. Ved at benytte remote sensing data og maskinlæring har jeg testet for sammenhænge mellem de rumlige 

mønstre i ændringer i trædækket og mulige drivkræfter såsom klimaanomalier, permafrost, skovbrande og menneskelige 

aktiviteter for årene 2000-2010. Resultaterne viser, at ændringer i trædækket er kobet til forekomsten af ildebrande og 

til temperaturstigninger i permanfrostområderne, hvilket for første gang peger på at optøningen af permafrost har effekt 

på stor-skala dynamik i trædækket i den boreale zone. 
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CHAPTER 1:  General Introduction 

Ziyu Ma 

 

Background 

The forests of our lives 

Travelling from north to south, botanists would describe a general pattern of seemingly endless conifer 

forests gradually replaced by deciduous trees, and finally coming to evergreen broad-leaf woodlands before 

they reach the tropics. These forests were familiar to me since I grew up in China, familiar enough that I can 

always recognize some tree species from them, regardless of which continent I have traveled to in the 

Northern Hemisphere. It was the awe of the forests and the curiosity of their origin that had attracted me to 

this Ph.D. study. 

Across all temperature forests regions, a shared the latitudinal gradient of tree diversity exist (Svenning and 

Skov, 2007; Wang et al., 2010, 2009). The appearance of more species in the south is caused by the energy 

and water balance patterns in the current climate (Currie et al., 2004), but also by various degrees of legacies 

from the past climate influences (Ricklefs et al., 1999; Svenning et al., 2015).  

However, despite shared environmental gradients, species and their ancestral relations in the northern 

temperature forests, species diversity significantly differs among the regions, with East Asia estimated to 

host about three times the number of species in North America, and six times of Europe (Latham and 

Ricklefs, 1994). More than 11,000 woody plant species occurred in China (Fang et al., 2011), and many of 

them were endemics, with ranges restricted to the region. This “East Asia anomaly” had been linked to 

historical climate and biogeography (Latham and Ricklefs, 1993). With the climate in higher latitudes 

projected to change rapidly in the near future (IPCC, 2014), a better understanding of forest responses to 

modern and past climate, is necessary to maintain the forests familiar to us. 
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A deeper picture of climate change 

The climate was always changing: there had been periods of global tropical climate and glaciation in the past 

(Ruddiman, 2013). Non-avian dinosaurs lived to see the first flowers in the forests, as most angiosperm 

plants today can trace their family ancestors in the late Cretaceous Period (mean family age: 69.7 million 

years, or Ma) (Zanne et al., 2014). Cretaceous angiosperms had already spread from equatorial latitude to far 

north, likely owing to their competitive advantage over gymnosperms in water conducting with larger 

vascular vessels (Philippe et al., 2008). Although about 60% plant species was lost during the famous 

extinction event between Cretaceous and Paleogene that wiped out all the non-avian dinosaurs (Raup, 1986), 

angiosperms had better chances of survival, perhaps owing to higher frequency of polyploidization (Fawcett 

et al., 2009). About the first 32 Ma into the Cenozoic, the Earth was still warm and glacier free, until cooling 

trend started in the Oligocene Epoch (Ruddiman, 2013). During this period, today’s cosmopolitan 

angiosperm families in the Northern Hemisphere spread among the continents of Asia, Europe, western 

North America and eastern North America via several repetitively available land bridges in Beringia and 

north Atlantic (Latham and Ricklefs, 1994; Tiffney, 1985), and they contributed to the disjunct distributions 

of taxa observed today (Donoghue and Smith, 2004). When a general cooling trend started, separation of 

North and South America and the barrier of the Tethys Sea limited connection between tropical and 

temperate forests in Europe and North America, while tropical and temperature forests in East Asia had a 

long unbroken connection that still exist today (Latham and Ricklefs, 1993). Such land configuration may 

lead to less climate-driven extinction in Asia, as well as more new species unique to the region evolving 

from the tropical species pool (Latham and Ricklefs, 1994). 

From 23.1 to 5.2 Ma ago, a slightly warmer period appeared in the Miocene, followed by another trend into 

cool, dry and more seasonal climate. Aridification of temperate zone turned vast forests to grassland, and the 

majority of extant angiosperm species had originated in this Epoch (Cox and Moore, 2010). The 

gymnosperms suffered large-scale extinctions, but the surviving clades with drought and cold tolerance later 

diversified (Crisp and Cook, 2011). Icehouse trend started in the Pliocene and developed into the Quaternary 

ice age 2.58 Ma ago, in line with a global decrease of CO2 concentration caused by massive orogeny 

including the lifting of the Tibetan Plateau from the collision between India and Eurasia (Ruddiman, 2013). 

These processes are worth noting, as the historical forest area is related to diversification (Jetz and Fine, 
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2012), and areas of Paleogene and Neogene biomes showed better correlation to tree species richness than 

area of modern biomes when climate effect was controlled (Fine and Ree, 2006) . 

Quaternary climate and phylogenetic structure of temperate forests 

The Quaternary Period is marked by glacial-interglacial cycles in pace with the Earth’s orbital variations, 

known as the Milankovitch cycles ranged from 10
4
 to 10

5
 years (Hays et al., 1976). The distribution range of 

trees contracted, expanded or shifted in response to climate fluctuations (Davis and Shaw, 2001). The 

legacies of these range dynamics and subsequent extinctions influenced modern diversity patterns (Dynesius 

and Jansson, 2000; Jansson and Dynesius, 2002), and phylogenetic structure of local species assemblages 

can be used to study these patterns (Cavender-Bares et al., 2009; Cavender-Bares and Wilczek, 2003). 

The magnitude of Quaternary climate fluctuations is associated with modern species assemblage in the 

following ways: First, phylogenetic clustering occurred where strong glacial-interglacial climate change 

inflicted non-random extinctions of less tolerant clades (Eiserhardt et al., 2015a; Kissling et al., 2012; 

Svenning, 2003); Second, dispersal limitations created a lag in species migration responding to climate 

change, leaving legacies of past events in the time scales of 10
4
 years or more (Normand et al., 2011; 

Svenning et al., 2008; Svenning and Skov, 2007). Even today’s widespread species have not completed filled 

their climatic potential range yet, e.g. Fagus sylvatica in Europe (Saltré et al., 2013) and Pinus contorta in 

North America (Johnstone and Chapin, 2003). 

Orbital related climate fluctuation also forced concentration of species with limited range, generating 

endemism in refugia, which are relatively climatic stable areas (Jansson, 2003), e.g. the high endemism of 

trees in south China (Feng et al., 2016). The climate stability effect on endemism was also shown globally in 

amphibians, mammals and birds (Sandel et al., 2011), and jointly with phylogenetic information in mammals 

(Rosauer and Jetz, 2015). 

Despite the lag in response to climate change, warming in the Holocene interglacial had remarkably changed 

tree species assemblage, presenting us with new modern compositions of temperate trees. For example, 

unpreceded plant communities formed in North America (Williams et al., 2004, 2000), and Picea 

critchfieldii, a once widespread gymnosperm tree in the Lower Mississippi valley, went extinct as a probably 

consequence of competition from angiosperms (Jackson and Weng, 1999). Postglacial extinction and 
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intermixing of species pools from different refugia further complicated the phylogenetic assemblage 

structure. 

Modern phylogenetic assemblage structure of trees can also possibly trace climatic changes older than the 

Quaternary, e.g. palms showed deep-time precipitation patterns (Blach-Overgaard et al., 2013; Couvreur et 

al., 2014). Speciation did not play important roles in the Quaternary climate change, but if we assume some 

refugia had remained stable in deeper time, past speciation events would join in shaping the phylogenetic 

assemblage structure in climate fluctuations. E.g. Cenozoic diversification of Pinaceae happened, and 

conifers’ global phylogenetic clustering pattern responded similarly to Pliocene, Miocene and modern 

climate (Eiserhardt et al., 2015b). 

The Tropical Niche Conservatism hypothesis (Wiens and Donoghue, 2004) reflects another aspect of the 

phylogeny-paleoclimate relationship. Most species had tropical origins because it was the predominant 

climate in Earth’s history, and only a few of them would be able to tolerate cold and spread into the 

temperate zone. The majority of angiosperm families appeared in the Cretaceous warm climate, and 

temperate trees were descendants from a subset of relatively young clades that had evolved cold tolerance 

(Hawkins et al., 2014; Kerkhoff et al., 2014). Thus, even if species occurrences were aligned to the gradients 

of the current temperature (Currie et al., 2004; Hawkins et al., 2003), phylogenetic clustering was higher 

where colder climate limits species with less tolerance (Qian et al., 2013). Further, the hypothesis suggested 

higher paleo-endemism in warmer climate (Feng et al., 2016) and overdispersal of deep phylogenetic 

structure if a temperate flora had long-term historical connection to tropical biomes, e.g. in China (Feng et al., 

2015). 

Running short on time 

Switching back to the scale of about our lives’ time: since the 1900s, transient increase in global atmospheric 

temperature and CO2 concentration was observed at a rate unprecedented in the last 1000 years (Smith et al., 

2015), and the CO2 level had surpassed the highest of four previous interglacial periods by more than 100 

ppm, which is about one-third of the maximum level in the last 420,000 years before industrialization (IPCC, 

2014; Petit et al., 1999). Our knowledge of the current climate change’s ecological effect is still limited, but 

local to regional scaled studies have found impacts on the climate-sensitive mountaintop and polar species, 

or on tropical coral reefs and amphibians (Parmesan, 2006). Among the findings, range, phenological shifts, 
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and physiological responses to elevated CO2 level were the common effects. The projected consequences 

include new competitors, pests and mismatching pollinators (Høye et al., 2007; Jepsen et al., 2011), and risk 

of diversity and endemism loss in previous climatic stable areas (Sandel et al., 2011). 

In the boreal forest, several alternative stable states could be identified from the frequency distribution tree 

cover, warning about the possibility of ecosystem transitions with threshold response to climate change 

(Scheffer et al., 2012; Xu et al., 2015). Quick responses to climate change short time scales could include the 

change of fire regime (Westerling et al., 2011), insect outbreaks (Volney and Fleming, 2000), drought 

induced tree mortality (Kharuk et al., 2013) and permafrost thawing (Vitt et al., 2000). As a result, remote 

sensing observed the largest area loss in the boreal forests out of global forest dynamics from the year 2000 

to 2005 (Hansen et al., 2010). A comprehensive analysis of climate change influences on the boreal forests is 

urgently needed (Bradshaw et al., 2009). 

 

Outline of thesis subprojects 

This thesis explores the relationship between climate stability and the forests of the northern temperate zone 

in different regions and time scales using the following subprojects: 

In Subproject 1 (Chapter 2) we searched for legacies of glacial-interglacial climate change in shaping 

phylogenetic assemblage structures of North America forests. We mapped phylogenetic diversity, clustering 

and endemism patterns for angiosperms and gymnosperms separately for comparison, and modeled them 

with current climate, Last Glacial Maximum (LGM) to present climate change velocity and postglacial tree 

accessibility for both the whole continent and the west, east and north forest regions. We found that LGM-

present climate change velocity supplemented current climate in explaining phylogenetic assemblage 

structures in both angiosperms and gymnosperms, while postglacial tree accessibility is likely more 

important for gymnosperms than angiosperms. 

In Subproject 2 (Chapter 3) we expanded the attempt to link glacial-interglacial climate change with spatial 

patterns of phylogenetic endemism in three major temperate tree floras of the Northern Hemisphere: China, 

Europe and North America. We found consistent negative effects of fast climate change on phylogenetic 
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endemism of angiosperms across the three regions, alongside the positive effects of current temperature and 

China’s highly seasonal modern climate as an additional limit on phylogenetic endemism. 

In Subproject 3 (Chapter 4) we tested the role of long-term climate stability in preventing extinction and 

promoting speciation, which was known as the museum-cradle hypothesis. We examined whether glacial-

interglacial climate change reduced the age difference between the oldest and youngest species in 

assemblages of angiosperm trees using data from China, Europe and North America again. We found strong 

support for reduced species age difference with LGM-present climate anomaly and velocity in Europe and 

North America, but China was less influenced by Quaternary glaciation and current climate effect was more 

important. 

In Subproject 4 (Chapter 5) we focused on the current climate change in the last decade, investigating the 

global tree cover change and its possible drivers in the climate-sensitive boreal forests, using a compile of 

available remote sensing data and Random Forest modelling. Overtaking fire, human influence, and soil 

moisture change, the most important predictors of tree cover change was permafrost zones and 2000-2010 

climate anomalies, which was compared to the mean from 1961 to 1990. Tree cover gained as expected with 

warmer and longer growing seasons, but rising temperature on continuous permafrost zones was associated 

with tree cover loss. This was a first global analysis of possible effects of permafrost thawing on boreal 

forest dynamics. 

 

References 

Blach-Overgaard, A., Kissling, W.D., Dransfield, J., Balslev, H., Svenning, J.-C., 2013. Multimillion-year 

climatic effects on palm species diversity in Africa. Ecology 94, 2426–2435. doi:10.1890/12-1577.1 

Bradshaw, C.J.A., Warkentin, I.G., Sodhi, N.S., 2009. Urgent preservation of boreal carbon stocks and 

biodiversity. Trends Ecol. Evol. 24, 541–548. doi:10.1016/j.tree.2009.03.019 

Cavender-Bares, J., Kozak, K.H., Fine, P.V.A., Kembel, S.W., 2009. The merging of community ecology 

and phylogenetic biology. Ecol. Lett. 12, 693–715. doi:10.1111/j.1461-0248.2009.01314.x 

Cavender-Bares, J., Wilczek, A., 2003. Integrating micro- and macroevolutionary processes in community 

ecology. Ecology 84, 592–597. doi:10.1890/0012-9658(2003)084[0592:IMAMPI]2.0.CO;2 



11 
 

Couvreur, T.L.P., Kissling, W.D., Condamine, F.L., Svenning, J.-C., Rowe, N.P., Baker, W.J., 2014. Global 

diversification of a tropical plant growth form: environmental correlates and historical contingencies 

in climbing palms. Front. Genet. 5, 452. doi:10.3389/fgene.2014.00452 

Cox, C.B., Moore, P., D., 2010. Biogeography: An Ecological and Evolutionary Approach: Written by C. 

Barry Cox, 2010 Edition, Eighth. ed. John Wiley & Sons, Danvers, MA. 

Crisp, M.D., Cook, L.G., 2011. Cenozoic extinctions account for the low diversity of extant gymnosperms 

compared with angiosperms. New Phytol. 192, 997–1009. doi:10.1111/j.1469-8137.2011.03862.x 

Currie, D.J., Mittelbach, G.G., Cornell, H.V., Field, R., Guegan, J.F., Hawkins, B.A., Kaufman, D.M., Kerr, 

J.T., Oberdorff, T., O’Brien, E., Turner, J.R.G., 2004. Predictions and tests of climate-based 

hypotheses of broad-scale variation in taxonomic richness. Ecol. Lett. 7, 1121–1134. 

doi:10.1111/j.1461-0248.2004.00671.x 

Davis, M.B., Shaw, R.G., 2001. Range Shifts and Adaptive Responses to Quaternary Climate Change. 

Science 292, 673–679. doi:10.1126/science.292.5517.673 

Donoghue, M.J., Smith, S.A., 2004. Patterns in the assembly of temperate forests around the Northern 

Hemisphere. Philos. Trans. R. Soc. B Biol. Sci. 359, 1633–1644. doi:10.1098/rstb.2004.1538 

Dynesius, M., Jansson, R., 2000. Evolutionary consequences of changes in species’ geographical 

distributions driven by Milankovitch climate oscillations. Proc. Natl. Acad. Sci. U. S. A. 97, 9115–

9120. doi:10.1073/pnas.97.16.9115 

Eiserhardt, W.L., Borchsenius, F., Plum, C.M., Ordonez, A., Svenning, J.-C., 2015a. Climate-driven 

extinctions shape the phylogenetic structure of temperate tree floras. Ecol. Lett. 18, 263–272. 

doi:10.1111/ele.12409 

Eiserhardt, W.L., Borchsenius, F., Sandel, B., Kissling, W.D., Svenning, J.-C., 2015b. Late Cenozoic climate 

and the phylogenetic structure of regional conifer floras world-wide. Glob. Ecol. Biogeogr. n/a–n/a. 

doi:10.1111/geb.12350 

Fang, J., Wang, Z., Tang, Z. (Eds.), 2011. Atlas of Woody Plants in China: Distribution and Climate. 

Springer, Heidelberg ; New York : Beijing. 

Fawcett, J.A., Maere, S., Van de Peer, Y., 2009. Plants with double genomes might have had a better chance 

to survive the Cretaceous-Tertiary extinction event. Proc. Natl. Acad. Sci. U. S. A. 106, 5737–5742. 

doi:10.1073/pnas.0900906106 



12 
 

Feng, G., Mao, L., Sandel, B., Swenson, N.G., Svenning, J.-C., 2016. High plant endemism in China is 

partially linked to reduced glacial-interglacial climate change. J. Biogeogr. 43, 145–154. 

doi:10.1111/jbi.12613 

Feng, G., Mi, X., Eiserhardt, W.L., Jin, G., Sang, W., Lu, Z., Wang, X., Li, X., Li, B., Sun, I., Ma, K., 

Svenning, J.-C., 2015. Assembly of forest communities across East Asia - insights from 

phylogenetic community structure and species pool scaling. Sci. Rep. 5. doi:10.1038/srep09337 

Fine, P.V.A., Ree, R.H., 2006. Evidence for a time-integrated species-area effect on the latitudinal gradient 

in tree diversity. Am. Nat. 168, 796–804. doi:10.1086/508635 

Hansen, M.C., Stehman, S.V., Potapov, P.V., 2010. Quantification of global gross forest cover loss. Proc. 

Natl. Acad. Sci. U. S. A. 107, 8650–8655. doi:10.1073/pnas.0912668107 

Hawkins, B.A., Field, R., Cornell, H.V., Currie, D.J., Guegan, J.F., Kaufman, D.M., Kerr, J.T., Mittelbach, 

G.G., Oberdorff, T., O’Brien, E.M., Porter, E.E., Turner, J.R.G., 2003. Energy, water, and broad-

scale geographic patterns of species richness. Ecology 84, 3105–3117. doi:10.1890/03-8006 

Hawkins, B.A., Rueda, M., Rangel, T.F., Field, R., Diniz-Filho, J.A.F., 2014. Community phylogenetics at 

the biogeographical scale: cold tolerance, niche conservatism and the structure of North American 

forests. J. Biogeogr. 41, 23–38. doi:10.1111/Jbi.12171 

Hays, J.D., Imbrie, J., Shackleton, N.J., 1976. Variations in the Earth’s Orbit: Pacemaker of the Ice Ages. 

Science 194, 1121–1132. doi:10.1126/science.194.4270.1121 

Høye, T.T., Post, E., Meltofte, H., Schmidt, N.M., Forchhammer, M.C., 2007. Rapid advancement of spring 

in the High Arctic. Curr. Biol. 17, R449–R451. doi:10.1016/j.cub.2007.04.047 

IPCC, 2014. Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral 

Aspects. Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental 

Panel on Climate Change [Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. 

Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. 

MacCracken, P.R. Mastrandrea, and L.L. White (eds.)]. Cambridge University Press, Cambridge, 

United Kingdom and New York, NY, USA. 

Jackson, S.T., Weng, C.Y., 1999. Late quaternary extinction of a tree species in eastern North America. Proc. 

Natl. Acad. Sci. U. S. A. 96, 13847–13852. doi:10.1073/pnas.96.24.13847 



13 
 

Jansson, R., 2003. Global patterns in endemism explained by past climatic change. Proc. R. Soc. B-Biol. Sci. 

270, 583–590. doi:10.1098/rspb.2002.2283 

Jansson, R., Dynesius, M., 2002. The fate of clades in a world of recurrent climatic change: Milankovitch 

oscillations and evolution. Annu. Rev. Ecol. Syst. 33, 741–777. 

doi:10.1146/annurev.ecolysis.33.010802.150520 

Jepsen, J.U., Kapari, L., Hagen, S.B., Schott, T., Vindstad, O.P.L., Nilssen, A.C., Ims, R.A., 2011. Rapid 

northwards expansion of a forest insect pest attributed to spring phenology matching with sub-Arctic 

birch. Glob. Change Biol. 17, 2071–2083. doi:10.1111/j.1365-2486.2010.02370.x 

Jetz, W., Fine, P.V.A., 2012. Global Gradients in Vertebrate Diversity Predicted by Historical Area-

Productivity Dynamics and Contemporary Environment. PLoS Biol 10, e1001292. 

doi:10.1371/journal.pbio.1001292 

Johnstone, J.F., Chapin, F.S., 2003. Non-equilibrium succession dynamics indicate continued northern 

migration of lodgepole pine. Glob. Change Biol. 9, 1401–1409. doi:10.1046/j.1365-

2486.2003.00661.x 

Kerkhoff, A.J., Moriarty, P.E., Weiser, M.D., 2014. The latitudinal species richness gradient in New World 

woody angiosperms is consistent with the tropical conservatism hypothesis. Proc. Natl. Acad. Sci. U. 

S. A. 111, 8125–8130. doi:10.1073/pnas.1308932111 

Kharuk, V.I., Im, S.T., Oskorbin, P.A., Petrov, I.A., Ranson, K.J., 2013. Siberian pine decline and mortality 

in southern siberian mountains. For. Ecol. Manag. 310, 312–320. doi:10.1016/j.foreco.2013.08.042 

Kissling, W.D., Eiserhardt, W.L., Baker, W.J., Borchsenius, F., Couvreur, T.L.P., Balslev, H., Svenning, J.C., 

2012. Cenozoic imprints on the phylogenetic structure of palm species assemblages worldwide. Proc. 

Natl. Acad. Sci. U. S. A. 109, 7379–7384. doi:10.1073/pnas.1120467109 

Latham, R.E., Ricklefs, R.E., 1994. Continental Comparisons of Temperate-Zone Tree Species Diversity, in: 

Species Diversity in Ecological Communities: Historical and Geographical Perspectives. University 

of Chicago Press, Chicago, pp. 294–317. 

Latham, R.E., Ricklefs, R.E., 1993. Global Patterns of Tree Species Richness in Moist Forests: Energy-

Diversity Theory Does Not Account for Variation in Species Richness. Oikos 67, 325–333. 

doi:10.2307/3545479 



14 
 

Normand, S., Ricklefs, R.E., Skov, F., Bladt, J., Tackenberg, O., Svenning, J.C., 2011. Postglacial migration 

supplements climate in determining plant species ranges in Europe. Proc. R. Soc. B-Biol. Sci. 278, 

3644–3653. doi:10.1098/rspb.2010.2769 

Parmesan, C., 2006. Ecological and Evolutionary Responses to Recent Climate Change. Annu. Rev. Ecol. 

Evol. Syst. 37, 637–669. 

Petit, J.R., Jouzel, J., Raynaud, D., Barkov, N.I., Barnola, J.-M., Basile, I., Bender, M., Chappellaz, J., Davis, 

M., Delaygue, G., Delmotte, M., Kotlyakov, V.M., Legrand, M., Lipenkov, V.Y., Lorius, C., PÉpin, 

L., Ritz, C., Saltzman, E., Stievenard, M., 1999. Climate and atmospheric history of the past 420,000 

years from the Vostok ice core, Antarctica. Nature 399, 429–436. doi:10.1038/20859 

Philippe, M., Gomez, B., Girard, V., Coiffard, C., Daviero-Gomez, V., Thevenard, F., Billon-Bruyat, J.-P., 

Guiomar, M., Latil, J.-L., Le loeuff, J., Néraudeau, D., Olivero, D., Schlögl, J., 2008. Woody or not 

woody? Evidence for early angiosperm habit from the Early Cretaceous fossil wood record of 

Europe. Palaeoworld 17, 142–152. doi:10.1016/j.palwor.2008.06.001 

Qian, H., Zhang, Y.J., Zhang, J., Wang, X.L., 2013. Latitudinal gradients in phylogenetic relatedness of 

angiosperm trees in North America. Glob. Ecol. Biogeogr. 22, 1183–1191. doi:10.1111/Geb.12069 

Raup, D.M., 1986. Biological extinction in earth history. Science 231, 1528–1533. 

doi:10.1126/science.11542058 

Ricklefs, R.E., Latham, R.E., Qian, H., 1999. Global Patterns of Tree Species Richness in Moist Forests: 

Distinguishing Ecological Influences and Historical Contingency. Oikos 86, 369–373. 

doi:10.2307/3546454 

Rosauer, D.F., Jetz, W., 2015. Phylogenetic endemism in terrestrial mammals. Glob. Ecol. Biogeogr. 24, 

168–179. doi:10.1111/geb.12237 

Ruddiman, W.F., 2013. Earth’s Climate: Past and Future, Third Edition. ed. W. H. Freeman, New York. 

Saltré, F., Saint-Amant, R., Gritti, E.S., Brewer, S., Gaucherel, C., Davis, B.A.S., Chuine, I., 2013. Climate 

or migration: what limited European beech post-glacial colonization? Glob. Ecol. Biogeogr. 22, 

1217–1227. doi:10.1111/geb.12085 

Sandel, B., Arge, L., Dalsgaard, B., Davies, R.G., Gaston, K.J., Sutherland, W.J., Svenning, J.C., 2011. The 

Influence of Late Quaternary Climate-Change Velocity on Species Endemism. Science 334, 660–

664. doi:10.1126/science.1210173 



15 
 

Scheffer, M., Hirota, M., Holmgren, M., Van Nes, E.H., Chapin, F.S., 2012. Thresholds for boreal biome 

transitions. Proc. Natl. Acad. Sci. U. S. A. 109, 21384–21389. doi:10.1073/pnas.1219844110 

Smith, S.J., Edmonds, J., Hartin, C.A., Mundra, A., Calvin, K., 2015. Near-term acceleration in the rate of 

temperature change. Nat. Clim. Change 5, 333–336. doi:10.1038/nclimate2552 

Svenning, J.C., 2003. Deterministic Plio-Pleistocene extinctions in the European cool-temperate tree flora. 

Ecol. Lett. 6, 646–653. doi:10.1046/j.1461-0248.2003.00477.x 

Svenning, J.-C., Eiserhardt, W.L., Normand, S., Ordonez, A., Sandel, B., 2015. The Influence of 

Paleoclimate on Present-Day Patterns in Biodiversity and Ecosystems. Annu. Rev. Ecol. Evol. Syst. 

46, 551–572. doi:10.1146/annurev-ecolsys-112414-054314 

Svenning, J.-C., Normand, S., Skov, F., 2008. Postglacial dispersal limitation of widespread forest plant 

species in nemoral Europe. Ecography 31, 316–326. doi:10.1111/j.0906-7590.2008.05206.x 

Svenning, J.C., Skov, F., 2007. Ice age legacies in the geographical distribution of tree species richness in 

Europe. Glob. Ecol. Biogeogr. 16, 234–245. doi:10.1111/j.1466-822x.2006.00280.x 

Tiffney, B.H., 1985. The Eocene North Atlantic land bridge:its importance in Tertiary and modern 

phytogeography of the Northern Hemisphere. J. Arnold Arbor. 66, 31. 

Vitt, D.H., Halsey, L.A., Zoltai, S.C., 2000. The changing landscape of Canada’s western boreal forest: the 

current dynamics of permafrost. Can. J. For. Res. 30, 283–287. doi:10.1139/x99-214 

Volney, W.J.A., Fleming, R.A., 2000. Climate change and impacts of boreal forest insects. Agric. Ecosyst. 

Environ. 82, 283–294. doi:10.1016/S0167-8809(00)00232-2 

Wang, Z., Fang, J., Tang, Z., Lin, X., 2010. Patterns, determinants and models of woody plant diversity in 

China. Proc. R. Soc. Lond. B Biol. Sci. rspb20101897. doi:10.1098/rspb.2010.1897 

Wang, Z.H., Brown, J.H., Tang, Z.Y., Fang, J.Y., 2009. Temperature dependence, spatial scale, and tree 

species diversity in eastern Asia and North America. Proc. Natl. Acad. Sci. U. S. A. 106, 13388–

13392. doi:10.1073/pnas.0905030106 

Westerling, A.L., Turner, M.G., Smithwick, E.A.H., Romme, W.H., Ryan, M.G., 2011. Continued warming 

could transform Greater Yellowstone fire regimes by mid-21st century. Proc. Natl. Acad. Sci. 108, 

13165–13170. doi:10.1073/pnas.1110199108 

Wiens, J.J., Donoghue, M.J., 2004. Historical biogeography, ecology and species richness. Trends Ecol. Evol. 

19, 639–644. doi:10.1016/j.tree.2004.09.011 



16 
 

Williams, J.W., Shuman, B.N., Webb, T., Bartlein, P.J., Leduc, P.L., 2004. Late-Quaternary vegetation 

dynamics in North America: Scaling from taxa to biomes. Ecol. Monogr. 74, 309–334. 

doi:10.1890/02-4045 

Williams, J.W., Webb, T., Richard, P.H., Newby, P., 2000. Late Quaternary biomes of Canada and the 

eastern United States. J. Biogeogr. 27, 585–607. doi:10.1046/j.1365-2699.2000.00428.x 

Xu, C., Holmgren, M., Nes, E.H.V., Hirota, M., Iii, F.S.C., Scheffer, M., 2015. A Changing Number of 

Alternative States in the Boreal Biome: Reproducibility Risks of Replacing Remote Sensing 

Products. PLOS ONE 10, e0143014. doi:10.1371/journal.pone.0143014 

Zanne, A.E., Tank, D.C., Cornwell, W.K., Eastman, J.M., Smith, S.A., FitzJohn, R.G., McGlinn, D.J., 

O’Meara, B.C., Moles, A.T., Reich, P.B., Royer, D.L., Soltis, D.E., Stevens, P.F., Westoby, M., 

Wright, I.J., Aarssen, L., Bertin, R.I., Calaminus, A., Govaerts, R., Hemmings, F., Leishman, M.R., 

Oleksyn, J., Soltis, P.S., Swenson, N.G., Warman, L., Beaulieu, J.M., 2014. Three keys to the 

radiation of angiosperms into freezing environments. Nature 506, 89–92. doi:10.1038/nature12872 

  



17 
 

CHAPTER 2: Phylogenetic assemblage structure of North American trees is more strongly shaped by 

glacial-interglacial climate variability in gymnosperms than in angiosperms 

Ziyu Ma
1
, Brody Sandel

1
, Jens-Christian Svenning

1
 

1
Section for Ecoinformatics and Biodiversity, Department of Bioscience, Aarhus University,  

 

Abstract 

How fast does biodiversity respond to climate change? The relationship of past and current climate with 

phylogenetic assemblage structure helps us to understand this question. Studies of angiosperm tree diversity 

in North America have already suggested effects of current water-energy balance and tropical niche 

conservatism. However, the role of glacial-interglacial climate variability remains to be determined, and little 

is known about any of these relationships for gymnosperms. Moreover, phylogenetic edemism, patterns of 

unique lineages in restricted ranges is also related to glacial-interglacial climate variability and needs more 

attention. We used a refined phylogeny of both angiosperms and gymnosperms to map phylogenetic 

diversity, clustering and endemism of North American trees in 100-km grid cells, and climate change 

velocity since Last Glacial Maximum together with postglacial accessibility to recolonization to quantify 

glacial-interglacial climate variability. We found: i) Current climate is the dominant factor explaining the 

overall patterns, with more clustered angiosperm assemblages towards lower temperature, consistent with 

tropical niche conservatism. ii) Long-term climate stability is associated with higher angiosperm endemism, 

while higher postglacial accessibility is linked to to more phylogenetic clustering and endemism in 

gymnosperms. iii) Factors linked to glacial-interglacial climate change had stronger effects on gymnosperms 

than on angiosperms. These results suggest that paleoclimate legacies supplement current climate in shaping 

phylogenetic patterns in North American trees, and especially so for gymnosperms. 
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Introduction 

Climate change strongly influences biodiversity by changing species ranges (Davis and Shaw, 2001) as well 

as species composition (Williams et al., 2004) and species richness of communities (Currie et al., 2004). An 

important question is whether biological responses to climate change are generally slow or fast relative to the 

changes themselves. If they are fast, then most ecological patterns should be understandable by considering 

only current conditions. On the other hand, if they are slow, then climate changes in the past could have 

potentially long-lasting consequences for ecological patterns (Svenning and Sandel, 2013). While current 

climate can directly regulate biodiversity via ecological limits set by the water-energy balance (Currie et al., 

2004); paleoclimate can impact migration, speciation and extinction, via periodic transitions from warm to 

cold phases (Dynesius and Jansson, 2000; Jansson and Dynesius, 2002). As a result, the biodiversity patterns 

observed at the current time may be also influenced by climate conditions in the past (Eiserhardt et al., 

2015b). Thus, in the fast-changing climate of the Anthropocene, biodiversity pattern studies, conservation 

management and planning should rely on more explicit determination of the time lags involved in the 

biodiversity-climate relationships (Dullinger et al., 2012; Wolkovich et al., 2014). 

Phylogenetic assemblage structure is an important aspect of biodiversity. It combines both ecological 

processes and evolutionary histories, and is therefore inherently linked to both current and past 

environmental conditions (Cavender-Bares et al., 2009). Current environment may limit phylogenetic 

diversity, if the functional traits are, to some extent, conserved on the phylogeny (Flynn et al., 2011). In 

some cases, species assemblages are composed of species that are more closely related species than a random 

sample from the available species pool, causing phylogenetic clustering, versus phylogenetic overdispersion 

in the opposite case. Phylogenetic clustering can be generated by environmental filtering. For example, the 

absence of certain lineages outside of the tropics leads to phylogenetic clustering (Eiserhardt et al., 2015a). 

Biotic factors may also have effects, e.g., competition may result in phylogenetic overdispersion (Cavender-

Bares et al., 2004). Past climatic conditions can also leave a long-term imprint on phylogenetic diversity and 

clustering patterns (Kissling et al., 2012), due to their influence on clade-specific speciation, extinction and 

migration rates. For example, historical area of habitats can be a strong predictor of diversification (Jetz and 

Fine, 2012) and glacial-interglacial climate variability can impose recolonization limits to particular lineages 

and cause clade-specific extinctions (Eiserhardt et al., 2015a; Svenning, 2003). In addition, range 
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contractions, extinctions and clade specific diversification in restricted areas caused spatial restriction of 

unique lineages, or endemism, which can also be strongly shaped by long-term climate stability (Jansson, 

2003). On a global scale, it has been shown that high endemism is associated with high long-term climate 

stability (Sandel et al., 2011). Such patterns could also affect phylogenetic assemblage structure as they are 

shaped by extinction and/or speciation patterns (Dynesius and Jansson, 2000; Jansson and Dynesius, 2002). 

A prominent explanation of the global biodiversity gradient is the Tropical Niche Conservatism (TNC) 

hypothesis, which reasons that the predominant tropical climate in Earth’s history, the tendency for 

phylogenetic conservationof ecological traits, and the limited dispersal and survival of species out of the 

tropics, has resulted in less diverse species assemblages in higher latitudes (Wiens and Donoghue, 2004). 

The TNC hypothesis predicts that the origin of temperate species can be traced to the tropics, with ancestral 

states of  their adaptive traits (such as temperature tolerances)  also being tropical (Kerkhoff et al., 2014), 

that more phylogenetic clustering is observed towards more limiting environmental factors (Qian et al., 

2013), and that the temperate clades are younger and nested within tropical clades (Hawkins et al., 2014).  

Disequillibrium dynamics between biodiversity and climate may affect large biogeographic regions 

(Svenning and Sandel, 2013). In European forests, the influence of Last Glacial Maximum (LGM) climate 

on tree species richness is still apparent (Svenning and Skov, 2007) and limited postglacial migration has 

prevented many tree species from fully filling their suitable range, as defined by current climate (Normand et 

al., 2011). North America hosts a wide range of forest biomes, from vast boreal and temperate forests in the 

north to subtropical and tropical forest patches in the south, and a diverse tree flora, with 679 species 

occurring north of the United States-Mexican border (Little, 1971; Tucker, 1983). Species richness is 

strongly correlated with current climate and can be explained mainly by the energy-water balance (Currie et 

al., 2004). Evolutionary factors appear to influence the pattern as well (Qian et al., 2015). However, the 

continent was extensively glaciated at the Last Glacial Maximum (Peltier, 1994) with compositionally 

different forest biomes existing at that time (Strong and Hills, 2005; Williams et al., 2000) in multiple 

scattered forest refugia (Anderson et al., 2006; Gonzales et al., 2008). In addition, many trees in North 

America may not be able to adjust to the pace of contemporary climate change (Zhu et al., 2012). Therefore, 

exploring the relationship between current and past climate and phylogenetic assemblage structure of North 
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American forests could be important for elucidating if tree diversity patterns here are shaped by glacial-

interglacial disequilibrium dynamics and also for testing the TNC hypothesis. 

Recent studies addressing the phylogenetic patterns in North American forests have focused on angiosperm 

trees only (Hawkins et al., 2014; Kerkhoff et al., 2014; Qian et al., 2015). However, a great share of the 

North American forests is dominated by gymnosperms, and 118 out of 679 species in the tree flora are 

gymnosperms (Little, 1971; Tucker, 1983). The extant gymnosperms are mostly the result of diversification 

from long branches in their phylogeny, otherwise strongly pruned by Cenozoic extintions, with some isolated 

relict species also remaining (Crisp and Cook, 2011). Ecologically they are generally less competitive than 

angiosperms in warm and wet environments, but relatively more persistant in environments with stressful 

conditions for plant growth (Bond, 1989; Brodribb et al., 2012). Hence, they may not show the same 

diversity gradients or the same responses to diversity-influencing mechanisms as angiosperms, and might 

show even more disequilibrium with current climate because of particularly severe past extinctions and range 

contractions (Crisp and Cook, 2011). 

In this study we used a well-resolved supertree to map phylogenetic assemblage patterns of gymnosperm and 

angiosperm trees in North America to assess the relative roles of current climate, glacial climate and 

topography in shaping these patterns. The phylogenetic assemblage patterns were quantified via three 

metrics. (i) Phylogenetic Diversity (PD) was measured by summing diversification time of all lineages in a 

species assemblage (Faith, 1992). (ii) Phylogenetic clustering was represented by the Net Relatedness Index 

(NRI), which describes the relative relatedness between species pairs in an assemblage compared to a 

random null (Webb et al., 2002). (iii) Phylogenetic Endemism (PE) was derived from PD and range sizes of 

every branch in the phylogeny (Rosauer et al., 2009).  

Given the deep evolutionary separation between angiosperms and gymnosperms, the two groups were 

analyzed separately and the results were compared in parallel. Furthermore, as there could be region-speficic 

dynamics reflecting differences in regional environmental history and regional biogeographic patterns, we 

analyzed the relations both for North America overall and for the three major North American forest regions, 

separately (Fig. 2.1).  

We focused on the following hypotheses: 
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1. Current climate is the dominant explanatory factor for phylogenetic assemblage structures of trees in 

North America, with temperature playing the most important role, so higher diversity and endemism is 

expected in warmer areas (Hawkins et al., 2003). Following the Tropical Conservatism Hypothesis (Hawkins 

et al., 2014), we also predict increasing phylogenetic clustering with decreasing temperature as well as with 

decreasing precipitation. We note that relations to current climate may in fact reflect relations to correlated 

deeper-time climate patterns (Eiserhardt et al. 2015b). 

2. Higher phylogenetic diversity and endemism occurs in areas less affected by glacial-interglacial climate 

instability and glaciation, i.e., in areas with more stable climate (Sandel et al., 2011) or more heterogeneous 

topography, as this buffers against climate change (Ackerly et al., 2010), as well as in areas more accessible 

to postglacial recolonization. We note that topography may also influence assemblage structure via a 

contemporary habitat diversity effect (Anderson and Ferree, 2010; Kerr and Packer, 1997). 

3. Gymnosperms, in competitive disadvange with angiosperms in warm and wet conditions (Brodribb et al., 

2012) and having a divergent evolutionary history strongly shaped by Cenozoic extinctions (Crisp and Cook, 

2011), will show different phylogenetic assemblage structure patterns from angiosperms and respond less to 

current, but more to past climate conditions. 

 

Materials and Methods 

Species distribution data 

Digitized maps compiled from the Atlas of United States Trees were downloaded from the USGS 

Geosciences and Environmental Change Science Center (http://esp.cr.usgs.gov/data/little/). These maps 

include 679 species of native woody plants that can reach tree size, defined as at least 3 inches (76.2mm) in 

diameter at breast height and 13 feet (nearly 4m) in height (Little, 1971). Maps were expert drawn to 

illustrate the natural distribution of tree species exclusive of changes caused by human disturbance following 

European settlement, such as deforestation.  

Species distribution maps were rasterized in R 3.1.0 using the “maptools” and “raster” packages (Bivand et 

al., 2015b; Hijmans et al., 2015a) and mapped in Albers Equal Area projection with 100 × 100 km grid 
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spanning the study area. The study area was defined as continental North America north of the US-Mexican 

border, not including grid cells with more than 50% water surface. Taxonomic statuses were revised 

according to the The Plant List (http://www.theplantlist.org/), taxa treated as synonyms in the maps had their 

distribution combined (See S1 Table for detailed taxonomic revisions). In total, the study area consisted of 

2671 grid cells and hosted 619 species, including 98 gymnosperms and 521 angiosperms. 

 

 

Figure 2.1 The forest regions were defined as 

combinations of CEC (Commission for 

Environmental Cooperation, 1997) Level I 

ecoregions of North America: the North (green) 

included the Taiga and Northern Forests; the 

East (red) included the Eastern Temperate 

Forests and Tropical Humid Forests; the West 

(blue) included the Marine West Coast Forests, 

Northwestern Forested Mountains and 

Temperate Sierras; and the non-forest region 

(white) included all other ecoregion 

classifications. 

 

 

Phylogenetic analysis 

The phylogenetic relationships of 98 gymnosperm species in this study were based on a dated tree of 489 

extant conifers (Leslie et al., 2012). Five taxa in the Atlas of United States Trees were absent from this 

reference phylogeny, they were manually added to the tree with random branch lengths based on known 

phylogenetic relationships according to the Flora of North America (Flora of North America Editorial 

Committee, eds., 1993), and the resulting phylogeny was attached in Supplementary Materials.  

For the 521 angiosperm species in this study, the reference phylogeny was the dated tree of the world’s 

woody angiosperm species (Zanne et al., 2014). After resolving synonyms according to TPL, there were still 

133 species in this study that were not included in the reference phylogeny, but all the families in the data set 

were covered by Zanne et al. (2014). These extra species were thus manually added as random branches in 

the clades representing their families from the reference phylogeny, or as random branches in the genus 

clades if congeneric species were present in the reference phylogeny. The final angiosperm phylogeny used 
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for this study is available in Supplementary Materials. While this phylogeny is not well resolved near the tips, 

most of the structure at the family level is clear, so it should provide an adequate representation of deeper 

phylogenetic relations. The phylogenic trees were then converted into a matrix of pairwise divergence times 

between species using the “ape” R package (Paradis et al., 2004).  

Phylogenetic structure was analyzed for assemblages of species occurring in each 100 × 100 km
2
 cells for 

angiosperms and gymnosperms, separately.  The three metrics were defined as follows: For a given grid cell, 

PD was the sum phyletic branch lengths involving all occuring taxa (Equation 1), without considering the 

root branch length (Faith, 1992), hence cells with fewer than two species will not have a PD value. PE 

(Equation 2) was different from PD in weighting the branch lengths with their range in grid cells, with PE 

derived as the weighted sum (Rosauer et al., 2009).  

𝑃𝐷 =  ∑ 𝐿𝑐𝑐∈𝐶                                                                             (1) 

𝑃𝐸 =  ∑
𝐿𝑐

𝑅𝑐
𝑐∈𝐶                                                                              (2) 

Where C is a phylogenetic clade spanned by mininal branches to join all taxa in each given grid cell, and c is 

any branch between two nodes within C. Lc is the length of branch c, and Rc is its range, defined as numbers 

of grid cells where branch c occurred. 

NRI was calculated from Mean Pairwise Distance (MPD), the mean of phyletic branch length distances 

between all pairs of species occuring in a grid cell, and then the effect size was standardized by the mean and 

standard deviation of MPD values calculated from 100 null models that draw random species of the same 

richness of the grid from the continental species pool (Equation 3). 

                     𝑁𝑅𝐼 =  −1 ×
𝑀𝑃𝐷𝑜𝑏𝑠−𝑚𝑒𝑎𝑛(𝑀𝑃𝐷𝑒𝑥𝑝)

𝑠𝑑(𝑀𝑃𝐷𝑒𝑥𝑝)
                                             (3) 

Where MPDobs is calculated from species occuring in the given grid cell, and MPDexp is the expected MPD 

distribution from the 100 random null models. 

PD and NRI were derived from the “picante” R package (Kembel et al., 2010), note that NRI was multiplied 

by -1 in Equation 3, so that positive NRI is associated with less MPD than expected mean (phylogenetic 
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clustering). PE was calculated using the phylo.endemism function written by Nipperess (2012) in R 3.1.0., 

and was log-transformed after adding 1 in later data analysis. 

Environmental measures 

Current climate data 

Mean annual temperature (MAT), minimum temperature of the coldest month (TMIN), temperature 

seasonality (TES), mean annual precipitation (MAP) and precipitation seasonality (PRS) were obtained from 

WorldClim (Hijmans et al., 2005). Then the annual water balance (WBL) was calculated as WBL = MAP – 

PET, where PET is the annually summed potential evapotranspiration from the Global Aridity and PET 

Database (Zomer et al., 2008).  All data were obtained in a resolution of 2.5 arc seconds, then projected to 

the Albers Equal Area projection and aggregated to the 100-km grid.   

Elevation model 

A 2.5 arc-second Digital Elevation Model (DEM) from the NASA Shuttle Radar Topography Mission (Farr 

et al., 2007) was projected to 5-km resolution in Albers Equal Area projection, and the standard deviation of 

elevation in each 100-km grid cell was used as a measure of elevation heterogeneity (EHET). 

Paleoclimate data 

Paleoclimate reconstructions were obtained from the MIROC-ESM 2010 climate model (Watanabe et al., 

2011), which included MAT, TES, MAP and PRS estimates from the Last Glacial Maximum, statistically 

downscaled and available from WorldClim (Hijmans et al., 2005). In addition, WBL at the LGM was 

calculated from the WorldClim monthly precipitation and temperature data using the method of Skov and 

Svenning (2004). 

Two measures related to paleoclimate instability were applied. The first, climate-change velocity, describes 

the rate of displacement of a climate isocline through time (Loarie et al., 2009). The chosen variable in this 

study was velocity of temperature change (VT), which is the ratio of spatial versus temporal MAT change 

from LGM to now (Sandel et al., 2011). The velocity reflects the capacity of heterogeneous regions to buffer 

species against temperature change. It can be interpreted as the migration rate necessary to track a particular 

climatic condition. 



25 
 

The second measure of climate instability was postglacial tree accessibility (ACC), defined as the inverse 

distance of a pixel to the LGM distribution of forests. This distribution was estimated by hindcasting a model 

trained from the current distribution of forests. Land cover data in 2010 from NASA’s MODIS (Moderate 

Resolution Imaging Spectroradiometer, NASA LP DAAC, 2001) was downloaded from the Global Land 

Cover Facility (GLCF) database in the University of Maryland (ftp://ftp.glcf.umd.edu/modis/). This was then 

converted to forest presence/absence by considering any grid cell with >25% tree cover to be forest. 

Forest presence during the LGM was inferred from climate data using a Maximum Entropy Species 

Distribution Model (MaxEnt SDM) (Phillips et al., 2006). The MaxEnt SDM was built using present mean 

annual temperature (MAT), water balance (WBL; calculated using the method of Skov and Svenning (2004) 

due to the limited availability of LGM climate variables), temperature seasonality (TES) and precipitation 

seasonality (PRS) as predictors and the forest presence as response. A random quarter of the data was left out 

to test the model while the other 75% were used to train it. The SDM showed adequate performance (AUC 

train: 0.754, test: 0.938). The same set of climate data from 21 ka BP were then used as input to hindcast 

LGM forest presence. In order to convert the continuous MaxEnt SDM output to binary data, a threshold was 

applied using the method to equate entropy of thresholded and original distributions. The grid cells with 

LGM forest presence probability above the threshold were identified as sources of postglacial tree migration. 

Calculations were done in R with the “dismo” (Hijmans et al., 2015b) and “rJava” (Urbanek, 2015) packages.   

Postglacial tree accessibility (ACC) was based on least cost paths from the estimated LGM distribution of 

forests. The cost distance between neighboring cells was based on their Euclidean distance in current climate 

space, calculated by using the first three components of a Principal Component Analysis including 19 current 

BioClim variables from WorldClim. Accumulated cost from each grid cell to all the sources was calculated 

using the “gdistance” package (Etten, 2015) with the least cost route. ACC of each cell was then defined as 

the reciprocal of the accumulated cost distance plus 1, so that it ranges from 0 to 1, where 1 indicates in situ 

LGM forest presence and 0 indicates an infinite cost to disperse from the sources (Fig. 2.2).  
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Figure 2.2 Accessibility, calculated by the 

reciprocal of cumulative cost distances to grids 

from in situ LGM forest presence, which was 

hindcasted using MaxEnt species distribution 

modelling. The cost of tree migration was 

calculated based on Euclidean distance of 

current climate. 

 

 

Table 1 Pearson’s correlation coefficient (r) of pairwise relationships between each response and predictor 

variables in the multiple regression models. Responses: Phylogenetic Diversity (PD), Net Relatedness Index 

(NRI) and Phylogenetic Endemism (PE) for Angiosperms (A) and Gymnosperms (G); Predictors: Mean 

Annul temperature(MAT), Temperature of coldest month (TMIN), Water balance (WBL), Precipitation 

seasonality (PRS), Temperature seasonality (TES), Temperature change velocity since LGM (VT), Tree 

accessibility (ACC), and Elevation heterogeneity (EHET). Correlation among predictors was also assessed to 

identify possible collinear groups (|r| > 0.5, in bold). 

Response MAT TMIN WBL TES PRS EHET VT ACC 

PD.A 0.783 0.745 0.158 -0.579 -0.435 -0.236 0.235 0.674 

NRI.A 
-0.377 -0.388 0.086 0.330 0.029 0.175 -0.101 -0.357 

PE.A 
0.868 0.868 0.132 -0.736 -0.385 -0.084 0.097 0.747 

PD.G 
-0.043 0.011 0.433 -0.139 -0.263 0.186 0.038 -0.206 

NRI.G 
0.382 0.390 -0.197 -0.352 0.071 0.182 -0.224 0.450 

PE.G 
0.447 0.487 0.480 -0.535 -0.354 0.261 -0.130 0.293 

Collinearity TMIN WBL TES PRS EHET VT ACC 

MAT  
0.960 0.007 -0.816 -0.372 -0.107 0.157 0.797 

TMIN  
 0.115 -0.932 -0.375 0.055 -0.015 0.811 

WBL  
  -0.235 -0.413 0.098 -0.072 -0.028 

TES  
   0.378 -0.272 0.190 -0.703 

PRS  
    0.028 -0.174 -0.240 

 

EHET  
     -0.817 -0.021 

VT        -0.018 
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Data analysis 

All predictors for current environment, climate change velocity and postglacial accessibility were used to 

model tree diversity patterns in a multiple regression analysis. Thus, the predictors include eight continuous 

variables (MAT, TMIN, WBL, PRS, TES, ACC, VT and EHET). ACC and VT were log-transformed, while 

EHET was square-root transformed to approximate normality in distribution. Pearson’s correlation 

coefficients among the eight continuous predictor variables were calculated to assess collinearity (Table 2.1). 

Variables with high pairwise correlation (|r|>0.5) were grouped, forming two groups of collinearity: one 

included MAT, TMIN, TES and ACC; the other included VT and EHET. Only one variable from each group 

was used in the model selection process, resulting in eight “full model” formulas and their nested subsets.  

For each response variable (PD, NRI, and PE for angiosperms or gymnosperms), 120 candidate models were 

fitted, and candidate models were selected by comparing Akaike’s Information Criterion (AIC). To correct 

spatial autocorrelation, simultaneous autoregressive models with spatial error (SARerr) were used, and all 

models built by possible combinations of predictors with ΔAIC values less than 10 from the model with 

lowest AIC were used in model averaging. Model averaged coefficients for the predictors were Akaike 

weighted means of the remaining models’ standardized coefficients, and the importance of each predictor 

was defined as the sum of Akaike weights from models involving that predictor (Burnham and Anderson, 

2002). The spatial weight correction was derived from k-neighbors method, the value of k was picked 

decreasing from 10 to 4, until a Moran’s I test of the SAR model showed no significant spatial 

autocorrelation (Kissling and Carl, 2008). All statistical calculations were carried out in R 3.1.0. SAR 

models were built using the “spdep” package (Bivand et al., 2015a), and model selection was done using the 

“MuMIn” package (Bartoń, 2015). 

In addition to the continental model, the analysis was also performed separately for three forest regions of 

North America (Fig. 2.1). Delineation of the forest regions was based on the Commission for Environmental 

Cooperation (CEC) Level I ecoregions, which divided North America into 15 broad ecological regions 

involving all major components of ecosystems - air, water, land, biota, and humans (Commission for 

Environmental Cooperation, 1997). In this study, the forested CEC Level I ecoregions north of the US-

Mexico border were combined into the North (CEC Taiga and Northern Forests), the East (CEC Eastern 

Temperate Forests and Tropical Humid Forests) and the West (CEC Marine West Coast Forests, 
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Northwestern Forested Mountains and Temperate Sierras). For angiosperms, only a subset of the grid cells 

containing five or more species was used, as phylogenetic diversity measures for small sets of species can be 

noisy. Limiting the grids to the same standard for gymnosperms, lowered the sample size too much, thus, 

grid cells with two or more species were all used in the analysis.  

Results  

Geographic patterns 

Angiosperm tree PD was highest in the southeastern quarter of North America, particularly in the eastern 

temperate to subtropical region, decreasing towards northern temperate and boreal forests or towards the 

central Great Plains, with the least diverse areas being the arctic and the deserts (Fig. 2.3A). The PD of 

gymnosperm trees did not follow the same pattern, as the northern temperate forests and mountain forests 

were more diverse than the boreal or subtropical forests, with several hotspots exhibiting high PD in the 

Pacific Coast Ranges (Fig. 2.3B).  

Regarding to NRI, angiosperm trees exhibited a general pattern of phylogenetic clustering, especially so in 

the boreal forests. Clustering became less pronounced towards the south and east, culminating with strong 

phylogenetic overdispersion in southern Florida. Regions with low tree species richness varied in their 

degree of phylogenetic clustering, e.g. the arctic tundra was more overdispersed than the boreal forests and 

phylogenetic patterns of the Great Plains and deserts appeared stochastic (Fig. 2.3C). 

In contrast to angiosperms, gymnosperms trees were mostly overdispersed, particularly in regions dominated 

by them, such as the boreal zone and the Pacific Northwest. Phylogenetic clustering occurred in the 

Appalachian Mountains, in the southeastern Pinus spp.-dominated forests, in Sequoiadendron giganteum 

forests in California, in the Rocky Mountains, west of the Alaska Range where only two Picea spp. dominate, 

and in scattered arid spots where only a few Juniperus spp. survive (Fig. 2.3D).  

PE showed similar patterns to PD. However, compared to PD, angiosperm PE varied more monotonically 

with latitudinal and water gradient, with higher endemism in the south and non-arid regions (Fig. 2.3E). In 

contrast, the pattern in gymnosperm trees corresponded less to latitude, and mountains appeared to host 

relatively high phylogenetic endemism. Isolated relict lineages such as Sequoia sempervirens, 
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Sequoiadendron giganteum, Torreya californica and T. taxifolia contributed strongly to hotspots of high 

endemism (Fig. 2.3F).  

 

Figure 2.3 Phylogenetic Diversity (PD) for angiosperms (A) / gymnosperms (B); Net Relatedness Index 

(NRI) measures for angiosperms (C) / gymnosperms (D); natural logarithm of Phylogenetic Endemism (PE) 

measures for angiosperms (E) / gymnosperms (F) in the study area of North America. 
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Table 2.2 Multimodel inference from simultaneous autoregressive (SAR) models with spatial error of 

Phylogenetic Diversity (PD), Net Relatedness Index (NRI) and Phylogenetic Endemism (PE) of angiosperms 

and gymnosperms in all grid cells covering continental North America north of the US-Mexican border. 

Predictors include MAT: Mean annual temperature, TMIN: Temperature of coldest month, WBL: Water 

balance, PRS: Precipitation seasonality, TES: Temperature seasonality, VT: Temperature change velocity 

since LGM, ACC: Tree accessibility, and EHET: Elevation heterogeneity. Only predictors with Akaike 

weights exceeding 0.5 are shown. Importance values and model averaged standardized parameters were 

reported. To describe explained variance, additional adjusted R
2
 values were given for the ordinary least 

square (OLS) multiple regressions with the same formula of the lowest AIC SARerr models. The 

significances of predictors in the lowest AIC models were given in the following scales: *** < 0.001 < ** < 

0.01 < * < 0.05.   

Model parameters SAR averaged 

coefficients 

Importance: sum 

Akaike weight 

OLS R
2
 

Angiosperms PD   0.551 

ACC 0.083*** 0.993  

WBL 0.049*** 1.000  

EHET 0.129*** 1.000  

Angiosperms NRI   0.390 
TMIN -0.498*** 0.997  

EHET 0.118*** 0.999  

Angiosperms PE    0.779 
MAT 0.097*** 0.605  

WBL 0.097*** 1.000  

PRS 0.033*** 0.821  

EHET 0.139 1.000  

Gymnosperms PD   0.215 
TMIN -0.214** 0.810  

WBL 0.264*** 1.000  

EHET 0.328*** 1.000  

Gymnosperms NRI   0.271 
ACC 0.108*** 0.560  

WBL -0.062*** 0.680  

EHET 0.059*** 0.633  

Gymnosperms PE   0.387 
ACC 0.164*** 0.958  

WBL 0.275*** 0.995  

PRS 0.127*** 1.000  

EHET 0.261*** 1.000  

 

Factors related to the observed phylogenetic assemblage structures 

I - Temperature relations 

Angiosperm tree PD and PE patterns in North America responded strongest to contemporary temperature. 

Mean annual temperature or coldest temperature showed significant positive correlations with diversity and 

endemism (Table 2.1). They also were selected as the most important predictors in continental PE model and 

in all the regional PD and PE models (Table 2.2 and 2.3), where MAT or TMIN also had the largest average 

effect sizes (Fig. 2.5). NRI of angiosperm trees also responded mainly to current temperature, generally with 
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increasing clustering with colder climate and higher temperature seasonality (Tables 2.2, 2.3). In particular, 

simple bivariate models showed strong negative effect of TMIN on NRI (Fig. 2.4A).  

In contrast, gymnosperm trees showed less clear responses to current temperature. Continental model 

indicated that PD decrease with TMIN, and no strong temperature relationships were found for NRI and PE 

(Table 2.2). At regional extents, only the North showed a positive temperature effect on PD and PE (Table 

2.3, Fig. 2.5).  

II - Water relations 

As for temperature, PD and PE patterns of both angiosperm and gymnosperm trees also responded to 

comtemporary water relations. PD and PE generally increased with higher water balance in continental 

models, in addition, precipitation seasonality also positively contributed to PE. Notably, the effect sizes of 

water relations for gymnosperms were always larger than those for angiosperms (Table 2.2). 

In regional models, water effects appeared much weaker and idiosyncratic. Angiosperm PD and PE 

decreased with water balance in the North, increased with seasonality in the West, while gymnosperm PD 

and PE increased with water balance in the East and West, and the effect sizes were greater than the water 

effects on angiosperms (Table 2.3, Fig. 2.5). 

Higher water balance decreased phylogenetic clustering in gymnosperms, but showed no effects in 

angiosperms according to the continental models (Table 2.2). Water had important effects on gymnosperm 

NRI of the North and West regions: in the North, water balance and seasonality were positively associated 

with phylogenetic clustering, but these factors had negative effects in the West, i.e., high precipitation and 

seasonality in the West led to phylogenetic overdispersion in gymnosperms. 

III – Glacial-interglacial climate stability relations 

A consistent pattern existed for angiosperms and gymnosperms across the continent and all forest regions: 

phylogenetic diversity and endemism were higher in locations with higher variability in elevation (Table 2.2) 

or lower glacial-interglacial temperature velocity (Table 2.3).  High elevation heterogeneity was also 

associated with high phylogenetic clustering in gymnosperms (Table 2.2) and angiosperms in the North 



32 
 

region (Table 2.3), while high velocity was associated with phylogenetic clustering of angiosperms in the 

East (Table 2.3). 

 

  

Figure 2.4 Bivariate plots explaining phylogenetic assemblage structure of angiosperm trees in North 

(green), West (blue) and East (red) forest regions. A: net related index (NRI) and current minimum 

temperature of the coldest month (TMIN), showing species occurring at locations with higher cold tolerance 

requirements are more closely related than those occurring at warmer locations. B: phylogenetic endemism 

(PE*, partial residual controlling the effects of current climate) and postglacial climate change velocity in 

temperature (VT), showing higher endemism in climate stable regions.  Data was extracted from grid cells of 

100 × 100 km with 5 or more angiosperm tree species. 

 

The accessibility measure was highly correlated to all three current temperature variables, causing difficulty 

in estimating their separate effects (Table 2.1). Statistically, it predicted angiosperm PD, gymnosperm NRI 

and PE better than the temperature variables in continental models. All the predicted variables respond 

positively to ACC with greater effect sizes for gymnosperms (Table 2.2). In regional models, only 

gymnosperms phylogenetic assemblage structure showed significant response to ACC (Fig. 2.5): in areas 

more accessible to forests after LGM, the models predicted gymnosperms to have less PD in the East, more 

PE in the West, and more phylogenetic clustering in the North and East (Table 2.3).  
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Figure 2.5 Differences in maximum effect sizes of predictor groups between angiosperms and gymnosperms 

in the models for the North, West and East regions. Effect sizes are the magnitude of model-averaged 

standardized coefficients. The predictors were grouped as follows: I. Temperature-related: MAP, TMIN and 

TES; II: Water-related: WBL and PRS; III: Postglacial stability-related: ACC, VT and EHET. Angiosperms 

showed most response to current temperature, while gymnosperms were likely more influenced by 

postglacial climate stability.  
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Table 2.3 Summaries of models predicting PD, NRI and PE for the North, East and West forest regions 

using temperature, water and postglacial climate stability measures. Predictors were summarized in three 

groups: I. Temperature relations: MAT, TMIN or TES; II. Water relations: WBL or PRS; III. Stability 

relations: ACC, VT or EHET. Refer to Table 2 for abbreviations. Standardized coefficients of SARerr models 

were presented, and they were averaged from multiple models by Akaike weight. Predictors’ importance 

factors were also based on Akaike weight: a predictor was shown in bold with more than 0.5 importance and 

omitted with less than 0.1. In addition, R
2
 values of the best OLS models were given to indicate the model’s 

explanatory capability.  

 Angiosperms Gymnosperms 

 Temperature Water Stability R2 Temperature Water Stability R2 

PD   

North 
MAT  0.818 

WBL -0.226 

PRS  -0.075 

EHET  0.115 
0.7

6 
MAT   0.463 

WBL  -0.012 

PRS   -0.053 

VT      -0.039 

EHET  0.024 
0.78 

PD   

West 
MAT  0.452 

WBL –0.001 

PRS   0.030 
EHET  0.162 

0.7

8 

MAT  0.004 

TES    0.004 

WBL   0.194 

PRS    0.001 
EHET  0.122 0.29 

PD     

East 
MAT  1.027 

WBL  0.019 

PRS  -0.067 

EHET  0.173 
0.8

5 
 

WBL  0.096 

PRS   -0.013 

ACC  -0.630 

EHET  0.188 

0.76 

NRI 

North 

MAT  0.284 

TES    0.038 

WBL -0.069 

PRS   0.023 

VT    -0.072 

EHET  0.053 

0.2

9 
 

WBL  0.373 

PRS    0.128 

ACC    0.738 

EHET -0.008 
0.36 

NRI 

West 
TMIN -0.777 

WBL  0.046 

PRS   -0.081 

VT     0.006 

EHET  0.004 

0.4

6 

TMIN -0.039 

TES     -0.006 

WBL  -0.354 

PRS   -0.161 

ACC  -0.013 

VT   0.011 
0.08 

NRI   

East 
TES    0.636 

WBL  -0.003 

PRS   -0.167 

VT      0.083 
0.7

6 
MAT  0.096 

WBL  0.062 

PRS   -0.004 

ACC   0.515 

VT      0.023 
0.44 

PE   

North 
MAT   0.785 

WBL -0.152 

PRS  -0.032 
EHET  0.114 

0.7

4 
MAT  0.538 

WBL   0.000 

PRS    -0.156 

VT     -0.014 

EHET  0.027 

0.78 

PE    

West 
MAT   0.509 

WBL 0.073 

PRS  0.056 

EHET  0.144 
0.8

2 
 

WBL  0.137 

PRS   0.010 

ACC   0.141 

EHET  0.165 

0.49 

PE     

East 
TMIN 0.822 

WBL  -0.088 

PRS    0.022 
VT    -0.224 

0.9

1 

TES   -0.020 

MAT  -0.011 

WBL  0.128 

PRS   0.001 

ACC  -0.049 

VT     -0.168 

0.26 
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Discussion 

Phylogenetic assemblage structures in trees in North America exhibited relationships with both current and 

glacial-interglacial climate change. The former had the largest effects, but legacies of past climate change 

were also detectable, and were especially important at regional extents and for the gymnosperms. 

Phylogenetic assemblage patterns of North American tree species confirmed our first hypothesis, showing 

their alignment to the current climate gradient in both ecological function and evolutionary histories, 

especially in angiosperms. Temperature and water relations explained the main variations in phylogenetic 

diversity and endemism for angiosperm trees, following previously reported energy-water balance relations 

for species richness (Currie et al., 2004; Hawkins et al., 2003). Although this could suggest that there is only 

weak to moderate disequilibrium in North American angiosperm’s reponse to climate, these current climate 

associations may be confounded with past climate effects on the biogeography of phylogenetic assemblage 

structures due to crrelations between past and present geographic climate configurations (Eiserhardt et al., 

2015b). The fact that phylogenetic clustering of angiosperms decreased almost monotonically with 

temperature (Fig. 2.4A) is consistent with an important influence of evolutionary history for the overall 

geographic patterning of the North American tree flora, shaped by cold tolerance arising only within a 

selection of clades nested within largely tropical groups, as argued by the Tropical Niche Conservatism 

hypothesis (Kerkhoff et al., 2014; Qian et al., 2013). Gymnosperm trees also showed similar overall 

responses to warmer and wetter current climates, with more sensitivity to water relations compared to the 

angiosperms, but the models explained a smaller proportion of the variability in their phylogenetic 

assemblage structure and were less consistent among regions.  

In addition to current climate, phylogenetic assemblage structure of North American trees also appeared to 

have consistent relations to glacial-interglacial climate stability, agreeing with our second hypothesis. In the 

continental model, phylogenetic diversity, clustering and endemism all increased with elevation 

heterogeneity. This is consistent with mountain ranges acting as long-term refugia (Steinbauer et al., 2013), 

buffering against selective extinctions during glacial-interglacial climate change (Eiserhardt et al., 2015a). 

Additionally, this is also consistent with the idea that, over long time scales, mountains produce biodiversity 

by simply having diverse substrates (Anderson and Ferree, 2010) and steep climatic gradients that tend to 

promote population isolation and survival. In regional models, the results for the topographically flatter East 



36 
 

and North forest regions suggested that this pattern was mainly a response to glacial-interglacial temperature 

change velocity (Fig. 2.4B), in line with global results linking long-term climate stability to endemism 

(Jansson, 2003; Sandel et al., 2011). Phylogenetic clustering in climatic stable areas should be reduced by the 

presence of multiple old lineages, e.g. as possibly the case in Florida, where overdispersion of angiosperms 

was caused by diverse tropical taxa. However, stability may also promote recent diversification, so that 

overall clustering remained high, e.g. in the south-east the presence of a Pinus species radiation associated 

with fairly stable climate conditions caused phylogenetic clustering, except where several Cupressales 

species also occurred (Eiserhardt et al., 2015b). Alternatively, assemblages in mountainous or low velocity 

areas generally had higher phylogenetic clustering, consistent with different clades surviving in different 

refugia and postglacial migration creating mixtures in recolonized non-refuge areas, e.g. Picea glauca might 

have migrated from an cryptic LGM refugium in Alaska (Anderson et al., 2006) to western Canada to 

become mixed with Pinus contorta immigrating from the south (Peteet, 1991). 

Gymnosperm trees did appear to be less responsive to the current climate than angiosperms, consistent with 

our third hypothesis. They showed positive responses in phylogenetic endemism and diversity to 

accessibility in the North but negative responses in the East. This pattern might be an outcome of several 

possible causes: First, gymnosperms may be more dispersal limited and may not have reached their potential 

range following the postglacial climate change. This idea is in agreement with pollen and macrofossil studies 

in western North America (Elias, 2013). Notably, in the Pacific Northwest, all conifer species with the 

exception of Pinus contorta cannot establish in early succession, making them less efficient in colonizing 

new habitats comparing to angiosperms in this region (Elias, 2013), and gymnosperm seed size and dispersal 

syndromes do not appear to trade-off with shade tolerance as seen in angiosperms do (Hewitt, 1998). Second, 

gymnosperms can mostly only compete with established angiosperms in certain climatic settings (Bond, 

1989). For example, Picea critchfieldii, a once-dominant species in the Lower Mississippi Valley, went 

extinct, possibly due to competition from angiosperm trees invading in response to post-LGM warming 

(Jackson and Weng, 1999). Boreal tree species appear to trade off between cold tolerance and growth rate, so 

at their southern range limits they are out-competed by fast-growing species (Loehle, 1998). This may partly 

explain the negative effect of postglacial tree accessibility on gymnosperm phylogenetic diversity and 

endemism in the less glaciated East forest region. Third, due to their long-brached phylogeny and niche 

conservatism, ecological function in gymnosperms may reflect adaptation to deeper-time climate change. As 
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most of the present genera originated in the Miocene aridification, survivors of drought may have been 

physiologically preadapted and rediversified in the later colder climate episodes (Crisp and Cook, 2011), 

causing gymnosperm PE to be more sensitive to water relations than angiosperms and increased with 

precipitation seasonality. Last, despite recent diversification, overall diversity of gymnosperms is much 

lower than that of angiosperms, creating more stochastic phylogenetic clustering patterns from assemblage of 

fewer species, e.g. where Pinaceae and Cupressaceae failed to co-occur would show strong clustering. 

We note that postglacial tree accessibility measure could not easily be disentangled from the current 

temperature in this study region, and its effect may therefore have been underestimated. Postglacial 

migration lag might be better represented with a more detailed accessibility measure, for example by 

mapping each individual species (Normand et al. 2011), which might help disentangle its effects from those 

of current temperature. Also, the current ACC measure is based on the overall estimated distribution of 

forests in LGM, which has limited capability of capturing dynamics of subtropical and tropical trees that 

likely did not survive close to the LGM forest limits, so our ACC is more applicable to cold-tolerant 

gymnosperms and angiosperms.  

In conclusion, current climate provides the strongest explanatory power for the geographic variation in 

phylogenetic assemblage structure in trees across North America. This pattern was consistent with previous 

studies of angiosperm trees. Still, current climate did not as clearly dominate the patterns in gymnosperms. 

Furthermore, glacial-interglacial climate stability appeared to also have strong influences: the relatively 

stable regions in North America hosted more phylogenetic endemism and diversity, as well as exhibiting a 

more phylogenetically clustered pattern, the latter likely due to unique clades with either relatively recent 

diversification, perhaps coupled to separate preservation in different refugia. These results demonstrate the 

supplementary importance of paleoclimatic factors in shaping biogeographic patterns (Svenning et al., 2015), 

perhaps particularly so in ancient clades. Gymnosperm trees, dominating vast forests in North America and 

the Holarctic realm, deserve more special focus in future related studies, given that their patterns were less 

fully explained. 
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Supplementary Materials for Chapter 2 

Table S2.1: List of angiosperm synonyms involved in the names used in the Atlas of United States Trees 

(Little 1971-1978) according to The Plant List. In this list and the resulting phylogeny, original names in the 

Atlas of United States Trees were replaced by their counterpart in the accepted names of this study. 

Original Accepted 

Acer barbatum Acer glabrum 

Acer grandidentatum Acer saccharum 

Acer leucoderme Acer saccharum 

Acer nigrum Acer saccharum 

Aesculus octandra Aesculus flava 

Alnus rugosa Alnus incana 

Alnus sinuata Alnus alnobetula 

Alnus tenuifolia Alnus incana 

Arbutus texana Arbutus xalapensis 

Ardisia escallonoides Ardisia escallonioides 

Betula uber Betula lenta 

Bumelia celastrina Sideroxylon celastrinum 

Bumelia lanuginosa Sideroxylon lanuginosum 

Bumelia lycioides Sideroxylon lycioides 

Bumelia tenax Sideroxylon tenax 

Capparis cynophallophora Quadrella cynophallophora 

Capparis flexuosa Cynophalla flexuosa 

Carya tomentosa Carya alba 

Castanea alnifolia Castanea pumila 

Castanopsis chrysophylla Chrysolepis chrysophylla 

Celtis reticulata Celtis laevigata 

Cercocarpus betuloides Cercocarpus montanus 

Cercocarpus breviflorus Cercocarpus montanus 

Cereus giganteus Carnegiea gigantea 

Citharexylum fruticosum Citharexylum spinosum 

Cornus occidentalis Cornus sericea 

Cornus stolonifera Cornus sericea 

Cornus stricta Cornus foemina 

Cowania mexicana Purshia mexicana 

Dalea spinosa Psorothamnus spinosus 

Dipholis salicifolia Sideroxylon salicifolium 

Genipa clusiifolia Casasia clusiifolia 

Gymnocladus dioicus Gymnocladus dioica 

Halesia parviflora Halesia carolina 

Lithocarpus densiflorus Notholithocarpus densiflorus 

Magnolia ashei Magnolia macrophylla 

Magnolia pyramidata Magnolia fraseri 

Malus diversifolia Malus fusca 

Manilkara bahamensis Manilkara jaimiqui 

Mastichodendron foetidissimum Sideroxylon foetidissimum 

Morus microphylla Morus celtidifolia 

Myrica cerifera Morella cerifera 

Opuntia fulgida Cylindropuntia fulgida 

Photinia arbutifolia Heteromeles arbutifolia 

Pinckneya pubens Pinckneya bracteata 

Pithecellobium flexicaule Ebenopsis ebano 

Pithecellobium guadalupense Pithecellobium keyense 

Pithecellobium pallens Havardia pallens 

Populus arizonica Populus fremontii 

Psidium longipes Mosiera longipes 

Quercus dunnii Quercus palmeri 
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Original Accepted 

Quercus durandii Quercus sinuata 

Quercus graciliformis Quercus canbyi 

Quercus nuttallii Quercus texana 

Quercus prinus Quercus michauxii 

Rapanea punctata Myrsine cubana 

Rhamnus californica Frangula californica 

Rhamnus purshiana Frangula purshiana 

Rhus copallina Rhus copallinum 

Rhus laurina Malosma laurina 

Robinia kelseyi Robinia hispida 

Roystonea elata Roystonea regia 

Salix fluviatilis Salix melanopsis 

Salix hindsiana Salix exigua 

Salix mackenzieana Salix prolixa 

Sambucus mexicana Sambucus canadensis 

Sapium biloculare Sebastiania bilocularis 

Simarouba glauca Simarouba amara 

Styrax americana Styrax americanus 

Styrax grandifolia Styrax grandifolius 

Styrax platanifolia Styrax platanifolius 

Thrinax morrisii Leucothrinax morrisii 

Tilia heterophylla Tilia americana 

Vauquelinia pauciflora Vauquelinia californica 

Yucca mohavensis Yucca schidigera 

Yucca torreyi Yucca faxoniana 

Zanthoxylum hirsutum Zanthoxylum clava-herculis 
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Abstract 

Phylogenetic endemism describes the extent to which unique phylogenetic lineages are constrained to 

restricted geographic areas. Previous studies have found species endemism to be related to both past and 

modern climate, but studies of phylogenetic endemism are relatively rare and have mainly been focused on 

smaller regions. Here, we provide a first assessment of phylogenetic endemism in angiosperm trees across 

the Northern Hemisphere and its drivers. Using comprehensive data on tree species distributions in China, 

Europe, and North America and a phylogenetic supertree, we mapped phylogenetic endemism across these 

regions in 100-km resolution and estimated the effects of modern climate variables and climate-change 

velocity since the Last Glacial Maximum (LGM). Phylogenetic endemism is consistently co-determined by 

modern temperature and LGM-present climate instability, with seasonality playing an additional role in low-

velocity regions. Further, phylogenetic endemism emerged as more sensitive to past climate than species 

endemism. Overall, our results show that high phylogenetic endemism is dependent on long-term climate 

stability, even more so than species endemism. They highlight that the expected strong anthropogenic future 

climate changes may particularly jeopardize the preservation of rare, phylogenetically distinct lineages. 
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Introduction 

Endemic species, those whose distributions are confined to small geographic areas, have traditionally 

attracted global conservational attention, e.g., for defining biodiversity hotspots (Myers et al., 2000). 

Endemic lineages are considered unique and irreplaceable results of evolution and are of high biogeographic 

interest. However, we lack a comprehensive understanding of the causes of spatial variation in endemism. 

Dynesius and Jansson (2000) proposed that strong glacial-interglacial climate fluctuations could result in 

range contractions and select for large-range species, inflicting extinction in small-range species, thereby 

reducing paleo-endemism, as well as limiting speciation to produce less neo-endemism. Supporting these 

ideas, Sandel et al. (2011) identified long-term climate stability as an important factor that promotes 

endemism. These endemism-influencing mechanisms can be summarized in two aspects: one regarding the 

range size of extant species, the other regarding their evolutionary histories; hence, it should ideally be 

investigated using a combination of phylogenetic and species distribution data. 

Modern climate affects the energy and water balance of plants and can strongly influence the distribution of 

biodiversity (Currie et al., 2004), thus, it should also be taken into account when explaining endemism. 

However, as species climatic niches are shaped by long-term evolutionary history (Wiens and Donoghue, 

2004), we also expect modern climate to generate phylogenetically nonrandom patterns in biodiversity. 

Notably, the Tropical Niche Conservatism (TNC) hypothesis explains the latitudinal species richness 

gradient by the tropics hosting more basal phylogenetic clades, with only a few derived branches having 

adapted to non-tropical climate, reflecting that the majority of the Earth was historically tropical or near-

tropical and adaptive traits allowing species to tolerate frost have not easily evolved (Hawkins et al., 2014, 

2007, 2006; Hawkins and DeVries, 2009). Hence, we would expect higher paleo-endemism in warmer areas. 

Modern climate heterogeneity or seasonality could also control endemism. With greater climate fluctuations, 

species adapted to more flexible environment niches should also have been likely to fill larger ranges 

(Ghalambor et al., 2006; Janzen, 1967; McCain, 2009), resulting in decreasing endemism from the tropics 

towards the poles (Stevens, 1989). Further, spatial patterns of climate can also produce endemism patterns, 

as regionally rare climates are more likely to contain many small ranged species (Ohlemüller et al., 2008; 

Sandel et al., 2011).   
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A key measure of species endemism (SE) is the sum of the inverse global range sizes of a given local species 

assemblage, so it was termed “weighed endemism” by Crisp et al. (2001).  However, a phylogenetic 

endemism (PE) measure taking both range sizes and phyletic branch lengths of species in an assemblage into 

account may be more preferable (Rosauer et al., 2009). As PE reflects not just the ranges of the local 

endemic species, but also their sister groups and emphasizes evolutionary uniqueness, it is a powerful tool 

for mapping biodiversity and conservation planning (e.g., lemurs in Madagascar (Gudde et al., 2013) or trees 

in China (Huang et al., 2012)). PE has also been applied to map global patterns of mammal endemism and 

assessing its historical and modern climate determinants, with the results indicating PE to be more sensitive 

to historical climate than SE (Rosauer and Jetz, 2015).  

Climate stability has previously been found to be consistently associated with higher endemism of mammals, 

amphibians and birds, with a stronger effects for groups with poorer dispersal ability (Sandel et al., 2011). 

Yet, global spatial pattern of mammalian PE was found to be best predicted by modern temperature 

variability and supplemented by post-LGM temperature according to Rosauer and Jetz (2015). As the 

conserved cold intolerance traits of temperate trees resulted in phylogenetic non-random extinctions during 

glaciation (Eiserhardt et al., 2015), controlling for modern climate effects, climate stability will likely 

generate similar endemism patterns in temperate angiosperm tree flora. 

The temperate forests of the Northern Hemisphere are interesting for studying the drivers of endemism, 

because of the well-known lasting extinction impacts of the Pleistocene glaciations via environmental taxon 

filtering (Svenning, 2003) on their species diversity (Ricklefs et al., 1999) and phylogenetic floristic structure 

(Eiserhardt et al., 2015) in addition to clear diversity relations to modern climate (Currie et al., 2004). Thus, 

we compiled distribution and phylogenetic data for three main northern temperate angiosperm tree floras - 

China, Europe and North America to assess the relative importance of modern and historical climate in 

determining endemism, utilizing the most comprehensive information available. We tested the following 

hypotheses: 

H1. Angiosperm tree endemism across China, Europe and North America is higher in areas with stable 

historical climate, i.e. where glacial-interglacial climate-change velocity is lower (Feng et al., 2016; 

Morueta-Holme et al., 2013; Sandel et al., 2011), because of range contractions, incomplete range filling and 

extinctions caused by fluctuating climate (Dynesius and Jansson, 2000).  
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H2. Angiosperm tree endemism is higher where the modern climate is milder, i.e. more tropical conditions, 

because of a concentration of paleo-endemism according to the Tropical Niche Conservatism hypothesis 

(Wiens and Donoghue, 2004), or simply higher richness of species with narrower extent of suitable climate 

(Ohlemüller et al., 2008; Sandel et al., 2011). 

H3. The relative impact of past and modern climate variability on endemism is dependent on regional 

climatic histories: in regions with relatively stable long-term climate, modern climate with high seasonality 

could be more important than climate-change velocity for limiting endemism (Rosauer and Jetz, 2015). 

Materials and Methods 

Study Area 

The forested areas of China, Europe and North America were delineated by World Wide Fund for Nature’s 

Terrestrial Ecoregions of the World (Olson et al., 2001), the ecoregions classified as forests in the three 

regions were extracted and overlaid to the tree distribution maps.  We excluded glaciated areas during the 

Last Glacial Maximum (Peltier, 1993) in this analysis (Fig. 3.1) because the “bulldozer effect” of glaciation 

applied additional limits on endemism (Baselga et al., 2012). 

Tree distribution 

Range maps were compiled from the China Vascular Plant Distribution (Delecti Florae Reipublicae 

Popularis Sinicae Agendae Academiae Sinicae, 1959-2004), the USGS digitized Atlas of United States Trees 

(Little, 1971) and the Atlas Florae Europaeae (Jalas and Suominen, 1972-1994), only angiosperm tree 

species larger than 10 meters in maximum canopy height were included in this study, resulting in a total of 

2,154 species for China, 159 species for Europe, and 367 species for North America. The range maps were 

rasterized in 100-km grid maps with Albers equal area projection for China and North America, and Lambert 

azimuthal equal area projection for Europe. Only grid cells with at least 50% land area were included in the 

analysis. 

Endemism metrics 

A phylogenetic supertree for the full set of 2,664 species in this study was built on basis of the phylogeny of 

vascular plants by Zanne et al. (2014). PE was calculated using this supertree (Equation 1), compared to 



51 
 

weighted species endemism (SE) without phylogenetic information (Equation 2) and mapped for China, 

Europe and America, separately. 

𝑃𝐸 =  ∑
𝐿𝑐

𝑅𝑐
𝑐∈𝐶                                                                               (1) 

                        𝑆𝐸 =  ∑
1

𝑅𝑠
𝑠∈𝑆                                                                                (2) 

Where C is phylogenetic clade spanned by minimal branches to join all taxa in one cell on the gridded maps, 

and c is any branch between two nodes within C; while S is all the species included in C, and s is each 

individual species within S. Lc is the length of branch c; and Rc or Rs is the range where this branch or species 

occurred, defined in numbers of grid cells (Rosauer et al., 2009). Calculations of PE were carried out by the 

“phylo.endemism” R function written by Nipperess (2012). 

Data Robustness 

The endemism results were subject to two sources of uncertainties in the data. First, because the phylogeny 

from the reference data (Zanne et al., 2014) covered less than half of the species in this study, additional 

species was placed with random branch lengths under dated nodes in the phylogeny representing their most 

recent common ancestors. Fortunately, all relevant family ages were estimated in the Zanne et al.’s (2014) 

phylogeny. Random variation in PE caused by this method was checked by multiple replications of this step 

and checking for the degree of consistency in the results. The geographical patterns in PE were found to be 

robust to the uncertainties below the family level (Fig. S3.1), as also reported previously (Qian and Zhang, 

2016).  

Second, tree distribution maps were only available within the political borders of the study areas. This could 

lead to spuriously high endemism along the borders of the regions due to extralimital species just ranging 

into a given study region. The effect of artificial borders was assessed by null models of randomly generated 

species ranges, whose sizes followed the same distribution, and resulted in the same species richness within 

the borders as the real species distribution data. The null models showed that the observed geographic 

patterns of endemism were not related to the artificial borders (Fig. S3.2-S3.5) so that the PE and SE 

calculations were robust. Details about these sensitivity tests are provided in the Supplementary Materials. 

Climate Stability 
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Climate-change velocity (Loarie et al., 2009) since the Last Glacial Maximum (LGM) in mean annual 

temperature calculated by Sandel et al. (2011) was used to capture the magnitude of glacial-interglacial 

fluctuation. The velocity was a rate of local displacement of climate, interpreted as the pace at which a 

species would have to migrate in space in order to follow the same climate condition over time; thus it is 

biologically more relevant than simple anomaly measures and has also been shown to have better 

explanatory power (Sandel et al., 2011). All modern climate measures, including mean annual temperature 

(MAT), mean annual precipitation (MAP), temperature seasonality (TS) and precipitation seasonality (PS) 

were obtained from the WorldClim database (Hijmans et al., 2005) in 10 arc-min resolution and projected to 

the 100-km grids of the regional maps. The extent of analogous modern climate was calculated as the total 

land area within 1000 km from a focal grid cell that had a MAT  within 1 °C and MAP within 100 mm of the 

focal cell (Sandel et al., 2011). 

Statistical Analysis 

All six predictor variables: Velocity, Extent, MAT, MAP, TS and PS were checked for their Pearson’s 

correlation among each other, and also their correlation to PE. The values of the each predictor were also 

compared among the three study regions by one-way ANOVA and Tukey’s post-hoc test to assess for 

regional differences. PE and endemism metrics were log transformed in the regression models. Ordinary 

Least Squares (OLS) linear regressions were tried to explore PE-Velocity and PE-MAT bivariate 

relationships. Then, multiple regression models were built for each region, using exhaustive model search 

from all sub models of the global model including all six predictors. To account for spatial autocorrelation, 

spatial error simultaneous autoregressive (SARerror) models were built using weights of a spatial 

neighborhood, and the optimal number of neighbors (k = 4 to 10) was picked to minimize spatial 

autocorrelation in the resulting model residuals. Model selection was done by Akaike’s an Information 

Criteria; AIC weights of models were used to calculate model averaged coefficients for the predictors, and 

the sum of the AIC weights of each predictor in all models was used to describe its statistical support. All 

data were prepared and analyzed in R 3.2.2 (R Core Team, 2015), using the following packages: MuMIn 

(Bartoń, 2015), ncf (Bjornstad, 2015), raster (Hijmans et al., 2015), and spdep (Bivand et al., 2015). 
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Results 

In all the three focal regions, endemism generally followed a latitudinal gradient, with both PE and SE 

increasing towards the equator. In addition, each region exhibited unique local patterns: In China, endemism 

appeared highest in the southwest, where tropical Asian species occurred; in Europe, high endemism was 

observed along the Mediterranean coasts, especially in the southeast Balkans near Asia Minor; in North 

America, endemism appeared high in the southeast, notably Florida where tropical endemics occur at the tip 

of the peninsula. Concerning phylogenetic uniqueness, PE emphasized these endemism hotspots (Fig. 3.1A), 

while SE more captured the general latitudinal gradient, likely by assigning paleo-endemic and neo-endemic 

species equal weights (Fig. 3.1B). 

 

Figure 3.1 Maps of flowering tree phylogenetic endemism (PE, left column), weighted species endemism 

(SE, middle column) and climate-change velocity (Velocity, right column) in forested biomes of China, 

Europe and North America. Log-transformed data was presented in 100-km grids in equal area projections. 

Areas enclosed by the dashed lines were glaciated during the Last Glacial Maximum. 
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Table 3.1 Relationships of the six predictors (pred.) to phylogenetic endemism (PE) and species endemism 

(SE) patterns in China, Europe and North America. The predictors are: Extent, extent of analogous climate; 

Velocity, climate-change velocity since Last Glacial Maximum, MAP, mean annual precipitation; MAT, 

mean annual temperature; PS, precipitation seasonality; and TS, temperature seasonality. Each single 

predictor’s bivariate correlation with PE or SE was presented by Pearson’s r; and simultaneous 

autoregressive (SAR) models with spatial error were fitted to predict PE or SE with all possible 

combinations of predictors. The model selection results are presented in Akaike weight averaged model 

coefficients and summed weights for each predictor in all models where it was included. The bold 

coefficients indicate predictors included in the reduced SAR model with lowest AIC, and the significance 

levels are:  P *** < 0.001 < ** < 0.01 < * <0.05. 

 

 China Europe North America 

pred. PE Pearson’s 

r 

SAR 

coef. 
Weight 

Pearson’s 

r 

SAR 

coef. 
Weight 

Pearson’s 

r 

SAR 

coef. 
Weight 

Extent -0.401 -0.020 0.514 -0.580 0.005 0.308 -0.405 -0.101** 0.983 

Velocity -0.441 -0.101*** 0.994 -0.670 -0.047* 0.788 0.484 -0.079** 0.909 

MAP 0.765 0.037 0.531 0.191 0.023 0.530 0.695 0.093** 0.923 

MAT 0.718 0.197** 0.984 0.427 0.075** 0.845 0.915 0.537*** 1.000 

PS -0.569 -0.013*** 1.000 0.206 -0.000 0.294 -0.300 0.002 0.563 

TS -0.821 -0.749*** 1.000 -0.091 -0.047 0.547 -0.711 0.180** 0.905 

pred. SE Pearson’s 

r 

SAR 

coef. 
Weight 

Pearson’s 

r 

SAR 

coef. 
Weight 

Pearson’s 

r 

SAR 

coef. 
Weight 

Extent -0.401 -0.037 0.643 -0.512 0.000 0.276 -0.432 -0.071** 0.933 

Velocity -0.480 -0.126*** 0.998 -0.675 -0.061** 0.925 0.448 -0.020 0.487 

MAP 0.744 0.064 0.639 0.089 0.009 0.370 0.677 0.059** 0.814 

MAT 0.642 0.125* 0.793 0.376 0.050* 0.739 0.908 0.471*** 1.000 

PS -0.540 -0.015*** 1.000 0.243 -0.000 0.291 -0.344 0.002 0.683 

TS -0.774 -0.737*** 1.000 0.110 -0.003 0.281 -0.782 0.180 0.905 

 

All potential predictors showed non-negligible correlations with PE and SE (Table 3.1), with some predictors 

also slightly correlated among themselves (Table S3.1). Notably, Mean Annual Temperature (MAT) showed 

strong positive correlation to PE and SE in North America, Temperature Seasonality (TS) showed strong 

negative correlation with PE and SE in China, and Velocity had strong negative correlation with PE and SE 
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in Europe (Table 3.1). Bivariate simple linear regressions in all regions showed PE negatively related to 

LGM-present climate change velocity (Fig. 3.1C) and positively related to modern MAT (Fig. 3.2). 

 Regarding climate, the regions especially differ in climate stability and seasonality. In China, modern 

temperature has a large range and its mean and seasonality is higher than that of Europe and North America. 

Meanwhile, Velocity in China is lowest among the three regions. Europe, in contrast, has the least seasonal 

and most uniform modern temperature, but a higher climate-change velocity than China. North America 

shows the highest climate-change velocity since LGM, yet also has higher seasonality in modern climate 

than Europe (Fig. 3.3). 

Figure 3.2 Bivariate linear regressions predicting Phylogenetic Endemism (PE) of angiosperm trees using 

Climate-change Velocity (Velocity) or Mean Annual Temperature (MAT). Red, green, and blue lines display 

OLS regression with 95% confidence intervals, which were respectively fitted for China, Europe, and North 

America. Because of distinct biogeographic histories in the western and eastern forests of North America, 

two separate PE-Velocity regressions were fit for the Western and Eastern subsets of the data. 
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Figure 3.3 Box plots showing the differences in climate between glacier free areas of China, 

Europe and North America. Climate-change Velocity, Temperature Seasonality, Analogue Climate 

Extent and Mean Annual Temperature among the regions was compared by one-way ANOVA, and 

post-hoc comparison indicating significant differences of means were marked by different grouping 

letters. 

 

Accounting for spatial autocorrelation, climate-change velocity turns out to be an important predictor of 

endemism in the multivariate SAR models for all three regions, with a consistently negative effect, reflecting 

higher endemism in relatively more stable climate (Table 3.1). These results were generally similar for PE 

and SE, with the main difference being that the velocity effect was only significant for PE in North America. 

Modern climate factors also had strong relations endemism (Table 3.1). Higher MAT supported significantly 

higher PE and SE in all three regions, and PE and SE also increased with MAP in North America. However, 

the strongest modern climate predictor in China was seasonality, i.e., with higher endemism under less 

seasonal conditions. In North America modern MAT and MAP were the most important predictors of 
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endemism, with small climate extent also linked to higher endemism and, for PE, also a positive association 

to temperature seasonality. In Europe, the only important predictor was MAT.  

 

Discussion 

Phylogenetic endemism in the three main tree floras of Northern Hemisphere showed a consistent, strong 

decline with increasing climate-change velocity since LGM, consistent with earlier reported global relations 

between high species endemism and glacial-interglacial climatic stability (Jansson, 2003; Sandel et al., 2011); 

thus, H1 was verified. Range dynamics due to the glacial-interglacial climate oscillations is a key 

hypothesized mechanism behind the endemism-velocity relationship (Dynesius and Jansson, 2000; Jansson 

and Dynesius, 2002).  

The cause of reduced endemism from fast climate-change could be both increased extinction and reduced 

speciation. The loss of paleo-endemism by extinction should be better captured by the phylogenetic structure 

of species assemblages, as glacial-related extinctions have been ecologically selective and phylogenetically 

non-random, especially in Europe and North America (Eiserhardt et al., 2015; Svenning, 2003). As a result, 

SE did not appear as sensitive to climate-change velocity as PE in North America (Table1, 2). Neo-

endemism is also possible in low climate-change velocity areas (Tedesco et al., 2012), as long-term refugia 

retaining stable climate in repetitive glacial-interglacial fluctuations may also favor speciation (Weber et al., 

2014). Apart from the direct impacts of extinction and perhaps to a limited extent speciation, dispersal 

limitation have played a key role in translating these responses to past climate fluctuations to geographic 

endemism patterns, hereunder via selective recolonization by the more vagile taxa (Sandel et al., 2011). 

Notably, limited postglacial dispersal of trees towards their potential suitable habitats resulted in incomplete 

range filling and strengthened the impact of the glacial-interglacial climate fluctuations on endemism 

patterns (Normand et al., 2009; Svenning and Skov, 2007). Even in southern China where patches of 

subtropical forest persisted during the LGM (Ni et al., 2014), phylogeographic studies of tree species suggest 

their retraction to glacial refugia and various degrees of limited postglacial recolonization (Chen et al., 2012; 

Li et al., 2007; Wang et al., 2009). 
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Modern climate contributed to phylogenetic endemism, too. High endemism was seen under warmer climate 

in general, with MAT a significant predictor of endemism in all regions (in contrast to MAP). This supports 

the TNC hypothesis (Wiens and Donoghue, 2004), thus, H2 was also verified. Moreover, an association of 

endemism with narrow extent of analogous modern climate was only significant in North America, 

suggesting a smaller general role for this factor. Sandel et al. (2011) also proposed an interaction effect 

between modern climate and climate-change velocity, i.e. velocity effect should be stronger in warmer 

climate. This interaction also existed in our study: the glacier-free forested area in China were warmer than 

their counterparts in Europe and North America, and exhibited a larger standardized effect size of velocity. 

In China, where LGM-present climate-change velocity was on average lowest of the three regions, the 

strongest influence on endemism is from the seasonality of modern climate. Annual climate variation was 

high in China, as winter and summer monsoons dominate the year (Hu et al., 2003). Modern climate 

extremes likely pose an additional limit on endemism by favoring generalist species with more flexible 

climate niches and larger ranges (Ghalambor et al., 2006; Janzen, 1967; McCain, 2009). Therefore, high 

regional variation in modern climate masked the effect of relatively stable glacial-interglacial climate and 

verified H3.  

The importance of modern climate in shaping the geographical patterns of endemism were closely 

complemented by long-term climate stability (Svenning et al., 2015). Statistically, Akaike weights in our 

results suggested that velocity is the second most important predictor after modern MAT explaining 

endemism measures in most models of all three temperate forest regions. Similarly, climate stability-linked 

endemism patterns have also been seen in other regional studies (Carnaval et al., 2009; Feng et al., 2016; Ma 

et al., 2016; Weber et al., 2014) and global analyses (Jansson, 2003; Rosauer and Jetz, 2015).  

Phylogenetic Endemism (PE) as a metric of endemism is sensitive to old lineages in restricted ranges without 

young and widespread close relatives, so it will emphasize paleo-endemism. Hence, the relatively slight 

differences in the patterns and relations for SE and PE may suggest the involvement of neo-endemism, e.g., 

as seen for southern North America (Fig. 3.1A3, B3). Although most extant temperate tree species in North 

America had their origins order than the Quaternary period, they were relatively young according to the TNC 

hypothesis (Hawkins et al., 2014), and neo-endemics did appear in the aridification and icehouse trend after 

Miocene, such as the chaparral flora in California (Kraft et al., 2010), or the high degree of niche partitioning 



59 
 

of Quercus spp. in Florida (Cavender-Bares and Wilczek, 2003). Unfortunately, species richness is highly 

associated with neo-endemism (Tedesco et al., 2012), so modern climate drivers of richness gradients (Currie 

et al., 2004) also applied to endemism. Nevertheless, PE showed better ability in analyzing past climate 

effects and unique evolutionary histories, and it served better guidance value in conservation (Forest et al., 

2007).  

This analysis had some limitations: First, the available phylogenetic information (Zanne et al., 2014) does 

not cover all the relevant species, and the distribution data was artificially contained in political borders. 

Although the robustness test using random null models showed that the biases introduced by the data 

restriction were small (Fig. S3.1-S3.5), further studies certainly have room for improvement with more 

available data. Second, some predictors were rather highly correlated to each other, especially in North 

America (Table S3.1), so caution should be used in result interpretation. In addition, further splitting the 

continent into western and eastern parts might reduce the correlations and help distinguish different 

biogeographic histories of the two floras.  Yet, with the current analysis climate-change velocity still 

emerges as statistically important predictors in multi-model inference, justifying the robustness of its effect. 

In conclusion, our analyses show that endemism in angiosperm trees is consistently linked to relatively high 

glacial-interglacial climate stability within the three major temperate forest areas, China, Europe and North 

America. The role of climate stability was in line with previous studies on species endemism (Carnaval et al., 

2009; Feng et al., 2016; Jansson, 2003; Sandel et al., 2011; Weber et al., 2014) and species diversity more 

generally (Svenning et al., 2015). As in previous studies, this historical signal is estimated to act alongside 

important modern climate factors. Importantly, we found that phylogenetic endemism was more sensitive to 

historical climate than species endemism, likely reflecting its greater emphasis on paleo-endemism and 

thereby long-term climate stability (Rosauer and Jetz, 2015), notably past climatic filtering (Eiserhardt et al., 

2015). These results raise concerns over the effects of future climate change on the phylogenetic endemism 

hotspots, as the spatial patterns and environmental impacts of the ongoing change will not necessarily be 

analogous to the Pleistocene glaciations (Sandel et al., 2011). 
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Supplementary Materials for Chapter 3 

Sources of bias and their potential drivers in endemism datasets 

Uncertainties in phylogenetic  information 

In our dataset of temperate forest tree species across China, Europe and North America, 952 species had 

phylogenetic information provided by Zanne et al. (2014), but 1792 species were not included, and the 

majority of which were from China. We treated the additional species in this dataset as random branches 

derived from the most recent common ancestors - nodes with defined age from the known phylogeny (Zanne 

et al. 2014) - and polytomies were not allowed.  Luckily all 1792 additional species share the genera or 

family with the phylogeny provided by Zanne et al. (2014). This resulted in randomization of uncertain clade 

structure on the tips of the families and genera. We ran ten randomizations to assess its effect on introducing 

biases in the Phylogenetic Endemism data, and the signal to noise ratio appeared larger than ten in most grid 

cells in our study (Fig. S3.1). 

 

Figure S3.1 Signal to noise ratio for Phylogenetic Endemism (PE) in the study areas, expressed as the mean 

versus the standard deviation of PE derived from 10 different random additions of species sharing the same 

families and genera  to the phylogenetic supertree based on Zanne et al. (2014). 

 

Uncertainties in species distribution range and the delineation of study areas 

Cropping large-range species with artificial boundaries such as political borders can generate spurious small-

ranged species and thus high endemism near the boundaries. Hence we randomly created species ranges on 

the map of all the landmasses in the extent of the study areas to study the null endemism pattern in the 

artificial boundaries. The null species range datasets had same species richness and followed the same range 
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size distributions as the observed species ranges within the artificial boundaries.  Random phylogenies were 

also generated for the null species with the same summed branch lengths as the phylogenies of the observed 

species in the boundary of each study area. Null Phylogenetic Endemism (PE) and weighted Species 

Endemism (SE) were then calculated with the random ranges and phylogenies of null species, and compared 

with the observed patterns in the three study areas. The null endemism patterns introduced only minimal 

biases to the spatial patterns of the actual observed endemism patterns in China (Fig. S3.2), Europe (Fig. 

S3.3) and America (Fig. S3.4). 

To statistically test the differences between the null models, ten random null models were generated, and the 

endemism values calculated in forested grid cells in the study were compared to the ten null values in each 

cell. Quantile values of the observed value verses the null values were reported, as 1 meaning the observed 

value is greater compared to all null values and 0 meaning the observed value is smaller. The quantiles (q) of 

Phylogenetic Endemism (PE) and Species Endemism (SE) were mapped in the three regions (Fig. S5), and it 

showed significant different spatial patterns of the observed data from the random null model in the majority 

of grid cells. 

  

Figure S3.2 Comparison between Phylogenetic Endemism (PE) and Species Endemism (SE) derived from 

the null model based on random species ranges and phylogenies and the observed data with actual ranges in 

China.  
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Figure S3.3 Comparison between Phylogenetic Endemism (PE) and Species Endemism (SE) derived from 

the null model and the observed data with actual ranges in Europe.   

 

 

Figure S3.4 Comparison between Phylogenetic Endemism (PE) and Species Endemism (SE) derived from 

the null model and the observed data with actual ranges in North America. 
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Figure S3.5 Comparisons of Phylogenetic Endemism (PE) and Species Endemism (SE) of ten random null 

models to the observed data in China, Europe and North America, reporting quantile (q) of the observed 

value in the null distribution. 

  



70 
 

Table S3.1 Pairwise Pearson’s correlation coefficient among the predictor and response variables in the 

models. Bold figures display correlation coefficient higher than 0.5, below the dashed lines, collinearity was 

shown among the predictor variables. SE: Species endemism, PE: Phylogenetic Endemism, VT: Velocity of 

Temperature, Ext: Extent of analogues climate, MAT: Mean Annual Temperature, TS: Temperature 

Seasonality, MAP: Mean Annual Precipitation, PS: Precipitation Seasonality.  

China: LogSE LogVT Ext MAT TS MAP PS 

LogPE 0.986 -0.441 -0.401 0.718 -0.821 0.765 -0.569 

LogSE  -0.480 -0.401 0.642 -0.774 0.744 -0.540 

LogVT   0.373 0.012 0.485 -0.215 0.089 

Ext    -0.268 0.536 -0.359 0.050 

MAT     -0.739 0.736 -0.631 

TS      -0.638 0.466 

MAP       -0.655 

Europe: LogSE LogVT Ext MAT TS MAP PS 

LogPE 0.916 -0.670 -0.580 0.427 -0.091 0.191 0.206 

LogSE  -0.675 -0.512 0.376 0.110 0.089 0.243 

LogVT   0.637 -0.136 0.245 -0.341 -0.157 

Ext    -0.336 0.516 -0.446 0.048 

MAT     -0.304 -0.336 0.349 

TS      -0.327 0.170 

MAP       -0.239 

N America: LogSE LogVT Ext MAT TS MAP PS 

LogPE 0.948 0.483 -0.404 0.915 -0.711 0.695 -0.298 

LogSE  0.448 -0.432 0.908 -0.782 0.677 -0.344 

LogVT   0.164 0.619 -0.079 0.482 -0.631 

Ext    -0.344 0.643 -0.368 -0.116 

MAT     -0.737 0.706 -0.426 

TS      -0.554 0.155 

MAP       -0.415 
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Abstract 

The cradle and museum hypothesis assumes high speciation and low extinction rates in regions with long-

term stable climate, predicting high species age differences for biotic assemblages there. The few studies 

explicitly supporting this hypothesis have mainly focused on animals and so far no study has tested the 

hypothesis for plants at global or near-global scales. Here, we link species age differences of tree 

assemblages in 100 km × 100 km grid cells across Northern Hemisphere to long-term climate variability to 

test the cradle and museum hypothesis. Interestingly, we find that tree species age differences between the 

oldest and youngest group are significantly linked to Quaternary-contemporary temperature changes, decling 

with increasing variability as predicted, but only in Europe and North America. In China, the relatively mild 

Quaternary climate changes appear to not have strongly affected species differences in tree assemblages. Our 

results indicate that although long-term climate variability has left strong legacy on global species diversity 

patterns, the strength may vary among different regions.     
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Introduction 

Causes of the gradual decrease in species richness towards the poles from the equator, namely the latitudinal 

diversity gradient, is still a central question in biogeography and macroecology (Willig et al., 2003; 

Hillebrand, 2004; Jansson & Davies, 2008; Rolland et al., 2014). Most studies search for asociations between 

species diversity with climate variables to infer the ecological and evolutionary mechanisms shaping this 

diversity pattern (Wiens & Donoghue, 2004; Svenning & Skov, 2005; Wang et al., 2009; Shen et al., 2012). 

Recently, by combining phylogenetic and biogeographic information, it has been possible to test hypothesis 

related with speciation and extinction.  

One of such hyposeses is the cradle and museum hypothesis, which suggests that regions with long-term 

stable climate, i.e., glacial refugias, could have both basal and crown lineages of a phylogeny by preserving 

ancient species from climate-driven extinctions and by having more new species through recent speciation 

(Tzedakis et al., 2002; Mckenna & Farrell, 2006; Moreau & Bell, 2013). Therefore, species age differences 

between the basal and crown lineages would be relatively larger in climatic stable areas than anywhere else 

(Pellissier et al., 2014). Several studies on this hypothesis mainly focus on animals, such as leaf beetles, ants, 

fishes and marine bivalves (Mckenna & Farrell, 2006; Jablonski et al., 2006; Moreau & Bell, 2013; Pellissier 

et al., 2014). Hitherto, no studies have assessed the cradle and museum hypothesis, notably as concerns of 

tree species age differences, at global or near-global scales.  

Although tree assemblages in China, Europe and North America are similar in composition and structure, 

China has the highest species richness among the three regions (Latham & Ricklefs, 1993; Fang et al., 2012). 

The relative stable climate during the Neogene and Quaternary glacial-interglacial cycles in China, providing 

essential refuges, is one of the main causes driving the tree diversity patterns in Northern Hemisphere (Qian 

& Ricklefs, 1999; Lopez-pujol et al., 2006). However, few studies have directely connect paleoclimate 

stability with tree assemblage composition and structure to test the varying effects of climate change in these 

regions.    

In this study, we link tree species age differences with long-term climate variability, contemporary climate 

and atitudinal range in China, Europe and North America to address those questions. Specifically, according 

to the cradle and museum hypothesis tree species age differences should be negatively correlated with late 

Quaternary-contemporary climate change. Moreover, since China has been mildly affected by the 
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Quaternary climate change (Qian & Ricklefs, 1999; Lopez-pujol et al., 2006), we further hypothesize that the 

relations between tree species age differences and late Quaternary-contemporary climate change in China 

will be relatively weaker, compared with Europe and North America.  

 

Materials and Methods 

Tree distribution data 

In this study we focused on tree species with a maximum canopy height larger than 10 meters because of 

data availability. The study covered three regions: China, North America and Europe. Tree distribution data 

for China came from the Chinese Vascular Plant Distribution Database, which is mainly compiled from 

Flora Republicae Popularis Sinicae (Delecti Florae Reipublicae Popularis Sinicae Agendae Academiae 

Sinicae, 1959-2004), provincial and regional floras. Tree distribution data for North America was compiled 

in the Atlas of United States Trees (Little, 1971-1978), digitized and available at the USGS Geosciences and 

Environmental Change Science Center. Tree distribution for Europe was compiled from the Atlas Florae 

Europaeae (AFE; Jalas & Suominen, 1972–1994). All the distribution maps where converted to Lambert 

azimuthal equal-area projection and rasterized to a 100 × 100 km
2
 resolution. For our analyses we only used 

grid cells with more than 50% of land area. Finally, the study covered 2,154 tree species in China, 159 in 

Europe and 367 in North America.   

Phylogeny 

To get tree species age, we used an updated megaphylogeny of plants (Qian & Jin, 2015), based on a time-

calibrated species-level phylogeny covering 31,749 plant species (Zanne et al., 2014). This phylogeny was 

generated based on seven gene regions and includes 98.6% families as well as 51.6% genera of all extant 

seed plants in the world (Zanne et al., 2014). Species not included in this phylogeny were added to their 

genera using BLADJ. Because species age derived from terminal branch length could be sensitive to the 

algorithum of adding species to the base tree,  we also randomly (100 times) added these species within their 

relevant genera and families, producing 100 phylogenies as a null comparison. The mean terminal branch 

length of each species from the 100 random phylogeny was used to represent the species age.  
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Environmental variables 

Contemporary climate was characterized by mean annual temperature (MAT) and mean annual precipitation 

(MAP), which are from WorldClim (Hijmans et al., 2005). Altitude range per grid cell is also from 

WorldClim (Hijmans et al., 2005). Temperature and precipitation during the Last Glacial Maximum (LGM) 

were extracted from the Community Climate System Model version 3 (CCSM3; Hijmans et al., 2005; Otto-

Bliesner et al., 2006) and the Model for Interdisciplinary Research on Climate version 3.2 (MIROC3.2; 

Hasumi & Emori 2004). LGM temperature and precipitation were then sumarized as the mean of the two 

models. Glacial-contemporary anomalies (contemporary climate minus LGM climate) in MAT and MAP and 

glacial-contemporary velocities in MAT and MAP were used to directly represent paleoclimate change. 

Velocity is the ratio between the rate of temporal climate change and the rate of spatial climate change 

(Loarie et al., 2009). All environmental variables were processed in ArcMap 10.1.    

Statistical Analyses 

Tree species in each grid cell were sorted according their ages and then were equally divided into three 

groups. The differences in median value between the oldest and youngest group were used to represent the 

age differences. Environmental variables that were not normal distributed were log-transformed. And finally 

all variables were standardized to get the standardized coefficients.  

Relations between tree age differences and each environmental variable were tested by Simultaneous 

Autoregressive (SAR) models to account for spatial autocorrelation. To find the best combination of 

variables associated with tree age differences, we did multiple regressions. Because the velocity in climate is 

highly correlated with anomaly in climate and altitude range, we divided them into two groups: group 1 

includes MAT, MAP, velocity in MAT and velocity in MAP; group 2 includes MAT, MAP, anomaly in 

MAT, anomaly in MAP and altitude range. In each group, all possible combinations of variables were run 

with SAR models. Akaike’s Information Criterion (AIC) was used to choose the best combination in each 

group. Results from the two phylogenies, using BLADJ and the random way to add species in the phylogeny, 

are similar. Therefore we only reported the result using the first phylogeny in the maintext, and then list the 

results using the second phylogeny in the Appendix. All analysis were done in R (version 3.1.1, R Core 

Team). 
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Figure 4.1 Maps of tree species age differences in median value between the oldest and youngest group, and 

its two most related variables in China, Europe and North America, which are mean annual temperature 

(MAT) and mean annual precipitation (MAP) in China, glacial-contemporary anomaly of mean annual 

temperature and precipitation (MAT/MAP Anomaly) in Europe, and glacial-contemporary anomaly and 

velocity of mean annual temperature in North America. 

 

Results 

Glacial-contemporary anomaly in MAT was the variable most associated with tree species age differences in 

both Europe and North America, with glacial-contemporary anomaly in precipitation and velocity in 

temperature are the second most associated variable in Europe and North America, respectively (Fig. 4.1, 4.2; 
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Table S4.1). In contrast, the two variables most associated with tree species age differences in China are two 

contemporary climate variables, i.e., contemporary mean annual temperature and mean annual precipitation 

(Fig. 4.1, 4.2; Table S4.1). Notably, all the associations with paleoclimate unstability are negative and all the 

associations with contemporary climate are positive, indicating that tree species age differences tend to be 

larger in regions with stable paleoclimate in Europe and North America, and in regions with higher 

contemporary temperature and more precipitation in China (Fig. 4.2).      
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Figure 4.2 Scatter plots of tree species age differences against their two most associated variables in China 

(CN), Europe (EU) and North America (NA). Mean annual precipitation (MAP) in China, AnomalyMAT in 

Europe, and VelocityMAT in North America are log transformed. Linear regression fits are given. 

Results from multiple regressions show similar patterns, indicating the important role of paleoclimate in 

North America and Europe, and the important role of contemporary climate in China in shaping the tree 

species age differences (Table 4.1). Notably, the best combination of variables include both contemporary 

and paleoclimate in North America and China, emphasizing the complementary effect of these two sets of 

variables (Table 4.1).  

Table 4.1 Simultaneous Autoregressive models of tree species age differences in median value between the 

oldest and youngest group against combinations of environmental variables in China, Europe and North 

America. Standardized coefficients (Coef) for the model with the lowest AIC for a given variable group (see 

below) are given, as well as the Akaike weight (w) for each variable based on the full model sets per group. 

Model sets involved all possible combinations of associated variables, for two groups of variables: Group 1: 

mean annual temperature/precipitation (MAT/MAP), glacial-contemporary MAT/MAP velocity. Group 2: 

MAT, MAP, altitude range (ALT), glacial-contemporary MAT/MAP anomaly. 
** 

p < 0.01, 
* 
p < 0.05.  

 

  China Europe North America 

Group 1 Coef w Coef w Coef w 

MAT 0.205
**

  0.883 
 

0.367 0.289
**

   0.998 

MAP 
 

0.477 -0.039 0.462 -0.109
**

 0.931 

VelocityMAT -0.089 0.547 
 

0.377 -0.264
**

   1 

VelocityMAP 
 

0.31 
 

0.365 
 

0.271 

R
2
 0.643 

 
0.639 

 
0.773 

 AIC 1491.1 
 

920.6 
 

2190.1 
 Group 2 

      MAT 0.155
*
  0.811 

 
0.332 0.203

**
   0.865 

MAP 0.147 0.547 
 

0.381 -0.058 0.539 

ALT 
 

0.295 
 

0.315 0.065 0.613 

AnomalyMAT 
 

0.321 -0.247 0.599 -0.386
**

   0.998 

AnomalyMAP  
 

0.292 
 

0.397 
 

0.274 

R
2
 0.643 

 
0.64 

 
0.772 

 AIC 1491.9   918.8   2197.8   
 

 

Discussion 

Extinction, speciation and dispersal are three fundamental processes underlying latitudinal diversity gradient 

(Pyron & Wiens, 2013). The cradle and museum hypothesis assumes that stable habitat in glacial refugia 

would both avoid extinction like a museum and promote speciation like a cradle (Mckenna & Farrell, 2006). 

In contrast, the tropical niche conservatism hypothesis supposes that species are originated from warm 
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tropics and could not disperse into cold temperate regions because of temperature niche conservatism (Wiens 

& Donoghue, 2004). To our knowledge, this study is the first attempt to link paleo- and contemporary 

climate with tree species age differences to compare the associations of these two hypotheses with tree 

diversity patterns at a global scale.  

Compared with Europe and North America, China was relatively mildly affected by the Last Glacial 

Maximum (Qian & Ricklefs 1999; Lopez-pujol et al., 2006), which is consistent with our results (Figure 4.2, 

Table 4.1), where we found tree species age differences in China were only significantly and positively 

correlated with contemporary climate or altitude range. Complex topography could both decrease extinction 

by facilitating species to track climate change and increase speciation by creating geographically isolated 

areas (Huang et al., 2012; Svenning et al., 2009).        

The negative relations between tree species age differences and late Quaternary-contemporary temperature 

change in Europe and North America suggest that grid cells with stable climate tend to have larger tree 

species age differences (Figure 4.2, Table 4.1), which may indicate that stable climate in the long-term could 

both have more young species by promoting speciation and have more old species by preserving old lineages. 

This result provides strong supplementing evidence for the cradle and museum hypothesis as no studies have 

tested this on plants at a global scale (Mckenna & Farrell, 2006; Jablonski et al., 2006; Moreau & Bell, 2013; 

Pellissier et al., 2014).     

The consistent positive relations between mean annual temperature (MAT) and tree species age differences 

across these three regions suggest that most species are originated from warm tropical areas and their 

dispersal into cold temperate regions is limited by niche conservatism in temperature, providing support for 

the tropical niche conservatism hypothesis. Previous evidences for the hypothesis cover several groups of 

organisms, but mainly focus on one region or continent (Hawkins et al., 2009; Stevens, 2011; Qian et al., 

2013; Feng et al., 2015).     

Notably, the combining effect of contemporary and paleo- climate found in the best model in Europe and 

North America may indicate that tree diversity patterns in these two regions are codetermined by both 

historical and contemporary factors (Table 4.1), emphasizing the necessity to consider multiple processes 

together when discussing the latitudinal diversity gradient (Willig et al., 2003; Shen et al., 2012; Lamanna et 

al., 2014).     
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Lastly, China is one of the countries with richest plant diversity, have about 33,000 vascular plants and rank 

third in the world following Brazil and Colombia (Lopez-pujol et al., 2006). However, this well preserved 

flora from the Quaternary climate change is facing unprecedented anthropogenic activities, suggesting that 

special attention should be paid on its rich flora during this new Anthropocene era (Corlett, 2015).    
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Supplementary Materials for Chapter 4 

Table S4.1 Simultaneous Autoregressive models of age differences in median value between the oldest and 

youngest group against each environmental variable in China, Europe and North America. Standardized 

coefficients (Coef), pseudo R
2
 and AIC are given. MAT/MAP = mean annual temperature/precipitation, 

VelocityMAT/P = glacial-contemporary MAT/MAP velocity, ALT = altitude range, AnomalyMAT/P = glacial-

contemporary MAT/MAP anomaly. The two variables have the lowest AIC in each region are in bold. 
** 

p < 

0.01, 
* 
p < 0.05.  

  China Europe North America 

  Coef R
2
 AIC Coef R

2
 AIC Coef R

2
 AIC 

MAT 0.134
*
  0.642 1492.4 -0.017 0.638 921.2 0.148

*
  0.77 2211.3 

MAP 0.104 0.641 1494.9 -0.039 0.639 920.6 -0.044 0.769 2213.9 

VelocityMAT -0.024 0.640 1495.7 -0.011 0.638 921.2 -0.149
**

 0.770 2205.7 

VelocityMAP -0.024 0.640 1495.6 0.009 0.638 921.2 -0.04 0.769 2214.0 

ALT 0.002 0.640 1496.0 0.021 0.638 921.0 0.010 0.769 2215.1 

AnomalyMAT -0.038 0.640 1495.9 -0.247 0.640 918.8 -0.389
**

  0.771 2201.7 

AnomalyMAP 0.013 0.640 1496.0 -0.102 0.639 920.0 -0.033 0.769 2215.0 

 

 

Table S4.2 Simultaneous Autoregressive models of age differences against each environmental variable in 

China, Europe and North America using the second phylogeny (randomly add species). Standardized 

coefficients (Coef), pseudo R
2
 and AIC are given. MAT/MAP = mean annual temperature/precipitation, 

VelocityMAT/P = glacial-contemporary MAT/MAP velocity, ALT = altitude range, AnomalyMAT/P = glacial-

contemporary MAT/MAP anomaly. The two variables have lowest AIC in each region are in bold. 
** 

p < 

0.01, 
* 
p < 0.05.  

ZY China Europe North America 

  Coef R
2
 AIC Coef R

2
 AIC Coef R

2
 AIC 

MAT 0.291
**

  0.633  1512.4  0.058  0.706  816.7  0.407
**

  0.731  2462.4  

MAP 0.123  0.626  1526.9  -0.052  0.707  815.8  -0.035  0.726  2488.2  

VelocityMAT 0.050  0.626  1527.1  0.001  0.706  817.2  -0.109
*
  0.727  2484.3  

VelocityMAP -0.035  0.626  1527.7  -0.013  0.706  817.1  -0.046  0.726  2487.6  

ALT -0.028  0.626  1527.8  -0.024  0.706  816.9  -0.029  0.726  2488.1  

AnomalyMAT -0.054  0.626  1528.2  -0.285
*
  0.708  814.1  -0.375

**
  0.729  2475.0  

AnomalyMAP -0.034  0.626  1528.3  -0.156  0.708  813.9  -0.029  0.726  2488.7  
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Table S4.3 Simultaneous Autoregressive models of tree species age differences against combinations of 

environmental variables in China, Europe and North America using the second phylogeny (randomly add 

species). Standardized coefficients (Coef) for the model with the lowest AIC for a given variable group (see 

below) are given, as well as the Akaike weight (w) for each variable based on the full model sets per group. 

Model sets involved all possible combinations of associated variables, for two groups of variables: Group 1, 

mean annual temperature/precipitation (MAT/MAP), glacial-contemporary MAT/MAP velocity; Group 2, 

MAT, MAP, altitude range (ALT), glacial-contemporary MAT/MAP anomaly. 
** 

p < 0.01, 
* 
p < 0.05.  

 

  China Europe North America 

 

Coef w Coef w Coef w 

MAT 0.310
**

 1 

 

0.413 0.602
**

 1 

MAP 0.191
*
 0.792 -0.052 0.547 -0.150

**
 0.997 

VelocityMAT 

 

0.293 

 

0.368 -0.310
**

 1 

VelocityMAP 

 

0.451 

 

0.358 

 

0.298 

R
2
 0.635 

 

0.707 

 

0.737 

 AIC 1509.3 

 

815.8 

 

2425.5 

 Group 2 

      MAT 0.310
**

 1 

 

0.321 0.516
**

 1 

MAP 0.191
*
 0.854 

 

0.407 -0.082
*
 0.775 

ALT 

 

0.298 

 

0.327 0.080
*
 0.853 

AnomalyMAT 

 

0.472 -0.241 0.609 -0.351
**

 1 

AnomalyMAP  

 

0.278 -0.137 0.646 

 

0.275 

R
2
 0.635 

 

0.709 

 

0.736 

 AIC 1509.3   813.4   2434.1   
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Abstract 

Boreal forest is the most extensive forested biome on Earth and plays important roles in the carbon cycle. At 

the same time, many studies suggest that it is also highly sensitive to climate change. Fire is often considered 

the main driver of tree cover losses within this biome, while potential effects of growing season warming and 

permafrost thawing have only received scant attention in large-scale studies.  Here, we assess the impacts of 

these factors on boreal forest tree cover dynamics from 2000 to 2010 using MODerate Resolution Imaging 

Spectroradiometer (MODIS) satellite data to map tree cover loss and burned area across the whole boreal 

biome. Data on permafrost distribution, temperature and precipitation changes, and soil moisture was used to 

test for spatial links between tree cover changes and permafrost thawing as well as other known drivers, i.e., 

fire and human influence. Our results showed that boreal tree cover loss has been most pronounced in high 

latitudes, with permafrost zone and temperature change being the most important predictors in Random 

Forest models of tree cover change. Tree cover loss was associated with continuous permafrost zones and 

positive soil moisture change, suggesting permafrost thawing to be the cause of the loss, while tree cover 

gain was associated with higher cumulative temperature in the growing season. Fire effects were also 

detected, with forest cover gain in small burned areas and loss in larger burned areas. While future work is 

needed to further elucidate the drivers of current boreal forest dynamics and how they vary geographically, 

these findings show that global-warming-induced permafrost thawing is already causing strong tree cover 

losses across large areas in the boreal biome now. 
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Introduction 

The boreal forest, a vast circumpolar area dominated by coniferous trees in the Northern Hemisphere, is the 

most extensive continuous terrestrial biome on Earth, covering about one third of the forested land surface 

area (Olson et al., 2001). The boreal forest has important roles in the global carbon balance (Barr et al., 2002; 

Kasischke, 2000) and great effects on climate (Betts and Ball, 1997; Bonan, 2008). In the meantime, being at 

high latitude, the boreal forest is sensitive to climate change (IPCC, 2014). As the climate becomes warmer, 

tree growth may increase with more favourable early spring temperature and longer growing season (Huang 

et al., 2010). On the other hand, a drier climate may reduce this effect (Montwé et al., 2016) and more fire 

activity (Stocks et al., 1998) would turn more boreal forest stands into carbon sources (Hicke et al., 2003; 

Lindroth et al., 1998; Randerson et al., 2006). Further, trees growing in permafrost zone will fall if the 

ground becomes unstable due to thawing (Jorgenson et al., 2001; Vitt et al., 2000), and the large carbon 

storage in the peat and the boreal forest floor will be at risk to release more CH4 and CO2 into the atmosphere 

(Gorham, 1991; Goulden et al., 1998). 

High-resolution remote-sensing data can help keeping track of global forest dynamics (Hansen et al., 2013, 

2010, 2003). The Landsat sensor of the National Aeronautics and Space Administration (NASA) identified 

the largest area of tree cover loss from year 2000 to 2005 in the boreal biome (Hansen et al., 2010), and  a 

following analysis from 2000 to 2012 attributed boreal forest change to fire and forestry practice (Hansen et 

al., 2013). Fire as a predominant factor of boreal forest spatial structure and dynamics (Bourgeau-Chavez et 

al., 2000; Shvidenko and Nilsson, 2000) has also been analysed using satellite-borne remote sensing, e.g. 

studies with Advanced Very High Resolution Radiometer (AVHRR) (Kasischke and French, 1995; Li et al., 

2000), L3JRC (Tansey et al., 2008) and Moderate Resolution Imaging Spectrometer (MODIS) (Vivchar, 

2011). In the context of climate change, satellite-borne remote sensing has also been widely applied to 

monitor the Essential Climate Variables such as air temperature and soil moisture (Hollmann et al., 2013). 

With all the remote sensing data available, we can now quantify key ecological patterns and processes at  a 

global scale (Kerr and Ostrovsky, 2003) in the first decade of the 21
st
 century. If fire is the dominant factor 

driving boreal tree cover change, their spatial patterns should be associated, and the same applies to other 

potential drivers, such as a longer, warmer growing season due rising temperatures, temperature and drought 

stress, forestry management, and destabilisation due to permafrost thawing.  
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We expect that the boreal forest biome during 2000-2010 will have experienced 1) increasing tree cover due 

with longer, warmer growing season; 2) decreasing tree cover with increasing fire intensity; 3) decreasing 

tree cover in unstable permafrost areas; and 4) decreasing tree cover with increasing human disturbance.  

 

Materials and Methods 

Study area 

Our study areas covered the global extent of boreal forests. Available remote sensing data south of 70° N 

parallel within the biome classified as "Boreal Forests/Taiga" by the World Wide Fund for Nature’s 

Terrestrial Ecoregions (Olson et al., 2001) was compiled on the continents of Eurasia and North America, 

hereafter referred as "the boreal zone". 

Tree cover change 

We downloaded Vegetation Continuous Fields data within the study area from the University of Maryland 

Global Land Cover Facility FTP server (glcf.umd.edu/data/vcf/). The data had its source in the MODIS 

Collection 5 MOD44B data product of NASA. The data was available from the year 2000 to 2010, originally 

in 12 × 16 degrees tiles with 7.5 arc-seconds resolution in GCS-WGS 1984 spatial reference and aggregated 

to 1° grid cells, and all tiles in the boreal zone were mosaicked together. We took the mean value of all pixels 

with available vegetation field data (0-100) in each grid cell as the tree cover percentage. 

The Tree Cover Change (dTC) of each grid cell was estimated as the slope of a linear regression fitted to tree 

cover and year from 2000 to 2010, indicating increment in tree cover percentage per year. Then, we 

attempted to explain the geographic pattern of dTC in the boreal zone (Fig. 5.1) with the relevant data in the 

same grid cells and spatial reference systems, hereafter referred as "the boreal grids."  

Soil Moisture change 

European Space Agency (ESA) Soil Moisture Climate Change Initiative (CCI) daily monitoring data 

(www.esa-soilmoisture-cci.org/node/145) was obtained for the years 2000-2010 in 15 arc-minutes resolution, 

and each pixel took the annual mean of all available daily soil moisture readings. We extracted every year's 

annual mean soil moisture according to the boreal grids, and again fitted linear regressions between soil 
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moisture and year. Soil Moisture Change (dSM) was the slope of the regressions in each grid cell and used as 

an explanatory variable of dTC. 

Permafrost 

We used the Global Permafrost Zonation Index (PZI) (Gruber, 2012) from the University of Zurich 

(www.geo.uzh.ch/microsite/cryodata/pf_global/) to map the permafrost distribution. Permafrost observation 

data and The Climatic Research Unit (CRU) temperature-based permafrost models jointly contributed to this 

classification of permafrost percentage. We extracted the original data in 30 arc-seconds resolution with the 

boreal grids by taking the mean of PZI in each grid cell.  

Climate change 

We downloaded monthly temperature and precipitation data from the data server of CRU 

(www.cru.uea.ac.uk/data) in the years from 1961 to 2010. Data was available in GCS-WGS 1984 spatial 

reference with 0.5-degree resolution. For each year, we calculated the mean temperature and precipitation. 

Also, we constructed cumulative temperature of the growing season (CTG) as the sum of above 0 °C 

monthly temperature per year. To account for climate change during 2001-2010, we calculated mean annual 

temperature, precipitation and CTG for each year in this decade and compared them to the annual means for 

1961-1990 as a baseline reference. The difference between the 2001-2010 decade and the baseline reference 

defined the climate anomaly. 

Fire 

We derived mean annual burned area in the boreal grids using the NASA Collection 5 MODIS (MCD45A1) 

Burned Area Monthly Level 3 Global 500m product. Monthly MCD45A1 data was available at the 

University of Maryland Fire FTP server (modis-fire.umd.edu) as GeoTIFF files within various geographic 

windows, which had pixel values indicating the approximate date of burn. We summarised the area of the 

pixels burned each year in the boreal grids and derived the total burned area in each grid cell. Then we 

calculated the mean annual burned area for 2000-2010.  

Human influence index 
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We obtained Global Human Influence Index (HII) ver. 2 (Wildlife Conservation Society - WCS and Center 

for International Earth Science Information Network - CIESIN - Columbia University, 2005) from the 

NASA Socioeconomic Data and Applications Center (SEDAC). The data incorporated human population 

density, land use, and proximity to transportation networks in maps with Horizontal Coordinate System and 

1-km resolution. We projected the HII to the boreal grids and extracted the mean of each grid cell, and it was 

used as a proxy measure of all anthropogenic changes to the boreal forest, such as logging and silviculture.  

Random Forest modelling 

Random Forest (RF), a machine learning method (Breiman, 2001), have been applied in a gradually broader 

range of ecology studies (Cutler et al., 2007; Evans et al., 2011; Oliveira et al., 2012; Rodriguez-Galiano et 

al., 2012) for advantages of its non-parametric nature, and ability to handle non-linear relationship and 

complex interactions with predictive models.  We think RF is ideal to model global boreal forest dynamics 

with a synthesis of relevant field monitoring and remote-sensing dataset.  

After a preliminary analysis of boreal tree cover in year 2010, we trained RF models to predict 2000-2010 

tree cover change with all PZI, dSM, burned area, climate anomaly, and HII variables available in the boreal 

grid cells. We selected the optimal number of variables tried at each split using bootstrapping: training RF 

models with varying numbers of variables per split to predict the out of bag (OOB) data, and the model with 

minimal mean squared error (MSE) was selected. We also tried both 1° and 2° grid cells to assess the 

robustness of spatial patterns in different resolution. 

The final RF model used 1° resolution (n=2415) and tried four variables at each split and used 2000 trees. 

Random resampling of each predictor tested the model sensitivity to predictors. The increment of MSE and 

node impurity by the observed values comparing to a random resampling of the focal variable gives the 

ranking of predictor importance.  Furthermore, we used partial dependence plots to visualize the main effects 

of each predictor variable, and residual correlograms to examine model performance in explaining the spatial 

patterns.  

All analysis was performed in R 3.2.2 (R Core Team, 2015) with the "caret" (Wing et al., 2016), "maptools" 

(Bivand et al., 2015), "randomForest" (Cutler and Wiener, 2015), "raster" (Hijmans et al., 2015), and "ncf" 

(Bjornstad, 2015) packages. 
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Figure 5.1 (Previous page) Maps of tree cover change and the predictor variables in 1-degree cells of the 

boreal zone. The maps were coloured intuitively. (a): Tree cover gain displayed in green and loss in red. (b): 

High permafrost percentage displayed in white. (c) & (d): Warmer temperature in red and cooler temperature 

in blue. (e) & (g): More burned area or high human influence displayed in red. (f) & (h): Drier in yellow-red 

and wetter in green-blue. 

 

Results 

Tree cover change (dTC) in 2000-2010 ranged from -1.27 to 1.19 per 1° grid cell, with the median of -0.012 

and the mean of -0.025. Hence, there were more boreal grid cells with tree cover loss than gain in the decade. 

The dTC map appeared to have latitudinal patterns (Fig. 5.1a), more tree cover loss was observed towards 

the extremes of the boreal latitudinal range, and the majority of grid cells with tree cover loss were north of 

60° N (Fig. S5.1).  

Permafrost was most extensive in eastern Siberia and the northern part of North American boreal forest (Fig 

1b). Some areas of high permafrost ratio in the soil also experienced high temperature anomaly (Fig. 5.1b, 

5.1c). Average temperature in our study’s decade had risen in all grid cells compared to the average of 1961-

1990. The temperature anomaly ranged from 0.47 to 1.91 °C, and was also higher in the north. Notably, there 

were anomaly hot spots in Alaska, Quebec and eastern Siberia (Fig. 5.1c). Cumulative temperature of the 

growing season (CTG) also showed a general increase across the boreal zone, but slightly decreased in 

western interior Canada. The CTG anomaly ranged from -0.48 to 10 °C, and the largest-magnitude increase 

was again in Alaska and Quebec, but also in the boreal zone of Europe and around Lake Baikal (Fig. 5.1d). 

The precipitation anomaly ranged from -25.30 to 9.72 mm, with a median of 1.54 mm. Compared to 

temperature, the geographic pattern was patchier (Fig. 5.1f). Still, continuous boreal areas of western Canada 

and eastern Alaska had become drier in the study’s decade than the average of 1961-1990, and it noticeably 

coincided with high burned area. Average burned area per year was highest in Quebec, western central 

Canada, interior Alaska, the Lena River basin of Siberia, and east of Lake Baikal (Fig. 5.1e). The high 

burned area grid cells often see drier or hotter climate (Fig. 5.1c, 5.1f). Human influence is higher in Eurasia 

than in North America, especially so west of the Urals. It is also higher in the southern boreal zone (Fig.  

5.1g). Soil moisture change roughly followed a latitudinal pattern, too. More grid cells in the northern boreal 

zone were getting wetter than the south. Besides, topography was also determining soil wetness change (Fig 

5.1h).  
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Figure 5.2 Rank of predictor importance in the Random Forest model. PZI = Permafrost Zonation Index, 

T.Anom = Temperature anomaly, CTG.Anom = Cumulative temperature of growing season anomaly, P. 

Anom = Precipitation anomaly, Fire = Burned Area, HII = Human Influence Index, dSM = Soil moisture 

change. 

 

 

Figure 5.3 (a) to (g): Response curves of predictor main effects on tree cover change in the Random Forest 

model. (h): Temperature anomaly in different permafrost zones. Units of temperature: °C, precipitation: mm, 

burned area: km2; other variables are ratios or indices without unit. 
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The RF model explained 36.9% of the variance in tree cover change. Ranking the importance of predictors of 

tree cover change by MSE, Permafrost zones (PZI) and temperature anomaly was of higher importance than 

fire, which was closely followed by precipitation anomaly and human influence (HII). Soil moisture change 

was ranked lowest, yet if we randomize it in cross-validating the model with the OOB data, it would still lead 

to about 73.8% increase of MSE in the predicted value, so its value was still crucial to an accurate model 

(Fig. 5.2). 

According to the response curves of the RF model, tree cover was lost in zones with sporadic (0.1 - 0.5) 

permafrost in soil; as permafrost ratio increased, less tree cover was lost per year, and tree cover gain 

occurred in zones with discontinuous (0.5 - 0.9) permafrost. However, with continuous (>0.9) permafrost 

tree cover decreased abruptly (Fig. 5.3a), likely associated with high temperature anomaly on continuous 

permafrost zones (Fig. 5.3h). 

The response of tree cover change to temperature anomaly was a more monotonic increase. Rising 

temperature was associated with tree cover loss when anomaly of mean annual temperature was smaller than 

about 1.2 °C (Fig. 5.3b). However, as tree cover gain increased with the cumulative temperature of the 

growing season (Fig. 5.3c), the response of tree cover to temperature anomaly became stable around no net 

gain or loss (Fig. 5.3b). 

Tree cover increased when burned area per year in the grid cell was small (< 40 km
2
), but lost more as more 

area was burned (Fig. 5.3d). Precipitation anomaly did not have big influence on tree cover alone (Fig. 5.3e). 

Tree cover showed a steady loss in areas with strong human influence above a threshold. Notably, a positive 

soil moisture change is also associated with steady tree cover loss, but negative soil moisture change had no 

effect (Fig. 5.3g). 

There was still a considerable proportion of the variance in tree cover change not explained by the RF model. 

The residual exhibited spatial autocorrelation (Fig. S5.2), and the spatial pattern had a similar latitudinal 

gradient as tree cover change (Fig. S5.3). 
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Discussion 

We found permafrost zone and climate anomaly more important than burned area and human influence in 

explaining tree cover change in the first decade of the 21
st
 century. These findings are consistent with a 

widespread impact of climate change and permafrost distribution on tree cover across the boreal forest biome. 

Notably, boreal forest tree cover is limited by permafrost distribution: in our preliminary analysis, PZI 

explains 56.0% of the variance in the boreal tree cover of year 2010 alone in a simple linear regression. Thus, 

the varying response of tree cover change to PZI likely reflected variable processes with heterogeneous 

effects on permafrost zones. 

Contrary to the common belief that the boreal forest will expand into the tundra as the temperature rises 

(Bonan, 2008), our result did not show this pattern for the study decade, 2000-2010. Still, some other studies 

have found boreal forest can exhibit fast responses to climate change (Soja et al., 2007). In contrast, we 

found that tree cover was lost at high latitudes, especially in continuous permafrost zones, suggesting 

permafrost degradation and forest collapse as drivers of the reduction in tree cover (Jorgenson et al., 2010, 

2001; Jorgenson and Osterkamp, 2005; Vitt et al., 2000), and the steady tree cover loss associated with 

positive soil moisture change strengthened this point. Tree cover gain did happen in the discontinuous 

permafrost zone, with higher cumulative temperature of growing season, was associated with areas with a 

relatively strong lengthening of growing season due to higher temperatures (Huang et al., 2010). At the 

southern limit of the boreal zone, tree cover decreased as expected, likely owing to drought (Kharuk et al., 

2013; Montwé et al., 2016), and/or a synergy of fire and human influence (Hansen et al., 2013). Therefore, 

the overall temperature increase created a general negative impact on tree cover change.  Although we 

expected increasing boreal tree growth with a warmer climate, we found only temperature in growing season 

had showed the expected response, and the net tree cover gain of warmer temperature is likely offset by the 

other temperature-related drivers of tree cover loss. 

Burned area was less important than climate warming for the spatial variation in tree cover change across the 

boreal biome, and fire occurrence was affected temperature and precipitation anomaly, likely reflecting 

climate effects on fire regimes (Gillett et al., 2004). We furthermore found that low-intensity fire was 

associated with tree cover gain, likely reflecting adaption to regeneration after fire due to the naturally 

widespread occurrence of fire-prone conditions in the boreal biome (Bourgeau-Chavez et al., 2000; Payette 
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et al., 2001). Notably, tree regrowth after fire can observed within a decade(Hicke et al., 2003) in frequently 

burned areas. However, after big fires that burned large areas we expect slower recover of tree cover, as 

shown in the response of tree cover change to burned area. Fire also interacts with permafrost, but remote 

sensing is more likely to detect crown fire than understory fire, which would consume the organic layer on 

the forest floor and have larger effects on soil permafrost (Yoshikawa et al., 2002). We are aware of the 

MODIS MCD45A1 data’s tendency to underestimate burned area, so we only recorded detectable fire 

presence for our analyses. Still, it has been shown that in the boreal forest MCD45A1 was actually more 

accurate than an alternative, the L3JRC burned area, which overestimate burned area (Chang and Song, 

2009). 

The Random Forest models have only moderate explanatory power, and a sizeable proportion of the spatial 

patterns in the tree cover change was not accounted for. These patterns were likely not represented by our 

explanatory variables. Spatially autocorrelated processes such as insect and pathogen outbreak(Cullingham 

et al., 2011; Malmström and Raffa, 2000; Volney and Fleming, 2000), wind disturbance (Rich et al., 2007; 

Ulanova, 2000), and local land management likely have all contributed to the unexplained tree cover change 

in our study. Still, the importance of permafrost and climate change emerged in our analysis at both 1° and 2° 

resolution (results not shown), suggesting consistent large-scale links between tree cover change and the 

drivers representing in this study. 

In summary, our study shows that the first decade of 21
st
 century have seen notable tree cover dynamics 

across the Northern Hemisphere boreal zone, with losses concentrated at the southern and northern limits and 

some gains at its mid latitudes. The dynamics in tree cover change are spatially linked not just to fires and 

human disturbances, but also to climatic warming and permafrost thawing. In fact, these climate change 

factors emerged as the strongest drivers of tree cover change across the 2000-2010 time period. These 

findings suggest that anthropogenic climate warming may already now be emerging as the dominant driver 

of boreal forest tree cover dynamics, highlighting the high sensitivity of this biome to climate change. Our 

study supplemented previous global analysis identifying human disturbance as the main cause of boreal 

forest loss (Bradshaw et al., 2009). We foresee wider application of remote sensing and machine learning in 

future studies of macroecology to paint the important pictures that help us better understand the impacts of 
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climate change, and we urge again for the restoration of the degraded areas and immediate preservation of 

the remaining boreal forests. 
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Supplementary Materials for Chapter 5 

 

Figure S5.1 Tree cover change distribution in latitudinal bins. 

 

Figure S5.2 Correlogram of residuals of the Random Forest model. 
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Figure S5.3 Residual map of the Random Forest model. 
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