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Summary

Summary
Worldwide, tropical grassy biomes are increasingly recognized as old-growth, biodiverse and

important ecosystems. They occur in areas which climatically could support forests, but seasonality,
herbivory, edaphic conditions and/or occurrence of frost or fire limit tree growth and promote open,
C4 grass-dominated ecosystems instead. Geoxylic plants make out a huge part of this species
richness, and thereby contribute greatly to the functioning and resilience of these disturbance-
prone biomes. A geoxyle, also known as suffrutex, geoxylic suffrutex, or underground tree, is
characterized by low growth height, weak annual shoots, and a disproportionally high belowground
woody biomass in the form of storage organs, bud banks, rhizomes and roots.

Because geoxyles are easily overlooked as long as they are not excavated, knowledge about them
is still very fragmentary or simplistic. The dominant narrative today is that they evolved from trees
since the late Miocene in response to emerging C4 grasslands and concomittent fires. This view
however explains the geoxylic life form only insufficiently, because not all geoxyles have tree
relatives, and other evolutionary drivers are just as likely. A better understanding of this life form
and its diversity, origin and functioning is urgently needed in order to predict how it will react to land
use changes and intensifications, which are happening right now in many geoxyle inhabitated
tropical grassy biomes. Management policies need to be derived from such knowledge, in order to
ensure that functioning and resilience of tropical grassy biomes, and thereby sustenance for a large
part of the human population, will not be compromised.

The Zambezian Floristic Region (ZFR) in south-central Africa is a diversity hotspot of geoxyles, but
why this is so is not known, until now. The ZFR is therefore the ideal study region. This work provides
a comprehensive understanding of this life form, and integrates new knowledge on its diversity
distribution, ecology and evolution. In chapter | | give an overview on what is known on the geoxylic
life form so far. | show where geoxyles occur and which environmental factors are known to be
associated with them, and why. Furthermore in this chapter, | compile the arguments and
discussions that concern the geoxyles’ origin and ecology. Based on this previous knowledge and
the gaps in between, | phrase four objectives which | address in this thesis: (1) How diverse are
geoxyles and where do they occur? (2) What is the biogeographical origin of geoxyles? (3) Which
environmental factors have driven the evolution of the geoxylic life form? (4) Which ecological,
genetic, and functional differentiations went along during geoxyle evolution?

Before answering these objectives in detail, | give an overview of the study region, the ZFR, in
chapter II. | give detailed information on biotic and abiotic factors that might affect geoxyles, in
particular on climatic, geological and edaphic, anthropogenic, and fire and herbivory conditions.
Providing the reader with this knowledge, | address the first objective on diversity and distribution
of geoxyles in the chapters Ill, IV and V. Chapter Ill is a general review on geoxyle grasslands in
Angola and Zambia (the western ZFR). | give a brief summary on historical explorations of geoxyle
grasslands in Angola, and that their uniqueness has been recognized early on. Furthermore, |

compile a preliminary list of geoxyle species from Angola and Zambia, and discuss their ecology
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and evolution. Chapter IV focusses in detail on the diversity and endemism of geoxyles in Angolan
highlands. | show that the outstanding geoxyle diversity there is a response to specifc
environmental conditions, particularly soil heterogeneity and frost occurrence, resulting from the
higher altitude. Increasing land use change and intensification, i.e. by ploughing geoxyle grassland
with tractors, pose a threat on the integrity of the landscape, because such efficient ploughing
destroys geoxyles and thereby the resilience and functioning of the grassland. In chapter V | show
selected diversity and distribution patterns across all of Africa south of the equator, thereby also
addressing the biogeographical origin of geoxyles (objective 2), potential environmental drivers of
the geoxylic life form (objective 3), and functional diversity of geoxyles (objective 4). This study
confirms that geoxyles are a very heterogeneous group, with different belowground functional
types, different biogeographical origins, and lineage-associated adaptations to different
environmental conditions throughout Africa.

Subsequently, | address the third objective with environmental studies. In chapter VI | synthezise
the findings from a fire experiment in central Angola, focussing on the effect of fire seasonality and
fire exclusion on plant functional groups in geoxyle grasslands. | can show with this experiment that
the timing of fire tips the balance between grasses, geoxyles, and herbs, in that each treatment
favours a different functional group: geoxyles benefit from early dry season fires, herbs from late
dry season fires, and fire exclusion favoured grasses. Even with fire exclusion, trees or shrubs are
not able to grow, because another factor, nocturnal dry season frosts, prevent this and keep the
grasslands open. In chapter VII | explore the role and extent of frost in the landscape further.
Classifying different vegetation types (miombo woodland, ecotones, geoxyle grasslands) in a
topographically pronounced landscape, and using a network of temperature loggers in such a
landscape allows for predicting the microclimatic conditions. This way, | show that geoxyle
grasslands are heavily affected by dry season frosts, much more than miombo woodlands. Frost
and topography are therefore likely to control the layout of vegetation types in central Angola,
particularly since frosts have been stronger in the past during glacial maxima.

The last objective concerning genetic, functional, and ecological differentiation, is dealt with in
the following two chapters. With a case study on the (sub)species of Syzygium guineense, | show
genetic, phenotypic and ecological differentiation between different ecotypes (chapter VIIl). Despite
great phenotypic differences, genetic exchange is still happening among ecotypes and indicate an
ongoing differentiation process. In the case of S. guineense (sub)species, the phenotypic plasticity,
and thereby enhanced adaptability to challenging environments, might be facilitated by polyploidy.
Lastly, | explore functional conservatism and differentiation between congeneric tree and geoxyle
species (chapter IX). | hereby show that many functional traits are retained by geoxyles, e.g.
symbiotic associations or productivity, whereas others have changed along with the different life
strategy. Most importantly, geoxyles needed to optimize photosynthesis rates in the time period of

low competition (late dry season), and belowground persistence.



Summary

Synthesizing all my findings in chapter X, | conclude with a better understanding of the geoxylic
life form in the Zambezian Floristic Region. Identifying several subcentres of diversity and
endemism within the ZFR, | enumerate the diversity of geoxyles to close to 700 geoxylic species
(objective 1). | show that these geoxyles are very heterogeneous, consisting of species from
different biomes, plant families, and original lifeforms (objective 2). Analogously, there is not a
single environmental driver that is responsible for geoxyle evolution and radiation, but several that
interact with one another: fire, frost, and edaphic conditions (objective 3). Ecologically, geoxyles are
strongly differentiated from close tree relatives, but they conserved several functional traits, and
are genetically still in exchange (objective 4). Finally, based on these findings, | emphasize where
further research is urgently needed, which particularly concerns geoxyle-animal interactions, sexual

reproduction, and conservation challenges.



Zusammenfassung

Zusammenfassung
Weltweit werden tropische Graslander und Savannen zunehmend anerkannt als urwuchsige,

artenreiche und wichtige Okosysteme. Sie kommen in Gegenden vor, die aus klimatischer Sicht
waldbedeckt sein kdnnten, aber Saisonalitat, Herbivorie, Bodenbeschaffenheiten und/oder das
Vorkommen von Frost oder Feuer beschranken das Baumwachstum, und schaffen stattdessen
offene, C4-grasbedeckte Okosysteme. Geoxylische Pflanzen machen einen groRen Teil dieser
Artenvielfalt aus und tragen deshalb sehr zum Funktionieren und zur Widerstandsfahigkeit dieser
storungsbetroffenen Biome bei. Ein Geoxyle, auch bekannt als Suffrutex, geoxylischer Suffrutex
oder unterirdischer Baum, ist durch seine geringe Wuchshohe, kurzlebige, annuelle Sprosse, und
eine Uberproportional grofle unterirdische, holzige Biomasse gekennzeichnet, die aus
Speicherorganen, Knospenreserven, Rhizomen oder Wurzeln gebildet wird.

Das Wissen uber Geoxyle ist immer noch sehr lickig und einfach, da sie leicht Ubersehen werden
solange sie nicht ausgegraben werden. Die Hauptansicht heute ist, dass Geoxyle sich seit dem
spaten Miozan aus Baumen entwickelt haben, als Antwort auf die aufkommenden C4-Graslander
und die damit einhergehenden Feuer. Diese Ansicht aber erklart die geoxylische Lebensform nur
unzureichend, da nicht alle Geoxyle nahe Baumverwandte haben, und andere evolutionaren
Triebkrafte genauso plausibel sind. Ein besseres Verstandnis dieser Lebensform und ihrer Vielfalt,
Herkunft und Funktionsweise ist aber dringend ndétig um vorhersagen zu kdnnen, wie sich
Landnutzungsveranderung und -intensivierung auf sie auswirken wird, die zur Zeit in vielen
tropischen Graslandbiomen stattfinden, in denen Geoxyle vorkommen. Management-
Empfehlungen muissen aus fundiertem Wissen abgeleitet werden um sicherzugehen, dass
Funktionsweise und Widerstandsfahigkeit der tropischen Graslandbiome nicht beeintrachtigt
werden, da das den Lebensunterhalt eines groflen Teils der menschlichen Bevidlkerung gefahrden
kdnnte.

Die Zambezische Floristische Region (ZFR) im sudlich-zentralen Afrika ist ein Schwerpunkt der
geoxylen Artenvielfalt, aber warum das so ist, ist bisher nicht bekannt. Die ZFR is daher ein ideales
Untersuchungsgebiet. Diese Doktorarbeit bietet ein umfassendes Verstandnis dieser Lebensform,
und integriert neues und altes Wissen (iber ihre Vielfalt, Verbreitung, Okologie und Entstehung. In
Kapitel | gebe ich einen Uberblick (iber den bisherigen Wissensstand der geoxylischen Lebensform.
Ich zeige, wo Geoxyle vorkommen und welche Umweltbedingungen bekannterweise mit ihnen
assoziiert sind, und warum. Weiterhin fasse ich in diesem Kapitel alle Argumente und Diskussion
ber ihre Herkunft und Okologie zusammen. Basierend auf diesem bisherigen Wissen und den
Lucken darin, formuliere ich vier Forschungsfragen in dieser Arbeit: (1) Wie vielfaltig sind Geoxyle
und wo kommen sie vor? (2) Was ist der biogeographische Ursprung von Geoxylen? (3) Welche
Umweltfaktoren haben die Evolution der geoxylischen Lebensform vorangetreiben? (4) Welche
Okologischen, genetischen und funktionellen Unterschiede gingen mit dieser Entwicklung einher?

Bevor ich diese Fragen umfassend beantworte, gebe ich einen Uberblick Uber das

Untersuchungsgebiet, die ZFR (Kapitel Il). Ich geben detaillierte Informationen tber biotische und
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abiotische Faktoren, die Geoxyle irgendwie beeinflussen konnen, dies sind insbesondere
klimatische, geologische und bodenbezogene, menschliche, feuer- und herbivoriebezogene
Einflisse. Nachdem ich den Leser mit diesem Grundwissen ausstatte, adressiere ich die erste
Forschungsfrage Gber die Vielfalt und Verbreitung von Geoxylen in den Kapiteln lll, IV und V. Kapitel
Il bietet einen generellen Uberblick (iber geoxylische Graslander in Angola und Zambia (die
wetsliche ZFR). Ich gebe eine kurze Zusammenfassung Uber die historische Erforschung von
geoxylischen Graslandern in Angola, die schon friih die Einzigartigkeit dieser Okosysteme erkannt
hat. Weiterhin stelle ich eine vorlaufige Liste von geoxylischen Arten in Angola und Zambia
zusammen und diskutiere ihre Okologie und Evolution. Kapitel IV handelt umfassend von der
Vielfalt und dem Endemismus von Geoxylen in angolanischen Hochlandern. Ich zeige, dass die
bemerkenswerte Geoxylen-Vielfalt dort durch spezifische Umweltbedingungen verursacht wird,
insbesondere durch die Vielfalt von Bodentypen und das Vorkommen von Frost, ein Resultat der
hoheren Lagen. Zunehmender Landnutzungswandel und -intensivierung, vor allem das
Traktorpfligen von geoxylischen Graslandern, stellen ein Gefahr fir die Integritat der Landschaft
dar, da derart effizientes Pfligen Geoxyle zerstdért und damit die Funktionsweise und
Widerstandsfahigkeit des Graslands. In Kapitel V zeige ich bestimmte Muster der Vielfalt und
Verbreitung Uber ganz Afrika siidlich des Aquators, und adressiere damit den biogeographischen
Ursprung der geoxylischen Lebensform (Frage 2), die potentiellen Umweltfaktoren, die die
geoxylische Lebensform hervorgebracht haben (Frage 3), und die funktionelle Vielfalt von
geoxylischen Arten (Frage 4). Diese Studie bestatigt, dass Geoxyle eine sehr heterogene Gruppe
formen, mit unterschiedlichen unterirdischen, funktionellen Typen, unterschiedlichen
biogeographischen Urspriingen, und abstammungsbedingten Anpassungen an unterschiedliche
Umweltbedingungen in Afrika.

Anschlieflend adressiere ich mit Umweltstudien die dritte Forschungsfrage. In Kapitel VI fasse ich
die Ergebnisse eines Feuerexperiments in Zentralangola zusammen, das den Effekt von
Feuersaisonalitat und Feuerausschluss auf funktionelle Pflanzengruppen in geoxylischen
Graslandern untersucht hat. Ich kann mit diesem Experiment zeigen, dass der Zeitpunkt des Feuers
die Balance zwischen Grasern, Geoxylen und Krautern beeinflusst, da jeder Brandzeitpunkt eine
andere funktionelle Gruppe gunstig beeinflusst: Geoxyle profitieren von einem Feuer frih in der
Trockenzeit, Krauter in der spaten Trockenzeit und Graser profitieren vom Feuerausschluss. Baume
und Straucher waren sogar unter Feuerausschluss nicht in der Lage zu wachsen, da ein anderer
Faktor, nachtlicher Frost in der Trockenzeit, dies verhindert, und die Grasléander offen halt. In
Kapitel VIl untersuche ich die Rolle und das Ausmaf} von Frost in der Landschaft im Detail. Indem
ich die unterschiedlichen Vegetationstypen (Miombo-Waldland, Ubergangsbereiche, geoxylische
Graslander) innerhalb einer topographisch stark ausgepragten Landschaft kartiere, und mit einem
Netzwerk von Temperatursensoren verbinde, bin ich in der Lage die mikrokliimatischen
Bedingungen in so einer Landschaft vorherzusagen. Dabei kann ich zeigen, dass geoxylische

Graslander stark von Frostnachten in der Trockenzeit betroffen sind, viel mehr als die Miombo
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Waldlander. Daher kontrollieren Frost und Topographie wahrscheinlich die Verteilung der
Vegetationstypen in der Landschaft in Zentralangola, insbesondere da in der Vergangenheit,
wahrend der glazialen Maxima, Froste noch viel starker gewesen sind.

Die letzte Forschungsfrage Uber die genetischen, funktionelle und 6kologischen Differenzierung
wahrend der Geoxyle-Entwicklung wird in den nachsten beiden Kapiteln behandelt. Mit einer
Fallstudie Uber die (Unter-)Arten von Syzygium guineense kann ich die genetische, phanotypische
und okologische Differenzierung zwischen den (Unter-)Arten zeigen (Kapitel VIII). Trotz grofler
aufBlerlicher Unterschiede gibt es immer noch einen Genaustausch zwischen den (Unter-)Arten, was
eine anhaltende Ausweinanderentwicklung anzeigt. Diese phanotypische Plastizitat, und die
dadurch erhdhte Anpassungsfahigkeit an herausfordernde Umweltfaktoren, mag im Falle der
(Unter-)Arten von S. guineense durch Polyploidie ermdglicht sein. Zuletzt erforsche ich die
Beibehaltung und/oder Differenzierung von funktionellen Eigenschaften in nahe verwandten
Baum-Geoxyle-Partnern (Kapitel IX). Dabei zeige ich, dass viele funktionelle Eigenschaften in
Geoxylen erhalten geblieben sind, zum Beispiel die symbiotischen Beziehungen oder die
Produktivitat, wahrend andere wegen einer gednderten Lebensstrategie abgewandelt wurden. Am
wichtigsten dabei war fur Geoxyle die Optimierung der Photosyntheserate wahrend der Zeiten, in
denen wenig Konkurrenz herrscht (spate Trockenzeit), und die unterirdische Persistenz.

Indem ich alle meine Ergebnisse in Kapitel X zusammenstelle, schliefe ich diese Arbeit mit einem
besseren Verstandnis der geoxylischen Lebensform in der Zambezischen Floristischen Region ab.
Ich habe mehrere Vielfalt- und Endemismus-Schwerpunkte innerhalb der ZFR identifiziert, und
kann den Reichtum von Geoxylen auf knapp 700 Arten beziffern (Forschungsfrage 1). Ich zeige,
dass diese Geoxylen sehr heterogen sind, da sie Arten aus unterschiedlichen Biomen,
Pflanzenfamilien und urspringlichen Lebensfromen umfassen (Forschungsfrage 2). Entsprechend
git es nicht einen einzelnen Umweltfaktor, der fir die Evolution und Verbreitung von Geoxylen
verantwortlich ist, sondern mehrere, die miteinander interagieren: Feuer, Frost und
Bodenbeschaffenheiten (Forschungsfrage 3). Geoxyle sind 6kologisch gesehen sehr anders als ihre
nahen Baumverwandten, aber sie haben mehrere funktionelle Eigenschaften behalten tauschen
sich auf genetischer Ebene immer noch aus (Forschungsfrage 4). Zuletzt betone ich, basierend auf
diesen Ergebnissen, wohin die zukunftige Geoxyle-Forschung gehen sollte, wobei insbesondere die

Interaktion mit Tieren, die sexuelle Fortpflanzung und der Schutz von Geoxyles wichtig sind.
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Resumo
A nivel mundial, os biomas herbaceos tropicais sdo cada vez mais reconhecidos como sendo de

crescimento primario, sendo biodiversificados e considerados ecossistemas importantes. Ocorrem
em areas que, em termos climaticos, poderiam suportar florestas, mas cujas sazonalidades,
condicoes de herbivoria, edaficas e/ou a ocorréncia de geadas ou queimadas, limitam o
crescimento das arvores e promovem ecossistemas abertos e dominados por gramineas C4. As
plantas geoxilicas constituem uma enorme parte desta riqgueza de espécies, contribuindo assim
grandemente para o funcionamento e a resili€éncia destes biomas propensos a perturbacoes. Um
geoxilico, também conhecido como suffrutex, geoxylic suffrutex, ou arvore subterrdnea, é
caracterizado por pouco crescimento em altura, rebentos anuais fracos, e uma biomassa lenhosa
subterrdnea desproporcionalmente elevada sob a forma de 6érgaos de armazenamento,
reservatorios de botoes, rizomas e raizes.

Uma vez que as plantas geoxilicas passam facilmente despercebidas, desde que nao sejam
escavadas, o conhecimento sobre elas é ainda muito fragmentario ou simplista. A teoria dominante
hoje em dia é que elas evoluiram das arvores desde o antigo Mioceno em resposta a prados C4
emergentes e a incéndios concomitantes. Esta visao, contudo, explica a forma de vida geoxilica de
maneira insuficiente, uma vez que nem todas as plantas geoxilicas tém parentesco com arvores,
e existem outros fatores evolutivos igualmente provaveis. Uma melhor compreensao desta forma
de vida e da sua diversidade, origem e funcionamento é imprescindivel para prever como ira reagir
as mudancas e a intensificacao do uso do solo, que estdo a ocorrer actualmente em muitos biomas
geoxilicos habitados por gramineas tropicais. As politicas de gestao precisam de se basear neste
conhecimento, a fim de assegurar que o funcionamento e a resiliéncia dos biomas herbaceos
tropicais, bem como o sustento de uma grande parte da populacao humana, nao serao
comprometidos.

A Regiao Floristica Zambeziaca (ZFR) na Africa Centro-Sul é um hotspot de diversidade de plantas
geoxilicas, mas o motivo pelo qual tal acontece, ndo é conhecido, até ao momento. A ZFR &,
portanto, a regiao ideal para o estudo. Este trabalho proporciona uma compreensao abrangente
desta forma de vida, e integra novos conhecimentos sobre a sua distribuicdo de diversidade,
ecologia e evolugdo. No capitulo | dou uma visdo geral acerca do que se sabe até agora sobre a
forma de vida geoxilica. Mostro onde ocorrem plantas geoxilicas e quais os factores ambientais
gue se sabe estarem associados a elas, e porqué. Além disso, neste capitulo, compilo os
argumentos e discussoes que dizem respeito a origem e ecologia das geoxilicas. Com base neste
conhecimento anterior e nas lacunas existentes entre eles, enunciei quatro objectivos que abordei
nesta tese: (1) Quao diversas sao as geoxilicas e onde ocorrem? (2) Qual é a origem biogeografica
das geoxilicas? (3) Que factores ambientais tém impulsionado a evolucao da forma de vida
geoxilica? (4) Que diferenciacoes ecoldgicas, genéticas e funcionais se verificaram durante a

evolucao das geoxilicas?
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Antes de responder a estes objectivos em pormenor, dou uma visao geral da regiao de estudo, o
ZFR, no capitulo 1, bem como informagdes detalhadas sobre factores bidticos e abibdticos que
podem afectar as geoxilicas, em particular sobre condicoes climaticas, geolégicas e edaficas,
antropogénicas, de fogo e de herbivoria. Proporcionando ao leitor este conhecimento, abordo o
primeiro objectivo sobre diversidade e distribuicdo de geoxilicas nos capitulos lll, IV e V. O capitulo
lll € uma revisdo geral sobre os prados de plantas geoxilicas em Angola e na Zambia (o ZFR
ocidental). Faco um breve resumo sobre as exploracoes histéricas de prados geoxilicos em Angola,
e cuja singularidade foi reconhecida desde o inicio. Além disso, compilo uma lista preliminar de
espécies geoxilicas de Angola e da Zambia, e apresento a sua ecologia e evolugdo. O capitulo IV
foca em detalhe a diversidade e endemismo das geoxilicas nas terras altas de Angola. Demonstro
que a extraordinaria diversidade de geoxilicas € uma resposta as condigcdes ambientais das
espécies, particularmente a heterogeneidade do solo e a ocorréncia de geadas, resultantes da
altitude mais elevada. A crescente mudanca e intensificacao do uso do solo, ou seja, a lavoura de
prados geoxilicos com tractores, representa uma ameaca a integridade da paisagem, uma vez que
destréi as geoxilicas e, consequentemente, a resiliéncia e o funcionamento dos prados. No capitulo
VI, mostrou a diversidade e padrdes de distribuicdo seleccionados em toda a Africa a sul do
equador, abordando assim também a origem biogeografica das geoxilicas (objectivo 2), potenciais
factores ambientais da forma de vida geoxilica (objectivo 3), e diversidade funcional das geoxilicas
(objectivo 4). Este estudo confirma que as geoxilicas sdo um grupo muito heterogéneo, com
diferentes tipos funcionais abaixo do solo, diferentes origens biogeograficas, e adaptacoes
associadas a linhagem a diferentes condicdes ambientais em toda a Africa.

Posteriormente, abordei o terceiro objectivo com estudos ambientais. No capitulo VI sintetizo os
resultados de uma experiéncia de queimada no centro de Angola, focando o efeito da sazonalidade
do fogo e da exclusdo do fogo em grupos funcionais de plantas em prados geoxilicos. Posso
concluir com esta experiéncia que o tempo de fogo favorece o equilibrio entre gramineas, geoxilicas
e ervas, na medida em que cada tratamento favorece um grupo funcional diferente: as geoxilicas
beneficiam de queimadas no inicio da estacao seca, as ervas de queimadas no final da estacao
seca, e a exclusao de queimadas favorece as gramineas. Mesmo com a exclusao do fogo, as
arvores ou arbustos nao conseguem crescer, porque outro factor, as geadas noturnas da estacao
seca, impedem-no e mantém os prados abertos. No capitulo VIl exploro melhor o papel e a
extensao das geadas na paisagem. A classificacao de diferentes tipos de vegetacao (floresta de
miombo, ecotones, prados geoldgicos) numa regiao topograficamente pronunciada, e a utilizacao
de uma rede de sensores de temperatura nessa mesma regiao, permite prever as condicoes
microclimaticas. Desta forma, mostro que os prados geoxilicos sdo fortemente afectados pelas
geadas da estacao seca, muito mais do que as florestas de miombo. A geada e a topografia sao,
portanto, susceptiveis de controlar a distribuicdo dos tipos de vegetacdo no centro de Angola,
particularmente desde que as geadas foram mais fortes, no passado, durante o Gltimo Periodo

Glacial.



Resumo

O Gltimo objectivo relativo a diferenciagao genética, funcional e ecolégica, é tratado nos dois
capitulos seguintes. Com um estudo de caso sobre as (sub)espécies de Syzygium guineense,
mostro a diferenciacdo genética, fenotipica e ecoldgica entre os diferentes ec6tipos (capitulo VIII).
Apesar das grandes diferencas fenotipicas, o intercambio genético ainda esta a acontecer entre
ecotipos e indica um processo continuo de diferenciacao. No caso da (sub)espécie S. guineense,
a plasticidade fenotipica, e consequentemente uma maior adaptabilidade a ambientes dificeis,
pode ser facilitada pela poliploidia. Finalmente, exploro o conservadorismo funcional e a
diferenciacao entre espécies de arvores congéneres e espécies geoxilicas (capitulo IX). Mostro que
muitas caracteristicas funcionais sao retidas pelas geoxilicas, tais como associacoes simbibticas
ou produtividade, enquanto outras se modificaram de acordo com uma estratégia de vida
diferente. Mais importante ainda, as geoxilicas precisaram de optimizar as taxas de fotossintese
no periodo de baixa competicao (final da estacao seca) e persisténcia abaixo do solo.

Sintetizando todas as minhas descobertas no capitulo X, termino com uma maior compreensao
sobre a forma de vida geoxilica na Regiao Floristica Zambeziaca. |dentificando varios subcentros
de diversidade e endemismo dentro da ZFR, enumero a diversidade de geoxilicas para cerca de
700 espécies (objectivo 1). Mostro que estas geoxilicas sao muito heterogéneas, consistindo em
espécies de diferentes biomas, familias de plantas e formas de vida originais (objectivo 2).
Analogamente, nao existe um Unico factor ambiental responsavel pela evolucao e radiagao, mas
sim varios que interagem entre si: fogo, geada e condicoes edaficas (objectivo 3). Ecologicamente,
as geoxilicas sao fortemente diferenciadas dos seus parentes proximos, as arvores, mas
conservam varios tragos funcionais, e ainda estdo em intercambio genético (objectivo 4).
Finalmente, com base nestas descobertas, destaco onde é urgente a necessidade de mais
investigacao, no que diz respeito particularmente as interacgdes entre as plantas geoxilicas e

animais, reproducao sexual e desafios de conservacao.
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-I- General introduction

General introduction
We tend to overlook what is not directly visible or accessible to us. This way, terrestrial ecosystems

have been studied far longer and better than marine ones (Di Marco et al., 2017; Tydecks et al.,
2018), but the same is true for the aboveground parts of terrestrial ecosystems in comparison to
their belowground parts (Ottaviani et al., 2020). Yet research in recent years has increasingly
uncovered how important that belowground part is (Smith et al., 2015). For instance, soils store
substantial amounts of biomass and carbon in the form of plant roots, stems and storage organs.
The ratio of aboveground to belowground plant biomass differs between biomes, tropical forests
for instance have the highest aboveground ratio, whereas tropical grasslands and savannas have
strikingly high belowground ratios (Ottaviani et al., 2020). The little known belowground part of
African grasslands will be the centre of this thesis.

Tropical grasslands and savannas are characterized by a continuous layer of C4 grasses with
variable tree cover of 0% - 60%, occurring in regions with a seasonal climate, i.e. pronounced wet
and dry seasons (Scholes & Archer, 1997). These grassy biomes constitute about 20% of the worlds
land cover and provide crucial services such as forage and alimentation, belowground carbon
storage, or erosion control (Veldman et al., 2015; Lehmann & Parr, 2016; Schmidt et al., 2019;
Zhao et al., 2020). As of 2020, around 1.4 billion people, a substantial part of the world human
population (ca 18%), live in grassy biomes and rely on their functionality for subsistence
(percentage derived from Doxsey-Whitfield et al., 2015; Fedele et al., 2021).

In addition to grasses and trees, tropical grassy biomes are also composed by persistent,
resprouting non-graminoids like herbs, geophytes, or geoxylic plant species. These plant species in
the ground layer constitute a huge part of the biomes’ biodiversity (Siebert & Dreber, 2019).
Furthermore, their resprouting ability makes tropical grassy biomes resilient to recurrent
disturbances such as fire (Buisson et al., 2019), thereby enabling continuous provision of the above
listed contributions to people. Tropical grassy biomes are increasingly recognized to be old-growth,
biodiverse, and important biomes (Veldman et al., 2015), which evolved as response to seasonal
climate, topography, fire and herbivory (Bond & Keeley, 2005; Sankaran et al., 2008; Staver &
Bond, 2014; Herbert et al., 2016). An important, but not undisputed narrative today is that within
a specific precipitation range, tropical forested and grassy biomes represent alternative stable
states, and realisation of one biome or the other is determined by disturbance regimes and fire in
particular (Staver et al., 2011; Archibald et al., 2019).

How did these open grassy systems arise in the tropics, where precipitation would allow forests
to prevail? About 6 - 8 million years ago, the climate changed, and wet-tropical forests globally
gave way to expanding C4 grasslands and savannas. With their C4 photosynthetic pathway, grasses
were at an advantage in coping with declining CO2 air concentrations (Cerling et al., 1997), and
with cooler, more arid and seasonal climate (Herbert et al., 2016). This caused global
environmental changes at the Miocene/Pliocene boundary. In the tropics, these changes allowed

for wildfires and for nocturnal frosts to occur in the dry season, thereby facilitating the spread of

12



-I- General introduction

disturbance-prone grasslands (Osborne, 2008). Many plant species evolved in response to these
changed environmental conditions, and developed functional traits for surviving recurrent frosts
and fires. One such response strategy is the geoxylic life form.

Plants with this life form are known under several terms like geofrutices (“earth-shrubs”), geoxyles
(“earth-woods”), suffrutices (“sub-shrubs”), geoxylic suffrutices (“sub-shrubs with earth-wood”),
functional herbs or underground trees (White, 1976; Maurin et al., 2014). Some, like Uys et al.
(2004), treat them as forbs, which in the ground layer encompass “all broad-leafed plants, in
contrast to the narrow-leaf graminoids” (Kichler, 1949), and some as dwarf- or subshrubs (Ratter
et al., 1997; Durigan et al., 2020). The terms are often vague and used inconsistently, all trying to
catch some of the characteristics of these plants. For consistency in the following thesis, | will
mostly use the term “geoxyle” (except in chapter Il where | also use “suffrutex”). | define a plant
occurring in grassy biomes as geoxyle, if it has an obligate low growth habit (< 2 m) and is able to
flower and bear fruits in this state. This distinguishes them from trees which can also get trapped
in a facultative dwarf state by recurrent top-kill (Trollope, 1982; Hoffmann et al., 2009). A geoxyle
has to have a woody base, and most of its woody biomass belowground. It has to be perennial and
being able to resprout from belowground woody storage organs and bud banks when aboveground
biomass has been killed or removed.

Geoxyles are known from several tropical grassy biomes, most notably Zambezian and - to a much
lesser degree - Sudanian floristic regions, Cape region, Pondoland and Highveld in Africa, and the
Cerrado in Brazil (White, 1976; Ratter et al., 1997; Pennington & Hughes, 2014). Fig. 1.1 depicts
the global extent of tropical grassy biomes to date, and in which of these occurrence of geoxylic
plants has been reported. Beside the diversity hotspots in South-central Africa and Brazil, some

geoxyles also occur in Northern Australia, Venezuela and Florida.

.. Geoxyle occurrence in tropical grassy biomes (preliminary)

60+ (Subﬁ-)tropical grassy biomes |:| Zambezian Floristic Region +-60
B Geoxylic plant species confirmed

100 80 0 -40 20 0 20 40 60 80 100 120 140
Figure 1.1: Preliminary map on global distribution of (sub)tropical grassy biomes and geoxyles therein. The
dashed lines indicate the tropics (23.5° north and south), and the solid line the equator. The extent of
(sub)tropical grassy biomes shown here is based on Murphy et al. (2016) and personal communication with
international grassland and savanna experts on Twitter. The same goes for occurrences of geoxyles within
those grassy biomes. My study area, the Zambezian Floristic Region, is highlighted. Plotted with QGIS
3.10.14.
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A first essay about South African geoxyles was published around 100 years ago by Burtt Davy
(1922), followed by White (1976) who coined the term underground tree. He noted that the
Zambezian floristic region is particularly abundant and rich in geoxyle species, downright forming
underground forests, and that many of them are closely related to tree species from aboveground
forests, from which they presumably evolved. This was much later verified by Maurin et al. (2014),
who showed that African congeneric tree-geoxyle pairs diverged mostly within the last 2 million
years (maximum 15 mya), which falls exactly into a period of strong environmental change with
spreading of grassy biomes (Trauth et al., 2009; Herbert et al., 2016). However, limiting geoxyles
to only species with close tree relatives, as it has been done in literally all previous studies (e.g.
Gomes etal., 2019; Lamont et al., 2017; Maurin et al., 2014; Meerts, 2017), neglects an existential
part of the diversity and ecology of grassy biomes. | will hence use a broader concept of geoxyles in
my thesis (see above). By including all species that evolved these morphological and functional
features, regardless of their relatives, | address some of the many knowledge gaps that still exist
about the geoxyles’ diversity, ecology and evolution in Africa.

The true extent of “geoxylicity” in afrotropical grassy biomes has not been fully recognized so far,
due to different concepts of this life form (tree relative or not?) and only recent systematic,
belowground research. An increased effort is necessary to do so, because the geoxylic life form is
not detectable without excavating at least parts of the plant. Yet African geoxyles new to science
are described again and again in publications, e.g. Hind and Goyder (2014), Dessein et al. (2003)
or Vollesen (1981). Most studies either focussed on the genetic (Maurin et al., 2014),
morphological (Meerts, 2017) or functional difference (Gomes et al., 2019) between congeneric
tree-geoxyle pairs, on their longevity (Chidumayo, 2019; Dayaram et al., 2020), or, subsumed under
“forbs” or “shrubs”, on how they are affected by fire or herbivory (Uys et al., 2004; Bombo et al.,
2021). However, despite concentrated publication efforts in the last two decades, and important
reviews early on (Burtt Davy, 1922; White, 1976), many basic questions are still not answered, and
simplistic narratives remain unchallenged. For instance, it is not known how many geoxyle species
exist, and why South-central Africa in particular is so diverse in geoxyles. Moreover, factors
governing their overlap and distribution in this area have not been identified, although this would
be crucial to predict how geoxyles will be affected by future climate and land use change. The
dominant explanation for geoxyle evolution is fire, but detailed studies showing how geoxyles
respond to fire are missing. Alternative or additional environmental drivers like frost are increasingly
debated (Finckh et al., 2016), but little investigated and thus dismissed by researchers favouring
the fire theory (Davies et al., 2016a; Lamont et al., 2017). Yet since both environmental factors are
common in Afrotropical grasslands, a comprehensive approach is needed to elucidate the effects
of these and further environmental drivers on the ground layer. Some aspects of congeneric trees
and geoxyles have been studied, but many remain open, for example whether geoxyles
differentiated not only morphologically, but also functionally from sympatric trees, by adapting

different physiological strategies or changing symbiotic associations. Particularly in South-central
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Africa do ectomycorrhizal symbionts enable their tree hosts to thrive despite the nutrient poor soils
(Corrales et al., 2018), but what about closely related geoxyles? And although it has been
ascertained that many geoxyles evolved from tree species, nothing is known about possible
evolutionary and genetic pathways that led to this development, i.e. what enabled tree species to

become geoxylic.

Objectives and chapter outline
In the following chapters, | want to provide a better understanding of the geoxylic life form and
how it is adapted to its ecosystem. | do so by addressing the above stated knowledge gaps with the

following four objectives:

(1) How diverse are geoxyles and where do they occur?

(2) What is the biogeographical origin of geoxyles?

(3) Which environmental factors have driven the evolution of the geoxylic life form?

(4) Which ecological, genetic, and functional differentiations went along during geoxyle

evolution?

Beforehand, | will give an overview of my general study region, the Zambezian Floristic Region
(chapter IlI). The first objective, addressing the geoxyles’ diversity and distribution patterns, will be
discussed and answered thoroughly in chapters lll, IV, and V. Chapter V also deals with the origin
of geoxyles, thereby answering the second objective, and with environmental drivers of the geoxylic
life form, thereby contributing to the third objective. Chapters VI and VIl also delve into the third
objective. The fourth objective, concerning genetic, functional, and ecological differentiation, is
dealt with in chapters VIIl and IX. Lastly, chapter X provides a synthesis of all findings and an overall

discussion.
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Study region

General

Geoxyles occur in a range of suitable
habitats in the tropics around the world.
Their probably best studied hotspot of
diversity and distribution is the Zambezian
phytochorion, Zambezian Floristic
Region (ZFR) in South-central Africa (White,
1976, 1983a, 1993). Being the focal study

area of my thesis, | will here give an

or

overarching overview on the environmental
conditions in this area, before providing
more local site descriptions in the
respective chapters. The ZFR occupies
large parts of Angola, D.R. Congo, Malawi,
Mozambique, Tanzania, Zambia and
Zimbabwe, and reaches the more humid,
northern regions of Namibia, Botswana and
South Africa (Fig. 2.1). It covers ca 4.2 mio
km?2 in total and hosts the largest and most
diverse share of species of all Afrotropical
realms (MacKinnon & MacKinnon, 1986),
approximately 8500 plant species of which
54% are endemic to the region (White,
1983). By 2020, the region is also settled
by ca 180 million people, with a very
uneven population density (Fig. 2.2). Urban
areas and their surrounding are inhabited
most densely, whereas rural areas,
particularly in the western and north-
eastern part, are scarcely populated. The
people of the ZFR depend highly on natural
up to 80%

resources for income, housing, energy,

resources, extract these

water and/or alimentation (Fedele et al.,
2021).

Figure 2.1 Vegetation macro groups of Africa based
on Sayre et al. (2013), with the extent of the

Zambezian Floristic Region.

Plotted with QGIS

3.10.14
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Figure 2.2 Human population density per km?2
across the Zambezian Floristic Region in 2020, with

indication of major

urban areas. The overall

population in the area accounts to ca 180 mio
people. Population data derived from GPWv4 (2021)
and plotted with QGIS v3.10.14.
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Climate
The ZFR is characterized by a seasonal

climate with a pronounced summer rainy
season of 5 - 6 months (November to
March), and a pronounced winter dry
season of 4 - 5 months (May - September),
with transitions in April and October,
respectively. There is a precipitation
gradient from the south-west (maximum
600 mm/y) to the north-east (maximum
>1500 mm/y), but the biodiverse core of
the ZFR thrives at 2000 - 1200 mm/y (Fig.
2.3). Mean annual temperature ranges
from 12°C to 27°C, whereby the lower
average temperatures occur at higher
elevations (Fig. 2.4). The average
temperature however masks the strong
seasonal and daily amplitudes of
temperature. While the rainy season is
warm (> 20°C), with less temperature
variation throughout the day, the first half
of the dry season is characterized by hot
days (> 30°C) and cold nights, with rare to
frequent nocturnal frost events, depending
on the topography and tree cover (Finckh et
al., 2021). Nocturnal temperatures below
0°C are particularly frequent in open
grasslands further inland (no oceanic
influence), at higher elevations, and in
valleys and depressions where the cold air
can pool (Willan, 1957) (Fig. 2.5). Towards
the end of the dry season, nocturnal
temperatures rise and it is the hottest
period of the year, with both day and night

temperatures above 20°C.

Fire regime and herbivory
Anthropogenic fires are very frequent in

the ZFR, ca 67% of the area burned at least
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Figure 2.3 Mean annual precipitation across the
Zambezian Floristic Region. Precipitation data
derived from WorldClim2 (Fick and Hijmans, 2017)
and plotted with QGIS v3.10.14.

16°E 20°E 24°E
.' - NG ;

A

/,l” 5

)
bl
f
=
i’
i
B A
Y
D
I

! Sy

w

A,

e,
20°S A i

\ =
24°5 =

1 ]'
RN
NN A
;- )

T

i
y
b

Mean annual
% [temperature

28°S :

-

%

- o
N
>

32°8 =
25 M
36°S

|

Figure 2.4 Mean annual temperature across the
Zambezian Floristic Region. Temperature data
derived from WorldClim2 (Fick and Hijmans, 2017)
and plotted with QGIS v3.10.14.
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once over the last 19 years (2000 - 2018)
(Fig. 2.6). Mostly, fires return once per
decade (55% of the area), whereby ca 35%
of the area experiences fires at least every
4 vyears, and 1.2%

Particularly grasslands are burned annually

even every year.

(personal observation). People use fires for
different purposes, hence fires are also
ignited in different seasons. Early in the dry
season (June, July), the surroundings of
villages are burned for better overview and
security, and grasslands are burned to
facilitate hunting. Later on at the end of the
dry season (September/October), crop
fields are prepared in woodlands using
slash-and-burn practices, and grasslands
in the southern regions are burned to
promote grass regrowth for livestock
fodder. Since the vegetation is much drier
then than at the start of the dry season,
these fires often escape and can affect the
woodlands severely. Natural fires caused
by lightning strikes may happen, but very
rarely and certainly do not define or control
the current fire regime.

Impact of wild (mega)herbivores and of
livestock is heterogeneous throughout the
region. Elephants for instance potentially
occur in the whole region, but play a major
role for vegetation structure rather in drier
parts and larger protected areas of the ZFR,
e.g. Zimbabwe (Mapaure & Campbell,
2002). Some areas are reported to host
low densities of wild herbivores, like the Bié
Plateau in Angola (Huntley et al., 2019),
whereas others like the Liuwa Plains
National Park in Zambia (Creel et al., 2017)

are teeming with wildlife, which nowadays
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Figure 2.6 Interval between two fires in years
across the Zambezian Floristic Region. The
observation period is 2000 - 2018, the maximum
interval is thus 19 years. Data derived from Burned
Area Product MCD64A1 collection 6 (Giglio et al.,
2015), processed according to Stellmes et al.
(2013a), and plotted with QGIS v3.10.14.
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is also an aspect of land and conservation
management. A far greater impact on
vegetation is presented in parts of the ZFR
by domestic

livestock, including

transformations of woodlands or
grasslands to rangeland (Nduwamungu et
2008), or

densities threatening the provision of

al., unsustainable stocking
important ecosystem services (Ruvuga et
al., 2019).

Elevation, lithography and

soils
The ZFR is situated on the Central African

plateau, mostly between 800 m and 1500
m altitude (Fig. 2.7). However, it reaches
elevations above 2000 m along its western
border, the Angolan Escarpment, and up to
3000 m in the north-east, which is part of
the Rift valley system. It also extends
towards the coastal plains in the east,
descending down to 200 m. Except for the
parts situated at elevations
(= 1800 m),

Inselbergs, the landscapes are more or less

higher

which can be rugged, or

undulating over large areas and interwoven
with drainage lines. The high elevation sites
of the ZFR are based on hard, durable
(Fig. 2.8):

metamorphic bedrock in its western part,

substrates by plutonic or
and by volcanic or plutonic bedrock in the
eastern part. The central, lower lying part is
dominated by softer sedimentary
substrates, as are the courses of major
rivers (Zambezi) and the eastern coastal
plains. The soils overlying the sedimentary
substrates (Fig. 2.9) are majorly Ferralsols,
which cover about one third of the area in

the northern ZFR (haplic: 31.8%; acric:
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Figure 2.7 Elevation across the Zambezian Floristic
Region. Data derived from the Digital Elevation
Model CGIAR CSI SRTM (Jarvis et al., 2008) and
plotted with QGIS v3.10.14.
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Figure 2.8 Lithography across the Zambezian
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5.4%), and Arenosols (ferralic: 10.6%;
haplic: 8.3%), which are very pronounced in
the western part of the ZFR, where they are
part of the Kalahari Sand Sea (Thomas &
Shaw, 1993). The more heterogeneous
and more diverse substrates in the eastern
part of the ZFR are intermingled and form a
complex mosaic that reflects the
geologically active zone of the Rift valley
system (McConnell, 1972). The overlying
soils are similarily heterogeneous, but
dominated by Lixisols (19.5% of the ZFR)
and Luvisols (9.4% of the ZFR). Further
minor soiltypes are present in the area as
well, e.g. Podzols in the Barotse Plains in
Western Zambia. Most soil types in the ZFR
are nutrient poor, acidic and low in
exchangeable bases and organic matter
(Cole, 1963; Timberlake & Chidumayo,
2011).

Vegetation types
Natural vegetation within the ZFR s

controlled by precipitation, soil substrates
and hydrology, and by disturbances
including fire, frost and herbivory. However,
human population density and subsequent
land use practices and their intensity, like
charcoal production, shifting cultivation,
commercial farming, mining, or
urbanisation alter natural vegetation
patterns increasingly (Wallenfang et al.,
2015; Catarino et al., 2020; Wilson &
Scholes, 2020; Malunga et al., 2021).
Climate change is adding to this
increasingly, too (Jinga & Ashley, 2019;
Jinga & Palagi, 2020). Until now, miombo
woodlands cover most of the area (areas of

higher tree cover in Fig. 2.10), also owing
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Figure 2.9 Soil types across the Zambezian
Floristic Region. Data derived from the World
Reference Base (WRB) Soil classification as included
in SoilGrids250m (Hengl et al., 2017a) and plotted
with QGIS v3.10.14.
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Figure 2.10 Tree canopy cover (canopy closure of
vegetation > 5 m height) across the Zambezian
Floristic Region in 2000. Data derived from the
Global Forest Extent based on Landsat (Hansen et
al., 2013) and plotted with QGIS v3.10.14.
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the main part of the ZFR the name “Miombo ecoregion”. These woodlands are dominated by
Fabaceae tree species, particularly of the subfamily Detarioideae. They are characterized by trees
of the genera Brachystegia, Julbernardia, and Isoberlinia. In fact, “miombo” is the name for
Brachystegia trees in local languages. The conspicuous dominance and abundance of these trees
is attributed to their ectomycorrhizal associations, which are strong assets in the nutrient-poor soils
of the ZFR (see above). Areas with less than 1000 mm precipitation per year are regarded as dry
miombo, they are found in the south and east of the ZFR, whereas wet miombo (precipitation >
1000 mm/Yy) is richer, more biodiverse and occurs in the north-west (see Fig. 2.3). The western,
less humid areas of the ZFR (600 - 800 mm/y) are covered by Baikiaea woodlands, and further to
the south and east, where precipitation is even less (400 - 800 mm/y), mopane and mixed
woodlands are dominant. The most humid and most elevated parts of the ZFR, along the Rift Valley
system in the east, are covered by evergreen montane forests and forest-grassland mosaics.
Evergreen dry forests dominated by Cryptosepalum trees occur in the upper Zambezi, Kubango and
Kuito catchments, and riparian forests are common along watercourses.

Areas of higher tree cover are interspersed with open grasslands, ecotones, or wetlands, often
forming small-scale mosaic landscapes. The more open areas are home to a high diversity of plants,
and among them geoxyles. Different sets of drivers promote these open landscapes, even though
the dominant narrative is that ancient fire regimes, which are anthropogenic either way, are the
primary cause (Bond & Keeley, 2005). Alternative causes for open grassland can be when soils are
waterlogged (so called dambos) or seasonally flooded (Fynn et al., 2015; Zigelski et al., 2018)
which occur throughout the ZFR, and allow for small-scale coexistence of various plant functional
groups. For instance, (semi-)aquatic plants (Eleocharis spp., Eriocaulon spp.) and nutrient
specialists (Utricularia spp., Drosera spp.) occur in the deepest, inundated zones, transitioning to
drier slopes characterized by C4 grasses (e.g. Andropogon eucomus), geophytic herbs (Hypoxis
spp., Gladiolus spp.), and geoxyles (e.g. Syzygium guineense subsp. huillense).

The Copperbelt in northwest Zambia and Katanga area in southern DR Congo contain grasslands
caused by and adapted to high content of (toxic) metals in the soil, particularly copper and cobalt
(Brooks et al., 1985). Many plant species, of which some are geoxyles, occur there and are
specifically adapted to the metal-rich soil conditions, being endemic to the region. These specialists
are often recognizable by their species names, e.g. Acalypha cupricula, Crotalaria cobalticola,
Ocimum metallorum).

Other geographically restricted and endemism-rich grasslands occur in highland areas.
Afromontane grasslands occur above an upper treeline, for instance along the Angolan escarpment
in the west (exemplary endemic species: Stomatanthes tundavalaensis) (Hind & Goyder, 2014), or
on plateaus in the eastern part of the ZFR (Nyika plateau, Plecthranthus acaulis) (Burrows & Willis,
2005). However, in highland areas on the central Angolan plateau, grasslands also occur below a

lower treeline, on slopes and in valleys that are subject to frequent frosts (Finckh et al., 2016).
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The different types of grassland in South-central Africa, their distinct geoxyle communities, and

environmental drivers will be illustrated and discussed in the following chapters.

24



; cnfbu-ff)’
a[uancr_n.c_)

C(&rr}r;aé

;Ml s

25

-111-



Suffrutex dominated ecosystems in Angola

Paulina Zigelski, Améandio Gomes & Manfred Finckh

Published in: Huntley, B. J., Russo, V., Lages, F., & Ferrand, N. (eds.) (2019). Biodiversity of
Angola: Science & conservation: A modern synthesis, pp 109 - 121, Springer Nature.

Abstract

A small-scale mosaic of miombo woodlands and open, seasonally inundated grasslands is a
typical aspect of the Zambezian phytochorion that extends into the eastern and central parts of
Angola. The grasslands are home to so-called ‘underground trees’ or geoxylic suffrutices, a life form
with massive underground wooden structures. Some (but not all) of the geoxylic suffrutices occur
also in open woodland types. These iconic dwarf shrubs evolved in many plant families under
similar environmental pressures, converting the Zambezian phytochorion into a unique
evolutionary laboratory. In this chapter we assemble the current knowledge on distribution,
diversity, ecology and evolutionary history of geoxylic suffrutices and suffrutex grasslands in Angola

and highlight their conservation values and challenges.

Keywords

Endemism, Geoxyles, Miombo, Phytochorion, Underground forests, Vegetation
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Introduction
Open grassy vegetation is a common aspect of Angolan landscapes and is a characteristic part of

the Zambezian phytochorion. Grasses are the most conspicuous element of these landscapes
towards the end of the rainy season, whereas at the onset of the rainy season many woody species
of so called geoxylic suffrutices or ‘underground trees’ (Burtt Davy, 1922; White, 1976) dominate
the aspect of the vegetation. Thus, in vast areas of central and eastern Angola, the open
‘grasslands’ are de-facto co-dominated by grasses and geoxylic suffrutices. Closely intertwined with
miombo woodlands and with wetlands, suffrutex-grasslands constitute one of the main and most
particular ecosystem types of Angola. According to Mayaux et al. (2004), they cover at least 70,080
km2 or 5.6% of the Angolan territory (not including the small scale woodland suffrutex-grassland
mosaics of the central Angolan plateau).

The geoxylic suffrutex life form is marked by proportionally massive underground woody organs,
in literature often termed as lighotuber, xylopodia or woody rhizomes. Annual shoots sprout readily
from the buds on these perennial woody organs, bearing leaves, inflorescences and fruits before
they die back after the end of the rainy season. Coexistence of grasses and suffrutices is made
possible by occupation of different ecological niches together with phase-delayed activity periods

(i.e. main assimilation/flowering/fruiting time) that reduces competition.

Exploration of Geoxylic Grasslands
The first authors who indicated the distribution and ecological particularity of suffrutex-grasslands

in Angola were Gossweiler and Mendonca (1939), who classified them as heathland-like woodlands
(‘Ericilignosa’). They already noted the main differentiation between the Cryptosepalum spp.
dominated suffrutex communities (‘Anharas de Ongote’) on ferralitic and psammoferralitic soils and
the vegetation types characterised by Parinari capensis and the Apocynaceae Landolphia thollonii
and L. camptoloba on leached sandy soils (‘Chanas da Borracha’). They had also already observed
the strong thermic oscillations of which at least the ‘Anharas de Ongote’ are subject (see below)
and commented on the generative cycle of Cryptosepalum maraviense from flowering to fruiting in
the dry season (and thus, being inverse to the generative cycle of the C4-grasses).

Using a different mapping and classification approach, typical suffrutex-grasslands mostly on
sandy soils were again mapped and described by Barbosa (1970) as ‘Chanas da Borracha’ (alluding
to the presences of species of the genus Landolphia), ‘Chanas da Cameia’, and ‘Anharas do Alto’.
The Cryptosepalum spp. dominated ‘Anharas de Ongote’ on ferralitic soils are described (but not
depicted on the map) as being inserted in the main miombo types of the Angolan plateau. However,
he describes the typical spatial pattern, i.e. how they appear close to the headwaters of the small
tributaries and then follow the watercourses in narrow or broad fringes downstream. Gossweiler
and Mendonca (1939) as well as Barbosa (1970), treated these ecosystems as particular site
specific plant communities closely linked to woodland ecosystems, and not as grass-dominated

Savannas.
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White (1983a), however, mapped and described only the sandy ‘Chanas’ as ‘Kalahari and dambo-
edge suffrutex grassland’ in the context of the ‘Zambezian edaphic grassland’, but did not refer to
the ‘Anharas de Ongote’ which constitute a key (but small scale) element of the miombo
ecosystems of the Angolan Plateau. Even in his prominent suffrutex review, White (1976) focuses
solely on the ‘Chanas’ in the range of the Zambezi Graben and neither mentions (psammo-)
ferralitic ‘Anharas’, nor lists their dominant key species Brachystegia russelliae or Cryptosepalum
maraviense in his suffrutex list. He certainly recognises a transition zone between Zambezian and
Guineo-Congolian floras that spans over central and northern Angola (where the ‘Anharas’ are
included) (White, 1983a). However, he did not recognise the importance and floristic singularity of

the ferralitic suffrutex-grasslands dominated by Brachystegia or Cryptosepalum spp.

Suffrutex Flora and Endemism
The suffrutex life form appears in many different floristic groups and obviously evolved

convergently. A similar center of geoxyle diversity has been reported from the Brazilian Cerrado.
Today, 198 species from 40 families are listed for the western Zambezian phytochorion (White,
1976; Maurin et al.,, 2014, own data), but an even higher number is expected as floristic exploration
of the region is still poor and new species might be found (see Goyder & Goncgalves, 2019). In some
cases suffrutices are considered a dwarf variety or subspecies of a closely related tree species (e.g.
Gymnosporia senegalensis var. stuhlmanniana, Syzygium guineense ssp. huillense) and hence
classified as such and not as one species, although the genetic relatedness between tree and dwarf
form is rarely investigated. On the other hand, not all dwarf forms are obligate suffrutices; some
can facultatively outgrow the dwarf state if protected from environmental stressors (White 1976),
for instance Oldfieldia dactylophylla or Syzygium guineense ssp. macrocarpum (Zigelski et al.,
2018).

Within the suffrutex communities of the Zambezian phytochorion, the Rubiaceae have the highest
number of described taxa (46), followed by Anacardiaceae (22) and Lamiaceae (14). Tab. 3.1 lists
all families with known geoxylic suffrutex taxa occurring in Angola and gives examples of common
geoxyles for each family. Furthermore, Fig. 3.1 shows some examples and aspects of suffrutex
species given in Tab. 3.1. The unique Zambezian geoxylic flora with a high number of endemic
species (Brenan, 1978; White, 1983a; Frost, 1996) is a consequence of challenging environmental
conditions, as illustrated further below. According to Figueiredo and Smith’s catalogue of Angolan
plants (2008) and our list of suffrutices (Tab. 3.1), 121 of the 198 suffrutex species occurring in
the Zambezian phytochorion are known from Angola (61%). Of these 121 species 12 are endemic
to Angola (10%).
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Table 3.1 List of plant families with geoxylic suffrutices in the Zambezian phytochorion Plant family N°
Species common in Angola Angolan endemics

Plant family | N°  Species common in Angola Angolan endemics
Rubiaceae | 46 Pygmaeothamnus zeyheri (Sond.) Robyns, Pachystigma 2, e.g. Leptactina
pygmaeum (Schltr.) Robyns prostrata
Anacardiaceae | 22 Lannea edulis (Sond.) Engl., Rhus arenaria Engl. 2B L.a”(’ea
gossweileri
Lamiaceae | 14 Clerodendrum ternatum Schinz, Vitex madiensis ssp.
milanjensis (Britten) F.White
Fabaceae- 13 Erythrina baumii Harms, Abrus melanospermum ssp. 3, e.g. Adenodolichos
Papilionioideae suffruticosus Hassk. mendesii
Proteaceae | 11 Protea mlcans ssp. trichophylla (Engl. & Gilg) Chisumpa & 1, 'Protea paludosa
Brummitt, (Hiern) Engl.
Ochna arenaria De Wild. & T.Durand, Ochna manikensis De
Ochnaceae | 9 :
Wild.
Passifloraceae | 7 Paropsia brazzaeana Baill.
Fabaceae-Detarioideae | 6 Brachystegia russelliae 1.M.Johnst., Cryptosepalum sp. nov.
Apocynaceae | 5 Chamaeclitandra henriquesiana (Hallier f.) Pichon 1, Landolphia gossweileri
Ebenaceae | 5 D{_c)spyros chamaethamnus Mildbr, Euclea crispa (Thunb.)
Gurke
Celastraceae | 4 Gymnosporia senegalensis var. stuhlmanniana Loes.
Dichapetalaceae | 4 Dichapetalum cymosum (Hook.) Eng].
Fabaceae- 4 Entada arenaria Schinz

Caesalpinioideae

Myrtaceae
Tiliaceae
Combretaceae

Euphorbiaceae
Loganiaceae
Annonaceae

Apiaceae
Chrysobalanaceae
Meliaceae
Moraceae
Myricaceae
Phyllanthaceae
Ranunculaceae
Achariaceae
Anisophyllaceae
Clusiaceae
Dilleniaceae
Fabaceae-Cercioideae

Hypericaceae
Ixonanthaceae

Lecythidaceae
Linaceae
Malpighiaceae
Malvaceae
Melastomaceae
Picrodendraceae
Rhamnaceae
Urticaceae

P PP PP, RPR PR R PP P PP EPRPNNMNNDMDNDMDNDMNMDNMNMOO O > D

Syzygium guineense ssp. huillense , (Hiern) F.White Eugenia
malangensis (0.Hoffm.) Nied.

Grewia herbaceae Hiern
Combretum platypetalum Welw. ex M.A.Lawson

Sclerocroton oblongifolius (MUll.Arg.) Kruijt & Roebers
Strychnos gossweileri Exell

Annona stenophylla ssp. nana (Exell) N.Robson
Steganotaenia hockii (C. Norman) C. Norman
Parinari capensis Harv., Magnistipula sapinii De Wild.
Trichilia quadrivalvis C.DC.

Ficus pygmaea Welw. ex Hiern

Morella serrata (Lam.) Killick

Phyllanthus welwitschianus MUll.Arg.

Clematis villosa DC.

Caloncoba suffruticosa (Milne-Redh.) Exell & Sleumer
Anisophyllea quangensis Engl. ex Henriq.

Garcinia buchneri Engl.

Tetracera masuiana De Wild. & T.Durand

Bauhinia mendoncae Torre & Hillc.

Psorosperum mechowii Engl.

Phyllocosmus lemaireanus (De Wild. & T.Durand) T.Durand &

H.Durand
Napoleonaea gossweileri Baker f.

Hugonia gossweileri Baker f. & Exell
Sphedamnocarpus angolensis (A.Juss.) Planch. ex Oliv.
Hibiscus rhodanthus Glrke

Heterotis canescens (E. Mey. ex Graham) Jacq.-Fél.
Oldfieldia dactylophylla (Welw. ex Oliv.) J.Léonard
Ziziphus zeyheriana Sond.

Pouzolzia parasitica (Forssk.) Schweinf.
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Figure 3.1 Common Angolan suffrutex species. (a) Ochna arenaria (Ochnaceae), fruiting and growing on
sandy sediments of the Bie Plateau. (b) Syzygium guineense subsp. huillense (Myrtaceae) flowering in the
dry season and growing on sandy soils of the Bie Plateau. (¢) Lannea edulis (Anacardiaceae), bearing edible
fruits, growing on Kalahari sands in southeast Angola. (d) Hibiscus rodanthus (Malvaceae), growing on
Kalahari sands in southeast Angola and flowering in the rainy season. (e) Landolphia gossweileri
(Apocynaceae), typical element of the ‘Chanas da Borracha’, growing on sandy soils of the Bie Plateau and
bearing edible fruits. (f) Phyllanthus welwitschianus (Phyllanthaceae), growing on sandy soils of the Bie
Plateau and flowering in the rainy season. (g) Cryptosepalum sp. nov. (Fabaceae - Detarioideae) with
excavated rootstocks, typical element of the ‘Anharas de Ongote’, growing on psammoferralitic soils of the
Bie Plateau. (h) Parinari capensis (Chrysobalanaceae), typical element of the ‘Chanas da Borracha’, growing
on slightly elevated termite mounds in flooded savannas of the Cameia National Park, Moxico Province
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Figure 3.2 Typical geoxylic suffrutex grasslands of Angola. (a) ‘Chanas da Cameia’ in the Cameia National
Park, Moxico Province, during dry season in June. The slightly elevated termite mounds provide habitat for
several geoxyle species that avoid the low-lying areas that are waterlogged from January to May. (b) ‘Anharas
de Ongote’ in the Sovi Valley on the southern slopes of the Bie Plateau, in August. The mid- and footslopes
are dominated by suffrutex-grassland with the characteristic reddish and green patches of the fresh leaves
of Brachystegia russelliae whereas the wetlands in the drainage lines are covered mostly by Cyperaceae
(background, in dark green).

Environmental Conditions of Suffrutex-Grasslands Through the

Year
The substrate strongly influences the species composition of the suffrutex-grasslands. In Angola

geoxylic suffrutices occur on (a) well-drained arenosols which are found as seasonally flooded
savannas in the Zambezi Graben of the Moxico province or as sandy alluvial deposits on fossil river
terraces along the valleys of the southern slopes of the Angolan plateau (Fig. 3.2a); (b) on psammo-

ferralitic plinthisols as they frequently occur on the Bie Plateau in central Angola. The suffrutex-
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grasslands on ferralitic soils mostly occur on mid- and foot-slopes and are embedded within a matrix
of miombo woodland (Fig. 3.2b).

Environmental conditions in suffrutex-grasslands change dramatically throughout the year. The
most perceived stresses are man-made fires in the dry season (May-October) which are mostly
deployed to induce resprouting for livestock fodder or to facilitate hunting (Hall, 1984). Depending
on fire intensity, which in turn depends mostly on fuel load, ambient temperature and wind
(Govender et al., 2006), such fires can completely burn unprotected aboveground biomass.

Another abiotic stress occurring mostly in the early dry season (June-August) is nocturnal frost,
peaking immediately before sunrise. At this time of year masses of cold dry air from southern
latitudes intrude into south-central Africa (Tyson & Preston-Whyte, 2000). As depressions
accumulate confluent cold air, the undulating topography of the Angolan highlands facilitates
frequent radiation frost especially in valleys (Revermann & Finckh, 2013; Finckh et al., 2016). Up
to 44 frost events per dry season (with a minimum temperature of —=7.5 °C) were recorded by
Finckh et al. (2016), with a temperature span of up to 40 degrees within 12 h. Most woody species
from tropical background (including geoxylic suffrutices) are sensitive to frost, their leaves wilt or
their shoots die-off entirely.

The geoxylic suffrutex species seem to be triggered by the destruction of their shoots by frost
and/or fire, as they readily resprout after these disturbances and in most cases already start
flowering in the dry season. The suffrutices therefore have often already finished their generative
cycle when the grasses start to cover them. The suffrutex-grasslands of the sandy plains in eastern
Angola are furthermore subject to seasonal flooding in the late rainy and early dry season (January-
May), leading, for example, in the Cameia National Park to standing water up to 0.5 m deep.
Whereas grass species dominate the sites which are inundated for several months, suffrutex
species seem to avoid fully waterlogged sites and grow patchily on slightly elevated termite mounds
(Fig. 3.2a) or other well drained sites. The dominant grass species seem to profit from inundation.
Their tufts develop massively in the middle of the rainy season and they flower and bear fruits

throughout the flooding season (own observations).

Knowledge Gaps on the Evolution of the Geoxylic Suffrutices & the

Formation of Suffrutex-Grasslands
A common observation within suffrutex ecosystems is the resemblance (Meerts, 2017) and

assumed close relatedness of suffrutex species to tree species that occur in forests and woodlands.
The indigenous people (e.g. the Chokwe in eastern Angola) in many cases recognise the similarity
and relatedness and use similar local names for such pairs, for instance Muhaua and Mupaua for
the tree and suffrutex forms of Syzygium guineense Willd. DC. The striking fact that the suffrutex
life form was developed by several plant families independently and at roughly the same time
(Maurin et al., 2014) indicates a common driver that triggered its convergent evolution.

Grassy biomes emerged in Africa in the late Miocene approximately 10 mya (Cerling et al., 1997;

Keeley & Rundel, 2005; Herbert et al., 2016). This period is characterised by global climatic
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fluctuations which led to cooler, drier conditions, to a drop of atmospheric CO2 concentrations and
particularly to pronounced precipitation seasonality (i.e. wet and dry seasons) in southern Africa
(Pagani et al., 1999). As a consequence, humid tropical forests retreated to more favorable sites
further north and were replaced by more open dry and seasonal tropical forest ecosystems like the
miombo (Bonnefille, 2011). In parts where miombo landscapes prevail today, canopies were
disrupted and allowed the establishment of open ecosystems embedded in woodland matrices.
These open ecosystems were then rapidly occupied by light-demanding C4-grasses and the
evolving geoxylic suffrutices.

It is still an open discussion why open suffrutex-grasslands are able to persist within the
woodlands (or vice versa). It is however likely that rainfall seasonality and the above described
abiotic stresses that characterise the suffrutex-grasslands play a major role in their establishment
and maintenance (Sankaran et al., 2005; Staver et al., 2011).

Savanna ecologists tend to see fire as the main driver for grassland formation. On the one hand
frequent fires prevent tree establishment if saplings cannot outgrow the reach of the flames and
are destroyed therein. For woodlands in eastern South Africa, a fire free time period of at least 5
years is necessary for many tree species to escape the ‘fire trap’ (Sankaran et al., 2004; Gignoux
et al., 2009). This time window, allowing for successful reestablishment of trees, is rarely achieved
in Angolan grasslands, at least nowadays (Schneibel et al., 2013; Stellmes et al., 2013b). C4-
savanna grasses, however, respond positively to periodic burning and resprout within weeks (Bond
& Keeley, 2005), thus being able to colonise seasonally burnt sites.

Forest ecologists, on the other hand, attribute the frequent short duration frost events in the dry
season for preventing tree recruitment in the open areas (Finckh et al. 2016). As the list of
suffrutices (Tab. 3.1) shows, mainly (but not exclusively) tropical families or genera evolved
suffrutex life forms. Frost is deleterious to most tropical tree taxa, as they have not developed
physiological adaptations to this ‘un-tropical’ stress factor, thus showing little or no frost tolerance
(Sakai & Larcher, 2012). As the suffrutex-grasslands are typically situated in particularly frost prone
sites (depressions), tree taxa that are not adapted to frost are being filtered out of such
environments.

In any case, a promising strategy to cope with seasonally returning thermic stress (by frost or fire)
is to protect sensitive organs (buds) by hiding them underground. Tree species relocated their
woody biomass and regenerative buds belowground at the expense of growth height and were thus
able to cope with frost and fire prone sites (White 1976; Maurin et al. 2014, Finckh et al. 2016).
Even shallow soil depths of less than 10 cm are sufficient to alleviate thermic stresses (Revermann
& Finckh, 2013). The high number of tropical genera and families that contribute to the suffrutex
flora show how successful this strategy is for frost sensitive and fire susceptible taxa, in order to
survive the adverse conditions of the open grasslands.

Concomitantly other evolutionary advantages of the geoxylic life form have been discussed, for

instance poor edaphic conditions, as favoured by White (1976). He considered the low nutrient
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status of the leached and locally seasonal waterlogged soils on Kalahari sands as a likely cause for
the lack of regular trees and the suffrutication of them as means of compensation. However, trees
as well as suffrutices often grow on the same or similarly poor soils, with comparable physical and
chemical properties (Grongroft et al., 2013); forests and grasslands are not separated by edaphic
boundaries but follow topographic rather than edaphic logics.

The waterlogging argument on the other hand would imply that the woody underground organs
show adaptations to inundation, for instance aerenchymatic tissue or adventitious roots (Parolin,
2008). Anatomical analyses of the rootstocks of four common suffrutex species however did not
provide any support for aerenchymatic tissue nor other adaptations to inundation (Sanguino,
2015). Moreover, in seasonally flooded savannas suffrutices avoid inundated sites. This is even
the case for Syzygium guineense subsp. huillense, a suffrutex closely related to a tree species that
grows along and in rivers and floodplains (Coates Palgrave, 2002; Meerts & Hasson, 2016).

To summarise, so far the main environmental driver for the astonishing radiation of geoxylic
suffrutices has not been conclusively identified. The emergence of the suffrutex grassland at the
end of the Pliocene and the peak of radiation at the beginning of the Pleistocene is clearly related
to climatic seasonality and pronounced dry seasons. Dry seasons, however, did not only provide
the necessary dry fuel for fire but also provided the atmospheric conditions for nocturnal frost

events - the seasonality argument, thus, does not tip the balance toward fire or frost.

Conservation Value and Conservation Challenges
Various studies recognhise the high floristic singularity of the Zambezian phytochorion and

suffrutex-grasslands with its unique life forms contribute prominently to its high number of endemic
species (Clayton & Cope, 1980; White, 1983). The high degree of suffrutex-grassland endemics
within the Zambezian phytochorion as well as within Angola is a consequence of a unique setting
of environmental drivers like nutrient poor soils, frequent frosts and fires or precipitation
seasonality in a small-scale heterogeneous landscape (Linder, 2001). Thus, the Zambezian
phytochorion can be seen as an evolutionary laboratory that promoted the evolution of many
specialised plant species, e.g. suffrutices, orchids and grasses.

Suffrutex-grasslands are sometimes misunderstood as ‘degraded forests’, overlooking their
naturalness. Through this misconception they are listed as sites for reforestation in order to recover
presumably lost forests and to sequestrate atmospheric CO2 (Parr et al., 2014). However, the well-
intentioned act of reforestation would in fact destroy biodiverse natural ecosystems (Bond, 2016).
A lack of understanding, however, frustrates the development of appropriate conservation
measures for the suffrutex grasslands today and in the future. The rebuilding process in Angola
also has risks, happening at a rapid pace and shaping the landscape to human demands with
limited consideration for sustainable management (Prépper et al., 2015). Flooded savannas in the
Moxico Province for instance are targeted for large-scale agro-industrial development (ANGOP,
2017). Not even National Parks offer adequate protection to ecosystems in this area, as the first

rice schemes emerged during 2016 within the limits of Cameia National Park (own observation).
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Deficiencies in communication and cooperation between different ministries and governance levels

aggravate such problems.

Outlook

Many questions still remain to be answered around the enigmatic life form of the geoxylic
suffrutices. In order to efficiently safeguard suffrutex-grasslands, we need to understand the
evolutionary drivers and evolutionary processes shaping these ecosystems. For instance, a
thorough understanding of the evolutionary drivers and the response of suffrutices to them would
help to assess how current environmental conditions affect the Zambezian ecosystems and how
landscape shaping processes work. Moreover, investigations about genetic patterns of suffrutices
and close tree-relatives would give insight to speciation processes, means of propagation (clonal
or sexual) and evolutionary history. Also, ecophysiological or morphological measurements would
contribute another perspective from which to assess how suffrutices react to environmental

stresses and change processes. All these facets are currently the subjects of incipient research.
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Introduction

Geoxylic suffrutices, or geoxyles for short, are woody plants with an eccentric growth form,
owing them the name “underground trees”, because most woody biomass is underground
(White, 1976; Maurin et al., 2014; Pausas et al., 2018; Zigelski et al., 2019) (Fig. 4.1). This
biomass encompasses roots, woody rhizomes, xylopodia or lignotubers and serves as an
underground storage organ and bud bank, which are essential for resprouting after
disturbance (Pausas et al., 2018; Ott et al., 2019). By locating critical organs underground
and restricting their aboveground biomass to short-living flowering and fruiting shoots,
species with this growth form are well adapted to rainfall seasonality and fire, herbivory
and frost (Maurin et al., 2014; Finckh et al., 2016; Wigley et al., 2019).

Geoxyles grow in frost- and fire-prone tropical grasslands and savannas dominated by C4
grasses, can cover the ground densely (Meller et al., 2021a), and reach impressive ages
of thousands of years (Alves et al., 2013; Braam Van Wyk, personal communication).
Coexistence with grasses is possible because geoxyles begin to resprout and flower in the
dry season, well before the grasses do. Due to this asynchronicity in assimilation periods
and generative propagation, competition between geoxyles and grasses is reduced
(Zigelski et al., 2019). Although geoxyles tend to be overlooked in grasslands due to their
lower stature, they contribute strongly to biodiversity, functionality, carbon stocks and
resilience of their habitats (Fidelis et al., 2014; Zaloumis & Bond, 2016; Gomes et al.,
2021).

Starting in the late Miocene around 10 mya, tropical forests in south-central Africa gave
way to open vegetation types, as the CO- levels dropped and climate became drier and
more seasonal (Zachos et al., 2001; Trauth et al., 2009; Bonnefille, 2011; Herbert et al.,
2016). In this context, the geoxylic growth form evolved convergently in response to
seasonality in a multitude of plant families, particularly from savanna and tropical forest
lineages (Meller et al., 2021b). Many geoxyles evolved from tree and shrub species (White,
1976; Maurin et al., 2014), and many of them are remarkably similar to closely related
tree species regarding morphological traits, except for the growth height (Meerts, 2017;
Gomes et al., 2019).

Geoxyles occur in tropical regions that are affected by fire, herbivory and/or frost, so that
periodical aboveground disturbances and biomass removal are regarded as a key necessity
for their occurrence (Fidelis et al., 2014). Particularly the Cerrado (Brazil) and south-central
Africa represent hot spots of diversity and endemism for geoxyles (White 1983; Maurin et
al. 2014; Pennington and Hughes 2014). The Zambezian phytochorion (phytochorion =

centre of endemism (White, 1983)) (Fig. 4.2a) with its mosaic of miombo woodlands and
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open vegetation types, and particularly the Angolan montane forest-grassland mosaic
(Olson et al., 2001) provide ideal conditions for geoxyles in Angola: sufficient and seasonal
precipitation combined with frequent abiotic disturbances like fire and frost, which promote
areas of low tree cover. Parts of South Africa, Zambia, D.R. Congo, Zimbabwe, Mozambique
and Malawi are also rich in geoxyles, whereas most parts of Namibia or Botswana are too
arid. Several highland areas in Africa have been reported to harbour endemic geoxyles, e.g.
the Nyika Plateau in Malawi (Willis et al., 2001), and the Highveld (Burtt Davy, 1922) and
the Cape floristic region of South Africa (Grobler & Cowling, 2021).

According to the catalogue of Angolan plants (Figueiredo & Smith, 2008), our own
compilations (Zigelski et al., 2019; Meller et al., 2021b), and research for this chapter,
Angola is home to at least 133 different geoxyle species in the strict sense (with close tree
relatives), of which 42 are endemic (31.6%). When defining geoxyles in a broader sense,
i.e. the majority of woody biomass is underground and species descriptions include
phrases like “from a woody rootstock”, “with a woody tuber” or “suffruticose”, one can
count 229 different taxa, 83 of which are endemic (36.2%). The high number of endemic
species and the floristic singularity of the Zambezian phytochorion (Clayton & Cope 1980,
White 1983) is thus prominently shaped by Angolan geoxyles. Strikingly, the geoxyle
communities of the western highlands are predominantly composed of different species
and endemics than those of the Kalahari sands in the eastern, less elevated parts of
Angola. In this chapter, we focus on Angola’s endemic geoxyle species that are restricted

to the highlands.
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Figure 4.1 (next page): Highland endemic geoxylic plants of Angola. A) Leptactina prostrata (Rubiaceae). B)
Thunbergia retefolia (Acanthaceae). C) Adenodolichos mendesii (Fabaceae). D) Protea ongotium
(Proteaceae). E) Dolichos dongaluta (Fabaceae). F) Protea ongotium excavated (lignotuber). G) Clutia
benguellensis (Phyllanthaceae). H) Eriosema albo-griseum (Fabaceae). 1) resprouting geoxyles (light green:
Brachystegia russelliae, dark green: Cryptosepalum sp. nov. aff. maraviense) on the Bié plateau, end of dry
season.
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Materials and methods

The geoxyle taxa enumerated in this review were compiled based on the catalogue of
Angolan plant species, which indicates most endemic species (Figueiredo & Smith, 2008),
on own ongoing vegetation surveys conducted in Bié, Huila, Moxico and Cuando-Cubango
provinces since 2011, and on a thorough search of geoxyle literature (White, 1976; Maurin
et al., 2014; Revermann et al., 2017; Goyder et al., 2018; Zigelski et al., 2019). We
furthermore checked whether newly described and revised species from Angola match the
definition of a geoxyle (Robbrecht et al., 1996; Dessein et al., 2003; Darbyshire et al.,
2019, 2021, Frazao et al., 2020). It wasn’t always clear if a species is a geoxyle, because
species descriptions were often vague and insufficient with regard to belowground parts.
In many cases information was limited to terms like “perennial”, “with a woody base” or
“growing from a woody rootstock”. We thus applied a broader (“with a woody base”) and a
stricter definition (“with woody underground organs and with congeneric tree relatives”)
and enumerated the species accordingly (Tab. 4.1). If geoxyle taxa also occur outside of
Angola, or if they are endemic to Angola but restricted to the lowlands (< 1200 m), they
were excluded, leaving us a final list of 126 highland taxa. We retrieved georeferenced
occurrence data of these taxa from the Vegetation Database of the Okavango Basin (ID AF-
00-009) in the Global Index of Vegetation-Plot Databases (https://www.gvid.info), own
vegetation databases from Angolan Biodiversity Observatories
(http://www.sasscalobservationnet.org/), from collections stored at the herbarium LUBA in
Lubango, Angola, and from GBIF (doi.org/10.15468/d1.43fwmf) (GBIF, 2021). For the two
latter we manually added georeferences to entries with precise enough locality

descriptions. This way we yielded 1630 entries.

Geoxyle species endemic to the highlands

The result is shown in Fig. 4.2, with particular hotspots for highland geoxyles on the
escarpment near Lubango, and on the Bié and Huambo plateaus. Although the elevated
plateau of (south-)eastern Angola is also particularly rich in geoxyles (Goyder et al., 2018;
Zigelski et al., 2018, 2019), its species pool differs from the species occurring in the
highlands of central and western Angola, because the highland geoxyles do not extend
(much) into the eastern areas (Fig. 4.2b). This observation is in accordance with the
findings of Linder (2001), who identified two centres of species endemism and diversity in
Angola, one extending from central Angola towards the east across Katanga and Zambia,

the other on the Huila plateau.
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Meller et al. (2021b) have shown that multiple biogeographic origins and environmental
heterogeneity promote geoxyle diversity in Angola. Environmental differences between the
higher- and lower-lying areas, particularly regarding edaphic conditions and disturbance
regimes, could thus cause distinct geoxyle communities. Many geoxyle species have
specific requirements with regard to substrates (Revermann et al., 2017). Towards the
west, altitudes increase, the topography becomes much more rugged, and weathered
plinthosols and shallow substrates on unweathered bedrock predominate (Huntley, 2019).
(South-)eastern Angola on the other hand is characterized by gently undulating landscapes
covered by deep and nutrient poor deposits of Kalahari sand that extend further to the east
(Zambia) and south (Namibia, Botswana). Rainfall and its seasonality varies little along the
east - west gradient, comprising minimum ~ 800 mm/y for highland specific geoxyles to
occur (Fig. 4.2c); for grasslands, this implies that fuel loads (cured grasses) are sufficiently
abundant throughout, and sufficiently fire prone and fire affected (Govender et al., 2006;
Archibald et al., 2010).

However, the exposure to other aboveground disturbances differs along the gradient. The
higher lying areas of the Bié, Huila and Huambo plateaus are prone to localized frequent
frosts (up to 40 per year) in the dry season, which affect the open grasslands in the valleys
in particular, because the cold air can pool there (Finckh et al., 2016, 2021). During the
Pliocene, and particularly in the Pleistocene, the climate in Angola had been even cooler
and more arid, which likely entailed increased nocturnal frost events and severity
(Demenocal, 1995; Herbert et al., 2016). Strikingly, the highest areas along the western
escarpment receive very little frost and then only in enclosed valleys (SASSCAL
WeatherNet; personal observations PM, MF), probably due to the mild oceanic influence.

Several ecological theories may help to explain the high number of highland endemic
geoxyle taxa in Angola, e.g. because dispersal has been limited in the past (Freestone &
Inouye, 2006), because climatic conditions have been stable over a long time (Lovett &
Friis, 1996), and/or because soils in highlands are more heterogeneous on the small scale
(Hulshof & Spasojevic, 2020). A combined effect is probable, because the topography of
the highlands leads to only slightly connected small-scale mosaics of forests, woodlands,
grasslands and wetlands, an environment that seems to promote evolutionary processes.
As a result, we observe a considerably higher number of geoxyle taxa endemic to the
Angolan highlands (strict sense: 22, broad sense: 50) than of lowland endemic geoxyles
(strict sense: 13, broad sense: 25). One has to bear in mind, however, that historically, the
western part of Angola has been far better covered by collectors than the eastern part

(Sosef et al., 2017; Goyder & Goncalves, 2019). Some of the geoxyle hotspots in Figure 2
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reflect historical collection sites (e.g. Morro do Lopollo near Lubango) and expedition

routes.
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Table 4.1: Number of geoxyle taxa endemic to the Angolan highlands (columns 2 and 3) and endemic to
Angola but also occurring at lower altitudes (columns 4 and 5). As species descriptions are often vague and
insufficient with regard to belowground parts, we compiled the table with increasingly strict definitions of
geoxyles. I) taxa with “a woody base” can be termed geoxyles in the broad sense, this group may also include
perennial herbs. Il) taxa with woody underground storage organs (USO) have a woody base and extended
belowground woody structures. 1) taxa with tree relatives have a woody base, USOs and congeneric tree
relatives; these are geoxyles in the strict sense. We compiled these numbers for Angolan endemic taxa that
have been observed only in highlands (= 1500 m), and for those that also occur in lower areas.
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Table 4.2: Families with most geoxyle taxa. The number of highland endemic geoxyles in families with at
least 5 geoxyle taxa is given. For comparison, the total number of geoxyle taxa in these families that occur in
Angola (including non-endemics) is given in brackets. Some important geoxyle families don’t have (enough)
highland endemics and are therefore included in the group “other”: Anacardiaceae (11 taxa), Apocynaceae
(5 taxa), Ochnaceae (6 taxa) and Proteaceae (9 taxa).

With a woody base With a woody USO  With congeneric tree relative

Fabaceae 28 (69) 13 (49) 2(11)
Rubiaceae 10 (45) 6 (40) 5(38)
Acanthaceae 11 (15) 3(7) 0(0)
Lamiaceae 7(17) 2(13) 1( 3)
Euphorbiaceae 5(12) 5(11) 2 (10)
Malvaceae 5(11) 5(11) 1( 6)
Other 25 (110) 16 (98) 11 (65)

Total 91 (279) 50 (229) 22 (133)

Threats and conservation

Inherently, most aboveground disturbances are not threatening to geoxyles because they are well-
adapted to them. Their belowground storage organs and bud banks are vulnerable, however,
because once these are critically damaged, geoxyles will lose their carbon reserves and resprouting
ability (Zaloumis & Bond, 2016; Buisson et al., 2019). These critical parts are mostly located in the
topsoil, in the first ~ 30 cm below the surface (Gomes et al., 2021), which is likewise sufficient to
buffer short thermal peaks caused by the passage of fire (Auld & Bradstock, 1996), as well as
nocturnal frost pulses of several hours length (Revermann & Finckh, 2013). The soil temperature
in 5-10 cm depth only deviates slightly in both cases. However, the geoxyles’ location in the topsoil
might not protect them from physical impacts. Historically, the Angolan Plateau always had low
densities of natural meso- and mega-herbivores (Huntley et al., 2019), which implies that geoxyle
grasslands there were probably not heavily affected by grazing or trampling. In Cangandala National
Park at the slopes of the Angolan Plateau, herds of Giant Sable antelopes (Hypotragus niger) have
been seen grazing in geoxyle grasslands after fire, when grasses are rare in dry season (personal
observation AG). However, it is yet unclear what effect modern herbivory and trampling by cattle
has on geoxyles, particularly regarding land use change from natural grasslands to intensively used
rangeland, or transformation of rangelands to agricultural use.

The biggest threat to geoxyles lies in the transformation of natural tropical grasslands to intensive
land use types. Once trampling or ploughing damages their belowground parts irreversibly, geoxyle
species will not easily recuperate. Their strategy is to grow slowly, to persist and to reach high ages
(Alves et al., 2013; Braam Van Wyk, personal communication), whereas propagation via seeds
seems only secondary and little successful, since geoxyle seedlings seem to be very rare (personal
observation, PM). This means that even after an agricultural field has been abandoned, it may take

a long time for geoxyles to recolonize the area, once their belowground structures are cleared from

45



-IV- High diversity and endemism of geoxylic plants in Angolan highlands: more research and conservation measures
are needed

it. To date, agriculture in more remote parts of Angola is only starting to become industrialized, and
most agricultural practices still rely on combinations of hard manual work, animal traction and/or
fire. However, urbanisation and technical progress promote the mechanisation of agriculture, which
in turn makes it easier to reclaim land pervaded by massive belowground woody structures, as seen

for instance on the Bié and Huambo plateau (Fig. 4.3, personal observation AG, MF, PM).

Figure 4.3: Tractor-ploughed fields in geoxyle grasslands near Chitembo, Bi€, appeared in July 2021. The
plough is deep and strong enough to destroy the massive belowground geoxyle structures. Such fields are
then planted with crops like cassava, maize, or beans.

Analogously, misguided attempts to afforest tropical grasslands in order to sequestrate
atmospheric CO2 (Bastin et al., 2019; Bond et al., 2019) endanger geoxyles and make little sense,
because intact geoxyle grasslands can store carbon amounts comparable to old-growth woodlands
(Gomes et al., 2021). Even if the geoxyles’ belowground structures were left unharmed, once they
are overshadowed by trees, the shade-intolerant geoxyles would rapidly become outcompeted
(Zaloumis & Bond, 2016; Buisson et al., 2019). Like intensified agriculture, this would destroy
biodiverse, old-growth natural grasslands (Bond, 2016).

It becomes clear that geoxylic species face imminent threats in Angola due to accelerating land
use change and intensification. The still insufficiently understood geoxyle diversity makes it difficult
to estimate specific conservation needs, because many geoxyle species are poorly known and/or
described, and range extent and population sizes of most species are still unknown. As a result,
threat status assessments (IUCN red list) are rarely available. Of the 126 taxa occurring in the
Angolan highlands, 119 taxa (94.4%) are either data deficient or not assessed. The high rate of
localized endemics facing land use intensification, however, lets us expect a substantial threat to
at least some of the geoxylic species, e.g. to Barleria kacondensis subsp glabrescens (EN Blab(iii))
(Darbyshire et al., 2021) or Bolusia ervoides (“rare species and is known from only few collections”)
(Van Wyk et al., 2010).
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Table 4.3: Endemic geoxyle taxa occurring in the Angolan highlands. Only taxa with a congeneric tree relative are listed here, a full list of endemic geoxyle taxa is provided
in Table S4.1. For orientation it is annotated whether they are strictly highland endemic, and whether they are geoxyles in a broad sense (with a woody base), or stricter
sense (with a woody USO). Close tree relatives from Southern-Central Africa are also provided, however, since phylogenetic studies are lacking for most geoxyle taxa, the
tree taxa here should be regarded as examples, not necessarily as the truly closest tree relative. Where species are restricted to particular plateaus, escarpments or
localities these are outlined; wider distributions within Angola are presented as an alphabetical list of provinces abbreviated as follows BE - Benguela, Bl - Bié, CC -
Cuando-Cubango, CN - Cuanza Norte, CS - Cuanza Sul, CU - Cunene, HU - Huambo, HI - Huila, LS - Lunda Sul, MA - Malange, MO - Moxico, and NA - Namibe.

Woody Highland Close tree
Taxon Family Distribution uUso endemic relative(s)
. Baphia
Baphia sp. nov. Fabaceae CC, BI, MO X bequaertii
Clutia benguelensis Mull.Arg. Euphorbiaceae BE, BI, HI, HU X X Clutia abyssinica
Combretum argyrotrichum Welw. ex M.A.Lawson Combretaceae HU plateau, HI escarpment X X Combretum
Combretum viscosum Exell Combretaceae BE, B, HI, HU X X zeyheri
Cryptosepalum sp. nov. aff. maraviense Fabaceae Bl plateau X X Cryp t_osep alum
exfoliatum
Dissotis benguellensis A.Fern. & R.Fern. Melastomataceae HU, Serra de Moco X . . .
Dissotis melleri
Dissotis carrissoi A.Fern. & R.Fern. Melastomataceae CS, Huambo
. Erythrina
Erythrina pygmaea Torre Fabaceae HI plateau X X abyssinica
Euclea angolensis Gurke Ebenaceae HI plateau X X Eyglea
divinorum
Euphorbia asclepiadea Milne-Redh. Euphorbiaceae Bl plateau Euphorbia
Euphorbia parifolia N.E.Br. Euphorbiaceae Hl escarpment, Tundavala  x X matabelensis
Fadogia caespitosa Robyns Rubiaceae HI plateau X
Fadogia chrysantha K.Schum. Rubiaceae HU plateau X X '
Fadogia graminea Wernham Rubiaceae Bl plateau X Fadogia
erythroploea
Fadogia punctulata Robyns Rubiaceae HU plateau X X
Fadogia stenophylla Welw. ex Hiern Rubiaceae HI escarpment, Lubango X
Gnidia fruticulosa Gilg Thymelaeaceae HI plateau X
Gnidia newtonii Gilg Thymelaeaceae HI escarpment, Humpata X .
- - Gnidia glauca
Gnidia rendlei Hiern Thymelaeaceae HI escarpment, Mumpulla X
Gnidia welwitschii Hiern Thymelaeaceae HI escarpment, Humpata X
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Grewia suffruticosa K.Schum.

Hypericum abilianum N.Robson

Julbernardia gossweileri (Baker f.) Torre & Hillc.

Lannea gossweileri Exell & Mendonca
Lannea rubra Hiern (Engl.)

Leptactina prostrata K.Schum.
Ozoroa xylophylla (Engl. & Gilg) R.Fern. & A.Fern.

Pavetta nana K.Schum.

Phyllanthus microdendron MUl Arg.

Protea dekindtiana Eng].

Protea ongotium Beard

Protea paludosa subsp. paludosa Hiern (Engl.)

Protea poggei subsp. haemantha (Engl. & Gilg) Chisumpa & Brummitt
Protea poggei subsp. heliophila Chisumpa & Brummitt
Psychotria moninensis (Hiern) E.M.A.Petit

Psychotria welwitschii (Hiern) Bremek.

Tricalysia angolensis A.Rich. ex DC.

Vangueria cistifolia var. cistifolia (Welw. ex Hiern) Lantz
Vangueria fulva (Robyns) Lantz

Vitex caespitosa Exell

Malvaceae

Hypericaceae

Fabaceae

Anacardiaceae
Anacardiaceae

Rubiaceae
Anacardiaceae

Rubiaceae

Phyllanthaceae

Proteaceae
Proteaceae
Proteaceae
Proteaceae
Proteaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Lamiaceae
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HI plateau

HI escarpment, Humpata

CC, HI, HU, MA

Bl plateau
HI escarpment, Tundavala

Bl plateau, MO
Bl and HI plateaus

HI escarpment, Tchivinguiro

Bl plateau

HI escarpment, Tchivinguiro
Bl and HI plateaus

Bl and HI plateaus

Bl plateau, MO

HU plateau

CC, BE, BI, HI, HU, MA

HU, HI and NA escarpment
CC, CU, Bl and HlI plateaus
BI, HI, MA

Bl and HI plateaus

BI, BE, HU

>

X X X X X X X X X X X

Grewia bicolor

Hypericum

roeperianum
Julbernardia
paniculatum

Lannea discolor

Leptactina
platyphylla
Ozoroa insignis

Pavetta
gardeniifolia
Phyllanthus
muellerianus

Protea gaguedii

Psychotria
succulenta

Tricalysia elliotii

Vangueria
infausta

Vitex ferruginea



-IV- High diversity and endemism of geoxylic plants in Angolan highlands: more research and conservation measures
are needed

Knowledge gaps and research priorities

Reading to this point here, several knowledge gaps and research priorities about geoxyles already
became apparent: the impact of herbivory on geoxyle grasslands cannot be assessed without
sound studies, and the same is true for threats and conservation needs of individual geoxyle
species and communities. The diversity, richness and multiple origin of geoxyle species makes it
difficult to grasp and study them as a whole (Meller et al., 2021b), so we advocate not to treat them
across-the-board as a uniform plant growth form, but as a conglomeration of species that adapted
convergently to similar environmental drivers.

One characteristic of geoxyle grasslands is the low agricultural potential of the soils on which they
occur, and that different soil types bear different geoxyle communities (Revermann et al., 2017).
Generally, these soils are weathered, well-drained, nutrient-poor, and of high sand content (> 80%);
they are acidic (~pH 4) with a low CEC (< 20 cmolc/dm?3) and base saturation (71% - 78%) (Grongroft
et al.,, 2013; Gomes et al., 2021). This is also evident from other co-occurring plant species that
are adapted to low nutrient contents, e.g. orchids. From pristine species-rich grassland ecosystems
worldwide it is known that application of N- and P-fertilizers leads to diversity losses and
homogenizations in grasslands (Tilman & Downing, 1994; Harpole & Tilman, 2007). If (industrial)
agriculture in Angolan geoxyle grasslands intensifies further, we worry that fertilizers might have a
similar effect on geoxyle diversity, in the long term. Studies in this direction are urgently needed.

The many endemic species and often localized ranges raise the question of genetic diversity and
connectedness between populations. To our knowledge, there have been no studies on population
genetics of Afrotropical geoxyles so far, except for a study on the widely distributed and polymorphic
Syzygium guineense complex, which includes geoxylic forms, and where gene flow happens over
wide ranges between geoxyle, shrub and tree forms (Zigelski et al., 2019b). But detailed studies on
the genetic diversity, or isolation, of specific geoxyle populations are missing, which is concerning
because the influence of the geoxyles’ supposedly limited sexual reproduction cannot be assessed
then. Furthermore, demographic studies of geoxyle species are practically non-existent, with one
exception (Chidumayo, 2019), making it hard to explain and counteract the observed rarity of
seedlings. Such knowledge is crucial for conservation and restoration purposes, particularly in the
light of impending grassland degradations and fragmentations.

There are manifold research deficiencies regarding African geoxyles, although Burtt Davy
published the first comprehensive review already almost 100 years ago (1922), followed by
treatises from White (1976), Maurin et al. (2014) and Zigelski et al. (2019a). These articles,
however, focus mostly on ecological and evolutionary aspects and are not enough to cover and
explain the complexity of the geoxylic growth form. Moreover, research on the life cycle of geoxyles
would make conservation and management plans more sustainable and holistic. Pending aspects
like animal-geoxyle-interactions, plant-fungi and plant-microbe mutualisms, pollination/pollinators,
dispersal mechanisms, growing rates, and success rate of generative reproduction (and how to

improve it) need to be addressed. To conclude, we see imminent threats of destruction and loss of
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a landscape home to unique plant evolution, before we even have started to grasp and comprehend

its functioning, diversity, history, biotic interactions and contributions to people.
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Abstract

Aim: Tropical old-growth grasslands are increasingly acknowledged as biodiverse ecosystems, but
they are understudied in many aspects. Geoxyle species are a key component in many of these
ecosystems, their belowground storage organs and bud banks are functionally diverse and
contribute to the grasslands’ resilience. However, the drivers of the geoxyles’ evolution and
(belowground) diversity are little understood. Thus, we combined analyses on the key aspects
diversity, belowground functionality, ancestry, and ecology of geoxyles to provide the first
comprehensive understanding of this often overlooked growth form.

Location: Southern hemisphere Africa, particularly Angola as part of the Zambezian phytochorion.

Taxon: Geoxyle species.

Methods: We assessed belowground bud bank types and biogeographic origins of geoxyles in
grass-dominated vegetation types on the Angolan plateau, covering a broad altitudinal, climatic and
geological range. Geoxyles were sampled extensively at three different sites, yielding 118 taxa
covering about 59% of the Angolan geoxyle flora. Based on the current distribution of these species
in Africa below the equator, we analyzed their origins and environmental correlates in a taxonomic,
functional and biogeographic context.

Results: Geoxyle species numbers and species communities differed strongly among sites, but
functional types showed very similar spectra. Geoxyles evolved in multiple lineages and originated
in different biomes, and functional types were unevenly associated with lineages and biomes.
Furthermore, functional types correlate to specific environmental driver combinations.

Main conclusions: Functional diversity is not directly linked to species diversity, but is a result of
multiple biogeographic origins that contributed functionally differently preadapted lineages to the
Zambezian flora. Thus, geoxyles can occur under different environmental conditions, but require
seasonal climates, and open grassy ecosystems subjected to fire, frost and likely herbivory. We
highlight the importance of frost as a correlate of geoxyle diversity, and emphasize the need for
further studies to understand this important and complex growth form.

Keywords: belowground bud bank, climate seasonality, disturbance, frost in tropics, functional
diversity, geoxyle, species diversity, tropical old-growth grassland, underground storage organ
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Introduction
Worldwide, tropical grasslands and savannas, previously often perceived as a result of

anthropogenic deforestation, are increasingly recognized as old-growth, species- and endemism-
rich ecosystems with a long evolutionary history (Parr et al., 2014; Veldman et al., 2015; Veldman,
2016; Pennington et al., 2018). They provide important ecosystem services, such as underground
carbon storage (Grace et al., 2006; Jones et al., 2019), and sustenance for human communities
(Lehmann & Parr, 2016; Pennington et al., 2018). Several authors recently stressed the need to
increase our knowledge about these ecosystems to establish sustainable management and
conservation planning. This knowledge becomes particularly urgent since tropical grasslands are
increasingly threatened by climate change (Scheiter & Higgins, 2009; Garcia Criado et al., 2020),
agricultural expansion, and ecosystem-altering management like fire suppression and afforestation
(Veldman et al., 2015b; Abreu et al., 2017; Bastin et al., 2019; Buisson et al., 2019).

Tropical grasslands are ecosystems with a flora highly adapted to specific disturbances. Geoxyles
(“underground trees”, geoxylic suffrutices), are a particular key element: subshrubs with short-lived
reproductive aerial branches and extended woody belowground organs, such as roots, rhizomes or
tubers (White, 1976; Maurin et al., 2014; Pausas et al., 2018; Zigelski et al., 2019), which serve
as underground storage organs (USOs) and belowground bud banks (BBBs). Both functions are
essential for resprouting after disturbance (Pausas et al., 2018; Ott et al., 2019). By locating their
woody biomass and buds belowground and minimizing their aboveground shoots, these species
are well adapted to seasonality and fire, herbivory and frost (Maurin et al., 2014; Finckh et al.,
2016; Wigley et al., 2019). Periodical aboveground disturbances are regarded as a key necessity
for the occurrence of geoxyles; otherwise, they are easily outcompeted (Fidelis et al., 2014). The
impacts of herbivory, frost and fire for tropical grassland evolution and maintenance is currently
hotly debated (Midgley et al., 2010; Staver & Bond, 2014; Lamont et al., 2017; Botha et al., 2020).

The architecture of the underground structures of geoxyle species is diverse and has recently
been conceptualized by Pausas et al. (2018). Geoxyles form different BBB types, defined by bud
locations on roots, storage organs or propagation organs, among others. This morphological
diversity also implies different functional roles of BBB types, because species with rhizomes
(allowing for vegetative propagation) follow different life strategies than species with storage tubers
only (allowing for persistence) (Ott et al., 2019; Pausas et al., 2018). Under natural conditions,
geoxyles contribute strongly to the functionality and resilience of their habitats because of their
resprouting ability (Fidelis et al., 2014; Zaloumis & Bond, 2016). Therefore, detailed analyses of
geoxyles and their ancestral background is crucial to understanding patterns of functional diversity
and evolution at a broader scale.

Geoxyles are best known from biodiversity hot spots in the Cerrado and in south-central Africa
(Pennington & Hughes, 2014). In the latter, particularly the parts of Angola, Democratic Republic
of the Congo, and Zambia that belong to the Zambezian phytochorion represent a biodiversity and

endemism hotspot for geoxyles (Maurin et al., 2014; Revermann et al., 2017; White, 1983). Many
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geoxyles of this area are taxonomically closely related to tree species (Meerts, 2017; White, 1976).
While Maurin et al. (2014) placed many of the geoxyle species into 'savanna lineages', other
authors point to further sources of the Zambezian geoxyle species pool e.g. tropical forests (Finckh
et al., 2016) or the mediterranean Cape region (Lamont et al., 2017). Multiple biogeographic
origins thus seem plausible but remain untested so far.

Since the Miocene (ca 15 mya), Africa has experienced major climatic changes due to global
cooling, increasing seasonality and aridification (Zachos et al., 2001; Trauth et al., 2009; Herbert
et al., 2016). These changes led to fragmentation of tropical closed-canopy forests and the spread
of open habitats (Cerling et al., 1997; Bond & Keeley, 2005; Bonnefille, 2011). The convergent
emergence of geoxyles in south-central Africa started together with these environmental changes
in the Pliocene, and intensified particularly during the Pleistocene, 2 mya (Maurin et al., 2014;
Lamont et al., 2017). The climatic changes and vegetation developments promoted the frequent
occurrence of nocturnal frosts in the dry season in subtropical and tropical highland regions (Finckh
et al., 2016; 2021; Herbert et al., 2016). Frost occurrence and severity were predicted to have
been even stronger during the Pleistocene (Demenocal, 1995; Finckh et al., 2021). Moreover, the
spread of open grassy biomes in Africa is linked to occurrence of fire (Bond & Keeley, 2005), though
fire frequencies were much lower until prehistoric societies reached populations and densities big
enough to change natural fire regimes, 200 - 400 kya (Bird & Cali, 1998; Archibald et al., 2012).
Emergence of grassy biomes in Africa ca 15 mya also coincides with the spread of (mega)herbivores
(Charles-Dominique et al., 2016), which still roam grasslands and savannas.

To date, Afrotropical grassland ecosystems dominated by geoxyles (herein referred to as geoxyle
grasslands) are understudied; little is known about their floristic composition, evolutionary and
biogeographic origins, and environmental drivers. Since anthropogenic fires are common, these
grasslands are often regarded as fire-controlled savannas, whereas frost is rarely considered.
Herbivory may also play a role for the structural and floristic composition of geoxyle grasslands as
it does in drier savanna ecosystems (Asner et al., 2009; Archibald et al., 2019). Moreover, the
aboveground effects of these drivers (topkill, biomass removal, fuel provision and consumption)
have an impact on the belowground makeup of these ecosystems at the community level, of which
little is known. So far, a few studies have targeted the underground response of savanna tree
species (Wigley et al., 2019) or that of geoxyles from the Cerrado (Appezzato-da-Gléria et al., 2008;
Pilon et al., 2021; Zupo et al., 2021) to herbivory, fire and soil properties. What is lacking are studies
that relate the diversity and composition of Afrotropical geoxyles with their belowground functional
traits, evolutionary ancestry, and environmental drivers.

Our paper aims at addressing these knowledge gaps in a multifaceted approach, based on field
inventories in the western Zambezian phytochorion and subcontinental floristic and environmental
data from southern hemisphere Africa. We aim to integrate the diversity, belowground functionality,
ancestry, and ecology of Afrotropical geoxyles for a comprehensive understanding of this growth

form. In particular, we hypothesize that 1) geoxyle species diversity enhances belowground
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functional diversity, 1l) multiple biogeographic origins promote both belowground functional and
species diversity, Ill) environmental factors and in particular disturbances like fire, frost and

herbivory determine the belowground functional type of a geoxyle, and their distribution.

Materials and Methods

Study region and data collection
We sampled data on geoxyle species and BBB-types in grasslands at three long-term biodiversity

monitoring sites of the SASSCAL Observation Network (http://www.sasscalobservationnet.org)

across central Angola: at high elevation on the escarpment near Lubango, Huila province
(Tundavala, S72); at the foothills of the Angolan Plateau in the Bicuar National Park, Huila province
(Bicuar NP, S75); and at mid-altitudes on the Bié Plateau, Bié province (Cusseque, S74) (Tab. 5.1,
Fig. 5.1 f-h). Each site represents a different ecoregion and they are all characterized by frequent
disturbances of different types. At each site, a permanent 1-km=2 observatory has been established
according to the SASSCAL guidelines. During field visits to these sites from 2017 to 2020, we
repeatedly searched the geoxyle grasslands within the observatories to identify all occurring

geoxyles and assemble species lists for each site.

Table 5.1: Comparison of research sites in Angola. MAP: Mean annual precipitation, MAT: Annual mean
temperature; both bioclimatic variables derived from WorldClim 2 (Fick & Hijmans, 2017). WWF ecoregion
classification according to Olson et al., (2001). The disturbance regime was assessed through long-standing
observations, the use of permanently installed microclimate temperature loggers (Gemini Tinytag Plus 2)
since 2012 (Cusseque; Finckh et al., 2021) and 2018 (Bicuar, Tundavala), and interviews with local people.

Bicuar Cusseque Tundavala
Latitude | -15.100° -13.705° -14.800°
Longitude | 14.836° 17.053° 13.407°
Altitude | 1240 m 1550 m 2240 m
MAP | 862 mm 1110 mm 980 mm
MAT | 20.6 °C 19.5 °C 15.8 °C
2
Soil type | deep arenosolst weathered el shallow ferralsols2, bedrock
alluvial arenosols?t
Ecoregion Zambezian Baikiaea Angolan Miombo woodland Angolan montaqe forest-
woodlands grassland mosaic
Annual/biennial high- Annual surface fires of Annual low-intensity
Fire regime | intensity surface fires varying intensity (patchy) surface fires
(patchy) (July/August) (July) (August/September)
Frost regime About 40 frost nights/year | About 40 frost nights/year | O-1 frost nights/year
g (May-September) (May-September) (July-September)
. wild (mega)herbivores small wild herbivores .
) (elephants, ungulates) (£20 kg body mass) el gierlie

1 Nutrient-poor and coarse-grained soils consisting mostly of unconsolidated sands

2 Deeply weathered red or yellow soils of the humid tropics, high content of sesquioxides and low-

activity clays
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We excavated at least one well-developed specimen of all tentative geoxyle species and
categorized their belowground organ type according to the key of Pausas et al. (2018). (Fig. 5.1).
We included all species with a woody BBB type in this study (because “geo-“ = underground, “-xyle”
= woody), i.e. lignotuber (Li), xylopodium (Xy), root crown (RC), bud-bearing root (Ro) and woody
rhizome (WR). In this way we include some species that were not included by White (1976) or

Maurin et al. (2014), as they considered only species with close tree relatives. We indicated in Tab.

$5.1 which taxa have close congeneric tree relatives.

z g & s .. T

Figure 5.1: Examples of the BBB type of diversity of Angolan grasslands: a) Acalypha polymorpha MUll.Arg.
(Euphorbiaceae) with a massive lignotuber (Li) from rocky geoxyle grasslands (Tundavala); b) Ocimum
obovatum E.Mey. ex Benth. var. galpinii (Gurke) A.J.Paton (Lamiaceae) with a xylopodium (Xy), found in
ferralitic geoxyle grasslands (Cusseque); ¢) The root crown (RC) of Kotschya strobilantha (Welw. ex Baker)
Dewit & P.A.Duvign. (Fabaceae: Papilionoideae), common in ferralitic geoxyle grasslands (Cusseque); d)
Leptactina prostrata K.Schum. (Rubiaceae) with woody rhizome (WR) from ferralitic geoxyle grasslands of the
Angolan Plateau (Cusseque); e) bud-bearing roots (Ro) in Ipomoea welwitschii Vatke ex Hallier f.
(Convolvulaceae) from sandy geoxyle grasslands (Bicuar NP). Bars indicate 10-cm length. The three study
sites, Bicuar (f), Cusseque (g) and Tundavala (h), are shown here at the end of the dry season (September),
when geoxyles resprout vigorously before the grasses resprout. Photos taken by P. Meller in 2018 (geoxyles)
and September 2019 (grasslands).

Species that are not obligate geoxyles and can attain tree form under favourable conditions were
excluded from this study. In this way, we compiled a list of 118 obligate geoxyle taxa with woody
BBB types. Not all of them could be completely identified; 116 species were identified to

species/subspecies/variety level, encompassing 23 species endemic to Angola (19.5%). Eight taxa
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could be identified only to genus level (two of them yet-undescribed species) and one species could
not be placed at all. All taxa are listed in Tab. $5.1.

For all identified geoxyle species at our study sites, we retrieved georeferenced locations from the
Global  Biodiversity Information  Facility (GBIF), including synonyms (query ID
https://doi.org/10.15468/d1.83zf38). The species nhames were checked beforehand and when
necessary updated according to the International Plant Names Index (IPNI) and theplantlist.org.
Furthermore, we added our own georeferenced observations of geoxyle species across Angola (TFO
GVID database ID: AF-00-0009). The compiled data were checked for errors and duplicates, and all
observations from north of the equator and from islands (including Madagascar) were excluded.

For all occurrence coordinates, we assembled a comprehensive spectrum of environmental data.
The 10-day, 1-km Normalized Difference Vegetation Index (NDVI) Long Term Statistics version 2
collection (1999-2017) was acquired from the PROBA-V product distribution portal

(http://www.vito-eodata.be). The NDVI is related to the greenness and productivity of vegetation,

and we derived the median and the intra-annual standard deviation to include information on
vegetation productivity and its variability. Covering an observation period from 2000 to 2018,
information on the fire regime was included, such as fire frequency and intensity. These products
are based on the MODIS Active Fire Product MOD14A1 collection 6 (Giglio & Justice, 2015) and the
Burned Area Product MCD64A1 collection 6 (Giglio et al., 2015), the former with a spatial resolution
of 1 km by 1 km and the latter with that of 500 m by 500 m. A detailed description of the
methodology used to derive the fire parameters can be found in Stellmes et al. (2013a).

We selected climatic parameters known to influence the vegetation in the study area (i.e.
precipitation, temperature and seasonality). Data were acquired from WorldClim 2 (Fick & Hijmans,
2017) and have a spatial resolution of 1 km by 1 km. For frost occurrence, we used the CRU TS
v4.04 data set with a 0.5° resolution (Harris et al., 2020).

To cover the edaphic influence on vegetation, parameters of soil texture were chosen from
SoilGrids250m data provider (Hengl et al., 2017a), reflecting resistance to roots, water retention,
aeration and nutrient content. Moreover, we selected information on the soil nutrients phosphorus
and nitrogen, made available by Soil Nutrient Grids (Hengl et al., 2017b). Edaphic data sets were
acquired in 250-m spatial resolution.

Initially, we chose more than 20 potentially relevant environmental parameters and tested for
linear correlation. Many parameters were highly correlated, so we retained only eight variables with
correlation below Pearson r2 = 0.65, calculated with package ‘corrplot’ (Wei et al., 2017) in Rv4.0.3
(R Core Team, 2020) (Tab. 5.2, Tab. $5.2).

57



-V- Correlates of geoxyle diversity in Afrotropical grasslands

Table 5.2: List of selected environmental factors used in this study. The code for each bioclimatic variable
is provided in parentheses.

Variable Code Source

precipitation seasonality [%]

Climatic (coefficient of variation) (BIO 15) PS Fick & Hijmans, 2017
annual mean temperature [°C] (BIO 1) | MAT
T2e)an annual precipitation [mm] (BIO MAP
isothermality [%] (diurnal:annual ISOT
temperature range) (BIO 3)
Edaphic | clay content 5-15 cm [%] CLAY Hengl et al., 2017a

Disturbance | mean annual frost days 1990-2019 FROST Harris et al., 2020

fire frequency 2000-2018 F.freq Updated after Stellmes et al., 2013a

Derived from PROBA-V data from

Productivity | median NDVI 1999-2017 NDVlmed B

Using QGIS 2.18.18 and R package ‘raster’ (Hijmans et al., 2015), we alighed and
resampled all environmental rasters to the same resolution (1 km) by averaging the pixels
of finer-resolved rasters. Finally, all rasters were trimmed to the same extent (1°Nto 35°S
and 7°Eto 45°E).

For each geoxyle data point, we extracted the values from these environmental rasters.
The resulting data set was checked for duplicates and freed of incomplete observations,
yielding environmental characteristics of 6599 unique data points of fully identified geoxyle
species. All following data analyses were conducted in R v4.0.3 (R Core Team, 2020) with
necessary packages named, if not stated otherwise. To minimize potential biases caused
by spatial autocorrelations and uneven species sample sizes, we thinned this data set
using package ‘spThin’ (Aiello-Lammens et al., 2015) so that selected data points of the
same BBB type were spaced at least 1 km apart. Thinning yielded 5169 data points: 615
for lignotubers, 1880 for root crowns, 2355 for woody rhizomes, 143 for bud-bearing roots,

and 176 for xylopodia.

Data analysis

I Species and functional diversity measures
Using the compiled list of geoxyle species from Bicuar, Cusseque and Tundavala, we calculated

the overall species richness and turnover among sites with Whittaker’'s B-diversity index (Bw)
(Whittaker, 1960). The frequencies per BBB type per site were tested with X2 and post-hoc Fisher
tests (package ‘fifer’ (Fife & Fife, 2017)) to check for differences in functional composition among

sites.
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o) Ancestral background of geoxyles
Analogously, BBB-type composition and site preferences were compared per plant family using

the same tests to illustrate taxonomic range. To assess biogeographic origin, we based our analysis
on the chorological classification of White (1993), who defined phytochoria (sing., phytochorion) in
Africa as biogeographic regions of high floristic diversity and endemism. For all geoxyle genera, we
identified in which phytochoria south of the Sahara they show the highest species diversity and
occurrence. Genera can belong to more than one phytochorion, and all geoxyle species from a given
genus got the same phytochorial affiliations. Details about the genera’s biogeographic origin and
distribution were retrieved from sources listed in Tab. $5.3. For large pantropical genera, we
narrowed the focus to African diversity patterns only. We merged White’'s phytochoria to larger
classes (as shown in Tab. 5.3) and use the term biome for these subsumed classes in this sense
throughout our manuscript.

Table 5.3: Biogeographic units (biomes) used in this study and the phytochoria, according to White (1993),
upon which they are based.

Dominant Phyto-
Biome Code vegetation . Description
chorion
structure
| Guineo-Congolian regional centre of endemism
Central African . X Guinea-Congolia/Zambezia regional transition
tropical forests TF Rainforest ; ; ; ; o
P Xl Guinea-Congolia/Sudania regional transition
Xl Lake Victoria regional mosaic
Scrubland/
Afromontznﬁ AM VIl Afromontane archipelago-like region
= grassland
Forest/ Xl Zanzibar-Inhambane regional mosaic
Eastern coast | EC woodland/
XV Tongaland-Pondoland regional mosaic
shrubland
Dry woodlands/ W Woodland/ Il Zambezian regional centre of endemism
e grassland 1l Sudanian regional centre of endemism
v Somalia-Masai regional centre of endemism
Scrubland/ VI Karoo-Namib regional centre of endemism
Arid regions | AR
desert XV Kalahari-Highveld regional transition
XVI Sahel regional transition
Scrubland/
Cape region | CP Vv Cape regional centre of endemism
grassland
(Rain)forest  XIX East Malagasy regional centre of endemism
Madagascar | MD
Woodland XX West Malagasy regional centre of endemism
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Subsequently, we summarized the geoxyles’ biogeographic affiliations at species level per BBB
type, site and plant family. We did this with absolute numbers and tested with X2 and post-hoc
Fisher tests, whether or not different patterns emerged. Patterns and interlinks were visualized with
packages ‘ggplot2’ (Wickham, 2016) and ‘networkD3’ (Allaire et al., 2017), with subsequent editing
in GIMP 2.10.22 (The GIMP Development Team, 2020).

IIl)  Environmental analysis
We used subcontinental distribution data to infer environmental associations of geoxyles that

occur at our Angolan study sites. This approach draws on ecological niche modelling (Hampe, 2004;
Araljo & Peterson, 2012) and aims to recognize environmental patterns of geoxyle grasslands. To
test whether environmental associations of geoxyles show functional (differences between BBB
types) or biogeographic patterns (differences between biomes of origin), we used the following
approach.

First, we assessed the specific contribution to species’ ordination (and therefore environmental
separation of species pools) of each variable in a covariance-based principal component analysis
(PCA). The basis for calculation was a species by variable matrix with the thinned data points (n =
5169). Beforehand, the data were standardized to a mean of O, with a standard deviation of 1, to
meet the requirements of this analysis. The resulting variable contributions were screened for
significant impact on the ordination of the data. This analysis was done using packages
‘FactoMineR’ (Lé et al., 2008) and ‘corrplot’ (Wei et al., 2017). Subsequently, we visualized whether
species’ ordination is influenced by BBB type or biogeographic origin. We plotted the PCA once for
each functional and biogeographic grouping, adding the 95% confidence ellipses for each group,
respectively, and checked for the overlap of confidence intervals.

Finally, we visualized the probability of species occurrence along each of the eight parameter
gradients, using violin plots. The violins are based on Gaussian kernel density estimations
(implemented in the geom_violin of ‘ggplot2’) and allow to visualize and compare the amount and
distribution of data per parameter. In this way, we defined the environmental envelopes available
for the Angolan geoxyle species pool and obtained the position of each site, plus the average
position of each BBB type, within this environmental space. We tested for differences among BBB
types, using Welch’'s ANOVA, to account for the heteroscedastic data. Since our data are partly
skewed and non-normally distributed, we applied appropriate transformations to each parameter
and checked whether the outcomes differ from the untransformed parameters. Most parameters
did not need to be transformed; only one parameter, annual frost days, was too skewed to keep it

untransformed. We therefore analyzed the inverse of (annual frost days + 0.1).
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Results

I) Species and functional diversity
In total, we observed 118 geoxyle taxa with woody BBB types from 33 plant families at the three

sites, Bicuar, Cusseque and Tundavala (Tab. $5.1). The size of the geoxyle species pool differed
greatly between sites; Cusseque had more than twice the number of taxa found in Tundavala. Tab.
5.4 illustrates the small overlap between the species pools. Only five geoxyle species (i.e. 4.2%)
were found at all sites. Geoxyles make out about one fifth to one third of the overall eudicot species
pool. Cusseque had the highest geoxyle (and overall) species richness and most species that were
not found at the other sites (42.7%).

Table 5.4: Overview of geoxyle species and BBB types among sites, and overall. The first three columns
show the share of geoxyle species among sites, with the number of species unique to each site on the
diagonal. The following columns indicate the total number of geoxyle species and to which BBB types they
belong. For comparison, the total species richness of eudicot species per site is also given. Bic: Bicuar; Cus:

Cusseque; Tun: Tundavala; Li: lignotuber; RC: root crown; Ro: bud-bearing root; WR: woody rhizome; Xy:
xylopodium.

Bic Cus Tun A2 S:gxg © |l RC R0 WR Xy Eg:"scl,‘c’; SPp-
Bicuar | 22 16 7 40 7 8 2 21 2 ~180
Cusseque 51 16 5 78 17 1 44 8 ~237
Tundavala 18 34 7 1 15 4 ~102
Share of taxa per BBB type (total: 118) | 24 19 4 60 11
Share of taxa with tree relatives per BBB type (total: 49) | 12 2 1 33 1
Share of taxa without tree relatives per BBB type (total: 69) | 12 17 3 27 10

The species turnover among the three sites is high. Cusseque and Tundavala shared a similar
number of species (Bw cusTun = 0.714) as Cusseque and Bicuar (Bw cus-Bic = 0.729), whereas the
species pools of Bicuar and Tundavala differed more strongly (Bw sictun = 0.811). At all three sites,
woody rhizomes are the dominant BBB type, followed by lignotubers and root crowns, whereas
xylopodia and bud-bearing roots are present in only a few species. Although the intersection of the
species pools is small, the proportion of BBB types does not differ between sites (X2 = 5.949; df =
8; p = 0.653) (Tab. 5.4).

II) Ancestral background of geoxyles
Less than half of the geoxyles had congeneric tree relatives (49 taxa, 41.5%), and the BBB type

proportions among geoxyles with tree relatives differed from those without (Tab. 5.4). Tree-related
geoxyles almost exclusively possess lignotubers or woody rhizomes. The latter is present in 67.3%
of tree-related geoxyle taxa, compared to a share of 50.8% in the overall, and 39.1% in the tree-
unrelated geoxyle pool. 23 families contribute tree-related geoxyle taxa, but some families which
contribute many geoxyle taxa to the grassland flora are missing, e.g. Asteraceae or Santalaceae.
Overall, some families, such as Ochnaceae, Proteaceae and Rubiaceae, show a strong tendency

towards specific BBB types (Fig. 5.2). In many cases, however, we observed mixed spectra. Most
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geoxyle species belong to the Fabaceae family (25.2% of all species), particularly to the subfamily
Papilionoideae (21.7%). Fabaceae is the only family that includes all BBB types, even the less
frequent bud-bearing roots and xylopodia.

Testing for differences in the BBB-type composition of major families (with at least four species)
yielded an overall unequal composition (X2 = 48.780; df = 28; p = 0.009). In pairwise comparisons,
the strongest differences were measured between lignotubers and woody rhizomes and between
lignotubers and root crowns, and occurred particularly in Rubiaceae versus Proteaceae, Asteraceae
and Euphorbiaceae, as well as Proteaceae versus Lamiaceae and Ochnaceae (Fig. 5.2, Tab. $5.4).

However, these differences were significant only with unadjusted p-values.
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Figure 5.2: Number of geoxyle taxa per BBB type and plant family, and the proportional biogeographic origin
of each family per BBB type. Only plant families with at least four geoxyle taxa are shown, the remaining
families are summarized in Figure $5.1, and a general summary is provided in Table S5.4.

Regarding their biogeographic origin, it stands out that most geoxyle genera have a strong link to
forest and woodland biomes, with 25.8% linked to Dry woodlands (DW), followed by 21.4% each
with links to Eastern coast (EC) and Central African tropical forest (TF) biomes. In comparison, Arid
regions (AR), Cape (CP), Afromontane belt (AM) (together with 26.2%) and Madagascar (MD) (with
5.2%) contributed much less (Fig. 5.3).

A weak biogeographic pattern is discernible among BBB types. Particularly the minor biomes of
origin contributed increased proportions of lighotubers (CP) and root crowns (AR, AM, MD),
compared to the main biomes (DW, EC and TF), which contributed over 50% of species with woody

rhizomes. No exclusive relationships between BBB types and biogeographic origin were discernible.
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However, within most biomes we observed BBB occurrences that deviated from an expected even

probability (asterisks in Fig. 5.3 insert).
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Figure 5.3: Sub-Saharan biogeographic origin of Angolan geoxyle species (map) and their BBB-type
proportions (insert). The contributions to the Angolan species pool from surrounding biomes are shown with
grey arrows and boxes. The Angolan study sites are marked in yellow (T: Tundavala; B: Bicuar; C: Cusseque),
and they all belong to DW. The asterisks in the insert denote biomes in which BBB type contributions are
significantly uneven (Kruskal-Wallis test).
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I1T) Effect of environmental conditions and disturbances
Environmental preferences of geoxyles were illustrated by a PCA, which explained 34.6% of the

variance by the first and 23.1% by the second component (Fig. 5.4). Together with the third
component, (13.0%), more than 70% of the variance in the data set was described, thereby
sufficiently capturing the environmental pattern. The strongest contributing factors for the first
component were annual number of frost days, isothermality and mean annual precipitation. Clay
content, precipitation seasonality, and NDVI contributed to the second component, whereas only
fire frequency comprised the third component.

The contribution of frost to the variance in the data stands out (Fig. 5.4). Over half (53.5%) of the
0.5° geospatial cells of Africa in our analysis indicated single frost events every 10th year or less
(“frost free”), and the remaining cells range from 0.1 to over 100 annual frost events. A random
spatial distribution of geoxyles would yield a similar pattern, but we did not observe this for some
functional types. While only 41% of lignotuber occurrences were at frost-affected sites (> 0.1 yr1),
52% of root crown, 65% of xylopodium, and 76% of woody rhizome and bud-bearing root
occurrences were at frost-affected sites (Fig. 5.5). In contrast, 30% of woody rhizome and 42% of
root crown occurrences were observed at heavily frost-affected sites (> 20 yr1), whereas all other
BBB types were not or only rarely present in such places (< 10% of occurrences).

Overall, geoxyle species overlapped in their environmental preferences but with some

differentiation along the selected parameters when grouping them by their BBB type (Fig. 5.4a,
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Figure 5.4: PCA showing the environmental preferences of geoxyle species to selected parameters in the
first two dimensions. In a), points (= geoxyle observations) are grouped according to BBB type, and ellipses
define 95% confidence intervals of observations for each group. In b), points are grouped according to biomes
(i.e. biogeographic origin) (see Tab. 5.3), and ellipses again define 95% confidence intervals. The diamond
shapes represent the ordination of the three study sites, Bicuar (B), Cusseque (C) and Tundavala (T), in this
environmental space. The selected environmental parameters are number of annual frost days (Frost), clay
content in 5- to 15-cm depth (Clay), annual median NDVI (NDVI), mean annual precipitation (MAP),
isothermality (diurnal:annual temperature range), annual mean temperature (MAT), fire frequency 2000-
2018 and precipitation seasonality (PS). The arrows are scaled up five times to improve visibility. BBB types
are lignotubers (Li), root crowns (RC), bud-bearing roots (Ro), woody rhizomes (WR) and xylopodia (Xy). The
biomes are Afromontane archipelago (AM), Arid regions (AR), Cape region (CP), Dry woodlands (DW), Eastern
coast (EC) Madagascar (MD) and Tropical forests (TF).
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number of data points. The coloured ticks represent the means of geoxyle species averaged for each BBB
type for that environmental parameter. The order in which environmental parameters are shown reflects the
strength of this parameter to separate the groups. The superscripted letters indicate the significance of
differences for each parameter, tested with Welch’s ANOVA and posthoc Games-Powell tests. The parameter
“frost” was strongly skewed and had to be transformed to meet the requirements of the tests. We therefore
calculated and used the inverse frost, which means that smaller values represent higher frost frequency. To
improve visibility, the axis here has a logarithmic scale, and the corresponding numbers of actual frost events
are given below. The overall distribution of frost events across the studied area in Africa is given as an
additional violin for comparison. The environmental conditions at our study sites (T: Tundavala; B: Bicuar; C:
Cusseque) have been added to visualize whether preferences and prevalent conditions at the study sites
coincide. BBB types: lignotubers (Li), root crowns (RC), bud-bearing roots (Ro), woody rhizomes (WR) and
xylopodia (Xy).
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$5.2, S5.3) or by their biogeographic origin (Fig. 5.4b, S5.4, S5.5). While the two most common
types, root crowns and woody rhizomes, are widely distributed in environmental space the three
other types showed environmental limitation. Lignotubers, bud-bearing roots and xylopodia clearly
correlated to fewer frost days than the other types, and they were associated with fire frequency
along the third component. As far as the limited number of observations allow, we observed that
lignotubers and xylopodia were positively associated and bud-bearing roots were rather negatively
associated with fire frequency (Fig. S5.3).

By contrast, geoxyles with an Arid (AR) or Cape region (CP) background correlated markedly with
increased frost days (Fig. 5.4b, $5.4, S5.5). Those with an Afromontane (AM), Madagascar (MD),
Eastern coast (EC) or Dry woodland (DW) background correlated with higher NDVI, MAP and
isothermality. Geoxyles with wet-tropical forest background spread least and were defined by
increased levels of MAT, isothermality, MAP and NDVI.

To further investigate the differentiation along environmental gradients, we took a detailed look
at specific preferences regarding functional types (Fig. 5.5). Each parameter significantly
differentiated functional or biogeographic types, though to varying degrees. Precipitation
seasonality, followed by clay content, mean annual precipitation and annual mean temperature,
had the highest impact on BBB-type differentiation (Fig. 5.5, Tab. $5.5). Edaphic and climatic
factors, particularly those that are precipitation related, dominated functional patterns, whereas
disturbances by frost and fire had less effect.

Another pattern emerged for environmental preferences regarding biogeographic background of
the geoxyles (Fig. 5.4b, S5.4, S5.5, S5.6). For most of the parameters, the tropical groups, DW, TF
and EC, clustered together and were segregated from the subtropical groups, AR and CP. The most
influential parameters were annual mean temperature, isothermality, mean annual precipitation
and annual frost occurrences. These parameters make temperature-related factors dominant for

biogeographic origins, whereas, again, fire frequency played a lesser role.
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Discussion

I) Does geoxyle species diversity enhance functional diversity?
Geoxyles contribute strongly to the resilience against disturbances like frost and fire, to

biodiversity, and to the distinctiveness of tropical old-growth grasslands (Veldman et al., 2015;
Zaloumis & Bond, 2016; Buisson et al., 2019). Maurin et al. (2014), for example, listed 266 geoxyle
species for southern Africa, whereas Zigelski et al. (2019) compiled 198 geoxyles for the western
Zambezian phytochorion alone. We list 118 taxa with woody BBB types from just three localities
across central Angola. The high species turnover rates among the localities are in a similar range
to those of the Fynbos biodiversity hot spot (Kruger & Taylor, 1980) and confirm Angola as a centre
of diversity for geoxyles (White, 1983).

According to Questad and Foster (2008), who studied North American fire-affected pine savannas,
spatiotemporal environmental heterogeneity (e.g. caused by disturbances) combined with high
functional diversity of the biota increases the number of niches in a given ecosystem, thereby
promoting species coexistence and diversity. Geoxyles are by definition species resprouting from
protected BBBs (White, 1976; Pausas et al., 2018) and occupy a persistence niche in disturbance-
prone ecosystems (Bond & Midgley, 2001, Clarke et al., 2013). Multiple belowground functional
types indicate that different persistence strategies co-occur (e.g. rhizomes for clonal propagation
and tubers for high-capacity resprouting after disturbance), which is similar to findings from the
Cerrado (Pilon et al., 2021).

We observed strikingly similar spectra of BBB types between sites, despite different numbers of
geoxyle species and a strong species turnover. The species pools of our sites had little overlap;
43% to 65% of species were unique to any site (Tab. 5.4), which means that functional types are
represented by different species at each site. In particular, our results do not support any direct
effect of species diversity on functional diversity, but rather show functional redundancy of BBB
types and USOs; species are to a certain degree exchangeable within their functional group (Tilman
etal., 1997; Loreau, 2000, 2004).

II) Do multiple origins promote functional and species diversity?
Species diversity follows taxonomic diversity (Enquist et al., 2002). In our study, 33 plant families

contributed geoxyle taxa, whereby most genera have only one or a few geoxyle species, with only a
few exceptions (e.g. Fadogia, nine taxa). Thus, geoxyle diversity on the Angolan Plateau is less likely
to be driven by recent radiation of a few clades than by convergent evolution within many different
lineages.

Conversely, several families, particularly those with a distinct biogeographic background, are
dominated by a single BBB type (e.g. the wet-tropical Ochnaceae and Rubiaceae have mostly woody
rhizomes, and the Cape elements Proteaceae and Santalaceae have predominantly lighotubers)
(Fig. 5.2, S5.1). This finding implies that, despite convergent evolution, BBB types are in many cases

conserved in certain biogeographic lineages. Contrastingly, globally widespread families, such as
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Asteraceae, Lamiaceae and Fabaceae, are environmentally less restricted (Schrire, 2005; Barreda
et al., 2015) and exhibit broader functionality.

Diversity of BBB types in our study is linked to geoxyle taxa that did not evolve from tree species.
Tree-unrelated taxa almost exclusively contributed xylopodia, root crowns and bud-bearing roots,
predominant in lignifying perennial herbs (Pausas et al., 2018), to the geoxyle pool. Strikingly, two
thirds of tree-related geoxyle taxa form woody rhizomes and thus spread laterally in the grasslands,
often intertwining belowground (personal observation). This belowground canopy thus mimics the
canopy of woodlands and forests, from where the geoxyle species originated.

About two-thirds of geoxyles originated from Afrotropical forest and dry woodland ecosystems (Fig.
5.3), which is consistent with previous findings (Simon et al., 2009; Maurin et al., 2014; Zigelski et
al., 2019). To a lesser degree, we also show origins from other biomes, for example, the Cape region
(Lamont et al.,, 2017) or the Afromontane belt (Meadows & Linder, 1993). Thus, the diverse
Zambezian geoxyle flora is composed of distinct contributions from several of the surrounding
biomes; only about a quarter of the species stem from this biome itself. In conclusion, our study
indicates that BBB types of geoxyles did not evolve freely in situ in the Zambezian area; geoxyle
lineages rather brought a predisposition towards certain BBB types based on their family and biome

of origin. Environmental filters then shaped the functional groups.

I[IT) Do environmental factors (disturbances) determine functional types

and their distribution?
Against the paleoclimatic background described in the introduction, it becomes clear that

geoxyles’ environmental preferences clearly reflect their biogeographic origin (Fig. 5.4b, S5.2,
$5.3). Geoxyles with an origin from wet-tropical biomes, for instance, occur at more humid, less
seasonal and less frost-prone sites than geoxyles from subtropical biomes. Besides the
biogeographic differentiation, we also observed a functional differentiation along climatic
gradients. Frost occurrence correlates negatively with temperature and isothermality, thus
reflecting a combined effect of altitude and (lower) latitude. Geoxyles with woody rhizomes and root
crowns extend to higher, dryer and more subtropical regions, where they experience more frost
than the fire-associated lignotubers and xylopodia. Accordingly, lignotubers in our study area are
associated with more humid and productive (high NDVI) conditions, which are a proxy for proneness
to fire under current fire regimes (Pettorelli et al., 2005; Hoyos et al., 2017).

Root crowns and woody rhizomes occupy a similar climatic space in the PCA, but topsoil texture,
expressed by clay content (Dixon, 1991), differentiates them. Root crowns seem to prefer topsoil
with higher nutrient concentrations (Wigley et al., 2019) because they are not able to spread
laterally. In contrast, rhizomes propagate widely (Herben & KlimeSova, 2020), compensating for
lower nutrient availability at their sites with an increased spatial coverage (February et al., 2019).
Less clayey and therefore looser soils should furthermore facilitate the advancement of rhizomes,
allowing them to colonize sites that are too resource poor for other BBB types (Herben & KlimeSova,

2020; references therein).
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Different functional types reflect environmental (and particularly disturbance-controlled) niche
diversity. Fidelis et al. (2014) showed that, for the Brazilian subtropical Campos, size and diversity
of BBBs depend on the frequency of disturbances. Simultaneously, species richness decreased
with declining disturbances, which is consistent with observations in grassland ecosystems globally
(Walker & Peet, 1984; Peterson & Reich, 2008; Simon et al., 2009; Fidelis et al., 2014). This
correlation implies that the costly formation of BBBs is beneficial only under high-disturbance
regimes (Vesk & Westoby, 2004).

Since rhizomatous species are more tolerant to herbivory than non-rhizomatous species (Mack &
Thompson, 1982; Briske, 1996), herbivory might have promoted the conspicuous dominance of
woody rhizomes in our study area, assuming that woody rhizomes are, like fleshy rhizomes, a
response to herbivory. Furthermore, rhizomes have a strong propagation advantage through clonal
expansion (Pausas et al., 2018; Ott et al., 2019; Herben & KlimeSova, 2020). Often in conjunction
with fire, herbivory is a main driver of vegetation structure (Asner et al., 2009; Midgley et al., 2010;
Staver et al., 2011; Staver & Bond, 2014), particularly in drier savanna ecosystems. We were not
able to include geospatial information on herbivory in our analysis because available data sets did
not meet our requirements. Regarding our study sites, the similar proportions of woody rhizomes
in all sites seem to imply that decades-long absence of larger herbivores (Cusseque), continuous
presence of natural herbivore guilds (Bicuar) and decades of cattle grazing (Tundavala) do not
affect the functional spectra of geoxyles in the short term, as long as the ecosystems are kept open
by other processes. However, more research in this direction is needed.

Fire frequency had the lowest effect on functional and biogeographic differentiation from all
tested parameters, with a slightly higher fire frequency associated with geoxyles from tropical
forests, with lighotubers and weakly with xylopodia. The latter two have evolved in fire-prone
ecoregions and are pre-adapted to fire regimes (Lamont et al., 2017; Pausas et al., 2018). Geoxyles
in general evolved in pre-human times and are frequently considered to be a response to fire
(Maurin et al., 2014; Lamont et al., 2017). Furthermore, long-term fire experiments in Southern
Africa have shown that exclusion of fire had a far greater (negative) effect on richness of forbs (=
perennial, resprouting herbs, encompassing some geoxyles) than the frequency of fire (Uys et al.,
2004). However, the altogether weak and strongly varying association of geoxyles to fire frequency,
suggests that as long as fire is sufficiently present, or biomass is removed otherwise (herbivores),
other correlates are more important.

Undoubtedly, geoxyles depend on open habitats because they are shade intolerant (Falster &
Westoby, 2005; references therein). Even with frequent enough fires, they depend on phenologies
that are asynchronous to tussock forming C4 grasses in order to not be outcompeted (Zigelski et
al., 2019a). In areas with low fire frequencies alternative interactions of topkill and consuming
factors (i.e. frost and herbivory) appear to be plausible co-drivers of geoxyle evolution or at least
community assembly, especially regarding a long evolutionary history with potentially rarer fires and

stronger herbivory regimes (Hempson et al., 2017).
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Having been overshadowed by fire, frost was seldom considered a serious driver of tropical
grasslands. Only recently (Finckh et al., 2021) has frost been recognized as playing an important
role in the emergence and/or maintenance of tropical grasslands in Africa (Finckh et al., 2016;
Botha et al., 2020), India (Joshi et al., 2020) and Brazil (Brando & Durigan, 2005; Hoffmann et al.,
2019), mainly by the topkill of tree saplings. Tropical frost is hard to detect because it is strongly
driven by (micro)topography (Bojorquez et al., 2019); therefore, global data sets underestimate
frost occurrence in tropical highlands. Even the best, but still coarse, data sets from Harris et al.
(2020), with 0.5° resolution, underestimate frost occurrence 10-fold in Cusseque and 40-fold in
Bicuar (Tab. 5.1, Fig. 5.5). Therefore, given the reliable occurrence of frost in the dry season, which
emerged with increasing seasonality in the Pliocene (Trauth et al., 2009), we suggest that frost
contributed considerably to geoxyle evolution in Afrotropical old-growth grasslands. In summary,
our results indicate that environmental factors, and particularly those related to seasonality and

disturbance, determine today’s distribution of geoxyles with different functional types.

Conclusion:
Multiple biogeographic origins, which are still reflected in their current functional traits and

ecological preferences, enabled geoxyles to spread widely and become abundant in suitable
habitats. Disturbances and climate seasonality are key requirements for geoxyle occurrence,
whereby multiple disturbance types likely prised out different functional responses. A long history
of seasonality and disturbances drove the convergent evolution in many lineages, leading to the
high geoxyle diversity in Angola and beyond. We particularly highlight the importance of frost as well
as the better-studied disturbances of fire and herbivory. However, the interplay between topkill and
consumption by frost, fire and herbivory is still not fully understood, especially at the evolutionary
time scale that predates human presence and includes strong climatic fluctuations and

considerable megafauna decline.
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Abstract

Fire plays an important role in the ecology of tropical grasslands globally. However,
detailed studies comparing the response of plant functional groups to fire seasonality, and
thus phenological timing, are scarce from humid Afrotropical grasslands. Such information,
however, is crucial for understanding what keeps the grasslands open and for enabling
evidence-based management, and conservation.

We initiated an experiment in frost- and fire-prone Angolan geoxyle grasslands in 2017,
investigating the effect of different timing of fires on cover and diversity of trees, grasses,
geoxyles and herbs. We installed permanent, randomized plots with fire exclusion, annual
early and late dry-season burning, representing the local burning practices.

Functional plant groups reacted differently to the treatments, becoming apparent at
species level and their performance metrics. After three years, grass species benefitted
from late and no burning, and herbs from late burning, whereas geoxyles thrived under
early burning. Tree growth was suppressed under late burning, and did not increase with
fire exclusion. Species richness and diversity was higher in burnt than in unburnt plots.

Seasonal timing of fire tips the scales between geoxyles and grasses. The extraordinary
plant diversity of Angolan geoxyle grasslands is a result of pyrodiversity and frost, keeping

the grasslands open even in absence of fire.

Keywords: Fire ecology, geoxyles, plant diversity, pyrodiversity, frost in the tropics.
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Introduction
Grasslands and savannas cover approximately a third (36%) of the African continent (Dixon et al.,

2014) and constitute old-growth and biodiverse ecosystems (Veldman et al., 2015; Bond, 2016)
Although they often occur in areas that appear climatically suitable for closed-canopy forests,
recurrent disturbances caused by frost, herbivory or fire keep the tree cover low (Bond, 2008;
Staver et al., 2011; Murphy & Bowman, 2012; Joshi et al., 2020). Instead of trees, C4 grasses
dominate the vegetation structure and provide an easily combustible fuel bed in the dry season.
Fires are thus very common, mostly ignited by humans for agricultural, pastoral or hunting
purposes, making Afrotropical grasslands leading in global fire frequency (Andela et al., 2017).

Fire experiments have been used for decades in Africa to study the effect of fire frequency and
timing on vegetation (Aubréville, 1953; Trapnell, 1959; Brookman-Amissah et al, 1980;
Chidumayo, 1997; Savadogo et al., 2008). Particularly in colonial times, several of these
experiments were designed under the assumption that savannas were degraded forests, and they
were intended to determine the optimal fire management for timber production (Laris & Wardell,
2006). Therefore, the focus of these experiments was on the tree layer and on tree-grass dynamics.
The herbaceous (grass) layer itself became of interest only later, motivated by interests in pastoral
and wildlife management. Detailed studies on the effect of fire timing on the ground layer are still
sparse and stem from few sites, e.g., dry savanna in Kruger National Park (Van Wilgen et al., 2007;
Smith et al., 2013), afromontane grasslands at Mlambonja Wilderness Area in South Africa (Uys et
al., 2004) and dry miombo woodlands at Marondera Grassland Research Station in Zimbabwe
(Furley et al., 2008). Studies from other ecoregions are lacking.

The Angolan wet miombo region is a poorly studied area regarding fire. It is characterized by a
mosaic of biodiverse forests, woodlands and grasslands, and the two latter are subject to frequent
anthropogenic fires. The timing of fire is controlled by humans according to their management
objectives. Grasslands are burnt annually in the early to mid dry season (June-July) to facilitate
hunting or clear the surroundings of villages; agricultural plots in woodlands are burnt late in the
dry season (August- September) to prepare the fields for the growing season (Schneibel et al.,
2013; Catarino et al., 2020). Other objectives (e.g., honey production) follow different seasonal
logic. Particularly the later fires often escape and affect large areas, and they tend to be severe
because of more and drier fuels (Govender et al., 2006; Laris et al., 2017; Rissi et al., 2017; N’dri
et al., 2018).

Geoxyle grasslands are part of the miombo mosaic, but comparable ecosystems also occur in the
Brazilian Cerrado (Ratter et al., 1997). They are dominated by geoxyles and grasses and often
include sparse trees from nearby woodlands plus a high diversity of herbs (Zigelski et al., 2019).
Geoxyles, also known as geoxylic suffrutices or “underground trees” (White 1976; Maurin et al.
2014), contribute to the diversity and resilience of old-growth tropical grasslands (Zaloumis & Bond,
2016; Buisson et al., 2019). They are characterized by their massive belowground woody

structures, serving as storage organs and bud banks (Pausas et al., 2018). Previous studies often
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treated them as forbs (perennial herbs) (Uys et al. 2004), or shrubs (Ratter et al. 1997). The
codominance of grasses and geoxyles and their asynchronous phenologies, in that geoxyles flower
and bear fruit before grasses start to do so, is striking (Zigelski et al. 2019a). Besides fire, frost has
been discussed as a factor keeping the low-lying grasslands open, as it occurs reliably and
frequently in the dry season in central Angola, and it topkills tree saplings in particular (Finckh et
al., 2016, 2021).

Pyrodiversity has been critically discussed as an important promoter of biodiversity (He et al.,
2019; Jones & Tingley, 2021). It describes how diverse a landscape is in terms of its fire regimes,
i.e. when, where, how intense, how often, and at what scale fires affect a given landscape. The use
of fire for different purposes in central Angolan landscapes thus constitutes a patch-mosaic
burning, which is a base for pyrodiversity (Parr & Andersen, 2006). The extraordinary biodiversity in
Angolan geoxyle grasslands has been considered to be the result of a long and continuous
evolutionary history (Veldman et al., 2015), heterogeneous soils (Revermann et al., 2017), and, so
far, mostly low-intensity land use, whereby variable timing, frequency and intensity of grassland
fires (pyrodiversity) may also add to this (Jones and Tingley 2021).

Several knowledge gaps are apparent that motivate this study. Since Angolan geoxyle grasslands
are poorly studied, it is not known whether the effect of seasonal timing of fire is comparable to
other, better studied systems, for example in South Africa. Moreover, the effect of a pyrodiverse
regime on functional groups, plant performance metrics or species diversity, has not yet been
addressed in miombo landscapes. It has never been tested whether geoxyles, which had been
lumped with shrubs or forbs/herbs before, also behave like shrubs or herbs. The frequency of frost
also implies that fire might not be the only agent keeping the grasslands open, so that fire-exclusion
studies are urgently needed. And finally, intensification and change of land use are severely
affecting Angola (Archibald et al., 2010; Catarino et al., 2020), in addition to changed fire regimes,
which in turn are expected to affect the vegetation (Archibald, 2016). Knowledge about the effects
of fire management on plant diversity is therefore crucial.

To address these points, we initiated a fire experiment with early and late dry-season fire
treatments and fire exclusion in an Angolan geoxyle grassland in 2017. Looking at cover, diversity
and selected performance metrics of the species from the ground layer, we hypothesized that (a)
the burning treatments have specific effects on the vegetation, and that functional groups of the
ground layer, i.e. geoxyles, grasses and herbs, react differently to seasonal timing of fire; (b) the
specific effects of the fire treatments on the functional groups are reflected in their performance

metrics; and (c) burning enhances species richness and diversity.
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Materials and methods

Study site
We established the fire experiment in 2017 in the geoxyle grassland ecosystem of the Cusseque

area in the municipality of Chitembo, Bié Province, Angola. This site is associated with one of the
SASSCAL Biodiversity Observatories installed in Angola (Cusseque, S74)

(http://www.sasscalobservationnet.org) and was a core research site of the concluded Future

Okavango (TFO) project, so that local environmental conditions and floristic compositions were well
known. The site is in the Angolan Miombo ecoregion and is dominated by trees and geoxyles of the
genera Brachystegia and Cryptosepalum. One of the dominant geoxyle species of the area was
recently recognized as yet undescribed species of Cryptosepalum (David Goyder & Roger Polhill,
personal communication), and is referred to as Cryptosepalum aff. maraviense in this article. The
area is characterized by rolling landscapes with hills covered by forests and woodlands that become
sparser down the slopes until they are replaced by geoxyle grasslands on the mid-slopes. In the
valley bottoms are narrow, treeless peatlands that sustain small streams or rivers. The soils are
composed of deeply weathered plinthosols on the hills that are nutrient poor, coarsely grained and
slightly clayey (Grongroft et al., 2013).

All precipitation, around 1,100 millimetres (mm), falls within the wet season from the end of
September to the end of April. The dry season lasts from May to September. The mean annual
temperature is around 19.5°C (temperature and precipitation derived from WorldClim 2 (Fick &
Hijmans, 2017)), but daily temperatures can vary more than 30°C in the dry season, depending on
the topography (Finckh et al., 2016). In the dry season, open areas, i.e., geoxyle grasslands and
woodland ecotones, are particularly prone to frequent nocturnal frosts (up to 40 events per year
with down to -7.5°C and an occurrence peak in July (Finckh et al., 2016, 2021)) and to
anthropogenic fires, which are ignited annually. Time of fire depends on its purpose: early dry-
season fires (June-July) are set to clear the area around settlements and to facilitate hunting, and
late dry-season fires (August-September) often escape from slash-and-burn agricultural and
charcoal-producing practises in the woodlands (Schneibel et al., 2013; Catarino et al., 2020).
Because hunting pressure is high, there are no large native herbivores in the area (Huntley et al.,
2019), and cattle is mostly absent in the Leguminosae-dominated geoxyle grasslands (personal

observation).

Experimental design
The experimental site is located on a slope at -13.705° N, 17.053° E at 1550 m a.s.l. and

encompasses a square of 200 m by 100 m, containing 36 plots (15 m by 15 m) with a 5-m-wide
firebreak all around (Fig. 6.1a, b, ¢). Of these 36 plots, one third were randomly assigned an early
dry-season fire treatment, another third a late dry-season fire treatment, and in the remaining 12
plots, fire was excluded (Fig. 6.1¢c, d). To minimize edge effects, a central 5 m by 5 m subplot was
nested in each plot for vegetation assessments. Early burning always took place in June, whereas

late burning was usually done in September, except in the first year when it had to be done in July
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Figure 6.1: (a) Location of Cusseque in Angola. (b) Photo of an early burning 25 m2 plot, showing the
dominance of Brachystegia russelliae (reddish-green patches) and Cryptosepalum aff. maraviense (low
patches, dark green) and a protruding stem of Monotes africanus. (c) Aerial image of the experimental area
in September 2018, after late burning. One fire exclusion plot (third row left) was partly burnt by accident. (d)
Spatial layout of the experiment. The whole square measures 1 ha, the northward side faces the upper slope,
the southward side points to the valley bottom. Yellow denotes fire exclusion plots, blue defines early burnt
plots, and green reflects late burnt plots. (e) Timeline of the experiment, indicating when burning and
vegetation assessments took place (w = weeks between early/late burning). Exact dates for burning are
provided in Tab. S6.1.
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due to logistical constraints (Fig. 6.1e). Early burning of plots happened during the main and most
severe occurrences of frost (June and July), and late burning afterwards, when geoxyles started to
resprout. Usually, plots were burnt in a controlled way by burning only in the cooler mornings and
evenings and creating first a 1 m firebreak against the wind, protecting adjacent plots of different
treatment. Afterwards, the isolated interior was burnt in one rush. Several people always stood
ready with fire beaters to keep the fire front in line. We could not avoid minor burning errors, but
these affected the central subplots only in one incident, after which the respective subplot was
removed from analysis (Fig. 6.1c).

We assessed the effects of the fire treatments by using recurrent standardized vegetation surveys
in the following rainy seasons. Due to logistic constraints, rainy-season assessment times differed
over the years: In 2018 and 2020, assessments were done in January, whereas in 2019 it was
done in March, which affects interannual comparability of grass-cover values. We visually estimated
total vegetation cover and species-specific cover percentage for each 5 m by 5 m subplot. We
identified plant species as far as possible in the field and assigned them to a functional group
(grass, geoxyle, herb and tree). We did not use the term “forb” because both herbs and geoxyles
had been named as such in previous studies. Instead, we defined resprouting species with woody
underground structures as geoxyles, and non-woody, non-graminoid perennial and annual species
as herbs.

When in-situ identification was not possible, we took photos and collected specimens that we
deposited in the herbaria Lubango (LUBA) and Hamburg (HBG). We identified species by comparing
them with specimens from our own and other collections (accessed via Global Plants JSTOR

https://plants.jstor.org) and by using online references (Kew Flora Zambesiaca

http://apps.kew.org/efloras/search.do) and guides (Senckenberg  African Plants

http://www.africanplants.senckenberg.de; Field Guide to the (Wetter) Zambian Miombo
Woodlands) (Vollesen & Merrett, 2020).

We collected additional data on (a) stem heights of two common taxa, Monotes africanus and
Syzygium guineense subsp. macrocarpum, which are able to outgrow the shrub state to become
trees under favourable conditions, and we counted and measured all living stems of at least 50 cm
in height within the 5 m by 5 m subplot. In 2019, we additionally counted the ratio of vital to dead
stems; (b) number of flowering culms per grass species that grow in the square meter of the
northwest corner of each subplot; and (c) shoot length, leaf length and leaf number of the two
dominant geoxyle species, Brachystegia russelliae and Cryptosepalum aff. maraviense, and we
measured 4 shoots per species per plot, measuring always the shoot closest to the corner within 1

m distance outside of the subplot (Fig. 6.2).
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Figure 6.2: Scheme of a 5m by 5m subplot,
showing the sampling design. We compiled a species
list including visual estimation of cover per species
of the whole subplot (1). In the NW corner of the
subplot, flowering grass culms were counted on 1 m?
(2). Outside every corner within 1 m distance, shoot
and leaf length, and leaf number, were measured
from the closest shoot of Brachystegia russelliae
and of Cryptosepalum aff. maraviense (3). Every
living stem of at least 50 cm height of Monotes
africanus and Syzygium guineense subsp.
macrocarpum within the subplot was counted and
its height measured (4).
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Data analysis
If not specified otherwise, we conducted all analyses in R v4.0.3 (R Core Team, 2020). We tested

for differences in plot cover among and within functional groups (geoxyle, grass, herb) and
treatment (early, late, no burning), and for significant developments over time for each group. The
group-specific cover values were created by summing up individual species covers grouped by
functional group for each plot. As a result, cover values may exceed 100% due to overlapping
vegetation strata.

Beforehand, we tested for a normal distribution of the data using QQ-Plots, for homogeneity of
variances using Levene’s test (Brown & Forsythe, 1974), and for extreme outliers that could have
a strong influence on the outcome. This was done with ggqqplot() from package ggpubr
(Kassambara 2018), and levene_test() and identify_outliers() from rstatix (Kassambara 2021). We
logio-transformed the data to meet the assumptions. Subsequently, we used a two-way mixed
ANOVA as implemented in anova_test() from rstatix with “treatment” as between-subjects variable,
“year” as within-subjects variable, and “plot” as subject identifier. The ANOVA outcomes were
further investigated by running a one-way model on the significant variable for each level of the
second variable, and by pairwise comparisons using t-tests. Both posthoc tests used Benjamini-
Hochberg correction (Benjamini & Hochberg, 1995) with a = 0.05 as threshold to significance.

To analyse the species diversity in our experiment, we calculated and compared three commonly
used metrics: species richness (number of species per plot), diversity (Shannon index) and
evenness (equitability of individual covers). We created a species-by-plot matrix including all
species for a general analysis, and specific matrices only for grass, geoxyle and herb species,

respectively. In the matrices, zeros indicated the absence of a species in a given plot; otherwise
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cover values (in %) indicated the presence and dominance of a species. Using the package vegan
(Oksanen et al., 2007), we calculated species richness, diversity and evenness upon these
matrices. We then tested for differences among and within treatments over time with the same
ANOVA and posthoc test approach as described above, after making sure that requirements for
these tests were met.

Analogously, the number of all grass culms per m2 among and within treatments over time was
tested with two-way mixed ANOVA and posthoc t-tests, after the values had been logio-transformed
to conform to the test requirements. In a second step, we repeated this analysis for the eight grass
species with enough culm counts to allow for testing.

We assessed the response of geoxyles to the treatments by comparing selected performance
metrics (shoot and leaf length, and leaf number) of the two dominant taxa among and within
treatments over time. For each taxon, we made sure that the metrics met the test requirements,
by applying logio-transformation and removal of extreme outliers, before proceeding with the same
two-way mixed ANOVA and posthoc test approach as described above. Additionally, we tested the
plot cover of B. russelliae and C. aff. maraviense in the same way.

Performance of herbs was investigated by examining cover development of the most abundant
species among and within treatments over time. Additionally, development of herb species
richness, particularly with regard to annual species, was assessed. We used the same two-way
mixed ANOVA and posthoc test approach for the assessment as described above. Lastly, we
evaluated the shrub and tree development in our experiment. Differences in stem heights among
and within treatments over time were tested with non-parametric Kruskal-Wallis and subsequent
pairwise Dunn tests (Dinno, 2015) because no transformation could conform to a normal data

distribution.

Results

Cover balance
In most plots, the vegetation cover was dominated by geoxyles, ranging from 36.5% to over 100%

(multilayered, cumulative cover). Grasses covered less on average, with 12.8% to 72.4%, and herbs
had the lowest shares with 1.6% to 7.7%. Both the burning treatments (ANOVA F(2,32) = 4.670,
p=0.017, n%=0.156) and the time passed (ANOVA F(1.6,51.14)=3.647, p=0.042,
n%g = 0.040) had strong specific effects on the vegetation cover. In general, unburnt plots showed
denser total cover than early-burnt (on average 7.4% lower, t-test pagj = 0.061), and late-burnt plots
(on average 15.5% lower, t-test pagj << 0.001), which had the overall lowest covers.

Functional groups responded differently to the treatments (Fig. 6.3). With early burning, grasses
showed the lowest cover values compared to other treatments, and even decreased over time,
whereas herbs showed intermediate but increasing cover levels. There was a non-significant
increasing trend for geoxyles. Late burning had little effect on grasses; their cover remained stable

over time, whereas geoxyle cover dropped sharply over time and stayed comparably low. Overall,
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herb cover increased slightly over time and was highest for the late fire treatment. Fire exclusion
had a strong promoting effect on grass cover, increasing it over time, and a negative effect on
geoxyle cover, comparable to that of late burning. Herb cover varied over time with no discernible
trend, but remained lower than with burning. Generally speaking, geoxyle cover thrived under early

burning, herb cover thrived under late burning and grass cover thrived under fire exclusion.

Figure 6.3: Cover balance
between grasses, geoxyles and
herbs throughout the
experiment. The violins show
differences between treat-
ments and development over
time for each functional group
separately (top: grasses, centre:
geoxyles, bottom: herbs), plus
statistical evaluation. The black
ranges represent 95%
confidence intervals, with the
dot being the median. All cover
values have been logio-
transformed to meet test
requirements. Testing  for
significant dif-ferences among
treatments and among years
within a treatment was done
with a mixed ANOVA (significant
differences between treat-
ments indicated by different
letters, threshold o = 0.05) and
posthoc pairwise t-tests with
Benjamini-Hochberg cor-rection
(significance level as follows: p
< 0.0001 ***; p < 0.001 **, p
<0.05* p<0.1° p>0.1ns).
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Plant performance metrics

Grasses:
The number of flowering grass culms differed among treatments (ANOVA F(2,29) = 4.545,

p = 0.019, n% = 0.141), with the highest numbers in late and unburnt plots (Fig. 6.4). Differences
between years were negligible and nonsignificant (ANOVA F(2,58)=1.535, p=0.224,
n% = 0.025). With a more thorough look at single species, it is apparent that grass species
responded differently to the treatments. All species developed only few culms under early burning
treatment, and some species, e.g., Loudetia simplex or the annual Microchloa kunthii, performed
much better with late burning than with no burning (on average 4.7 culms more, t-test paq¢j = 0.009).
However, we also found examples for the opposite, in that Trachypogon spicatus clearly produced

more culms under fire exclusion (on average 3.4 culms more, t-test pagy = 0.006). The same trends
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that we observed for culm numbers were also reflected in the respective cover values of grasses,

also for individual species (i.e., increasing culm numbers went along with increasing cover).
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Figure 6.4: Comparison of average grass culm numbers among treatments and years. Values have been
logio-transformed to meet test requirements. Significance of differences was assessed with a mixed ANOVA
(significant differences indicated by different letters, threshold o = 0.05) and with posthoc pairwise t-tests
with Benjamini-Hochberg correction for within treatment developments over time. The latter showed no
significant changes over time. As grass species reacted differently to the treatments, we give examples of
fire winners (Loudetia simplex, top right) and fire losers (Trachypogon spicatus, bottom right).

Geoxyles:
Brachystegia russelliae had slightly higher cover than Cryptosepalum aff. maraviense in the

experimental area. The first covered up to 85% per plot (on average: 26.6%), the second followed
with up to 70% per plot (on average: 25.9%). The two taxa responded quite differently to the
treatments (Tab. 6.1, S6.2): B. russelliae profited from early burning in that shoot length, leaf length
and leaf number were greater under this treatment and increased over time (on average by 3.2 cm
shoot length, 1.8 cm leaf length and 0.8 leaves in 3 years, t-test pagy = 0.033). Under fire exclusion,
similar, but not increasing, values were reached, whereas under late burning, performance metrics
were lower in comparison (ANOVA, shoot length: F(2,91) = 7.303, p =0.001, n%s = 0.138; leaf
length: F(2,91)=11.013, p << 0.001, n2%=0.195; leaf number: F(2,91)=4.316, p =0.016,
n% = 0.087). Cover did not differ among treatments (ANOVA F(2,32)=1.985, p=0.154,
N3¢ = 0.093) and did not change over time (F(2,64) = 1.353, p = 0.266, n%s = 0.007).

For C. aff. maraviense, the picture is less apparent in that cover and performance metrics
responded less clearly. Most conspicuously, shoot and leaf length were greatest under fire
exclusion and lowest with late burning (ANOVA, shoot length: F(2,96)=17.311, p << 0.001,
N2 = 0.265; leaf length: F(2,96) = 15.578, p << 0.001, n2%s = 0.348). Leaf number did not differ
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among treatments (ANOVA leaf number: F(2,96) = 0.910, p = 0.406, n% = 0.019), and barely
among years (F(2,96) = 2.469, p = 0.095, n% = 0.019) (Tab. 6.1, S6.2). The cover of this taxon
remained stable and unchanged among treatments (ANOVA F(2,66)=1.421, p = 0.248,
N3¢ = 0.007) and over time (ANOVA F(2,103) =2.322, p = 0.103, n%g = 0.043). Collectively, both
geoxyle species showed poorer performance metrics under late burning, and the best metrics under

early burning (B. russelliae) and fire exclusion (C. aff. maraviense), respectively.

Table 6.1: Development of three selected performance metrics from the two dominant geoxyle taxa in
Cusseque according to time and treatment. Please see Tab. S6.2 for the actual numbers behind the trends
shown here. The metrics are shoot length (SL), leaf length (LF) and leaf number (LN). The arrows give
information about how the metrics relate between different treatments, e.g., “Early vs. Late - SL: {**” refers
to higher shoot lengths in early compared to late burning treatment. Testing for significant differences among
treatments and among years within a treatment was done with a mixed ANOVA and posthoc pairwise t-tests
with Benjamini-Hochberg correction. Levels of significance are as follows: p < 0.0001 ***; p < 0.001 **, p
<0.05*% p<0.1°p>0.1ns.

Treatment/over time Early Late No
o Earlyvs. SL over time: 1* SL: t* SL:ns
§ LL over time: 1* LL: p** LL: p**
% LN over time: ns LN: ns LN: | *
2 Latevs. SL over time: — ns SL: | *
_%00 LL over time: — ns LL: ns
% LN over time: — ns LN: | *
%’ No vs. SL over time: 1*
© LL over time: — ns
@ LN over time: — ns
Early vs. SL over time: — ns SL: 1 * SL: | *
= LL over time: — ns LL: | * LL: | ***
g o LN over time: — ns LN: ns LN: ns
= § Late vs. SL over time: | ° SL: | *xx
8- § LL over time: | ns LL: | ***
§ g LN over time: | ns LN: ns
% No vs. SL over time: ns
O LL over time: ns
LN over time: ns
Herbs:

Herb species varied in their reactions to the fire treatments. Some showed stronger increasing
covers over time after being burned than not being burned, e.g. the annual Emilia baumii
(Asteraceae) (Fig. S6.1a). Others like the perennial Spermacoce dibrachiata (Rubiaceae) showed
strongly increasing cover under fire exclusion (Fig. S6.1b). Both herb cover and herb richness
differed more strongly among years (ANOVA herb richness over time: F(2,64) = 8.780, p < 0.001,
N2 = 0.074) than among treatments (ANOVA herb richness among treatments F(2,32) = 0.748,
p = 0.481, n%s = 0.032). Furthermore, numbers of annual herb species increased over time (ANOVA
F(2,64) = 27.425, p << 0.001, n% = 0.283) in burned plots (pairwise t-test paqi. = 0.001), but not
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in fire protected plots (pairwise t-test pad. = 0.489) (Fig. S6.2). Generally, we observe a better
performance and higher richness of (annual) herbs in burned plots, but with a high variance over

time due to species-specific responses.

Stem heights:
The median stem heights of Syzygium guineense subsp. macrocarpum and Monotes africanus

did not differ between treatments (Kruskal-Wallis: X2 =2.650, df =2, p =0.270). However,
marked patterns emerged regarding the height distribution over time (Figure 6.5). Under early-
burning treatment, upper bound of the variance increased and a greater proportion of taller stems
occurred over time, although the majority of stem heights remained between 50 cm and 100 cm
(Kruskal-Wallis: X2 =17.212, df = 2, p = 0.019). The opposite was observed under late burning,
where variance decreased over time so that the majority of stems ranged between 50 cm and
80 cm (Kruskal-Wallis: X2 =24.232, df =2, p < 0.001). Under fire exclusion, main stem heights
decreased over time, ranging between 50 cm and 80 cm at the end, but a single stem escaped this
pattern and continues to grow (Kruskal-Wallis: X2 =5.704, df =2, p=0.012). All stems that
protrude so strongly from the main height range under early burning and fire exclusion belong to
Monotes africanus. Furthermore, a one-time assessment of stem mortality for S.g. subsp.
macrocarpum in 2019 revealed 59.8% and 65.9% of stems dead under early and late burning

treatment, respectively, and 72.9% of stems dead under fire exclusion.
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Figure 6.5: Comparison of the distribution of stem heights among treatments and years. Stems of at least
50 cm height from two taxa were measured: Syzygium guineense subsp. macrocarpum (diamonds) and
Monotes africanus (circles), which are able to outgrow the dwarf shrub form to become trees, if disturbances
cease long enough. The black ranges represent 95% confidence intervals, with the dot being the median.
Testing for significant differences was done with non-parametric Kruskal-Wallis tests (significant differences
indicated by different letters, threshold o = 0.05) and posthoc pairwise Dunn tests (significance level as
follows: p < 0.0001 ***; p < 0.001 **,p<0.05 *, p<0.1 °, p>0.1ns).
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Species diversity
Over time, we recorded 187 different plant taxa within the experimental area (45 grasses, 50

geoxyles, 72 herbs, 11 trees, 9 others). Species numbers (S) ranged from 35 to 72, with on average
49.5 different species per 25 m? plot. However, S differed significantly among treatments over time
(ANOVA F(4,64)=2.594, p=0.045, n%=0.039) (Tab. 6.2, $6.3). The lowest numbers were
recorded in unburnt plots (ranging from 36 to 59), the highest numbers in late-burnt plots (on
average 5 species more than in unburnt plots, t-test pag. = 0.012) and early-burnt plots were
intermediate (on average 3.3 species more than in unburnt plots, t-test pag. = 0.076). S increased
over time under early burning (on average 5.5 species more in 2020 than in 2018, t-test
Padgi. = 0.061) but not in late burning (t-test paqg. = 0.197), and remained stable in unburnt plots. This
observation is particularly driven by herb species, whereas grasses showed rather uniform species
numbers among treatments and over time. All functional groups had their lowest S in unburnt plots,
but this was significantly so only for geoxyles (ANOVA F(2,104) = 4.268, p = 0.017, n%s= 0.076;
grasses: F(2,104)=1.965, p=0.145, n2%=0.036; herbs: F(2,104)=2.399, p=0.096,
N2 = 0.044). Across all treatments, geoxyles and grasses had similar means of 14.9 + 3.2 and
15.3 + 3.0 species per plot, respectively, while herbs had 17.5 + 3.4 species.

Species diversity, measured by the Shannon index (H’), differed among treatments (ANOVA
F(2,32) = 4.087, p = 0.026, n%s = 0.145) and among years (ANOVA F(2,64) =5.142, p = 0.008,
N2 = 0.051) (Tab. 6.1, S6.2). On average, H’ was lower by 0.200 in early burnt (t-test, pag. = 0.002)
and by 0.218 lower in unburnt (t-test, padi. = 0.001) than in late-burnt plots, making this treatment
the one with highest, and over time increasing, species diversity (by 0.228 from 2019 to 2020, t-
test, pag. = 0.049). Unburnt plots showed lowest H’, particularly with regard to grasses, whereas
both fire treatments had a strongly promoting effect on herb diversity. Herbs showed the overall
highest H’ (ranging between 1.8 and 3.1), followed by grasses (between 1.1 and 2.8) and geoxyles
(between 0.5 and 1.9).

Similarly, species evenness (J') differed among treatments (ANOVA F(2,32) = 3.332, p = 0.048,
N2 =0.119) and years (ANOVA F(2,64) =2.913, p = 0.062, n% = 0.031) (Tab. 6.2, S6.3). Late-
burnt plots showed higher J' than early burnt (by 0.048, p = 0.004) or unburnt plots (by 0.041,
p = 0.009). There was little change over time, only J' in early-burnt plots declined slightly (by 0.04
from 2018 to 2020, p = 0.059). Stronger effects become apparent with regard to the functional
groups. Geoxyle J' declined slightly over time in early-burnt plots, and grass J' drops strongly (but
insignificantly) in unburnt plots. Increasing J’ can be observed for grasses in early burnt plots and

in general for herbs, which show strong gains in all treatments, especially from 2018 to 2019.
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Table 6.2: Species richness (S), diversity (Shannon index, H’) and evenness (J’) according to functional
group, time and treatment. Please see Tab. $6.3 for the actual numbers behind the trends shown here. The
calculations are done separately for grass (top), geoxyle (middle) and herb species (bottom). The arrows give
information about how the values relate between different treatments, e.g., “Early vs. No - H’: {***” refers
to higher species diversity (Shannon index) values in early compared to no burning treatment. Testing for
significant differences among treatments and among years within a treatment was done with a mixed ANOVA
and posthoc pairwise t-tests with Benjamini-Hochberg correction. Where necessary because parametric
requirements were not met, results were confirmed with non-parametric Kruskal-Wallis and posthoc Dunn
tests. Levels of significance are as follows: p < 0.0001 ***; p < 0.001 **,p<0.05 *,p<0.1°,p>0.1ns.

Treatment/ over time Early Late No
Earlyvs S overtime: — ns S:ns S:ns
H' over time:  ** H': ns H': 1 ***
J over time: 1 * J:ins I wee
) Late vs. S over time: 1 * S:ns
é H’ over time: | ns H: f ***
&) J over time: — ns I qp e
No vs. S over time: — ns
H' over time: — ns
J" over time: — ns
Early vs. S overtime: — ns S:ns S:ns
H’ over time: | * H:|° H': ns
J over time: | * Jins Jins
g"’a Late vs. S over time: — ns SHE
g‘_ H' over time: — ns H:1*
) J" over time: — ns Jir*
No vs. S over time: — ns
H' over time: — ns
J" over time: — ns
Early vs. S overtime: 1* S:ns S:ns
H’ over time: 1 *** H': ns H': ns
J over time:  *** J'ins J'ins
» Late vs. S over time: 1 ns S:ns
% H’ over time: 1 *** H’: ns
* J over time: 1 *** J:ins
No vs. S over time: — ns
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Discussion

Different fire treatments have specific effects on the functional groups

within the ground layer
Fire experiments have been running for decades in various savanna and woodland systems in

Africa. However, few studies have addressed the components of the ground layer, and those were
conducted in South Africa (Uys et al., 2004), Zimbabwe (Matayaya et al., 2017) or comparable
ecosystems in the Cerrado in Brazil (Pilon et al., 2021). No ground-layer studies are published so
far from the wetter Miombo region. Thus, we here present the first experimental study on the effects
of fire seasonality in a miombo geoxyle grassland, though the short running time of the experiment
has to be kept in mind.

Each of the applied fire treatments seemed to promote a different functional group, in that it
performed better (Figs. 6.4 and 6.5; Tab. 6.1) and increased cover (Fig. 6.3). Over three years,
grasses benefitted from fire exclusion, geoxyles from early burning, and herbs from late burning.
For geoxyles, our results are hard to compare with those of other studies because this functional
group tends to be treated either as (sub)shrubs (Ratter et al., 1997; Durigan et al., 2020), as forbs
(Uys et al., 2004; Smith et al., 2013; Trollope et al., 2014), or as non-existent. We chose to look at
geoxyles separately because (a) they constitute an important part of tropical grasslands in Angola
(Zigelski et al., 2019), and (b) they behave ecologically differently from shrubs, non-woody herbs or
forbs, and grasses, as shown in this study.

Geoxyles resprout quickly after the end of the main frost season (August onwards) and start to
bloom and fruit before the grasses do so in the peak rainy season (January onwards), which gives
them the advantage of mostly concluding their annual cycle before the grasses overshadow them
(Trapnell, 1959; Fidelis & Blanco, 2014; Zigelski et al., 2019). This head start is particularly
advantageous if it follows the burning of the grassland. Reduced competition for light and nutrients,
brimming underground storage organs and bud banks, plus a nutrient boost from the ashes,
promote rapid resprouting (Pausas et al., 2018; Buisson et al., 2019). Thus, geoxyle cover thrived
under an early burning regime, which was mostly attributed to the particularly well-performing
Brachystegia russelliae, the dominant geoxyle species in this ecosystem.

However, if no burning takes place, the head start advantage dissipates in the dense grass layer.
Likewise, when burning occurs too late in the dry season, the geoxyles have already resprouted and
partially depleted their underground reserves (West, 1965; Miyanishi & Kellman, 1986; Schutz et
al., 2011). The second resprouting after late burning was therefore poorer (Tab. 6.1), further
depleting the reserves, and the seasonal head start was nullified. In addition, late burning
shortened the period of lower competition by 4 to 6 weeks and affected the annual assimilation
balance correspondingly. This effect was strong: after the short time of 3 years, the geoxyles’
aboveground cover decreased by about 20% (Fig. 6.3).

The reduction of geoxyle cover was consistent with the increased cover of grasses and herbs. As

occurred in other studies, we observed that fire exclusion did not benefit herbs whereas burning
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did, regardless of the timing (Uys et al., 2004; Sawadogo et al., 2005). The reduced competition by
either grasses or geoxyles were likely reasons for this observation (Overbeck et al., 2005), even
allowing for annual species to germinate on burned, ash-fertilized patches. The observed decline
of (perennial) grasses under early burning treatment has also been reported from wet savannas in
West Africa (Sawadogo et al., 2005; Laris & Wardell, 2006), in response to increased tree cover.
Analogously, the increased “underground tree” cover in our experiment might result from a tipped
balance between geoxyles and grasses due to poorer performance from the latter. The dominance
of grasses in the unburned plots was probably just the effect of accumulated grass biomass over
the 3 years. Most studies of tropical grasslands report a decline of grasses if not burned over a
longer time (Fynn et al., 2004; Smith et al., 2013; Durigan et al., 2020), and 3 years is a too-short
time span for robust inferences in this regard.

All other publications on fire experiments from savannas report that trees and shrubs profit from
fire exclusion, if no other disturbances like herbivory are in place (Bond & Keeley, 2005; Mills &
Fey, 2005; Archibald & Hempson, 2016). Strikingly, we did not observe this. Tree cover and species
number did not change significantly over time for all treatments (not shown), and stem heights
declined on average under fire protection (Fig. 6.5). Only the negative effect of a late fire treatment
on trees was in line with previously reported findings (Aubréville, 1953; West, 1965; Brookman-
Amissah et al., 1980; Laris & Wardell, 2006; Laris et al., 2017). However, tree growth being
stimulated more by early burning than by fire exclusion stood out because in the studies cited here
it has always been reported the other way around. We interpret this as an effect of ash fertilization
for the trees after burning (Jensen et al.,, 2001; Pivello et al., 2010; Oyedeji et al., 2016), in
combination with another disturbance acting on all plants: nocturnal frosts (Finckh et al., 2016).
Because the study area is not home to big domestic or native herbivores (Huntley et al., 2019),
frost is very likely the key factor in keeping the majority of the stems so low. Moreover, frost affects
densely grass-covered sites more severely than bare (burnt) patches, because at night, the air-filled
grass layer reduces thermal radiation from the ground, while radiation from the grass layer to the
open sky continues (Leuning, 1988). This causes lower minimum temperatures above the grass
layer, with more frost damage and photoinhibition impairing tree growth (Ball et al., 1997). This is
in line with our finding that, although most stems of Syzygium guineense die back during the frost
season (personal observation), the highest proportions of dead stems occurred in unburnt plots.
Frost occurs reliably and often from end of May to beginning of September at the study site, with
up to 40 events per dry season and an occurrence peak in July (Finckh et al., 2021). Fires in
contrast are set only after the first frosts, when more frost-killed, combustible biomass is available.
For trees, particularly those with a tropical background and little frost resistance like Syzygium
guineense or Monotes africanus, early fires are beneficial because they offset the effect of frost.
Increased nutrient availability on burnt plots might also allow more stems to escape the fire and
frost trap due to faster growth (Wakeling et al., 2011).

89



-VI- Tipping the scales: How fire controls the balance among functional groups in Angolan grasslands

Specific effects of the fire treatments on the functional groups are

reflected in their performance metrics
Looking at the species and their performance level, we observed marked differences, for example

regarding increased flowering of some grass species. Fire-stimulated flowering in grasses has been
reported before (Lamont & Downes, 2011), and Fidelis and Blanco (2014) reported increased
flowering vigour of burnt compared to unburnt grasses. However, we also observed stronger
flowering for some grass species under fire protection, which contradicts previous long-term
observations of increased fire-stimulated flowering (Zirondi et al., 2021). Trachypogon spicatus has
been reported as a fire winner (Furley et al., 2008), but appeared in our study as a fire loser (Fig.
6.4), which points either to a site specific or short-term effect. The majority of the grass species,
however, increased the number of flowering culms under the late-fire regime, which was in line with
previous studies (Zirondi et al., 2021).

As shown and discussed above, geoxyle species also responded differently to fire treatments. In
contrast to B. russelliae, the second dominant species, Cryptosepalum aff. maraviense, remained
quite unchanged and showed increased growth only under fire exclusion (Tab. 6.1), but with
unchanged cover (not shown). We interpret this as increased versatility compared to B. russelliae,
in that this very low and dense growing species (max 10 cm height) is adapted to light conditions
in the understorey of grasses and does not need special fire treatments, at least not at the time
scales studied so far. Cryptosepalum and Brachystegia both form a massive network of
underground woody rhizomes in the study area (Revermann et al., 2017, Meller et al., 2021b),
implying that the poorer aboveground performance under late burning treatment (Tab. 6.1) might

in the long run also go along with a decline on woody belowground biomass.

Burning enhances species richness and diversity
There is ample evidence in the literature that in fire-adapted ecosystems, burning has a positive

effect on richness and diversity of flora and fauna (He et al., 2019), at least under the condition
that the fire regime represents an intermediate disturbance regime (Connell, 1978; Huston, 1979).
Fire suppression on the other hand leads to diminished diversity (Smith et al., 2013), structural
change (Higgins et al., 2007) and changed species compositions (Brookman-Amissah et al., 1980;
Uys et al., 2004; Van Wilgen et al., 2007), all of which we also observed in our experiment (changes
in species composition will be published separately).

It is important to take the seasonal timing of burning into account. Early dry-season fires promote
native plant diversity against invasive species (Kral et al., 2018) and allow for enhanced tree and
shrub growth (Laris & Wardell, 2006; Furley et al., 2008), as they are not as severe as late dry-
season fires due to lower and wetter fuel loads (Govender et al., 2006; Rissi et al., 2017). Other
studies reported highest diversity at fire-protected sites due to recruitment of shade-tolerant
species (Brookman-Amissah et al., 1980). These studies were conducted in woodland or savanna
contexts, however, where larger shrubs and trees come into play. In the geoxyle grassland of our

study, we observed highest plant diversity at late-burned sites, which can easily be explained by
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reduced competition from perennial grasses and geoxyles, which allowed annual and herb species
to step up (Savadogo et al., 2008; Fidelis & Blanco, 2014).

Although grasses dominated the unburnt plots cover-wise, their richness and diversity were lower
than in the burnt plots (Tab. 6.2). In contrast, herb cover, richness, diversity and evenness
increased in all three treatments over time. Similar findings have been reported from long-term
experiments in South African grasslands (Fynn et al., 2004), and these too were due to changed
species compositions between burnt and unburnt plots (not shown). Either recruitment of more
shade-tolerant herb species might have happened here, or we measured an artefact caused by
surveys taking place some weeks later in the year in 2019 and 2020. The pattern for geoxyles was
controlled by the response of the dominant geoxyle B. russelliae. Because it thrived under early
burning, the evenness for all geoxyle species was reduced in such plots. Contrariwise, geoxyle
richness, diversity and evenness were increased under late burning, because B. russelliae was
disadvantaged and offered space to other geoxyle species. Likely, the overall plant diversity was
high in our study area because at landscape level, different fire regimes occur over space and time
that offer a suitable level of pyrodiversity (Parr & Brockett, 1999; Parr & Andersen, 2006).

Conclusion
We show the effects of early and late dry-season fires and fire exclusion on the vegetation

structure of a geoxyle grassland in Angola. Although we can only infer short-term effects from our
findings, as much longer observation times are needed for more robust, long-term conclusions, we
nevertheless reveal grassland dynamics that were not reported before. The high beta diversity of
the study site is likely a product of the variable use of fire by the locals, leading to a patchy and
pyrodiverse landscape (Trauernicht et al., 2015). The timing of fire balances the structure and
composition of the ground layer, and tips the scales towards different functional groups. Strikingly,
tree and shrub growth did not improve in fire protected plots, like reported from numerous other
fire experiments. Rather, tree growth is impaired even in the absence of fire, which implies that a

different disturbance type, most likely frost, is keeping the grasslands open.
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Abstract

Questions: Forest-grassland boundaries in the tropics are primarily interpreted as driven by fire
and herbivory. So far, frost has received little attention as driver of tropical vegetation boundaries.
Here, we study mid-altitudes in south-central Africa and ask the following questions: a) Is there a
lower treeline between grasslands and forests on the Angolan Plateau? b) If so, do topoclimatic
differences play a role in it? ¢) What do our results imply for tropical highlands globally?

Location: The Angolan Plateau (10°-16°S and 13°-21°E).

Methods: We mapped vegetation by applying a supervised support vector machine based
classification on a Landsat satellite image. We used a 1000 m spaced point grid to extract the
mean vertical distribution of the vegetation units from a digital elevation model. The topographic
position of each point was calculated using a channel network approach. Microclimatic data were
collected across topographic gradients at two sites along the Plateau. Analyses focused on the
number of nights where temperature dropped below 0°C, median and minimum temperatures, and
diurnal temperature ranges.

Results: Lower treelines separate miombo forests from geoxyle grasslands in all major valley
systems. Treelines are located 150-200 m below the headwater divides. Nocturnal outgoing net
longwave radiation and resulting cold-air pooling cause frequent frosts in the valleys during the dry
season. Topography controls frost patterns, with minima of down to -7.5°C and diurnal temperature
amplitudes up to 40°C.

Conclusions: The results show that vegetation patterns in central Angola are shaped by frost. The
processes causing frost depend on air humidity. Drier atmosphere and lower global temperatures
indicate a longer frost season, lower minima and frost extending to lower elevations and latitudes
for the Pleistocene. Pleistocene forest fragmentations and the rise of endemism-rich grasslands in
comparable tropical highlands worldwide may be explained by crossing thermic thresholds via

increasing seasonal aridity.

Keywords: Climate seasonality, cold-air pooling, forest-grassland mosaics, geoxyle grasslands,
lower treelines, miombo ecosystems, Pleistocene forest fragmentation, radiation frost, south-

central Africa, topography, tropical highlands, vegetation patterns.
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Introduction
The altitudinal position of climate-driven treelines and their ecological explanation has fascinated

researchers since Alexander von Humboldt. The essence of a treeline is hereby a boundary along
an elevation gradient between tree-favourable (forests) and tree-adverse habitats (e.g. alpine
grasslands). Despite sound global syntheses of upper treeline positions (e.g., Kdrner, 1998; Troll,
1973), new aspects are still appearing (e.g., the study by Irl et al. (2016) on upper treelines of
oceanic islands).

Lower treelines, where forests occur at higher elevations than treeless habitats, have been less
studied. This is due to the fact that lower treelines have, in most cases, been modified by pastoral
land uses and anthropogenic fires, as they are normally drought and not temperature driven (e.g.,
Means, 2011). However, especially in boreal and temperate continental areas, temperature-driven
inversions of vegetation zones occur in high-lying closed valleys, dolines or poljes. Such
depressions, where cold air accumulates during clear, winter nights, can be among the coldest
places in mountain ranges (e.g., Ogrin (2007) for Slovakia; Lehner et al. (2017) for Austria) and
frequently show vegetation inversion (Clements et al. (2003) for Utah and Finckh (1993) for Chile)
or lower treelines (Coop and Givnish (2007) for New Mexico).

Forest-grassland boundaries also occur in other contexts, where they are not addressed as
treelines. In tropical regions throughout the world forest-grassland mosaics cover a substantial
part of the land surface. In general, such landscapes are considered “savannas” and interpreted
as results of a fine balance of fire, waterlogging and/or megaherbivory (Oliveras & Malhi, 2016).
This dominant narrative obscures the discussion on other drivers of forest-grassland boundaries,
particularly in tropical highlands.

Joint features of forest-grassland mosaics in tropical mid-altitudes are their high diversity and
high share of endemic taxa, such as in the biodiversity hotspots of the Brazilian Cerrado (Myers et
al., 2000), the Indian Western Ghats (Sankaran, 2009), the Patana highlands of Sri Lanka (Mueller-
Dombois & Perera, 1971) and the Ethiopian highlands (Wang et al., 2020). The Angolan Plateau is
such a biodiverse tropical forest-grassland mosaic and, like the Brazilian Cerrado, contains a
striking diversity of geoxylic suffrutices (i.e., dwarf shrubs with belowground bud banks and
extensive woody storage organs in the form of roots, rhizomes or tubers — referred to as geoxyles)
which evolved in both regions convergently from many different lineages (Simon & Pennington,
2012; Maurin et al., 2014). These features indicate that the above-listed grassland ecosystems
have a long evolutionary history (Veldman et al., 2015; Nerlekar & Veldman, 2020).

The forest-grassland mosaic on the Angolan Plateau occurs in a rolling landscape with wooded
hills and open valleys. Although grassland fires in the dry season are a common aspect of these
landscapes, they are unlikely to be responsible for the forest-grassland layout (Finckh et al., 2016),
because their spatial patterns do not respond to the physical logics of wildfires. The stunning
diversity of geoxyles on the Angolan Plateau (Zigelski et al., 2019a), which Maurin et al. (2014)

interpreted as the result of an evolutionary adaptation to fire, can just as well constitute an
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avoidance strategy against frost (Gomes et al., 2019; Hoffmann et al., 2019). The forest-grassland
boundaries look strikingly like the lower treelines in the temperate regions described above. Yet,
temperature-controlled lower treelines from tropical regions are not well studied, with the
exceptions of Young (1993) who reported on lower treelines in the Peruvian Andes and Duker et al.
(2015, 2020) who pointed at frost as a principal driver for the (lower) vegetation boundary between
the Albany subtropical thicket and Nama-Karoo semi-desert shrubland. Such treelines, however,
are likely to be more common, because tropical taxa are very sensitive to low and strongly varying
temperatures (Sakai & Larcher, 1987).

We therefore aim to broaden the discussion about tropical forest-grassland mosaics by analysing
a stunning and thus far ignored example of lower treelines in tropical highlands. We combined a
remote sensing approach to classify vegetation units and infer their altitudinal preferences with in-
situ microclimatic measurements at different scales across the Angolan Plateau. By quantifying the
extent of forest-grassland boundaries and the occurrence of frost across these boundaries, we
aim to provide answers to the following questions: is there a) a frost-driven boundary (i.e., treeline)
between grasslands and forests on the Angolan Plateau, and if so b) do topoclimatic differences

play a role in it? ¢) What do our results imply for similar tropical highlands around the world?

Materials and Methods

Study area
The Angolan Plateau extends from Huila Province in western Angola to Moxico Province in eastern

Angola, from approximately 10°-16°S and 13°-21°E. We selected an area from 12°-14°S and
18°-20°E for a treeline analysis (Fig. 7.1). We chose this area because it is one of Angola’s most
remote and least populated regions with forest-grassland patterns that are widely undisturbed by
agriculture or settlements.

The vegetation of the study area is dominated by wet miombo forests, intersected by geoxyle
grasslands in the valleys and narrow bands of peaty wetlands along the small streams (Stellmes et
al., 2013b). Miombo forests are mostly dense stands dominated by Brachystegia spiciformis,
Cryptosepalum exfoliatum subsp. pseudotaxus and Julbernardia paniculata (Revermann et al.,
2018) whereas geoxyle grasslands are dominated by species like Brachystegia russelliae on
Plinthosols and Parinari capensis on Arenosols (Gomes et al., 2019).

Climate measurements were conducted in two different sectors of the Angolan Plateau, namely
at Bicuar National Park (15.1°S 14.8°E, 1235 m asl) and Cusseque (13.7°S 17.1°E,
approximately 1530 m asl), covering a broad west-east extension and an altitudinal span of
approximately 300 m (see Fig. 7.1).

There are two reasons for the spatial mismatch between the area used for our remote sensing
analysis and the main logger transect in the neighbouring upper Cusseque valley. First, the disparity
is caused by the inaccessibility of the former, which is also the main reason for its intactness. When

we started the logger transect in 2011, the area was still littered with minefields, leftovers of the
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decades-long civil war. The interprovincial road EN140, which cuts across the Cusseque valley,
allowed for safe and easy access for logger maintenance but had already started to cause
degradation of the forest landscape (see Fig. 7.2, wherein the patches indicate fallows and cut-
down forest). The second reason for the spatial mismatch between the two areas is that we looked
for a mostly intact and little disturbed Landsat image for the remote sensing analysis. The next
Landsat path to the west, which would have included the Cusseque area, was largely transformed
by agricultural land use and has lost its natural vegetation patterns. However, the spatial
configuration of forests and grasslands in the Cusseque area is comparable to the still-intact
landscapes further east (see Fig. S7.1). For the sake of comparison, we included microclimatic
measurements from Bicuar National Park which is approximately 295 km south-west of the
Cusseque area but corresponds in elevation to the lower parts of the remote sensing study area.
We are not aware of any other microclimatic measurements from valleys on the Angolan Plateau at
this elevation.
All taxon names follow The Plant List (http://www.theplantlist.org).

18.?“0 18.5°0 19.0°0

Vegetation units

D Grassland

[ Ecotone grassland ’ 3 T 12.0°8
[l Miombo forest

[ Piateau grassland (1§

12.5°8

13.0°8

13.5°S

14.0°8

Botswana

Figure 7.1. Upper and lower left: location of the study sites on the Angolan Plateau: square) study site for
the spatial treeline analysis; numbers) sites of microclimatic measurements on the Angolan Plateau: 1 -
Bicuar National Park, 2 - Cusseque. Right: vegetation units of the study site on the Bié Plateau following a
support vector machine based classification (SVM) (Kappa-value of 0.79 and an overall-accuracy of 0.86)
(Landsat 8 Level-1C, path/row 178/70).
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Satellite data acquisition and analysis
We used a recent Landsat 8 Level-1C tile (path/row: 178/70; 2017-08-10T14:49:22z7) covering

an area from approximately 12°-14°S and 18°-20°E from the USGS Earth Resources
Observation and Science Center archive (https://earthexplorer.usgs.gov/). We chose a dry season
scene with the lowest cloud cover (<10%) and used only Operational Land Imager bands 2, 4 and
5. The phenological state of the vegetation in the advanced dry season (10 August) allowed for
clear differentiation between forest and grassland vegetation. Additionally, we used the digital
elevation model (DEM) from the Shuttle Radar Topography Mission (SRTM)
(https://www2.jpl.nasa.gov/srtm/) with a 90 m resolution. The Landsat 8 images were resampled
into a 90 m resolution using the nearest neighbour algorithm (Cover & Hart, 1967).

We calculated the normalized difference vegetation index (NDVI) (Tucker, 1979; Silleos et al.,
2006) for the scene and conducted a supervised support vector machine (Mufioz-Mari et al., 2010)
based classification, including the DEM and training and test polygons. Based on existing
information from the upper Cubango basin (vegetation map by Stellmes et al. (2013b), and
vegetation classification by Revermann et al. (2018)), we identified the four structurally defined
dominant vegetation types (i.e., Miombo forests, Ecotone grasslands, Grasslands and Plateau
grassland) in the area and selected corresponding training polygons. Miombo forest includes all
close-canopy stands, Ecotone grassland refers to sparse open-canopy woodlands, Grassland refers
to open geoxyle-grasslands with a high cover of broad-leaved geoxyle species, and Plateau
grassland refers to more densely covered open lands, dominated by graminoids, with higher
standing biomass. We calculated the overall accuracy and Kappa-value of the classification
(Congalton, 1991).

We placed a point layer grid with a rectangular distance pattern of 2000 m x 1000 m over the
classification and the DEM. Due to the spatial resolution of the SRTM data and the corresponding
resampling of the Landsat data, we classified the vegetation according to broad structural types.
We extracted the vegetation unit, elevation and geographical coordinate for each point and
calculated mean vertical distribution and vertical distribution along a west-east gradient for the
vegetation units. We conducted a one-way analysis of variance with Tukey’s method for multiple
comparisons to test for differences in mean altitude between vegetation units.

Furthermore, we sampled the gradient along valley slopes by creating a valley depth grid.
Therefore, the altitudinal distance to the next (interpolated) ridgeline was calculated for each grid
cell using the DEM. Results gave a measure of how deep each grid cell was inserted in a valley,
with the drainage lines always having the lowest depths. This valley depth grid was then transferred
into polygons with an altitudinal equidistance of 50 m ranging from O m at the headwater divides,
which constitute the highest ridges between hydrographic basins, to less than -250 m for the lowest
valley bottoms. Finally, we calculated the proportion of each vegetation unit according to its
altitudinal position.

Calculation were conducted with SAGA 2.1.4 (Conrad, 2012; Conrad et al., 2015) (see Fig. S7.2
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for settings used) and R version 3.6.0 (R Core Team, 2019). Maps were drawn with the geographic
information system (GIS) QGIS 3.2.0 (QGIS Development Team, 2019).
Microclimatic measurements

In November 2011, we established a network of Gemini Tinytag® PLUS 2 temperature data
loggers (TT) in the Cusseque and Sovi valleys in Bie province forming three valley cross sections
(transects) (Fig. 7.2). The probes were mounted below wooden boards 0.3 m above ground and
recorded the mean temperature per 15 min interval. The height above ground corresponded to the
upper grass layer, where we expected the lowest temperatures during night frosts in the dry season
(Ball et al., 1997). In addition, the low height reduced the visibility of the logger stations and thus
also vandalism by curious youths. For this study, we used the data from 12 selected loggers with a
complete seasonal time series between 2012 and 2016. Four loggers were located in the closed
canopy Miombo forest, three in the Ecotone grassland and five in the Grassland (Fig. 7.2, Tab.
§7.1). Plateau grasslands were not found in the Cusseque area, which is why we did not provide
microclimatic measurements for this vegetation unit. Additionally, from 2015 onwards, ambient
temperatures were measured with an automated weather station (AWS) from the SASSCAL
WeatherNet network (Muche et al., 2018). An Adcon TR1 Temp/Rh Sensor at a height of 2 m

recorded temperatures from March 2015 to June 2017.

17.05°0 17.06°0 17.07°0

17.08°0 17.09°0 17.10°0 17.11°0
13.68°S i ¢ i g A : 13.68°S

Grassland

A Ecotone grassland

: A Miombo forest

Automated weather
station

13.69°S 13.69°S

13.70°S - 13.70°S

13.71°8 13.71°8

13.72°8 13.72°s

17.11°0

Figure 7.2. Detailed positions of the temperature data loggers in the Sovi (east-west) and Cusseque (north-
south) valleys, Bié Province, Angola, coloured according to habitat. The red triangle marks the position of the
AWS in Ecotone grasslands. The wider surroundings and landscape configuration of the study area are shown
in Fig. S7.1. Image © Maxar (Vivid) imagery captured on 28 Mai 2019.
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We cleaned the data by removing time periods with missing or erroneous data, caused by
vandalised or defective probes or temperature peaks due to fires. Afterwards, we calculated the
number of nights where temperature dropped below 0°C (hereafter referred to as frost nights),
annual minimum temperature, daily mean temperature and the highest diurnal temperature range
during frost season (1 May-1 October) for each logger. We tested these parameters for differences
between habitats at a significance level of & < 0.05, using Kruskal-Wallis and post-hoc Dunn tests
with Bonferroni correction (Dunn, 1961). Analysis was done using the R package dunn.test (Dinno,
2015). Furthermore, for illustration purposes, we plotted the temperature profiles for the frost night
on 10-11 August 2015.

For all logger locations at the Cusseque site, including the AWS, we established the fire history
based on data from the Moderate Resolution Imaging Spectroradiometer. We used the Google
Earth Engine to retrieve the MCD64A1 Version 6 Burned Area data product. We used the middle
date of the 8-day window given by the burned area data product to simultaneously plot the seasonal
occurrence of all fire and frost events. The recording periods for frost and fire events are given in
Tab. S§7.1, data of fire events in Tab. S§7.2.

In contrast to the logger network at Cusseque, which included forest, ecotone grassland and
grassland, only grassland sites were measured in Bicuar National Park. The compiled climate
parameters were the same as listed above for Cusseque. Temperature data was again acquired
with an AWS from the SASSCAL WeatherNet network with the same sensors and sensor height,
installed on the mid-slopes of the geoxyle grassland, and with a single Gemini Tinytag® PLUS 2
Logger at ground level. The AWS has provided continuous climate data since March 2015. The
Tinytag® Logger was installed in June 2017 at a distance of 400 m from the AWS in a similar
topographic position and recorded the mean temperature at 15 min interval. Because the
temperature sensors for AWS and TT were placed at different heights, they recorded slightly
divergent temperatures, particularly for high temperatures. For precise positions and available data

per logger, please see the list of loggers and AWS in the supporting information given in Tab. S7.1.

Results

Vegetation patterns
Four vegetation types were identified in the GIS study area (Fig. 7.1): a) grasslands on the high-

lying inter-watershed plains of the Bié Plateau (Plateau grassland) dominated by C4-grasses,
sedges and geoxyles like Protea spp. and Pygmaeothamnus zeyheri; b) closed-canopy Miombo
forest, dominated by Cryptosepalum exfoliatum ssp. pseudotaxus and Brachystegia spp.; c)
geoxylic Ecotone grassland sparsely interspersed with trees, dominated by savanna tree taxa like
Monotes spp. and Combretum spp., geoxyles like Brachystegia russelliae, and tall C4-grasses
(here, trees tend to be located at elevated positions such as large termite hills); d) dry geoxyle
Grasslands, dominated by Brachystegia russelliae or by Parinari capensis together with many other

geoxyle species and C4-grasses (for detailed vegetation descriptions, see Revermann et al. (2018)).
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Settlements, agricultural and silvicultural land uses were virtually absent in the area. The
supervised support vector machine based classification showed an overall accuracy of 0.86 and a
Kappa-value of 0.79. This satisfactory classification accuracy is due to the marked differences in
vegetation structure on which the classification scheme is based. Visual interpretation of the results
indicated that most errors were related to misclassifications between Grassland and Plateau
grassland.

The four vegetation types differ significantly in altitudinal distributions (Tab. 7.1). Plateau
grassland is dominant above 1600 m. Miombo forest and Plateau grassland coexist between
1450 m and 1600 m. Grassland does not occur above 1350 m and Miombo forest is absent below
1250 m. The limit between Miombo forests and Grasslands at the slopes is sharp. The first quartile
of the former is more than 30 m above the third quartile of the latter. The altitudinal distance
towards the Ecotone grassland is still larger, with their third quartile at 1304 m. The sharp lower
treeline is also discernible on the vegetation map (Fig. 7.1), where the open habitats (in light green

and yellow) delineate the valley network of the Angolan Plateau.

Table 7.1: Distribution of vegetation units along the altitudinal gradient on the Angolan Plateau, with
minimum, first quartile, mean, third quartile and maximum altitude of each vegetation unit. The number of
points used for unit classification and analysis is also provided. A one-way ANOVA, followed by Tukey HSD
post hoc test with 95% family-wise confidence level, was used to test for significant differences between the
mean altitudes of vegetation units. All vegetation units had significantly different altitudinal occurrences
(F3,373a5 = 13347, p < 0.001).

Vegetation T minimum 1st quartile mean 3rd quartile maximum
unit P altitude [m] [m] altitude [m] [m] altitude [m]
Grassland | 3377 1175 1244 1289 a 1336 1398
SRS 1172 1247 1277 1304 1387
grassland
Miombo | 5,5 1271 1369 1416 ¢ 1461 1650
forest
HlateauyEe s> 1372 1429 1478 1522 1673
grassland

The Ecotone grasslands are primarily found in the mid to lower elevation range of the Grasslands,
and the second and third quartiles of the Ecotone grasslands have a much narrower elevation
spread (57 m) than is the case for the Grasslands (92 m) (Tab. 7.1). Thus, Grassland and Ecotone
grassland co-occur in the broader valleys at mid to low elevation ranges but less so in the narrow
upstream valleys. The upper altitudinal limit between Miombo forest and Plateau grassland is not
so well-defined. The third quartile of the former (1461 m), lying 32 m above the first quartile of the
latter (1429 m), indicates a notable overlap in altitudinal extension.

All vegetation classes’ mean elevation decreases from west to east, while their relative position
to each other is maintained (Fig. 7.3). Plateau grasslands show a parabolic longjtudinal distribution,
with the highest sites between 18.5°-19.0°E. Their upper limit is defined by the crest of the

Angolan Plateau, whereas the lower limit of their distribution lies consistently at about 1380 m. As
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the crest line of the plateau is descending towards the east, its altitudinal amplitude is declining in
this direction. Grasslands showed the strongest altitudinal decline along the longitudinal gradient
with 71 m, followed by Ecotone grasslands with 68 m and Miombo forests with 60 m. Accordingly,

the lower treeline between Miombo forests and the open habitats is descending downstream within
valley systems (Figs. 7.3, 7.4).

Plateau grassland Miombo forest Ecotone grassland Grassland

- TXT A

18.0 18.5 19.0 19.5 20.0 18.0 185 19.0 19.5 20.0 18.0 185 19.0 19.5 20.0 18.0 185 19.0 19.5 20.0
Longitude [°]

Figure 7.3. Distribution of vegetation units along the west-east gradient of the Bié Plateau, Angola. All
classified points are shown in the plot. Additionally, each units’ mean distribution is indicated with cubic GAM
smoothing lines (k = 3) and 95 % confidence intervals (very narrow due to the high number of points per unit:
NaGrassland = 3377, NEcotone grassland = 4945, NMiombo forest = 25455, Npiateau grassland = 3572)

B Plateau grassland B Miombo forest O Ecotone grassland DGrassland
100%

75% -

50% -

Proportion in %

25%

0% - : = ¢ ;
>+51 +50 0 -50 -100 <-150
A valley depthin m

Figure 7.4. Distribution of the vegetation units along the valley systems on the Bié Plateau, Angola
(proportional cover per valley depth class).

We also found upper treelines on the high plateaus of our study area. The altitudinal range of the
Plateau grasslands on the high-lying plains between the valley systems overlaps strongly with the
upper range of the Miombo forests that occupy the fringes of these plains and the top slopes. The

analysis of vegetation units according to their topographic position in valley systems (Fig. 7.4)
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reflects this observation. Plateau grasslands are the highest-lying vegetation unit and do not follow
the west-east pattern of the other units. They seem to be restricted to ranges above 1400 m, which
are limited to the western parts of the Angolan Plateau.
Microclimate

Frost occurs on the Angolan Plateau during the dry season from May to September (Fig. 7.5), with
the highest frequency in June and July. The diurnal temperature profiles at all sites and for both TT
and AWS measurements follow a general pattern (Fig. 7.6): air temperature starts to drop rapidly
at about 4 p.m. and then continues to decrease throughout the night, reaching absolute minima
down to below 0°C directly before sunrise. A temperature inversion begins to form at the lower
slopes and in the valleys around sunset and is rapidly broken up between 7 a.m. and 9 a.m.
Temperatures continue to rise rapidly and peak between 12 a.m. and 2 p.m. with temperatures
above 30°C.

no. of
fire occurrence events

20

I o
L

Apr May Jun Jul Aug Sep Oct

frost occurrence i i

Figure 7.5. Seasonal occurrence of frost and fire at the logger locations of the study site Cusseque, based
on the recording periods detailed in Appendix S1. Fire events are indicated as mid date of the 8-day window
given by the burned area data product. Frost events are defined as days with temperature below 0°C.

401
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Temperature °C
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Figure 7.6. Daily temperature profiles along a transect from closed-canopy Miombo forest to open
grasslands in the Sovi Valley (Bié Plateau, Angola) from 10-11 August 2015. Temperature profiles are given
for a forest site (1601 m a.s.l.), a forest-grassland ecotone site (1555 m a.s.l.), a grassland site (1526 m

a.s.l.) and the annual mean across all three habitats. Time between sunset (17:42) and sunrise (06:07) is
shaded.
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A good example of a frost night with the corresponding temperature profiles for the different
vegetation units was recorded in the Sovi Valley from 10-11 August 2015 (Fig. 7.6). The profiles
show the nocturnal build-up of the temperature inversion with minimum temperatures of 4.7°C in
the forests on the hills, temperatures of -1.1°C at the ecotones upslope and temperatures down to
-4.1°C in the grasslands at the valley bottom. Likewise, the daily temperature range is highest in
the grassland at-4°C-36°C and lowest in the forest at 5°C-31°C. Concomitantly, the temperature
drop in the evening and the increase after sunrise are steepest in the open grasslands.
Disregarding the seasonally different and habitat-specific temperature profiles along the transect,
the annual means of daily minimum and daily maximum temperature only range between 11°C
and 29°C (Fig. 7.6, solid line).

Frost nights occurred reliably in every dry season. For the valley confluence of Cusseque and Sovi
rivers in Bié, where detailed habitat-related records were available from 2012-2016, we recorded
an increasing number of frost nights towards the valley bottom (Tab. 7.2), with up to 49 events per
season. Extreme temperatures reached -7.5° C and diurnal temperature ranges exceeded 40°C at
ground level. Overall, we observed a significant temperature difference between closed and open
vegetation units. All analysed frost-related variables implied that Grasslands, and to a lesser extent
Ecotone grasslands, experienced more frost nights and harsher temperatures regimes than
Miombo forests, in particular lower minimum temperatures and higher diurnal temperature ranges
(Fig. S7.3).

We measured similar numbers of frost events at the other site on the Angolan Plateau: in Bicuar
National Park, 36-43 frost nights per year were recorded 2015-2018, with values comparable to

those found in Cusseque.
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Table 7.2. Frost events in the Sovi and Cusseque area from 2012 to 2016, differentiated by habitats, and frost events in Bicuar NP from 2015 to 2018. For Tinytag
loggers (TT) and automated weather stations (AWS), we provide the median and maximum number of frost nights per year, the median and minimum daily minimum
temperatures in the frost season (1 May to 1 October), the median and maximum daily temperature range in the frost season, plus minus standard error. We tested for
significant differences in the variables’ medians between vegetation units in Cusseque. For this, we used Kruskal-Wallis tests and superscript letters indicate outcomes of
the pairwise post-hoc Dunn tests. In Cusseque, a single logger (most right in Fig. 7.2) recorded all frost events in Miombo forest, while no other forest loggers recorded any
frost. The AWS in Cusseque is situated in an Ecotone grassland environment.

Minimum Tmin

105

Site / system Altitude [m] N median Nmax Median Tmin [°C] [°C] Median AT [°C] Maximum AT [°C]

Cusseque 1529 9.0+0.0 9 5+0.2 -1 23.5+0.2 29.9
AWS (2015-16) (11.08.2015) (13.08.2015)

Miombo forest (TT) 1575.2 0.0+1.02 13 7.4+0.12 4.4 245+0.12 40.9
(mean) (2012-13,2015) (2012) (18.07.2012) (11.08.2015)

Ecotone-grassland (TT) 1549.8 10.0.+4.5° 43 4.0+0.1" -6.5 28.6+£0.1°b 41.5
(mean) (2012-16) (2012) (12.06.2012) (28.08.2013)

Grassland (TT) 1542.9 25.0+4.5¢b 49 28+0.1¢ -7.5 31.1+0.1¢ 44.9
(mean) (2012-16) (2016) (12.06.2012) (12.07.2014)

Kruskal-Wallis test X2 =21.449, X2 =1025.497, X2 =915.065,
p << 0.001 p << 0.001 p << 0.001

Bicuar 1235 40 43 2.20 4.1 21.85 31.2
AWS (2015-18) (2015/16) (21.07.2016) (21.07.2016)

Bicuar 1238 39 39 2.60 -3.3 33.0 40.3
1T (2018) (2018) (08.06.2018) (08.06.2018)
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Discussion

Drivers of the lower treeline on the Angolan Plateau
We have shown that the forest-grassland distribution along the valleys of the Angolan Plateau is

not a random mosaic but is instead controlled by topography. Treelines divide open vegetation units
on lower slopes and valley bottoms as well as on high-lying inter-catchment plateaus from dense
Miombo forests on top slopes and mountain ridges.

Water-logged sites can prevent tree growth. Revermann et al. (2018) briefly describe the high-
lying inter-catchment Plateau grasslands and mention that underlying hardpans can lead to
seasonal waterlogging and peaty mineral topsoil. Lack of climate data and comparable studies
makes it difficult to determine if nocturnal radiation frost and/or deficient drainage prevent forest
growth on these plateaus, and we will not discuss the Plateau grasslands further. However, water-
logged soils at the slopes of the Angolan Plateau are restricted to peatlands along the drainage
lines (Grongroft et al., 2013). As neither the typical miombo trees nor the dominant geoxyle species
tolerate water logging (Zigelski et al., 2018, 2019a), water-logging does not explain the lower
treeline on the Angolan Plateau.

The prevailing explanation for forest-grassland mosaics in the sub-humid tropics is disturbance
by fire and megafauna (Oliveras & Malhi, 2016). These factors are also regarded as key drivers for
the evolution of tropical old growth grasslands (Veldman et al., 2015). The Angolan highlands,
however, have historically been described as being mostly free of megaherbivores larger than
antelopes (Huntley et al.,, 2019). Fire would also not sufficiently explain the forest-grassland
distribution on the Angolan plateau. The spatial layout of forest-grassland distribution in the study
area with open habitats below forested slopes is inconsistent with the physical dynamics of fire.
Lightning would not preferentially strike low-lying valleys, nor would hot forest fires remain on the
valley floors but rather run uphill with thermic winds (Linn et al., 2007). The chronosequence of
frost and fire at Cusseque supports this reasoning. Data show that fires start slowly after the onset
of the frost season and peak at its very end (Fig. 7.5). These dry-season fires, though, preferably
run through the dry fuel bed of frost-damaged grasses and leaves of open vegetation types (Joshi
et al., 2020) instead of intruding in the still humid denser forest (Stellmes et al., 2013a). Under
natural conditions, fires may not cause forest-grassland transitions but rather follow and
accentuate the treelines already drawn by frost, according to the topographic layout of the
landscapes.

Frost, however, easily explains the forest-grassland distribution in the study area. It typically
occurs in the dry season, when the inflow of cold, dry air from the south-east allows for clear
nocturnal skies, facilitating outgoing thermal radiation (Fig. S7.4). Comparable mechanisms of dry-
season frost generation with inflow of dry air and resulting temperature minima at dawn have been
described for the Brazilian Cerrado (Hamilton & Tarifa, 1978). The measured topographic gradients
in temperature correspond with the mechanisms of nocturnal build-up of cold-air pools in basins

and closed valleys through outgoing net longwave radiation as described and analysed in detail
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from temperate mountain ranges (Clements et al., 2003; Steinacker et al., 2007; Lehner et al.,
2017) and South African highlands (Duker et al., 2015). Microtopography channels the flow of cold
air down the slopes and thus controls the spatial pattern of frost occurrence and severity. The
descending treeline indicates that its exact position is not determined by a macroclimatic threshold
but follows the topographic outline of the Angolan Plateau and its local topoclimatic conditions.

We measured particularly frequent and strong frost events in the deepest valleys and valley
confluences. It is probable that the small peat bogs in the headwater sections and along the many
small streams, which are treeless because of waterlogging, play a role in strengthening the
generation of cold air. The more cold-air-generating area there is above a given point in a valley,
and the more that cold air accumulates, the more it suppresses the tree growth and thus directly
influences the extension of the open habitat types (Ecotone grassland and Grassland) (see Figs.
7.1, 7.4). Regarding our findings and those of Clements et al. (2003), Steinacker et al. (2007) or
Lehner et al. (2017), it is reasonable to argue that the deeper and more treeless a valley is, the
more is it prone to frost. The shallower valleys at the south-eastern fringes of the Angolan Plateau
seem to facilitate rather patchy frost pockets, as shown by the coexistence of Ecotone grasslands
and Grasslands.

Frost prevents forest growth on the Angolan Plateau because in contrast to tree taxa from
temperate and boreal zones, most woody wet-tropical forest taxa never developed physiological
adaptations to frost (Sakai and Larcher, 1987), and many tropical trees are sensitive to chilling at
low temperatures even above 0°C (Allen & Ort, 2001, Larcher, 2005). The dominant miombo taxa
like Isoberlinia, Julbernardia, Brachystegia and Cryptosepalum all belong to the group of the
Afrotropical legume subfamily Detarioideae (Azani et al., 2017). Frost damage to woody species
from an Afrotropical background may be amplified by the sequences of extreme diurnal
temperature changes of more than 30°C, thereby overstressing the repair mechanisms for
damaged bio-membranes and enzymatic systems (Sakai and Larcher, 1987). Furthermore, the
difference in daily temperature ranges between AWS (2 m height) and TT (0.1-0.3 m height) in
Bicuar National Park and Cusseque (Tab. 7.2) highlights the more extreme temperatures and more
stressful conditions at ground level, which, additionally, hamper seedling establishment and
sapling development (Kérner, 1998; Rehm & Feeley, 2015; Joshi et al., 2020).

Frost events are a frequent cause of topkill for woody taxa of tropical origin in south-central Africa
(e.g., Whitecross et al. (2012) for Mopane forests; Muller et al. (2016) and Duker et al. (2015) for
the Nama Karoo; Wakeling et al. (2012) for the Albany thicket), the climatically comparable
Brazilian Cerrado (Brando & Durigan, 2005; Rorato et al., 2018; Hoffmann et al., 2019) and other
tropical regions (e.g., Bojorquez et al., (2019) for north-western Mexico). Hoffmann et al. (2019)
concluded that the damaging effects of frost to trees, though irregular at the authors’ study site,
contribute to the maintenance and formation of savanna-forest boundaries. Because frost occurs
at much higher frequencies at our study site, we considered frost as the main environmental

constraint shaping the lower treeline on the Angolan Plateau. Though the Ecotone grasslands at
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the slopes allowed for occasional survival of tree seedlings and saplings due to their less extreme
temperature conditions, the harsher conditions at the foot slopes and valley bottoms of the Angolan
Plateau excluded tree growth to a large extent and thus constituted topoclimatic microrefugia
(Dobrowski, 2011) for frost-adapted biota of open habitats.
Biogeographic implications for tropical highlands worldwide

Studies on tropical lower treelines are scarce but widely distributed (e.g., Young, 1993 for
Peruvian Andes; Mueller-Dombois & Perera, 1971 for Patana grassland valleys of Sri Lanka; Caner
et al., (2007) for the Western Ghats; and Brando and Durigan (2005) for the Brazilian Cerrado) (Fig.
7.7). Most of these studies concerned grassland biodiversity hotspots (e.g., the Cerrado, Patana
grasslands, and the Western Ghats), and several authors considered frost to be a (co-)driver of

grassland ecosystems in their study areas (Assis et al., 2011; Joshi et al., 2020).
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T T T T T T T T
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Average annnual frost events (1969 - 2019)

0 z 250

Studies on frost in tropical mid-altitudes:

Effects of frost on woody vegetation: Lower treelines: Frost as a co-driver of bicdiverse grasslands:
1,4,7,9, 13,16 2,3,58 11,12,15,17, 18 6, 10, 14

Figure 7.7. Frost related studies from tropical mid-altitudes: a) effects of frost on woody vegetation:
1Scowcroft & Jeffry (1999), 4Hoffmann et al. (2019), "Silberbauer-Gottsberger et al. (1977), °Holdo (2006),
13Das et al. (2015), 16Curran et al. (2010); b) reports on lower treelines: 2Bader & Rujten (2008), 3Young
(1993), 5Brando & Durigan (2005), 8Finckh et al. (2016), 11Miehe & Miehe (1994), 12Caner et al. (2007),
15Mueller-Dombois & Perera (1971), 1"Metcalfe & Ford (2008), 18Wardle (1971); c) frost as a co-driver of
biodiverse grasslands: éde Assis et al. (2011), 14Joshi et al. (2020), 1°Burrows & Willis (2005). The map of
annual frost events is based on the average annual number of frost events in 1969 - 2019, calculated from
the CRU TS v4.04 dataset (Harris et al., 2020).

Dry-season frost has been neglected as a driver for vegetation patterns or history in the tropics.
Annual means do not reflect the frost-influenced climate with extreme daily fluctuations (see Fig.
7.6). It is neither easily detectable in data sets based on mean temperature (e.g. ,WorldClim 2; Fick
and Hijmans, 2017) nor in global models with 0.5° spatial resolution (Harris et al., 2020), which
overrides the micro- and meso-topography of real landscapes. For example, Aleman and Staver

(2018), observed the strong spatial segregation of forests and savannas occurring at intermediate
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precipitations and climate, but they could not explain the current mesic savanna and forest

distributions (e.g., in central Africa).

Thus, our findings have major biogeographic implications. Although the current effects of frosts
on vegetation patterns in our study region are substantial, they have been considerably stronger in
the past. The Pleistocene glacial maxima had a drier atmosphere and considerably lower global
temperatures. Prentice et al. (2011) assumed in their study of the Last Glacial Maximum (LGM) a
dynamic global vegetation model applying a global mean temperature of 6°C below the current
mean. Drier atmospheric conditions facilitated nocturnal outgoing radiation, and lower mean
temperatures pushed the ambient temperature closer to the 0°C threshold. The combination of
these factors implies a considerable extension of nocturnal frost occurrences into the transitional
seasons under the LGM climate for south-central Africa and tropical highlands worldwide, in
combination with correspondingly lower minimum temperatures during peak dry season and a
considerable spatial expansion of frost-prone areas into lower altitudes.

Recognizing frost as an important environmental constraint for forest growth in tropical mid-
altitudes helps to understand the surge of tropical grasslands in south-central Africa since the
Pliocene. The continuous Miocene forest belt of today’s Zambezian Floristic Region disintegrated
with decreasing global temperatures and increasing climate seasonality in the late Miocene
(Herbert et al., 2016). Geoxyle taxa evolved parallel to this process (Maurin et al., 2014), avoiding
frost damage to buds by relocating them to woody underground organs (e.g., lignotubers, woody
rhizomes, xylopodia). The evolutionary success of geoxyles in this region can be explained by their
frost-avoidance strategy (Finckh et al., 2016). Dry-season frost regimes under seasonal tropical
climates could also explain the convergent evolution of geoxyles in the Zambezian Floristic Region
and the Brazilian Cerrado, as well as the rise of endemism-rich, montane grasslands (e.g., in the
Indian Ghats as described by Caner et al., 2007 and in central Sri Lanka as described by Mueller-
Dombois and Perera, 1971).

Conclusion
Seasonal frost regimes in topographically accentuated landscapes are an important driver of

forest-grassland distribution in the highlands of southern Africa. The increasing incidence of frost
with growing climate seasonality and decreasing global temperatures during the Pliocene and
Pleistocene may account for the fragmentation of the south-central African forest ecosystems since
the late Miocene, which could not be adequately explained by increasing aridity and lower
atmospheric CO2 content alone. In other words, increasing seasonal aridity may have tipped a
thermic threshold rather than a hygric threshold for tropical forest ecosystems in the African tropics

and comparable tropical highlands worldwide.
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depth analysis as well as data on vegetation classification and R-codes for microclimate and
vegetation analyses are also stored there. The Landsat 8 Level-1C tile (path/row: 178/70; 2017-
08-10T14:49:22z7) is available at the USGS Earth Resources Observation and Science (EROS)
Center archive (https://earthexplorer.usgs.gov/).
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Abstract

The Zambezian Floristic Region (ZFR) in south-central Africa experienced major environmental
changes in the past and is nowadays home to numerous woody taxa of wet-tropical provenance.
Within many taxa, we observe adaptations to multiple habitats, but know little about their
environmental drivers. In order to gain knowledge about adaptation and speciation processes in
this region, we chose the tree species complex Syzygium guineense (Willd.) DC. s. |. as a model.
Using microsatellite genotyping and multivariate analysis of functional traits of nine phenotypes
occupying various habitat types, we analyzed phenotypic and genetic differentiation with regard to
environmental factors. We found polyploidy, weak correlation between genetic and spatial
distances and three admixed genetic ancestries. Distinct growth forms and habitats characterize
each of them.

We identified several groups, i.e. ecotypes, which most probably mirror evolutionary strategies to
overcome environmental changes happening in the ZFR over the last 10 Ma. Strong environmental
filters favored the persistence of conservative ecotypes in refugia, and the evolution of ecotypes
adapted to newly emerged habitats with increased disturbance regimes. Polyploidy and phenotypic
plasticity possibly promoted these processes, which until now were seldom documented in
adaptation to drought stress of tropical tree species. Our findings highlight the value of the

Zambezian vegetation mosaic as a unique evolutionary experiment.

Keywords:
ecotype, environmental change, geoxylic suffrutex, genetic admixture, Syzygium guineense
(Willd.) DC., Zambezian Floristic Region
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Introduction
Climate change and subsequent ecosystem transformations are significant drivers that affect the

evolution and ecology of all species on earth. This is particularly relevant to current anthropogenic
impacts on the earth’s ecosystems (Rosenzweig et al., 2008; Gattuso et al., 2015; Hautier et al.,
2015; Boivin et al., 2016; Pecl et al., 2017). In a stable environment and within their range, plant
and animal species occupy ecological niches to which they are well adapted and which allow them
to persist, compete and interact with other species (Holt, 2009). However, a major shift to an
ecosystem, for instance a permanent and directed change in climate and environment, might
transform, narrow or eliminate the multidimensional environmental space of ecological niches and
thus threaten the survival of the affected species.

Except from going extinct, species were observed to follow certain strategies in reaction to such
changes (Aitken et al., 2008). Either, they migrate to favorable sites that provide niches, which
sufficiently resemble their ancestral ones, thus conserving their traits and “tracking their habitats”
(Eldredge et al., 2005). This strategy ultimately leads to distributional shifts (Davis & Shaw, 2001,
McLeman & Smit, 2006; Soberén & Nakamura, 2009) and is often successful, if environmental
changes are strong, rapid (at evolutionary timescales) or affect the landscape unevenly (Wiens et
al., 2010). Or, species respond to the new selective forces, adapt to new environmental conditions
and colonize emerging niches at their ancestral site, thus diverging to new species given enough
time and persistent reproductive isolation (Aitken et al., 2008; Hoffmann & Sgro, 2011). Species
of high genetic diversity and phenotypic plasticity are likely to follow the latter pathway, particularly
if the environmental change is gradual and affects larger regions (Nicotra et al., 2010; Wiens et al.,
2010).

However, before speciation is accomplished and a new species evolves, a taxon has to pass
through gradual steps of morphological, (spatial), environmental and genetic differentiation from
other conspecific populations (De Queiroz, 2007). During speciation, species might diverge and
evolve from ancestor species first by forming populations in different ecological niches, while
populations are still compatible (Mallet, 2008; Pfennig et al., 2010). The formation of discernibly
adapted types is often reported for widespread species and might also reflect a stage without
speciation involved (De Jong, 2005; Beierkuhnlein et al., 2011). Such environmentally induced
ecological and morphological diversification within one species is termed polyphenism, and the
variants are commonly referred to as ecotypes (Pfennig et al., 2010).

As environmental changes happen continuously all over the world at different spatial and
temporal scales, we are constantly witness to evolutionary processes and diverse stages during
speciation, e.g. phenotypes, ecotypes or sub-species (Mallet, 2008; Pfennig et al., 2010; Lowry,
2012) as specific responses to environmental conditions and their changes. Studying the
interrelations between genetic and environmental or phenotypic differentiation thus contributes to

our understanding of speciation, ecosystem functionality, ecological and biodiversity patterns
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(Rundell and Price, 2009), particularly if we study complex ecosystems that were not in scientific
focus yet.

The Zambezian Floristic Region (ZFR), covering large parts of south-central Africa (White, 1983a;
Linder et al., 2005), is understudied in this regard, despite being home to many particular
ecosystems that emerged due to climatic changes since the late Miocene, 10 Ma (Cerling et al.,
1993). The ZFR is situated in the tropical subhumid summer rainfall region of Angola, Zambia,
Congo and neighboring areas between 5° to 20°southern latitude with pronounced precipitation
seasonality. The region comprises the western part of the semi-deciduous miombo woodlands and
is dominated by trees of the legume subfamily Detarioideae, i.e. species of Brachystegia,
Isoberlinia, Cryptosepalum and Julbernardia. Open grasslands occur at sites that are seasonally
inundated (e.g. Dambo ecosystems) or too frost- and fire-prone to support tropical forests (Veldman
et al., 2015b; Finckh et al., 2016).

Over most of the Tertiary, these landscapes were dominated by tropical evergreen closed-canopy
forests (Axelrod & Raven, 1978; Bonnefille, 2011), which were sustained by humid conditions and
mild seasonality (Zachos et al., 2001). However, global climatic changes led to increasing aridity
and stronger seasonality towards the end of the Pliocene and further on in the Pleistocene (Trauth
etal., 2009; Herbert et al., 2016). As a result, the biomes of south-central Africa shifted latitudinally
towards the equator (Bonnefille, 2011). A concomitant drop in atmospheric CO2 (Cerling et al.,
1997), an increased seasonality with cold, dry spells (Demenocal, 1995; Herbert et al., 2016) and
flammability of the landscapes (Bond et al., 2003a) in turn disrupted the continuous evergreen
forest cover. This facilitated the spread of C4 grasslands (Keeley & Rundel, 2005; Osborne, 2008)
and promoted the emergence of today’s mosaic landscape of forests, woodlands, and open
grasslands.

Due to this palaeo-environmental turmoil, woody plant species of tropical ancestry were
eliminated or redistributed (Bond and Keeley, 2005). On the other hand, within many plant families
evolved convergently a new life form, the geoxylic suffrutices (White, 1976; Zigelski et al., 2019a),
as adaptation to new environmental conditions. Sometimes labelled as “underground trees”
(White, 1976), this life form is characterized by massive, readily resprouting woody rootstocks
(Pausas et al., 2018). They are able to survive adverse aboveground conditions, and have gained
recent scientific interest (Maurin et al., 2014; Finckh et al., 2016; Lamont et al., 2017; Meerts,
2017; Zigelski et al., 2019a).

The underlying genetic and phenotypic mechanisms that enable woody plants to meet and cope
with changing environments are still unclear. Similarly, their contribution to evolutionary pathways
in the ZFR remains yet undisclosed. Such knowledge, though, can be pivotal for conservation
strategies in the context of current environmental changes.

We thus chose the widely distributed tropical tree species complex Syzygium guineense (Willd.)
DC. s. I. (Myrtaceae) as a model “taxon” to link genetic, spatial, phenotypic and environmental

patterns with multivariate statistics. The Syzygium guineense complex is highly polymorphic and
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occurs in different habitats throughout tropical Africa. Hence, its analysis allows us to deduce its
evolutionary history, discuss the transition from phenotype to ecotype to species, and draw
conclusions on principal evolutionary strategies. In particular, we addressed the following
objectives:

1) Do recognized phenotypes constitute distinct genetic groups?

1)} What is the relative importance of geography, environmental conditions and/or

phenotypic response in explaining the pattern of genetic variation?

Materials and methods

Study region and species sampling
The study area comprises the western part of the ZFR. It includes the WWF ecoregions (Olson &

Dinerstein, 2002) of Angolan Miombo Woodlands, characterized by an undulating mosaic of
wooded ridges, open valleys and linear wetlands. Furthermore, the Western Zambezian Grasslands
are part of the study area, located in the Zambezi Graben and characterized by extended open
plains that are annually flooded, interspersed with woodland patches on elevated sites.
Detarioideae tree species in the woodlands and a diversity of geoxylic suffrutex species in the open
“grasslands” characterize both ecoregions. Several large river systems (Cuanza, Zambezi, Kwando,
Cubango/Okavango and Cunene) drain the study area, extending with their evergreen gallery
forests into the neighboring ecoregions of semiarid savannas.

The Myrtaceae species complex Syzygium guineense (Willd.) DC. s. I. and the closely related
S. cordatum Hochst. ex Krauss and S. benguellense (Welw. ex Hiern) Engl served as target taxa in
this study. The distributional range of S. guineense s.l. is much larger than the ZFR itself and
stretches from West and Central African rain forests to the Ethiopian highlands in the east and
southwards to the major river systems of Cunene, Okavango and Zambezi and the South African
KwaZulu-Natal province (Exell et al., 1966; Coates Palgrave, 2002). The phenotypes of this complex
in the study area include trees, shrubs and geoxylic suffrutices in various habitats including dense
and open woodlands, riparian forests, mountainous escarpments and open grasslands (appendix
Figs. S8.1). For analyzes, we selected 10 individuals per site (=population) belonging to a
morphological unit (=phenotype) and we distinguish between nine different phenotypes within the
Syzygium complex (Tab. 8.1). Populations of different phenotypes can occur at the same site.

Populations were sampled in the period 2013-2017 in the Caprivi Strip of Namibia, at the
Okavango Panhandle in Botswana, along the upper and middle Zambezi, in the Liuwa Plains and
Kafue National Parks in Zambia, and at several locations in south, central, west and east Angola
(Fig. 8.1 and Tab. S8.1). Seven specimens from herbaria (LUB and HBG) were also included in the
genetic analysis. In total, the dataset included 140 successfully genotyped individuals from 76
sites/69 populations (herbarium specimens were not part of populations). One to four individuals

represent each population at a given site.
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Collections took place at sites with zonal miombo woodlands, open grasslands, rocky
escarpments, gallery forests along river systems and the ecotones in between. For each population
we collected leaves for genetic analyses of 3 - 5 individuals and recorded a set of characteristic
variables for all ten individuals per population (table S1): phenotype, life form, growth height, leaf
stiffness, geoxylic habit, observed/estimated inundation, and elevation. Furthermore, the following
leaf characteristics of six typical leaves were measured for each individual per population: leaf
length and width, and petiole length. From this, we calculated leaf area (0.5 * leaf length * leaf
width * m), leaf form ratio (leaf length : leaf width) and leaf petiole ratio (leaf length : petiole length).

Table 1: Overview of defined phenotypes and discernable characteristics. Listed are their taxonomic basis
according to Coates Palgrave (2002) and Exell et al. (1966), the respective number of individuals and
populations used in the analysis (number of herbarium specimens in brackets), their main habitats, life form

and general leaf traits. The phenotype code is always an abbreviation of the corresponding taxon; the “x
indicates deviating appearance.

Phenotype Corresponding taxon n Habitat Life form Leaf traits
(Ind/Pop)

SB Syzygium 3/2 river tree Soft, oblong lamina;
benguellense (Welw. obtuse tip/base; no/short
ex Hiern) Eng| petiole

SC Syzygium cordatum 18/7 (1) river/ tree Soft, obovate to round
Hochst. ex Krauss wetland lamina; obtuse tip; cordate

base; no petiole

SGB Syzygium guineense  20/9 (1) river tree Soft, elliptic lamina;
ssp barotsense cuspidate tip; tapering
F.White base; long petiole

SGG Syzygium guineense  12/8 (1) forest tree Soft, oblong-obovate
ssp guineense Keay lamina; acuminate tip;

tapering base; variable
petiole

SGGX Syzygium guineense  10/7 open small tree/  Soft to stiff, oblong-
ssp guineense Keay woodland shrub obovate lamina; obtuse-

acuminate tip; tapering
base; variable petiole

SGH Syzygium guineense  42/23 (1) open geoxyle Stiff, obovate lamina;
ssp huillense (Hiern) grassland obtuse-acuminate tip;
F.White (broadly) tapering base;
short petiole
SGM Syzygium guineense  17/9 (1) miombo small tree Soft, obovate-elliptic
SSp macrocarpum woodland lamina; cuspidate-
(Engl) F.White acuminate tip; tapering
base; long petiole
SGMXx Syzygium guineense  9/4 woodland/  geoxyle/ Stiff to soft, obovate-
SSp macrocarpum grassland shrub elliptic lamina; acuminate
(Engl) F.White ecotone tip; tapering base; medium
petiole
ST Syzygium 9/2 (3) Afromontane smalltree  Stiff, elliptic lamina;
“tundavalense”* forest cuspidate-acuminate tip;

tapering base; long petiole

*We found no description for a species or subspecies of Syzygium that matched this phenotype. Hence it
was termed arbitrarily after the site where it was first found (Tundavala, Angola).
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Genetic analysis
DNA was extracted from dried leaves following the protocol of Doyle and Dickson (1987), modified

as in Dumolin et al. (1995). DNA extraction from herbarium specimens was conducted with the
EZNA® HP Plant DNA Kit from Omega (Norcross, GA, USA) according to the provided instructions.

For molecular analysis, eight microsatellite (simple sequence repeats: SSR) loci from the related
species Syzygium sayeri (Hillyer et al., 2007) and 14 SSR loci from S. paniculatum (Thurlby et al.,
2011) were tested for applicability in the different Syzygium phenotypes. Of these, seven were
suitable for further analyses. For the detection of the PCR products with the automated sequencer
3500 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA; Hitachi, Tokyo, Japan) the
following forward primers were labelled with HEX or 6-FAM: SAY-1E4, SAY-3F10, SAY-6C10, SAY-
6NE (Hillyer et al., 2007) and SP38BGT, SP75BGT, SP85.1BGT (Thurlby et al., 2011). The PCR was
conducted in a 10 L reaction volume with the following conditions: 2 mM MgCl2, 1x B Buffer (my-
Budget Tag DNA Polymerase Kit, Bio-Budget, Germany), 0.2 mM dNTPs, 0.3 uM of each primer,
0.25 U Taq (my-Budget Tag DNA Polymerase Kit, Bio-Budget) and 5-10 ng DNA template.

The PCR was run in a TGradient (Analytic Jena, Germany) with an initial denaturation (95 °C for
4 min), 35 cycles of denaturation (94 °C for 30 sec), annealing (50 °C for 30 sec), elongation
(72 °C for 1 min) and a final elongation (72 °C for 10 min). All PCRs were repeated to verify
reproducibility of the PCR products.

To determine fragment lengths, the final products were diluted 1:30 with Hi-Di running buffer
(Thermo Fisher Scientific, USA) and analyzed with a 3500 Genetic Analyzer (Applied Biosystems,
USA) according to manufacturer’s instructions using a GeneScan™ 500 Liz® Size Standard
(Thermo Fisher Scientific, USA). The data was subsequently revised and edited manually with

GeneMapper vb software (Applied Biosystems, Inc., Foster City, CA, USA).

Genetic data analysis
Population genetic analysis was conducted with the Bayesian approach implemented in

STRUCTURE (Pritchard et al., 2000) under the following conditions. A burn-in period of 30,000
MCMC replicates was followed by 100,000 replicates. Since we consistently observed more than
two alleles (maximum four alleles) at a single locus per individual, we had to assume at least
tetraploidy. Thus, the simulation was conducted assuming admixture with correlated allele
frequencies and tetraploidy. Allowance for unknown allele dosage and for null alleles were
implemented following the manual instructions (a row of zeros for recessive alleles). Prior grouping
of individuals was not used in the model. The most representative number of genetic clusters (best
K) was calculated for K = 1 to K = 10 with ten repeats per K of successful simulations. The results
were interpreted using the Evanno method (Evanno et al., 2005) implemented in STRUCTURE
Harvester (Earl and von Holdt, 2012) and the K with highest likelihood [LnP(K)] and Delta K [A(K)],
was chosen for further analysis (Tab. S8.2 and Fig. $8.2).
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Test for multicollinearity
Based on the genetic characterization, we created a matrix of phenotypic, genetic and

environmental parameters for each individual. In this way, we aimed to gain insights into the
parameters’ interrelations and to identify groups of similar traits and preferences. In order to avoid
biased results in the subsequent analyses, we first tested all parameters for multicollinearity using
package mctest (Imdad & Aslam, 2018). Only significantly independent variables according to the
Farrar-Glauber test (Farrar & Glauber, 1967) were kept. For environmental parameter we included
inundation, BIO12: mean annual precipitation (MAP) derived from WorldClim 2 (Fick & Hijmans,
2017) and soil types according to the World Reference Base at 250m resolution (Hengl et al.,
2017a). Phenotypic parameters in the analyses were phenotype, geoxylic habit, leaf stiffness,
mean growth height and leaf area (LA). Genetic characteristics were represented by mean ancestry
to the K genetic clusters derived from STRUCTURE analysis (Tab. S$8.1). Herbarium samples and
individuals with missing data were excluded from this matrix, leaving 125 individuals from 69
populations. We conducted all subsequent multivariate analyses at population level to avoid

pseudoreplication and overplotting. Genetic ancestries were averaged for each population.

PAM clustering
We aimed to identify biological entities within our sample set that are ecologically, genetically

and/or morphologically distinct. Thus, using the PAM clustering algorithm (Kaufman & Rousseeuw,
2009), we conducted a clustering analysis taking genetic (ancestries according to STRUCTURE
analysis), environmental (MAP, soil type and inundation) and morphological (phenotype, LA, leaf
stiffness, height, geoxylic habit) variables into account, to find the most probable number of groups
(k). Based on the Gower distance matrix of our dataset, we tested clustering patterns for k = 1 to k
= 50 according to (Kaufman & Rousseeuw, 2009) with packages cluster (Maechler et al., 2018)
and tsne (Donaldson & Donaldson, 2010) in R. As recommended by Kaufman and Rousseeuw
(2009), we chose the Kk (cluster number) scoring the first distinct maximum silhouette width for
further analysis, i.e. where the distances of individuals within one cluster are minimal to each
compared to individuals from other clusters. However, this was not the global, but the first local
maximum. We defined the hence identified and characterized groups as ecotypes and used this

categorization for further analyses.

Moran Eigenvector Maps
To test for significant spatial effects in our dataset and to take spatial autocorrelation into

account, we created distance-based Moran’s Eigenvector Maps (dbMEM) for the spatial distribution
of our populations, using package PCNM (Legendre et al., 2012) in R. The first five dbMEM
eigenfunctions were used as spatial explanatory variables in the following RLQ and fourth corner
analyses, as they had the highest positive eigenvalues and significant scores for Moran’s |,

indicating strong spatial autocorrelation.
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RLQ and fourth-corner analyses
RLQ and fourth corner are multivariate analyses (like PCA or CCA) that test for similarity of

observations (in this case populations) based on their traits and on their environment. It
furthermore allows identifying correlations between trait and environmental variables and thus
possible biological responses to environmental conditions. In order to perform RLQ (ordination of
observations) and fourth corner (test for significance of environment-trait correlations) analyses,
we divided the original dataset (table S1) into three matrices: a matrix of environmental parameters
(R); a matrix of morphological/genetic traits (Q); and a symmetric population-by-population matrix
(L). The five dbMEM vectors were included in the R-matrix as spatial explanatory variables. The
analyses were conducted following the protocol of Dolédec et al. (1996) and Dray et al. (2014), in
R with package ade4 (Dray & Dufour, 2007). The resulting ordination was plotted in combination
with the genetic ancestries from STRUCTURE analysis and the PAM cluster affiliations using ggplot2
(Wickham, 2016) in R.

Genetic differentiation across phenotypes, ecotypes and distance
We tested the degree of genetic differentiation between phenotypes and ecotypes using F-

statistics and distance matrix based permutational multivariate analyses of variance, a refinement
of the common Analysis of Molecular Variance (AMOVA, Excoffier et al. (1992)). All analyses were
done with packages polysat (Clark & Jasieniuk, 2011) and vegan (Oksanen et al., 2013) in R, which
allow for common analyses on polyploidy data. First, individual allele frequencies were computed
upon which we calculated pairwise Fst (Nei, 1973) between phenotypes and the groups derived
from the PAM clustering (=ecotypes). In the following, we used the allele frequencies to create a
distance matrix between individuals based on the Bruvo distance metric (Bruvo et al., 2004). The
analysis of variance was then conducted with 1000 permutations, with phenotype as group. This
kind of test was not applied to ecotypes as groups, as they are partly defined by their genetic
pattern, which would lead to circularity. In addition, overall genetic differentiation by spatial
distance (“isolation by distance”) was tested using the Mantel test with Pearson correlation (Manel
et al., 2003) in ade4 (Dray & Dufour, 2007) in R.

Results
Genetic analysis: STRUCTURE

The raw genotype data showed that most individuals are probably at least tetraploid, as up to four
different alleles per locus were frequently detected. Furthermore, we found no evidence of fixed
heterozygosity, which would be more consistent with auto- than with allopolyploidy, making at least
the majority of phenotypes to autotetraploids: in the phenotypes SC, SGB, SGGx, SGH, SGM, SGMXx

and ST, the maximum number of different alleles per locus was four, while SB and SGG had up to
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three different alleles/locus (see Tab. 8.1 for abbreviations). In total, we found 93 different alleles

for the seven loci.

0 100 200 300 400km

Figure 8.1: Geographic distribution of genetic clusters from STRUCTURE analysis. The 140 successfully
genotyped individuals are colored according to their respective affiliations to the three genetic clusters.
Sampling points in close proximity are scattered around their placement center to allow visibility of all points.

The STRUCTURE analysis identified three genetic clusters as the first distinct optimum of the delta
K metric, and a high degree of admixture between the phenotypes. The highest likelihood (LnP(K))
was also found for K = 3. A second optimum was found for nine clusters, though this was due to
failed detection of genetic structuring (each individual had the same share of each cluster), leading
to seemingly high likelihood and probability (Tab. $8.2, Fig. S8.2). The three genetic clusters had
overlapping geographic distributions (Fig. 8.1). Individuals with high cluster | ancestry (green)
occurred throughout the region, with the strongest signals in the extended grasslands of the
Zambezi Graben and linear grasslands in the Angolan highlands and along major rivers. Cluster I
associated individuals (red) showed a strong focus in the miombo woodlands of south-central
Angola, but occurred to a weaker degree throughout the region. The signal for cluster Il (blue) was
strongest in individuals growing along rivers at the southern boundary of the study area, but also
occurred at rivers and in mountainous areas further north.

We found associations between the phenotypes and specific genetic clusters (Fig. 8.2a).
Phenotype SGH was associated with cluster |, some individuals showing up to 83.5 % ancestry but
on average remain at 59.3 %. Another strong ancestry signal was detected in the phenotypes SGM
and SGMx, whose individuals belong on average to 75.7 % (SGM) / 79.7 % (SGMx) to cluster Il with
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maximum 85.7 %. Phenotype SGB was represented strongest in cluster Ill (maximum 84.7 %,
average 68.1 %). The other phenotypes showed a higher degree of genetic admixture: phenotypes
SB, SC and SGGx displayed similar average ancestries of 42 % - 49 % from cluster |, 28 % - 35 %
from cluster Il and 21 % - 23 % from cluster Ill, whereas phenotype SGG on average associated
28.4 % to cluster I, 40.6 % to cluster Il and 31.0 % to cluster lll. Phenotype ST affiliated 32.9 % with
cluster |, 19.9 % with cluster Il and 47.2 % with cluster lll.

~
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SC S5GG SGH SGMx
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Figure 8.2: Results from STRUCTURE analysis with the best fit of three genetic clusters. A) Individual genetic
pattern grouped by the nine phenotypes, and their averaged affiliations. B) Individual genetic pattern grouped
by the five ecotypes, and their averaged affiliations.

PAM clustering
The PAM clustering analysis revealed a global, but not very distinct maximum silhouette width at

k =23 (k23 = 0.341, Ak2s = 0.006). However, the silhouette width reached a comparable local and
distinct maximum at k=5 (ks = 0.307, Aks = 0.033), giving strong support for five groups. The
respectively associated traits and environmental factors for each of the five identified groups are
listed in Tab. 8.2 and their genetic pattern shown in Fig. 8.2b.

For k = 5, some populations of different phenotypes were joined to one group. However, those
within one group combined phenotypes were ecologically, genetically and partly spatially similar,

indicating that these associations represent distinct ecotypes within the Syzygium complex. The
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first group (=ecotype ET 1) for example was characterized by riparian trees, growing in seasonally

flooded areas or along rivers, particularly the major river systems at higher latitudes (Fig. $S8.3a).
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Table 8.2: Grouping of populations according to the PAM clustering analysis. The five PAM clusters are recognized as distinct ecotypes (see text) and named accordingly
(ET = ecotype). For each ecotype, the mean values and the standard deviation is given for the numeric parameters used in the analysis (though longitude / latitude were
not implemented in the clustering analysis), and the three most frequent categories and their percentage is given for the categorical variables used in the analysis. |, Il and
Il correspond to genetic clusters |, Il and Il from STRUCTURE analysis. Mean annual precipitation = MAP, seasonally flooded = seas. flooded. For detailed information on

soil types please refer to World Reference Base for Soil Resources (IUSS Working Group, 2006).

Ecotype N Phenotype (%) Latitude Longijtude Leaf area [cm2]  Height [m] | ] ]| MAP [mm)]
ET1 16 SGB/SC/ST -16.21° +1.78° 18.06° £4.01° 37.41+1553 6.25+2.44 0.34 + 0.15 + 0.51+ 720.13 +
(56:31:13) 0.26 0.1 0.24 234.09
ET 2 9 SGG/SB/SC -14.44° +1.00° 20.07° + 3.46° 32.35+11.07 10+2.69 0.31+ 0.37 + 0.33 + 949.33 +
(78:11:11) 0.15 0.2 0.12 206.11
ET3 5 SGGx (100) -11.84° + 1.52° 19.76° £ 1.82° 60.74 +13.89 5.6+1.14 0.38 + 0.37 + 0.25 + 1156.8 £
0.04 0.14 0.12 162.04
ET 4 16 SGM/SGMx,/ -13.13° £1.33° 17.06° £1.94° 65.08+ 3454 4.45+235 0.16 + 0.7 £ 0.14 + 1154.19 +
SC (56:19:13) 0.06 0.16 0.13 119.22
ET5 23 SGH/ SGGx/ -14.30° + 1.55° 20.42° +2.94° 51.19+17.75 0.66 +0.82 0.57 + 0.28 + 0.15 + 991.52 +
SGMx (87:9:4) 0.19 0.2 0.03 160.33
Ecotype  Soils (%) Inundation (%) Geoxyle (%) Leaf stiffness (%)
ET1 haplic and ferralic Areno-, haplic Calci- and slow river, seas. no geoxyle soft, stiff
Luvisols (31:19:13:13) flooded, dry (100) (88:12)
(56:25:13)
ET 2 haplic Podzols, ferralic Areno-, calcic Luvi-, haplic  dry, fast river, seas. no geoxyle soft
Arenosols (56:22:11:11) flooded (78:11:11) (100) (100)
ET3 haplic and acric Ferral-, ferralic Arenosols dry, fast river, seas. unknown stiff
(60:20:20) flooded (40:40:20) (100) (100)
ET4 haplic Ferral-, ferralic Areno-, Acric Ferralsols dry, slow and fast river no geoxyle, geoxyle, soft, stiff
(50:25:19) (81:13:6) unknown (75:19:6) (94:6)
ET5 haplic Ferral- and Arenosols and Podzols dry, seas. flooded geoxyle, unknown stiff
(30:26:26) (57:43) (91:9) (100)
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Furthermore, it included the populations from Afromontane forests. While the genetic ancestry
was quite admixed, the third genetic cluster however showed the biggest share. The second group,
ET 2, constituted rather tall, small-leaved trees from dense or riparian forests with an even share
of ancestry between all genetic clusters (Fig. $8.3b). Small trees and shrubs from open woodlands
in the central/northern part of the study area, with occasional association to water, dominate the
third group ET 3 (Fig. $8.3¢) It shows no distinct genetic ancestry. Contrariwise, small trees and
shrubs from ferralic miombo forests in the northwestern part of the study area were subsumed in
the fourth group, ET 4, and had a clear different genetic signature to cluster Il (Fig. S8.3d). The fifth
group lastly, ET 5, encompassed all obligate suffrutex populations from the whole study area,
together with two low growing tree populations from the Liuwa plains and the Angolan Escarpment
(Fig. S8.3e).

RLQ and fourth-corner analyses
RLQ ordination displays the interrelations and similarity of populations with respect to spatial

distribution, phenotypic traits, genetic structure and environmental factors (Fig. 8.3). The first axis
of the RLQ represented 47.9 % of the total variance and was particularly correlated with ancestry
from cluster | and Il, phenotypes SGM(x) and SGH, seasonal flooding and slow running rivers. The
second axis covered 20.8 % of the total variance and was particularly correlated with ancestry from
cluster Il and Ill, phenotypes SGM(x) and SGB, slow running rivers and dry conditions (see Tab. 8.3
for complete overview). The spatial explanatory variables derived from doMEM analysis (MEM1 -
MEMb) were partly significant for the ordination of the populations; to a moderate degree, MEM1
had influence on the first, and MEM3 - MEM5 on the second axis. This indicates that spatial
distance plays a minor role in the differentiation between populations and mirrors the genetic
isolation by distance identified by the Mantel test (see below).

Moreover, the dbMEM variables were associated with - and reflected the spatial distribution of -
certain phenotypes, environmental conditions and traits. More precisely, MEM1 was positively
correlated to SGG and negatively to SGM and cluster Il ancestry. MEM2 was positively correlated
to populations of unknown geoxylic habit and MEM3 was positively correlated to SGMx and geoxylic
habit, negatively to ST, no geoxylic habit and cluster Ill ancestry. Lastly, MEM4 was positively
correlated to SC and cluster Il ancestry, and negatively to SB and cluster Il ancestry. For the
complete list and test results, see Tab. 8.3.

Overall, the populations aggregated loosely together in a triangle shape where each corner was
dominated by one of the genetic clusters evident from STRUCTURE analysis (clusters I-11l) (Fig. 8.3).
Additionally, each corner also represents a different life form (suffrutex, shrub, tree) and habitat
preferences (grassland, woodland, rivers). The population aggregations in the RLQ plot mirrored
the ecotype assignment from the PAM cluster analysis. This ecotype affiliation had a strong effect
on the ordination, as populations of the same ecotype grouped close to each other, but overlapped

and merged in contact zones.
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Figure 8.3: Ordination of populations in the first two dimensions according to RLQ analysis. Left plot:
environmental variables (matrix R), right plot: phenotypic and genetic (clusters |, Il, Ill) variables (matrix Q).
The arrows indicate direction and strength of variable correlations; they are scaled three times to improve
visibility. Though the spatial variables (Moran Eigenvectors MEM1 - MEMDS) influence the populations’
ordination, their arrows are removed from the plot to improve visibility; their significance and correlations’
strength can be inferred from table 3. The populations are colored according to their ancestry from the three
genetic clusters and shaped according to the five groups (=ecotypes) from PAM clustering.

Table 8.3: Results from RLQ and fourth corner analysis. Variables that significantly influence ordination of
populations (Axis 1 and 2), significantly correlate to the genetic variables (clusters I-1ll) and significant spatial
correlations (MEM1-MEMD) are listed. If categorical, the respective significant categories are given. For
comparison between continuous variables, Pearson correlation coefficient (r) is calculated, between
continuous and categorical variables, the F-test is applied and estimates are given, and between categorical
variables Chi? test is conducted. Positive correlation = pos., negative correlation = neg., mean annual
precipitation = MAP, leaf area = LA, seasonal = seas., unknown = unk. For detailed information on soil types
please refer to World Reference Base for Soil Resources (IUSS Working Group, 2006).

Significant, Categories Test Estimate Adj. p-
correlated value
variables
phenotype pos.: SGM(x) / neg.: SGH F 4.854 0.001
leaf . . ofi
stiffness pos.: soft / neg,: stiff F 6.653 0.021
aSs geoxyle pos.: no geoxyle, neg.: geoxyle F 3.804 0.044
22 r 0.619  <0.001
© <
= r 0.417 0.001
inundation pos.: slow river / neg.: seas. flooded F 7.768 0.004
MEM1 r -0.270 0.049
phenotype pos.: SGM(x), SGGx / neg.: SGB, SC F 36.429 < 0.001
LA r 0.412 0.001
leaf e .
stiffness pos.: stiff / neg.: soft F 9.279 0.008
c‘;l’ i geoxyle pos.: (unk.) geoxyle / neg.: no geoxyle F 8.390 0.002
58 | r 0504  <0.001
I r -0.649 <0.001
soil pos.:_ acrlg and haplllc Ferralsols / neg.: gleyic Luvi-, E 0.374 0.004
haplic Lixi- and Calcisols
MAP r 0.525 0.001
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Table 8.3 continued
inundation  pos.: dry / neg.: slow river F 22.600 0.001
MEM3 r 0.357 0.010
MEM4 r -0.357 0.010
MEM5 r 0.281 0.049

5 soil pos.: hapllc.A.reno-, calcic Luvisols / neg.: haplic F 3.948 0.032

- Calci- and Lixisols

=]

S inundation pos.: seas. flooded / neg.: slow river F 9.733 <0.001

pos.: acric Ferral-, calcic Petrisols / neg.: gleyic Luvi-,

soil erslie e F 3.756 0.043
5 MAP r 0.374 0.002
g = inundation pos.: dry / neg.: seas. flooded F 7.461 0.001
° MEM1 r -0.274 0.023
MEM4 r -0.356 0.003
soil ggic I%leer},/';sl_;\s/i_’ haplic Calci- and Lixisols /neg.: F 6.978 0.004
5 MAP r -0.345 0.005
g =  inundation pos.: slow river / neg.: dry, seas. flooded F 13.696 <0.001
© MEM3 r -0.289 0.015
MEM4 r 0.303 0.015
phenotype SB: calcic and haplic Luvisols
SC: haplic Acri-, Areno- and Luvisols
SGB: gleyic Luvi-, haplic Calci-, Lixi- and Luvisols
SGG: ferralic Arenosols, haplic Podzols
§ SGGx: acric Ferralsols Chi2 138.950 0.008
SGH: haplic Areno-, petric Calcisols
SGM: acric Ferralsols
SGMXx: acric, haplic Ferralsols
ST: ferralic Arenosols
o phenotype Neg.: SB, SC, SGB, ST/ pos.: SGG(x), SGH SGM(x) F 5.256 <0.001
= leafarea r 0.301  0.012
phenotype SB: slow river
SC: fast river
SGB: slow river
SGG: dry
SGGx: fast river Chi2 83.642 <0.001
_§ SGH: seas. flooded
©
B SGM: dry
E SGMXx: dry
ST: dry
leaf area pos.: dry / neg.: rest F 3.649 0.020
in]:ure stiff: dry, seas. flooded / soft: fast, slow river Chi2 12.900 0.003
geoxyle geoxyle.: dry, seas. flooded / no geoxyle.: fast, slow Chi2 20.580 0.002

river / unk. geoxyle.: dry, fast river

126



-VIlI- The Tough, the Wet and the Hidden: Evolutionary Strategies of a Polyploid Tropical Tree in a Changing
Environment

Table 8.3 continued

MEM1 phenotype pos.: SGG / neg.: SGM F 2.356 0.024

MEM2  geoxyle pos.: unk. geoxyle F 3.273 0.042
geoxyle pos.: geoxyle / neg.: no geoxyle F 3.265 0.042

MEMS phenotype pos.: SGMx / neg.: ST F 5.086 0.001

MEM4 phenotype pos.: SC, neg.: SB F 3.238 0.007

Genetic differentiation across phenotypes, ecotypes and distance
Unsurprisingly, considering the high degree of admixture, the genetic differentiation was quite

low. Globally, we found a differentiation degree of Fsi_an = 0.082 over the entire samples set with
the polysat analysis in R. With regard to the three genetic clusters identified by STRUCTURE
analysis, cluster | showed a differentiation of Fk_; = 0.046 from a hypothetical ancestral population,
cluster Il showed Fk_i = 0.043 and cluster Ill showed Fxk_mn = 0.050. Similar low values were found
in the pairwise comparison between phenotypes and ecotypes, respectively, based on similarity in
allele frequencies (see Tab. 8.4). Here, the highest degree of differentiation was found for
phenotype ST, particularly with regard to SB (Fst_stss = 0.149) and SGGx (Fst_stseax = 0.109), while
the rest ranged from 0.011 to 0.093. The values between ecotypes were even lower, with the
highest Fst_ss = 0.045 between ET 3 and ET 5 and the rest ranging from 0.017 to 0.034. Overall,
as evident from permutational tests of variance based on allele frequency similarity, the genetic
pattern was found to differ significantly between phenotypes (F = 6.671, R2 = 0.289, p < 0.001).
To a lesser degree, but still significant, the Mantel test detected weak genetic differentiation with
spatial distance (r = 0.090, p = 0.012). To avoid circularity his test was not applied to ecotypes as

they are partly defined by their genetic pattern.

Table 4: Overview of pairwise Fst statistics between phenotypes and ecotypes within the Syzygium complex.
The global Fst over the entire sample set is Fst = 0.082. The rate of genetic differentiation was based on 1000
permutations of dissimilarity calculations from individual allele frequencies.

SB SC SGG SGGx SGH SGM SGMx ST
SGB 0.058 0.058 0.063 0.053 0.043 0.054 0.055 0.058
SB 0.036 0.067 0.069 0.022 0.052 0.080 0.149
SC 0.061 0.019 0.020 0.029 0.041 0.093
SGG 0.048 0.032 0.047 0.060 0.091
SGGx 0.011 0.030 0.057 0.109
SGH 0.023 0.026 0.051
SGM 0.014 0.072
SGMXx 0.081
ET 2 ET3 ET4 ET5
ET1 0.029 0.034 0.031 0.028
ET 2 0.025 0.026 0.030
ET3 0.027 0.045
ET4 0.017
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Discussion

Do phenotypes constitute distinct genetic groups?
Our results show that the nine morphologically defined phenotypes of the Syzygium guineense

complex do not constitute nine distinct genetic groups, but are mostly specific admixtures between
the three recognized genetic ancestries. Only three phenotypes (SGH, SGM(x), SGB) have an
obviously higher affiliation towards a single genetic cluster. Furthermore, based on a combination
of ecological, genetic, and phenotypic data, our findings indicate the presence of five distinct
ecotypes within the complex that combine ecologically similar phenotypes. However, also from this
perspective we encounter a high degree of genetic admixture and again three ecotypes (ET 1, ET
4, ET 5) with an evident association towards single genetic clusters. The remaining ecotypes ET 2
and ET 3 are genetically and ecologically not as distinctly defined, which, with regard to the overall
weak genetic differentiation, might mark them as artefacts from the clustering analysis. We will
thus focus our discussion on the three genetically supported types.

The low genetic differentiation between the groups, no matter whether eco- or phenotypes, stands
in contrast to the strong phenotypic differentiation. The weak genetic pattern might in part result
from limited sample size, null alleles, autopolyploidy (Parisod et al., 2010) and limited number plus
poor cross-species amplification of the SSR loci used in this study (optimized for Syzygium
paniculatum and S. sayeri) (Chapuis & Estoup, 2006). However, it is also likely that recent evolution
and active gene flow between ecotypes are responsible.

Although we do not provide a dated reconstruction of the evolution of the Syzygium complex with
this study, the morphological similarity, the close genetic relatedness and the admixture point to a
rather recent emergence of its phenotypes. Dated phylogenies of sympatric geoxylic suffrutex
species from south-central Africa show that this life form emerged more than 10 Ma and reached
a divergence and radiation peak approx. 2.3 Ma (Maurin et al., 2014). This period coincides with
major environmental changes in the ZFR, as the former wet-tropical forests gave way to deciduous
dry tropical forests (miombo) and spreading grasslands (Cerling et al., 1997; Osborne, 2008;
Bonnefille, 2011); a consequence of the climatic changes since late Miocene (Herbert et al., 2016).
Syzygium guineense and S. cordatum supposedly diverged approx. 9 Ma and 7.8 Ma, respectively
(Thornhill et al., 2015), implying that the S. guineense s.I. complex started to radiate in our study
area within the last 10 Myr. Thus, our results indicate that the ecotypes identified in our analyses
should be regarded as evolutionary responses to changing environments in the ZFR during late
Miocene, Pliocene and Pleistocene.

Strikingly, we found different types of genetic patterns within pheno- and ecotypes (see Fig. 8.2
and Tab. 8.2). For one, ET 5 represents morphological similarity and low genetic admixture over a
wide geographical range. On the other hand, ET 4 equally shows low genetic admixture, but exhibits
remarkable phenotypic plasticity at local scale (phenotypes SGM/SGMx). While the first case points
to a stable environment, favoring narrow phenotypic responses with fixed genotypes (DeWitt et al.,

1998), the second case is an example of phenotypic flexibility in small scale heterogeneous and
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disturbance driven environments (Alpert & Simms, 2002; Gratani, 2014). Such cases of high
phenotypic flexibility in plants due to instable environments are well known in literature, for
instance for Polygonum persicaria (Sultan & Bazzaz, 1993), Populus spp. (Wu and Stettler, 1998)
or the Hawaiian Myrtaceae Metrosideros polymorpha (Aradhya et al., 1993; Cordell et al., 1998;
James et al., 2004).

Despite the fact that Syzygium benguellense and S. cordatum are commonly regarded as
congeneric tree species (Exell et al., 1966; Coates Palgrave, 2002), they are genetically remarkably
close to the other S. guineense types and well embedded within the species complex. This hints at
active gene flow, not only among the riparian types, but also with the surrounding terrestrial ones,
which casts doubt on their taxonomic status, making them no true species (De Queiroz, 2007).
However, given the small sample size in this study (SB: 3 individuals, SC: 18 individuals), further
research is needed to resolve this question, particularly since other genetic markers (ITS, matK,
ndhF) indeed differentiate S. guineense and S. cordatum (Thornhill et al., 2015). Yet, the GenBank
sequences of S. guineense used by Thornhill et al. are not specified to subspecies/phenotype level;
hence, their sequences might stem from e.g. SGM or SGB (which in our analysis differ genetically
from SC).

What is the relative importance of geography, environmental
conditions and/or phenotypic responses in explaining the pattern of

genetic variation?
It is evident from the RLQ and fourth corner analyses (Fig. 8.3, Tab. 8.3) that ancestry from each

genetic cluster is correlated with specific sets of environmental conditions, which we consider as
relevant filters for (incipient) genetic and (maintaining) phenotypic differentiation. In the following
section, we discuss the interplay and relative importance of geographical and environmental
factors, phenotypic responses and genetic ancestries that might have influenced the emergence
of different types and the overall pattern of genetic variation.

Although cluster | ancestry was found in every individual in varying degrees, it was most strongly
associated to the obligate geoxylic suffrutices from ecotype ET 5 / phenotype SGH , growing on
(alluvial) sandy soils (see Fig. 8.3e). It is thus associated with, and differentiation maybe driven by,
strong environmental stresses like waterlogging, frost and fire in the open grasslands which are
unfavorable for trees (Cole, 1963; Bond & Keeley, 2005; Schneibel et al., 2013; Finckh et al.,
2016). By hiding their buds underground, this life form thus developed the capacity to recover
rapidly from complete seasonal aboveground dieback (White, 1976; Zigelski et al., 2019a). The
annual dieback however limits their growth height strongly, though the leathery leaves indicate
adaptation to both thermal stresses (Medina, 1983). For instance, SGMx populations from ET 4
with comparable morphology, but soft leaves (cluster Il) occur at less frost exposed sites than ET 5
with leathery leaves (cluster 1), whose traits prevent frost damage more effectively (Fitter & Hay,
2012; Sakai & Larcher, 2012). Next to recurrent fire events, these frosts could have driven this

growth forms’ evolution, as studies on climatic conditions in Africa in the Pleistocene indicate even
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stronger frost regimes due to lower temperatures during dry spells and global glaciation events
(Schefufd et al., 2003; Powers et al., 2005; Prentice et al., 2011).

Cluster Il ancestry is strongest in ecotype ET 4 / phenotype SGM(x), which occur on ferralic soils
and share adjoining habitats with ET 5 in the western miombo region (Figs. S8.3d, S8.3e). The
disturbance regime in those open woodlands and forest-grassland ecotones is similar to the ones
in ET 5’s habitats with recurrent frost and fire events (Schneibel et al., 2013; Finckh et al., 2016).
Ecotype ET 4, however, shows a different phenotypic response. These small trees and shrubs with
cluster Il ancestry react with decreasing growth height, increasing stem number and increasing
geoxylic habit towards the open grasslands (own observations; Revermann et al., 2013), thus
showing a phenotypic gradient ranging from small multistemmed trees to facultative geoxylic
suffrutices. In comparison, the narrow phenotypic range of other ecotypes might mirror a lower
disturbance frequency in their relatively stable habitats, which offsets the need to retain the costly
phenotypic flexibility (DeWitt et al., 1998).

Our findings indicate furthermore that populations with ancestries from clusters | and Il are less
differentiated than those from cluster lll, i.e. that there is more genetic exchange. This can be
explained by more extant contact zones between populations and ecotypes with ancestry from
cluster | or 1l, as both groups prefer and share terrestrial habitats (Tab. 8.3, Fig. 8.3). The central
Angolan Plateau or the Liuwa Plains in Western Zambia for instance, harbor multiple ecotypes with
cluster | and Il association in close proximity to each other due to small-scale heterogeneous
landscapes (Cole, 1963), and genetic exchange seem to be favored in such contact zones (Jiggins
& Mallet, 2000).

Ancestry from cluster lll on the other hand is focused in ecotype ET 1, which comprises trees with
strong water association. Occupying refugial niches in extrazonal forests (i.e. gallery forests) along
major river systems or seasonally flooded wetlands, ET 1 is able to spread furthest south of all
Syzygium ecotypes into arid regions (Fig. S8.3a). This leads to less, narrow and linear contact zones
with other ecotypes, and might explain the stronger genetic differentiation. Similar to the study of
Johansson et al. (1996), the spatial and genetic pattern of ET 1 hint at dispersal and gene flow
along rivers as main vectors. The course and direction of the rivers in the Kalahari region changed
several times over the Pleistocene and during the last millennia (Moore & Larkin, 2001). Even
today, in years with high precipitation, ephemeral channels connect the Zambezi and Kwando river
systems to the endorheic Okavango Delta (Burrough et al., 2009), providing temporary routes of
dispersal and genetic exchange. Since ET 1 commonly grows with branches drooping above the
water and their fleshy, edible fruits are able to float, this is a plausible mechanism for long distance
downstream dispersal towards the Delta (Barrat-Segretain, 1996).

Another explanation for the southern distribution of this ecotype and genetic signature is drawn
by Aide and Rivera (1998) and Meave et al., (1991; 1994). They showed that gallery forests and
wetlands could function as environmentally buffered refugia for tropical tree species within more

arid and seasonal environments. Year-round water supply and microclimate of gallery forests
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generally prevent drought stress and temperature extremes. This ecotype thus seems to adopt a
niche conservative evolutionary strategy (Wiens et al., 2010) after the environmental changes in
Southern Africa.

Strikingly, ancestry from each genetic cluster is particularly associated with specific soil and
inundation conditions, making these factors differentiating environmental filters. MAP and MEM
variables (spatial distribution) furthermore influence ancestry from clusters Il and Ill. As cluster |
ancestry was found all over the sampling range, it is not surprising that no spatial structure could
be identified. The geographic focus of cluster Il ancestry was in the northern and western part of
the sampling range, because there ferralic soils and drier (no inundation) soil conditions prevail
(Hengl et al., 2017a). Cluster lll ancestry on the other hand is focused in the southern part of the
sampling range and discussed above. The weak genetic differentiation is therefore not only
consequence of ecological divergence, but also of genetic isolation by distance (Wright, 1943), as
indicated by the Mantel test. However, one needs to keep in mind that our study area represents
only a part of the entire geographical and environmental range of Syzygium guineense s.l. (Exell et
al., 1966; Coates Palgrave, 2002), and that genetic patterns at larger spatial scales might remain

undetected.

Incipient genetic differentiation in multiple directions might have also been promoted by the
polyploidy of the Syzygium guineense complex. Our results indicate an autopolyploid
(autotetraploid) nature of the complex, rather than an allopolyploid, since we found no fixed
heterozygosity. Several studies show polyploidy to be advantageous in the face of challenging
environments as it enhances phenotypic flexibility (Parisod et al., 2010; te Beest et al., 2011; Hahn
et al., 2012; Wei et al., 2018), which in this study is demonstrated by the gradual phenotypic
transition within ET 4, coupled with the same genetic ancestry. Furthermore, investigation of the
exact ploidy levels of the Syzygium populations and deeper tests of gene flow would provide
interesting objectives for further research. It would for instance clarify whether polyploidizations
occur in contact zones because of hybridization (Petit et al., 1999; Seehausen, 2004), whether
there are different ploidy levels within the Syzygium guineense complex (cytotypes like in Centaurea
maculosa (Treier et al., 2009) or Solidago altissima (Halverson et al., 2008)) and whether directions
of gene flow among ecotypes are discernible.

Polyploidy within the genus Syzygium is well known, though mostly from Southeast Asia and
Australia (Fjeldsaa & Lovett, 1994; Thurlby et al., 2011, Lai et al., 2015). However, polyploidy in
tropical trees in general, particularly in African species, has rarely been documented (Baum &
Oginuma, 1994; Tosso et al., 2016), though polyploidy might have facilitated habitat shifts after
environmental changes also in other species, e.g. Afzelia (Donkpegan et al., 2017). Lacking
awareness for tropical polyploidy might result from fewer occurrences at lower latitudes (Dynesius
& Jansson, 2000), or lower frequencies in woody species in general (Otto & Whitton, 2000). On the

other side, however, Bawa (1973) reports that the percentage of polyploid tree species in a Costa
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Rican lowland tropical community lies between 50% and 70%. Thus, our results draw attention to
the still rather unnoticed polyploid proportion of African woody species, and the role that polyploidy
might have played in adaptation processes, though more research is needed with regard to ploidy

level in the pheno-/ecotypes.

Conclusions
Our phylogeographic study of the Syzygium guineense complex indicate the formation of multiple

ecological groups with different adaptation pathways in a heterogeneous environment that
emerged after past climatic changes in the region. We found the strongest ecological and genetic
support for three evolutionary strategies within this tropical species complex: 1) The retreat to wet
refugial sites (analogous to Duminil et al., 2015), 2) the occupation of high-disturbance habitats
that require phenotypic plasticity and toughness, and 3) the avoidance and survival of lethal
disturbances by hiding underground. It is striking, how these three evolutionary strategies emerged,
since the link between identified genetic patterns and pheno- or ecotypes is weak and not
throughout consistent.

Currently, our findings indicate still active gene flow and very weak genetic differentiation between
the pheno- and ecotypes, despite their wide morphological, ecological and spatial range. As the ZFR
comprises a high diversity of tropical tree taxa with closely related suffrutex species (White, 1976,
1983a; Maurin et al., 2014; Moura et al., 2017; Revermann et al., 2017; Zigelski et al., 2019a),
which were subject to these environmental changes and evolutionary pressures, we expect to find
convergent (as well as more unique) ecological adaptations and evolutionary pathways in other
taxa. This emphasizes the relevance of the ZFR as an evolutionary laboratory.

Furthermore, we have presented a striking example of the difficulty of classifying (sub-)species
based on traits of morphology and habit alone, as open gene flow between these discrete pheno-
and ecotypes challenges the classical species concept. Moreover, we demonstrate that the
taxonomic status of two congeneric species, S. benguellense and S. cordatum, needs to be
carefully checked, as we were not able to confirm genetic distinctiveness from S. guineense for
them. With this study, we thus hope to promote awareness of evolutionary processes in dynamic
landscapes and of the role of polyploidy. Finally, we hope to encourage further ecological and
evolutionary research of this unique evolutionary setting in order to better understand and support

sustainable management of ecosystems within the Zambezian Floristic Region.
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Summary

> The miombo region in Africa is covered by a mosaic of woodlands and geoxylic grasslands and
is subject to disturbances such as fires, frost and drought, and low nutrient availability. The
dominance of Fabaceae Detarioideae species in miombo ecosystems is remarkable but little
understood. We therefore compared plant functional traits (PFTs) of common woody species of the
Angolan plateau, grouped by life form (trees, geoxyles), lineage (Fabaceae: Detarioideae, non-
Detarioideae) and symbiont association (ectomycorrhiza, rhizobia).

> PFTs reflect group-specific adaptations to prevalent environmental conditions. To analyse the
impact of environmental drivers, we selected PFTs reflecting ecophysiological aspects of leaf
morphology, nutrient content and water transport. Traits were measured following standardized
protocols.

> We found differences in key PFTs between trees and geoxyles reflecting both life formspecific
adaptations to environmental conditions and lineage-specific strategies to cope with environmental
stresses. We interpret higher leaf thickness and higher wood density of geoxyles as responses to
harsher open environments. Fabaceae in general and ectomycorrhizal species showed better
nutrient status.

> Symbiotic associations of detarioid legumes with ectomycorrhiza show specific advantages for
phosphorous uptake as compared to Rhizobia-associated Fabaceae and to non-Fabaceae and thus

may be crucial for the stunning dominance of Detarioideae in miombo landscapes.
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Introduction
The miombo ecoregion is one of the main biomes of south-central Africa covering more than 3.6

million km2 across 11 countries including Angola (Chidumayo, 1995; Frost, 1996). Miombo
ecosystems are typically dominated by woody plants from the genera Brachystegia, Julbernardia,
Isoberlinia and Cryptosepalum (Frost, 1996; Timberlake & Chidumayo, 2011), belonging to the
legume subfamily Detarioideae (Azani et al., 2017). In Angola, miombo woodlands correspond to c.
47% of the total land area (Barbosa, 1970) and are the main vegetation type, covering the
landscape of the Central Plateau. Generally, miombo woodlands form mosaics with open habitats
along the valleys (Stellmes et al., 2013b). These open habitats are codominated by dwarf shrubs
with massive underground woody structures (geoxylic suffrutices; White, 1976; Zigelski et al.,
2019a; hereafter termed geoxyles) together with tall C4 grasses. These geoxylic grasslands are
locally known as Anharas or Chanas.

Due to their ecological and socioeconomic importance (Campbell, 1996; Syampungani et al.,
2009; Timberlake & Chidumayo, 2011; Sanfilippo, 2014) miombo woodlands have been subject
of studies in many countries in the eastern miombo region (Williams et al., 2008; Shirima et al.,
2011; Kalaba et al., 2012; Jew et al., 2016). In Angola, however, miombo woodlands have been
less well-studied (e.g. Sanfilippo, 2014; Revermann et al., 2016, 2018a; Goncalves et al., 2017).

The need to study the ecophysiology of miombo woodlands as a base for its sustainable
management has been emphasized for more than two decades (Chidumayo, 1995; Campbell,
1996). Human population growth accompanied by land use change and intensification makes it
urgent to better understand the stresscoping mechanisms of miombo vegetation. Miombo is
subject to many environmental stresses such as generally low nutrient availability (Chidumayo,
1994; Frost, 1996), and fire (Ryan & Williams, 2011), frost (Finckh et al., 2016) and water stress
(Vinya et al., 2012) in the dry season. Leaf shedding (Frost, 1996) by woody plants and
underground allocation of assimilates and biomass by geoxyles (White, 1976; Zigelski et al.,
2019a) are conspicuous responses to these stresses. Nitrogen-fixing root nodules and mycorrhizal
associations are less obvious and remain understudied in the western miombo region, although
they are known to improve the ecophysiological fitness of plants in challenging environments
(Malloch et al., 1980; Dakora & Phillips, 2002; Tedersoo Leho et al., 2020).

Plant functional traits (PFTs) have been used as an approach to study ecophysiological responses
of plants to a broad range of environmental factors which allows a better understanding of
functional groups associated with resource use, life strategies and ecosystem functioning (Reich et
al., 2003; Violle et al., 2007; Garnier & Navas, 2012; Pérez-Harguindeguy et al., 2013). So far,
some baseline studies on functional traits from savanna and forest ecosystems have included
miombo ecosystems (Chidumayo, 1994; Hoffmann et al., 2005; Poorter & Bongers, 2006; Vinya et
al., 2012). However, studies comparing traits from tree species in miombo woodlands with geoxyle
species from the neighbouring geoxylic grasslands are still scarce (Meerts, 2017; Gomes et al.,
2019).
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Of specific interest in this context is the dominance of the legume subfamily Detarioideae in
African tropical and subtropical forests (de la Estrella et al., 2017) (comprising miombo woodlands
and associated geoxylic grasslands). Detarioid legumes are not associated with nitrogen-fixing
Rhizobia (as is the case in most Fabaceae) but many genera have ectomycorrhizal (ECM) symbionts
(de la Estrella et al., 2017). Corrales et al. (2018) suggest that ECM associations on nutrient-poor
tropical soils optimize nutrient supply and thus might be pivotal for the dominance of ECM-
associated taxa in many tropical forest ecosystems, especially among the families
Dipterocarpaceae (Asia) and Myrtaceae (Australia). However, Corrales et al. (2018) indicate that
grassland ecosystems have been poorly studied in relation to ECM occurrence and species
composition. So far, no analysis has been made on how detarioid and nondetarioid legumes
perform comparatively under woodland vs grassland conditions.

Thus, to better understand functional adaptations of woody taxa in grassland vs woodland
habitats, we compare PFTs of geoxyles and trees co-occurring in contiguous miombo landscapes
and discuss the role of environmental factors for the differences in PFTs. Then we investigate how
far the differences in PFTs are influenced by lineage-specific symbiotic interactions in order to
better understand why detarioid legumes are such a dominant element in miombo woodland as

well as associated grassland habitats.

Materials and Methods

Research site
The study was conducted in the Cusseque area of the Chitembo Municipality, located in Bié

Province, Angola (Fig. 9.1). The landscape of the study area is dominated by miombo woodlands on
the hills and open geoxylic grassland in the valleys. Predominant soils are either sandy (Arenosols)
or ferralitic (Plinthosols), characteristically very acid (average pH = 3.3) and with low plant-available
phosphorous (average 9.3-10.1 mg kg1) (Grongroft et al., 2013).

The study area has a subhumid summer rainfall climate with a pronounced wet season lasting
from October to April. Mean annual precipitation is about 987 mm. Mean annual temperature is
20.4°C (Weber, 2013), with maximum temperatures above 40°C and minima below -7 °C. Night
frosts occur frequently in the valleys during the dry season, with highest frequency in June and July
(Finckh et al., 2016).

Apart from frost, dry season fire is the main disturbance factor for the open habitats in the area,
occurring from May to September with a peak in July (Schneibel et al., 2013). These fires affect
more than 70% of all geoxylic grasslands in the Okavango Basin annually, whereas for comparison
only about 10% of the surface of dense miombo woodlands is affected (Stellmes et al., 2013a).
Almost all fires in the study area are set by local people to clear grasslands for hunting and

woodlands for agriculture (Schneibel et al., 2017).
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Fig. 9.1: Location of the research site Chitembo. Left: the miombo ecoregions in Africa (based on Olson &
Dinerstein, 2002). Right: location in the upper Cubango catchment, Angola. The occurrence of open geoxylic
grasslands on ferralitic soils (light green colour) and sandy deposits (white) is a characteristic feature in the
valleys, contrasting with the woodlands on the hills (dark green).

Sample collection
We sampled 14 tree species from woodland habitats (nine Fabaceae and five non-Fabaceae) and

12 geoxyle species from open habitats (three Fabaceae and nine non-Fabaceae), all being very
common in the area (Revermann et al., 2017). An overview of the sampled species is given in
Supporting Information Table S1. Samples were collected at the end of February and early March
2014 during the growing season and advanced wet season (Weber, 2013; Revermann & Finckh,
2013). At this time of the year the plants are fully developed. Five individuals from each tree and
geoxyle species were sampled, whereby several sun-exposed, fully expanded leaves that showed

no symptoms of pathogen/herbivore attack were chosen.

Plant functional type (PFT) measurements
We selected PFTs known to show responses to a broad range of environmental factors. Links of

the selected PFTs to ecophysiological mechanisms are well reported in the literature (Kattge et al.,

2011; Singh & Verma, 2020). For all species, we measured specific leaf area (SLA), leaf thickness
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(LT), leaf area (LA), leaf dry matter content (LDMC), wood density (WD), leaf nutrient content (carbon
(LC), nitrogen (LN), phosphorus (LP), calcium (LCa), magnesium (LMg), potassium (LK)), C : N and
N : P ratios, and leaf water potential (LWP). Trait measurements were made following standardized

protocols (Cornelissen et al., 2003; Pérez-Harguindeguy et al., 2013; Mller, 2017).

SLA and LA
For each species, 10 leaves were collected from each of the five individuals (totalling 50 leaves

per species). Every leaf (excluding petioles) was scanned with a portable scanner to determine LA.
Subsequently, the leaves were placed in a paper envelope and oven dried for 48 h at 70°C until
constant weight was achieved. Then we determined the leaf dry mass (LDM) using a high-precision
Kern 770 digital scale. SLA was calculated dividing LA by LDM. LA for the scanned images was
determined using XNVIEWMP software (https://www.xnview.com/en/xnviewmp/). For compound

leaves we used only the leaflets, excluding petiole and/or rachis.

LT
Here, the same leaves were used as for the SLA determination. The measurements were made

using a digital calliper at an intermediate position between the leaf margin and the midrib for each

leaf. These individual measurements were then averaged to calculate species-mean values.

LDMC
Because water-saturated fresh leaf mass was not measured in the field, LDMC was estimated

indirectly from LDMC ~ 1/ (SLA x LT) (Pérez-Harguindeguy et al., 2013). Before calculations, values

of LT were divided by 10 to achieve the same units as in SLA (cm).

WD
For geoxyles we collected woody samples (diameter = 2 cm) by digging up woody parts located

below ground. For related tree species we collected branches of the same diameter. To measure
wood density we used the volume displacement method (Osazuwa-Peters & Zanne, 2011). After
drying the woody segment in an oven at 103°C for at least 72 h, we measured the weight and

calculated WD (ratio of the dry mass and the fresh volume). Values were averaged per species.

LN and LC
The same leaf samples used for SLA and LT were analysed for all leaf nutrient contents. Dried

samples were ground finely with a disc mill (from Retsch-solutions) and kept dry in an exsiccator.
Then, 100-200 mg of ground material was used for analysis in the Elementar C/N Analyzer Vario
Max Cube. Samples were burned at 900°C in the presence of 02 and the released NOx gases were
led through a column containing copper, zinc and tungsten, reducing them to N2, which was
quantified with a detector (Dumas Combustion Method) (Muller, 2017). The released CO2 was
quantified similarly. The measured carbon and nitrogen values were calculated to give the C/N
percentage of the respective samples, according to the calibration standards of known C/N content

that were also combusted. The C: N ratio of each species was determined by dividing LC by LN.
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LP, LCa, LMg and LK
About 250 mg of dry matter, finely ground, was digested with 8 ml of concentrated HNOs plus 800

pl H202 in a tightly closed Teflon tube in a microwave (1600 W) during 15 min of temperature ramp
to 200°C and cooked for a further 15 min at 200°C under pressure. The resulting product was
diluted in 50 ml of distilled water. Before measurement with an inductively coupled plasma-optical
emission spectrometer (ICP-OES, Spectro Arcos, Kleve, Germany), all samples were centrifuged to
precipitate all particles. Before each run, a calibration was conducted with solutions of known
concentration (0.0, 0.5, 1.0, 5.0, 10.0, 50.0 mg P/L) and a linear regression was fitted between P
concentration and signal intensity.

To infer a robust estimate of total P concentration, five wavelengths (177.4, 178.3, 213.6, 214.9
and 253.6 nm) were used, while concentrations of Ca/K/Mg were deduced from signals at 422.6,
766.4 and 279.5 nm, respectively. Furthermore, the spectra were examined thoroughly to detect
any interfering signals or background/underground disturbances, in which case the errors were
corrected and the concentrations were recalculated. The concentrations inferred from signals of all

element-specific wavelengths were averaged.

Leaf water potential (LWP)
LWP measurements were made under field conditions using a pressure Pump-Up Chamber

Instrument (PMS Instrument Co. USA; methodology according to Scholander et al. (1965)), a
standard method used for plant water status measurements (Cornelissen et al., 2003; Pérez-
Harguindeguy et al., 2013). Measurements were made in the rainy (end of March) and dry seasons
(early June) twice a day, at predawn (5 h) and midday (12 h). All measurements were made within
1 h after starting operation. Five leaves from five individuals per species (totalling 25 leaves) were
successively cut and placed inside the chamber, with the cut end protruding from the seal. Once
the chambers had been hermetically closed, pressure was gradually applied pumping the chamber.
Once a water film appeared, pumping was stopped and the pressure indicated on the display was
recorded. It was not possible to measure LWP of Combretum platypetalum in the dry season as it
is leafless at this time of year. For this reason, we excluded the species when analysing LWP. Mean

LWP was considered the mean of the two seasons (rainy and dry).

Data analysis
Comparisons of all PFTs within and between groups were made, using one-way ANOVA (t-test).

Principal components analysis (PCA) was used to analyse multivariate associations of the PFTs
based on the scaled covariance matrix of variables. In particular, we investigated whether the
spectra of trait-based plant strategies differed between life forms (tree/geoxyle) and symbiont type
(Rhizobia yes/no; ECM yes/no).

Missing values for wood density in Rhus exelliana (due to the excessively soft wood of the

rhizome) and for LWP in C. platypetalum (due to early leaf shedding) were imputed beforehand
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using imputePCA in the R package missMDA (Josse & Husson, 2016). All statistical analyses were
carried out using STATISTICA (Version 7) and the packages FactoMineR (Lé et al., 2008; Husson,
2010) and factoextra (Kassambara & Mundt, 2017) in R.

Results

Principal component analysis
The first six components of the PCA sufficiently explain the variance in the data (85.3%), with the

first two covering almost 50% (Fig. 9.2). The first component shows a strong positive correlation
with SLA, LP and LN and a negative correlation with C: N ratio. Tree species are separated from
geoxyle species, as well as Fabaceae from non-Fabaceae and ECM species from non-ECM species.
The second component correlates with LDMC, and reflects the well-known antagonism between
LMg and LK. Geoxyles spread more across the first components than trees, indicating a higher

variance across PFTs. WD and LA showed no clear pattern in this analysis.

6_

Groups

geoxyle

geoxyle /
Fab

geoxyle /
ECM

geoxyle /
Fab / ECM

PC1 (28.2 %)

Fig. 9.2: Principal component analysis (PCA) showing correlation of traits and species dispersion in relation
to life form, belonging to Fabaceae and symbiotic status. Abbreviations: SLA, specific leaf area; LT, leaf
thickness; LA, leaf area; LDMC, leaf dry matter content; WD, wood density; LN, leaf nitrogen; LC, leaf carbon;
LP, leaf phosphorus; LMg, leaf magnesium; LCa, leaf calcium; LK, leaf potassium; C : N, carbon to nitrogen
ratio; N : P, nitrogen to phosphorus ratio; WP, water potential. ECM, ectomycorrhizal species; Fab, Fabaceae.
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Within-life-form variation
We found highly significant differences for most PFTs within the life forms (Tab. 9.1). For geoxyles,

all species differed significantly from each other in all PFTs, while for trees all except LMg differed
between all species. The highest trait variance within life forms was found for WP, LT and C : N ratio
(both), and LA plus LMg (geoxyles). For species-specific details in the analysed traits, see Tab. S9.2
(geoxyles) and Tab. $9.3 (trees).

Table 9.1: Mean and standard error of all plant functional traits, including results of one-way ANOVA
between geoxyles and trees and within each group.

Trait Mean t SE ANOVA ANOVA within
between
Geoxyles Trees Geoxyles Trees
F P F P F P
SLA (cmz/g) 74.33+2.42 83.27 £ 1.77 9.16 i 36.64 wx 14.86 Kk
LT (mm) 0.35+0.01 0.28 £+ 0.01 27.48 E3e? 143.40 EIEILI 89.51 B
LA (cm2) 95.05+6.94 118.38 + 7.46 5.13 bl 89.75 ki 32.15 xAK
LDMC (mg/g) 0.43 £ 0.016 0.46 + 0.01 2.23 ns 19.05 BIEIS 12.67 BInIES
WD (g/cmg) 0.62 + 0.02 0.56 + 0.01 13.68 wkx 3.13 wkx 12.01 Kk
LN (%) 1.51 + 0.06 1.97 £ 0.07 26.04 B3t 35.60 B3R 35.44 BRI
LC (%) 49.57 £ 0.35 51.03 £ 0.47 6.00 ki 8.88 wkx 15.58 Kk
LP (mg/g) 0.94 + 0.05 1.12 £ 0.04 8.45 Y 27.53 BRI 23.70 BInIS
LCa (mg/g) 599+0.41 5.06 £ 0.24 3.27 ns 25.33 i 7.10 whx
LMg (mg/g) 1.96 £ 0.35 0.26 + 0.05 26.59 EIEIL 57.07 BIEIC 0.94 ns
LK (mg/g1) 7.48 +0.47 10.21 + 0.09 38.02 Fkk 56.30 Fkk 15.58 Kk
C: N ratio 36.14 + 1.92 28.24 +1.12 16.48 BILIEI 53.70 EIEILI 62.69 B
N : P ratio 17.05 + 0.65 18.08 £ 0.5 1.60 ns 4.13 ad 21.97 *kx
WP (bar) -7.21+0.48 -9.29+0.5 8.66 Y 366.15 BRI 245.34 BInIS

SLA, specific leaf area; LT, leaf thickness; LA, leaf area; LDMC, leaf dry matter content; WD, wood density; LN, leaf
nitrogen content; LC, leaf carbon content; LP, leaf phosphorus content; LCa, leaf calcium content; LMg, leaf magnesium
content; LK, leaf potassium content; C : N, carbon to nitrogen ratio; N : P, nitrogen to phosphorus ratio; LWP, leaf water
potential.

ns, Not significant; **, significant; ***, highly significant (P < 0.05).

Between-group variation

Comparison between trees and geoxyles
One-way ANOVA (Tab. 9.1) showed significant differences between geoxyles and trees for most

PFTs, except for LDMC, LCa and N : P ratio. On average, SLA, LA, LN, LC, LP, LK and WP were higher

in trees than in geoxyles, while LT, WD, LMg and C : N ratio were higher in geoxyles than in trees.
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Comparison between Fabaceae and non-Fabaceae
Separating Fabaceae species from non-Fabaceae species in both life forms, one-way ANOVA (Tab.

S9. 4) showed significant differences in many PFTs. Within geoxyles, SLA, LN, LP, LCa and LMg were
higher for Fabaceae species than for non-Fabaceae species, while LK, and C: N and N : P ratios
were higher for non-Fabaceae species. Within trees, SLA, LDMC, LN, LC, LP, LK and N : P ratio were
higher for Fabaceae species than for non-Fabaceae species, while LT, LA, LCa and C: N ratio were

higher for non- Fabaceae species (Fig. 9.3).
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Fig. 9.3: Plant functional traits (PFTs) that differ significantly between geoxyles and trees with regard to
lineage (Fabaceae (Fab)/non-Fabaceae (non-Fab)) (Supporting Information Table S4). Jittered points indicate
variance of the data and nonoverlapping notches show significant differences. Horizontal lines indicate the
scale of values adopted for each PFT. Blue circles indicate trees and orange circles indicate geoxyles. SLA,
specific leaf area; LN, leaf nitrogen; LP, leaf phosphorus; LMg, leaf magnesium; LCa, leaf calcium; LK, leaf
potassium; C : N, carbon to nitrogen ratio; N : P, nitrogen to phosphorus ratio.

Comparison between ECM-associated and non-ECM-associated species
To investigate the effect of ectomycorrhizal associations, we separated geoxyles and trees into

ectomycorrhizal (ECM) species from species without this association (hon-ECM) to analyse its
influence on trait variation (Tab. $9.5). Regardless of the life form, again SLA and LP were
significantly higher in ECM-associated species. The differences in other traits varied between life
forms, but those traits that were significant relate to a better nutritional status of ECM-associated
species. Geoxyles differ in more traits between groups, reflecting the higher variance already

encountered in the PCA (Fig. 9.2).
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In a separate consideration, we looked for the influence of ectomycorrhiza within the dominant

plant family of the miombo region. We compared how detarioid species and non-detarioid Fabaceae

species (regardless of the life form) perform with regard to the most important variables of the PCA
(Fig. 9.4; Tab. 9.2). Here, one-way ANOVA showed significantly higher LN and N: P ratio for

nondetarioid species, while SLA and LP were the opposite. There were no significant differences in

C : N ratio between detarioid and nondetarioid species.
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Figure 9.4: Plant functional traits (PFTs) that differ significantly between geoxyles and trees with regard to
symbiotic type (ectomycorrhiza (ECM)/nonectomycorrhiza (non-EMC)) (Supporting Information Table S5).
Jittered points indicate variance of the data and nonoverlapping notches show significant differences.
Horizontal lines indicate the scale of values adopted for each PFT. Blue circles indicate trees and orange
circles indicate geoxyles. SLA, specific leaf area; LN, leaf nitrogen; LP, leaf phosphorus; N : P, nitrogen to

phosphorus ratio.

Table 9.2. One-way ANOVA comparing Detarioideae (Det) and non-Detarioideae (n-Det) legume species
regarding specific leaf area (SLA), leaf nitrogen (LN) and leaf phosphorus (LP) contents, and carbon to

nitrogen (C : N) and nitrogen to phosphorus (N : P) ratios.

Mean £ SE One-way ANOVA
Det n-Det F P
SLA (cm2/g) 9293 +1.92 85.63 £ 2.75 34.10 wokk
LN (%) 2.12 £ 0.04 2.35+0.09 7.43 ad
LP (mg/g) 1.34 £ 0.04 1.13 £ 0.06 9.92 wokk
C: N ratio 24.66 + 0.52 22.75 + 0.86 3.99 ns
N : P ratio 15.65 + 0.57 21.11 £0.77 34.10 lad

e  Significant differences (P < 0.05) are marked with asterisks; ns, not significant.
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Discussion

What drives the functional differences between geoxyles and trees?
Apart from the large differences in height, the morphology of trees and geoxyles is strikingly

similar. Reproductive traits do not show substantial differences while vegetative traits of geoxyles
are restricted to a part of the phenetic space of trees (Meerts, 2017). However, until now the
specific ecophysiological adaptations of these life forms have rarely been analysed. In this study,
we show that they comprise distinct combinations of functional traits reflecting different
ecophysiological strategies. We often observe trade-offs between two strategies, namely higher WD
of geoxyles which balances survival investment (high WD; Loehle, 1988; King et al., 2006) against
hydraulic conductivity (low WD; Borchert, 1994). Lower SLA and higher LT for geoxyles indicate that
the lower xylem volume in geoxyle stems is associated with a lower volumetric flow rate of water.
Two explanations for this spring to mind. Vinya et al. (2012) indicate coordination between branch
hydraulic properties and leaf functional traits in miombo woodland trees. A lower leaf area ratio to
sapwood area (Huber value) in comparison with trees may simply result in reduced needs for high
volumetric flow rates. However, we are not aware of any comparative study on Huber values
comparing trees with geoxyles. Alternatively, a relationship of lower xylem vulnerability to cavitation,
associated with higher WD (Barotto et al., 2018), also seems plausible. This would be in line with
the fact that the frost-prone geoxyle habitats have also promoted strategies towards higher drought
tolerance with increment on WD and mycorrhizal colonization (Midgley et al., 2010; Brunner et al.,
2015; Volaire, 2018; Rodriguez-Zaccaro & Groover, 2019).

Another ecophysiological distinction is apparent in that geoxyles had higher magnesium (LMg)
and lower potassium (LK) than trees and vice versa, representing the trade-off between investment
in photosynthesis and adaptation to water stress (Hugouvieux et al., 2002; Tiima et al., 2004; Lisar
et al., 2012). Geoxyles optimize photosynthesis and relative growth rate. Because geoxyles are
increasingly covered by tall C4 grasses from mid-December onward (Zigelski et al., 2019a), rapid
growth with incipient vegetation period is beneficial. By allocating carbohydrates belowground to
storage, geoxyles are able to cope with reduced assimilation in the later rainy season and during
the dry season, and to resprout rapidly afterwards (Pausas et al., 2018).

Strikingly, LDMC did not differ between life forms. Used as an indicator of plants’ resource use
strategies, it represents a trade-off between rapid assimilation/growth (high LDMC) and efficient
resource conservation (low LDMC) (Wilson et al., 1999; Garnier et al., 2001; Diaz et al., 2004).
Furthermore, LDMC is a reliable predictor of total aboveground net primary production (aNPP;
Smart et al., 2017) and the similarity of LDMC between life forms suggests a comparable
productivity of geoxylic grasslands and woodlands, but with different strategies of biomass
allocation. ‘Underground forests’ (White, 1976) are thus not only similar in terms of dominant
genera (e.g. Brachystegia, Cryptosepalum), but also show similar productivity to aboveground

forests.

144



-IX- Functional traits and symbiotic associations of geoxyles and trees explain the dominance of detarioid legumes in
miombo ecosystems

Ecophysiological differentiations between geoxles and trees are thus driven by different stress
and disturbance regimes in their respective environments. Nutrient limitation, however, affects all
life forms in the miombo region regardless, as shown, for example, by the N : P ratio, indicating
consistently P-limited systems (Aerts & Chapin, 1999; Gusewell & Koerselman, 2002). In the

following we discuss the role of symbiotic interactions to cope with this deficiency.

How are functional differences influenced by lineages with different

symbiotic associations?
For several traits, we find lineage-specific differences that show Fabaceae to have more

favourable trait values. This is caused by their ability to fix nitrogen via microbial root symbionts,
which directly affects important traits. SLA, for example, is strongly linked to growth rate and
resource use by plants (Vendramini et al.,, 2002) and is vital for resource capture, usage and
availability (Grime et al., 1997). Nitrogen directly affects vegetative growth and determines
photosynthetic ability (Waite & Sack, 2010; Blonder et al., 2011). Fabaceae are among the plants
with highest LN and have in general low C: N ratios (McKey, 1994; Miller, 2000; Colgan et al.,
2015). This is in line with the negative correlation we found between C: N ratio and SLA, LN and
LP. Besides, when environmental conditions are favourable, Fabaceae have a higher
photosynthetic rate than most other plant families (Tuohy et al., 1991; McKey, 1994). Often, they
increase their competitive ability by allocating resources to storage organs (Pérez-Harguindeguy et
al., 2013). Furthermore, low C : N ratios in Fabaceae allow for high decomposition rates and, thus,

for rapid nutrient turnover (Lewis et al., 2005).

Why are Detarioideae so dominant in miombo ecosystems?
We compared several groups in our study, but wish to draw particular attention to the comparison

between Detariodeae (ECM) and non-Detariodeae in the nutrient analyses (Tabs. 9.2, $9.4, S9.5).
Leaf phosphorous content (LP) was significantly higher in trees than in geoxyles, in Fabaceae than
in non-Fabaceae, and in ECM than in non-ECM species. Phosphorus is essential for plant growth
and reproduction (White & Hammond, 2008), but limited in the soils of the study area (Grongroft
et al., 2013; our own measurements). Besides ECM, plants adapt to low phosphorous availability
through conservative use in tissues, such as redeployment (Hedin, 2004; McGroddy et al., 2004;
Gusewell, 2005; Minden & Kleyer, 2014) and changes in biomass allocation (Hermans et al., 2006)
within the organism during ontogeny.

The dominant genera of the miombo are detarioid with ECM (HOgberg, 1982). They are thereby
enabled to take up P directly from organic matter (Hogberg & Nylund, 1981; Hogberg & Piearce,
1986; Frost, 1996; Hall et al., 2020) and to stimulate biological N-fixation (Tiessen, 2008). By
contrast, nondetarioid legumes have to invest fixed nitrogen into phosphatase production to cope
with phosphorous-limitation (Houlton et al., 2008). Lower LP in geoxyles compared to trees may
partly be biased by the lower proportion of detarioid geoxyles (25% of species) compared to trees

(64%) in our analysis. Yet, we also find lower LP in geoxyles compared to trees among non-
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miombo ecosystems
Fabaceae, indicating that this pattern also reflects less soil organic matter in geoxylic grasslands

due to their much higher fire frequency compared to woodlands (Stellmes et al., 2013a).

Conclusions
Our study found significant differences between geoxyles and trees co-occurring in contiguous

areas of the Angolan Central Plateau for almost all analysed traits. These differences reflect
adaptations to the disturbance regime and environmental stresses of their respective habitats.
Each group developed a wide range of responses to cope with these local environmental conditions,
particularly through changes in biomass allocation (below- or aboveground), ecophysiological
strategy and leaf/wood morphology. Lineage-specific symbiotic interactions such as ECM or
rhizobia, which improve nutrient uptake, dominate the pattern of variation in most traits. Strikingly,
key traits such as specific leaf area, nitrogen and phosphorus content were dominated by detarioid
Fabaceae. ECM associations provide even better nutrient provision than rhizobia for both tree and
geoxyle species. The striking dominance of detarioid species in both grasslands and woodlands of
the miombo is linked to their symbionts, which provide advantageous ecophysiological adaptations
to nutrient-deficient soils and environmental stresses. With our study, we provide new insights into

little-studied, fundamental aspects of biogeochemical cycles in the miombo region.
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General Discussion
Regarding geoxyles, there have been many knowledge gaps and simplified narratives that

prevented a comprehensive understanding of this life form. In the previous chapters, | thus aimed
to provide a clearer picture of many aspects of this complex life form, though it is still non-
exhaustive. Nevertheless, in the following | can synthesize new findings on the diversity and
distribution patterns of geoxyles, on their biogeographical origin, on the role of environmental
factors for their evolution and distribution, and on the evolutionary pathways and differentiations

that enabled species to become geoxylic.

(1) How diverse are geoxyles and where do they occur?
Previous compilations of geoxyle species native to Africa differ greatly in their number, depending

on the depicted region. White (1976) was the first to assemble a list, he counted 102 geoxyles
(strict sense, with tree relatives) for the Zambezian Floristic Region (ZFR), and 7 for the Sudanian
Floristic Region. Maurin et al. (2014) counted 266 geoxyles s.s. for southern Africa, including parts
of the ZFR. In this work, | identified 198 geoxyles s.s. for the western ZFR (chapter Ill), and 279
geoxyles s.l. for Angola alone, 132 of which endemic to the country (47.3%) (chapter IV).

The extent of geoxyle diversity in the entire ZFR is even greater. According to my own compilations
from Angola and Zambia, combined with a search for species described with keywords like “woody

”

rootstock”, “woody rhizome”, “geoxylic suffrutex” in the Flora Zambesiaca via JSTOR Global Plants

(https://plants.jstor.org/), at least 699 geoxyle species s.l. in 176 genera occur in the ZFR. Of these,

at least 345 species are endemic to the ZFR (49.4%), i.e. do not occur outside the boundaries of
the ZFR (Fig. 10.1), as confirmed by occurrence records retrieved from GBIF

(https://www.gbif.org/). In total, the ZFR harbours around 8500 different plant species, of which

54%, i.e. 4590 species, are endemic to the region (White 1993). This means that geoxyles make
out 7.5% of all endemic species in the ZFR (345 out of 4590), and 8.2% of the overall species (699
out of 8500).

The main geoxyle family by far in the ZFR is Fabaceae, with around 200 species, followed by
Asteraceae (around 100 species), Rubiaceae (around 70 species), Euphorbiaceae (around 40
species), and Lamiaceae (around 30 species). There are 65 plant families with geoxyles in the ZFR,
but mostly in low numbers, e.g. 45 families contribute only 1 to 4 species each to the ZFR geoxyle
species pool. The Cerrado in Brazil is a known hotspot for geoxyles, with environmental conditions
comparable to the ZFR (Pennington & Hughes, 2014). Moreover, the Cerrado is in general a
biodiversity hotspot with around 10,000 different plant species (Myers et al., 2000), making it the
most species rich savanna worldwide (Ratter et al., 1997; Simon et al., 2009). However, the
number of geoxyles is lower compared to the ZFR, with around 500 species (5%) (Aline Bombo,
personal communication). Contrariwise, the dominant families are similar, albeit in different order:
Asteraceae, followed by Fabaceae, Amaranthaceae, Lamiaceae, Myrtaceae and Euphorbiaceae

(Ratter et al., 1997; Filgueiras, 2002; Aline Bombo, personal communication). These similar
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findings in the Cerrado and in the ZFR confirm the integral role of geoxyles for the plant diversity
and functioning of savanna ecosystems worldwide (Pennington & Hughes, 2014).

These findings also raise the question, why the ZFR is so rich in geoxyle species, and | will
approach this in the following. On the one hand, the ZFR is surrounded by different phytochoria that
constitute a various array of different biomes (White, 1993). Not all of them have contributed
geoxyle species to the Zambezian species pool, but some of them have done so greatly (chapter V).
The details will be illustrated and discussed in the next subchapter, here it is simply important to
note that the high geoxyle species richness within the ZFR is facilitated by multiple origins from
outside of the ZFR.

10°E 20°E 30°E 40°E
\
B \yika Plat
10°S — ' 10°S
20°S — Zam.beiz i 20°S
Floristi¢
Region
30°S 30°S
10°E 20°E 30°E 40°E

Figure 10.1: Sub-centres of geoxyle diversity and endemism within and adjacent to the Zambezian Floristic
Region (ZFR). Linder (2001) identified two centres of plant endemism in the ZFR: The Huila Plateau and the
Zambezi/Congo watershed (light grey). For the latter, he stated that it might extend far into Angola, and
comprise several distinct centres of endemism. For geoxyles, this is certainly true, as each of the dark
highlighted areas, and even the light grey one, is characterized by distinct geoxyle communities.

On the other hand, while geoxyles generally occur in open areas of reduced tree cover, | observed
that the pattern of geoxyle diversity is not homogeneous throughout the ZFR. Tropical grasslands
and savannas make out a substantial area within the ZFR (see chapter Il). However, not all open,
grassy areas are kept open by the same environmental drivers, so that locally, plant communities
might have to adapt to very specific conditions. While fire is commonly regarded as the main driver
of grassy biomes in Africa (Bond & Keeley, 2005; Staver et al., 2011; Archibald et al., 2019), locally,
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other drivers can play a critical role (Burtt Davy, 1922; White, 1976; Finckh et al., 2016; Botha et
al., 2020). Endemic plant communities can emerge, if the area is isolated enough, and if those
drivers are long enough in place to promote speciation, i.e. hundreds to thousands of generations
(Keppel et al., 2018). With regard to geoxyles, | identified several such local sub- centres of
endemism within the ZFR (Fig. 10.1), which in part correspond to the centres of diversity and
endemism recognized by Linder (2001).

Each of these sub-centres has a specific set of long-term stable environmental conditions,
therefore serving as refugia during times of climatic fluctuations in the Pliocene and Pleistocene.
Angola has at least three sub-centres of geoxyle diversity and endemism, with distinct geoxyle
communities in each: The Huila Plateau and Escarpment in the southwest is probably the richest,
or at least best studied and easily recognizable (Linder, 2001). It constitutes Afromontane
grasslands, forming a narrow high-altitude band that is geographically separated from other
Afromontane regions. The only shallowly covered bedrock, frequent anthropogenic fires, and
grazing by livestock promoted a tipping towards open grasslands, from the original mosaic of
Afromontane forests and grasslands. The conditions seems to have been long enough in place to
promote a high diversity and endemism of geoxyles (chapters IV, V; Goyder & Goncalves 2019).

In eastern Angola, plains covered by deep and nutrient-leeched Kalahari sands are home to other
geoxyle communities, and different endemic plants. This sub-centre of endemism extends further
into Zambia and DR Congo up to the borders of Malawi and Tanzania, and corresponds to the
diversity and endemism center of the Congo/Zambezi watershed by Linder (2001). Ironically, Linder
remarked that the high species diversity and endemism is somewhat surprising, as there are no
iconic landforms, but only miombo woodlands. However, the deep Kalahari sands themselves
promote a high plant diversity (Lock, 1998), and within the Congo/Zambezi watershed, as defined
by Linder, | identified at least two subcentres with rather special environmental conditions. These
two, the Katanga/Copperbelt region and the Nyika Plateau, will be discussed below.

The central Angolan Plateau (Bié plateau, Huambo plateau) with its many valley systems is not
formerly recognized as separate centre of endmism by Linder (2001), although he admits that the
centre of endemism of the Congo/Zambezi watershed might extend further west into Angola,
including the central Plateau. Linder also states that the widely extended Congo/Zambezi centre of
endemism might in fact be subdivided into several sub-centres with distinct endemic plant
communities. My findings show that this is true, at least for geoxyles. The high geoxyle diversity and
distinctness on the central Angolan Plateau has several reasons. On the one hand, due to its higher
altitude, it is prone to frequent nocturnal frosts, which is a specific environmental stress to which
geoxylicity is an apt answer (Finckh et al., 2016; Botha et al., 2020). On the other hand, it comprises
a mosaic of distinct geoxyle communities, growing on a mosaic of different substrates (Revermann
etal., 2017; Gomes et al., 2021). While the bedrock of the plateau is granite, covered by ferralithic
soils, the numerous valley systems which intersect the bedrock are often filled with alluvial and

aeolian Kalahari sands (Grongroft et al., 2013).
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Outside of Angola, the Zambian Copperbelt and Congolese Katanga region comprise a sub-centre
of endemism within the ZFR that is strongly driven by edaphic factors. From a matrix of wet miombo
woodlands rise numerous hills and rocky outcrops of high copper and cobalt content, covered with
azonal grassland vegetation (Malaisse et al.,, 2016). Most of the plants growing there are
metallophytes, i.e. they tolerate the high heavy metal concentrations in the ground, or are even
dependent on them to grow and proliferate. Approximately 600 plant species occur in the Katanga
region, of which about 60 are dependent on copper- and/or cobalt-rich soils, and 32 are strictly
endemic to Katanga (Faucon et al., 2010). A considerable share of the Katanga flora is herbaceous
and/or geoxylic. Even if the proportion of strict endemics in Katanga is low compared to other
metalliferous habitats (Faucon et al., 2010), this site nevertheless adds a substantial share of
metal-tolerant geoxyles to the species pool, that occur nowhere else in the ZFR.

The Nyika plateau in northern Malawi is an Afromontane region with considerable plant diversity
and endemism (Willis et al., 2001), about 1891 species in total (Burrows & Willis, 2005). The
plateau and its foothills are therefore enclosed and protected in the Nyika National Park. Miombo
woodlands cover the foothills of the plateau, and evergreen forests occur locally in gorges, landslips
and near water bodies. The top of the plateau however is covered by montane grasslands, and they
constitute a big part of the plateaus’ plant diversity. This is evident from the fact that all the 21
genera with highest species numbers in the Nyika flora are associated partly or entirely with
grasslands (Burrows & Willis, 2005). Furthermore, 130 species, 10 of which endemic to Nyika
plateau, can be considered as geoxylic in the broad sense, because they are described as having
woody rootstocks, rhizomes or tubers. Fire is common on the plateau, with the park management
executing controlled burning of the grasslands approximately every three years (Burrows & Willis,
2005). However, due to its high altitude of up to 2600 m, the plateau also receives several frost
nights per years, which might have had a far greater impact on the vegetation structure than fires
(chapter VII).

Geoxyle diversity does not only result from multiple local centres of endemism, but also from
multiple lifeforms of origin. About half of the 279 geoxyle species that occur in Angola have close
tree relatives (141 species) (chapter IV), the remaining are closely allied to perennial herbs, or
lianas and vines. In general, geoxyles with particularly massive underground structures, for instance
Brachystegia russelliae or Syzygium guineense subsp huillense, evolved with high certainty from
tree species (chapter VIII). Geoxyles with more unobtrusive underground structures (“small woody
rootstock”), stem with some certainty from lineages of perennial herbs. Here, Asteraceae with their
xylopodia are a good example, in the Miombo as well as in the Cerrado (Appezzato-da-Gléria et al.,
2008). These species can be regarded as “secondary geoxyle species”, because they acquired their
woodiness only subsequently. The “primary geoxyles” have always been woody in the first place,
stemming from trees. Several geoxyles evolved in lineages composed of lianas and vines, for
instance Landolphia (Apocynaceae), or Ampelocissos (Vitaceae). Since lianas and vines are a

characteristic element of tropical forests, they too were exposed to changing climate and
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environment in the late Miocene (Axelrod & Raven, 1978). It is therefore not surprising that some
species followed analogous evolutionary pathways, and relocated their stems belowground.
Accordingly, all liana-related geoxyle species, which were part of this study, have long woody
rhizomes that wind their way through underground trees, horizontally through the soil.

The striking species diversity of geoxyles is not directly translated to functional belowground
diversity. Although there are different types of underground storage organs (USOs) and
belowground bud banks (BBBs), they are quite redundant functionally (chapter V). The three main
functions of the geoxyles’ belowground organs can be summarized to a) storage of reserves, b)
resprouting after disturbance [using a)], and c) clonal propagation [using a) and b)] (Pausas et al.,
2018; Ott et al., 2019). All geoxyles do have the means for a) and b) (by definition), and a large
share of geoxyles is able to do ¢) (chapter V). Often, these three principles are realized in dozens of
co-occurring geoxyle species within one grassland site (chapter VI), so there is either more to it or
the type of the belowground organ is not relevant for species diversity, and functionally redundant
(Loreau, 2000, 2004). Conversely, functionally redundant species communities promote stable
ecosystems, which are more resilient to disturbances and changes (Buisson et al., 2019; Biggs et
al., 2020).

The assumption of redundancy is supported by the finding that geoxyles within a genus
(sometimes also within a family) mostly share the same BBB type (chapter V). Lineage-specific BBB
types, together with the multitude of lineages from which geoxyles evolved, point towards an
inherited predisposition, of lineages to certain belowground forms and functional types. The
belowground functional diversity in geoxyles is therefore owed to their origin from different families

and life forms.
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(2) What is the biogeographical origin of geoxyles?
Because geoxyles form a very heterogeneous group, it is not surprising to discover that they have

multiple origins (chapter V). One of the main biomes of origin are wet-tropical forests, which until
the middle to late Miocene, right before the spreading of tropical grasslands, extended into the
area of todays’ ZFR (Axelrod & Raven, 1978). The gradual receeding of wet-tropical forests thus
likely left many species behind that were able to adapt increasingly to the conditions in the newly
emerging grasslands. The evolution from tree to geoxyle was facilitated by selected trait shifts, i.e.
environmental conditions selected for individuals with increasingly belowground biomass allocation
(Giroldo et al., 2017). Accordingly, many of the geoxyles with this wet-tropical forest background
are geoxyles in the strict sense, i.e. originating from tree species, and belong to families that are
closely associated with such forests (chapter V). The most prominent example is the Rubiaceae
family, followed by Fabaceae, which comprise most geoxyles species. But there are also many
smaller tropical families with geoxyle species, like Anisophyllaceae (Anisophylla fruticulosa),
Chrysobalanaceae (Parinari capensis) or Annonaceae (Annona stenophylla subsp. nana).

A similar pattern was discovered for the Cerrado in Brazil, a large fire-dependent neotropical
savanna and biodiversity hotspot, also for geoxyles. Analogous to African savannas, the Cerrado
emerged in the late Miocene (less than 10 Ma), when C4 grasslands replaced retreating wet-
tropical forests (Cerling et al., 1997; Pennington & Hughes, 2014). These tropical and very species-
rich forests still surround most of the Cerrado, and have contributed greatly to the Cerrados’
biodiversity (Simon & Pennington, 2012). Like in Africa, many phylogenetically unrelated forest
lineages adapted convergently to the new conditions, acquiring the geoxylic habit, among others
(Simon et al., 2009). Examples for Cerrado geoxyles with close rainforest tree relatives are
numerous, for instance species pairs like the geoxyle Andira humilis and the tree Andira
macrothyrsa (Fabaceae) (Pennington, 2003); geoxyle Jacaranda decurrens and tree Jacaranda
caucana (Bignoniaceae) (Gentry, 1992); or geoxyle Parinari obtusifolia and tree Parinari campestris
(Chrysobalanaceae) (Prance, 2021).

A substantial share of geoxyles is derived from savanna lineages (chapter V), however, most stem
from the south-hemispheric savanna (Zambezian), not the north-hemispheric one (Sudanian). The
Sudanian Floristic Region is similar in extent, ecology and vegetation structure to the ZFR, but much
poorer in species. They are recognized by White (1983) as different phytochoria because they
harbour distinct plant species pools that are mostly endemic to their respective floristic region and
overlap only little. This is certainly true for geoxyles, as there are only few shared species (e.g.
Combretum sericeum), some species endemic to the Sudanian floristic region (e.g.
Cochlospermum tinctorium), and much more geoxyle species endemic to the ZFR (see chapters lll
and V).

It is striking that so few species are common between the Zambezian and the Sudanian despite
the superficial similarity of both floristic regions. Asséde et al. (2020) give reasonable explanations

that focus on the different geomorphological pasts and surrounding biomes of the two regions. The
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key for the greater plant diversity and distinctiveness in the ZFR was the uplift of the African plateau
during the Miocene, from 20 Ma (Partridge & Maud, 1987), which resulted in much higher altitude
and tectonic activity in the ZFR, compared to the Sudanian Floristic Region. In consequence, the
ZFR lies on average 1000 m higher, has a richer lithography, and more heterogenous soils,
particularly in the east (see Figs. 2.8, 2.9). The higher altitude of the ZFR also allows for occasional
to frequent frost events in the dry season, which do not occur in the Sudanian Floristic Region
(Assédé et al., 2020), except during the last glacial maxima (Anhuf, 2000; Prentice et al., 2011).
This emphasizes the potential role that frost has played in geoxyle evolution and diversification
(chapters V, VII). Assédé et al (2020) also illustrate that the past positions, extents and surrounding
biomes of both Floristic Regions changed markedly during the last 25 my. But while the extent of
the ZFR, i.e. the south-hemispheric savanna-woodlands, grew in favour of central African rainforest,
the Sudanian Floristic Regijon, i.e. the north-hemispheric savanna-woodlands, lost most of its extent
to the emerging Sahara and Sahel. Since this happened before the major peak of geoxyle evolution
in the late Pliocene and early Pleistocene (Maurin et al., 2014), it is plausible that the missing frost
driver, less substrate diversity, and less “evolutionary area” resulted in an overall much poorer
geoxyle diversity in the Sudanian Floristic Region.

Some geoxyles, or more precisely, their precursors, entered the ZFR from the fynbos biome of the
Cape Floristic Region. The Cape itself represents a biodiversity hotspot with an extraordinary
species-richness (9000 species) and endemism (67%) relative to the small area (90,000 km?2)
(Linder, 2003). The fynbos is a mediterranean type biome, meaning that most of the precipitation
falls in winter, opposed to summer rainfall in the ZFR. Lightning-caused fires are likely and have
long been present in the biome (Manry & Knight, 1986). Correspondingly, the dominant plant
lifeform are fire-tolerant, sclerophyllous shrubs (Linder, 2005). As Lamont et al. (2017) have shown
for the shrublands (winter rainfall) and grasslands/savannas (summer rainfall) of South Africa,
lightning-induced fires are common in both biomes. Frost is present and locally even severe, but
less significant for geoxyle evolution than in the ZFR (Davies et al., 2016a), at least for the genus
Protea (Lamont et al., 2017). Protea, together with another typical Cape genus, Thesium, migrated
from fire-adapted fynbos shrublands to frost- and fire-prone C4 grasslands in the ZFR, and
developed several geoxylic species. Protea is a well-studied genus that was able to switch between
biomes in the past, as Lamont et al. (2013) have shown: When C4 grasslands emerged adjacent
to the fynbos shrublands in South Africa in the late Miocene (7-19 Ma), they offered a different,
more frequent fire regime, because grasses constitute a faster regenerating fuel than shrubs, which
take four to six years (Kruger & Bigalke, 1984). To survive under this different fire regime,
directional selection promoted the shift from serotiny to non-serotiny (Lamont et al., 2020), from
small and sclerophyllous to large and weak leaves, and from nonsprouting to resprouting from
belowground lignotubers in Protea. These new traits allowed the genus to spread north from the

Cape Floristic Region, and to establish in frost-prone grasslands, too (Finckh et al., 2016). Geoxyles
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that originate from the Cape are therefore truly fire-evolved geoxyles, characterized by lignotubers
or xylopodia (Pausas et al., 2018), and rather stemming from shrubs than from trees.

Beside the fynbos biome, the grassland biome, including Highveld and adjacent areas in KwaZulu-
Natal in South Africa, also contributes and shares several geoxyles species to the ZFR, and forms
itself a geoxyle hotspot adjacent to the ZFR (Fig. 10.1). Like the Nyika Plateau, this highland is part
of the Afromontane Archipelago, a phytochorion on its own that stretches mostly along Eastern
Africa (White, 1993). Palaeoecological studies have shown that the Afromontane grasslands of
South Africa are natural, i.e. not formed by anthropogenic deforestation, and existed throughout
the Quaternary (Meadows & Linder, 1993). According to White (1976), the Afromontane region in
South Africa is poor in geoxyle species counting only six species, however, this is only true when the
focus lies on geoxyles s.s., with tree relatives. Burtt Davy (1922) for instance recognizes 16 geoxyles
s.s. for the Highveld, and Mucina et al. (2006) state that the region is rich in endemics, many of
those with large belowground storage organs (which also includes non-woody species). Being a high
altitude, frost-effected grassland that probably has been in place for at least the glacial periods in
the Pleistocene (Bond et al., 2003b; Prentice et al., 2011), and the close proximity to the ZFR via
the Afromontane archipelago, surely facilitated many species migrations to and from the grassland
biome in South Africa.

For both the Cerrado and the ZFR, surrounding biomes have been important contributors to their
respective species richness. Moreover, it was an important event for both that the positions and
extents of the surrounding biomes as well as of themselves changed repeatedly during the last 25
my (Axelrod & Raven, 1978; Cerling et al., 1997). This way, species were confronted with new
conditions and either had to retreat to refugia (following their biome), or adapt to the new conditions
(changing the biome), or go extinct (Aitken et al., 2008). The extent of the third option is unknown,
but enough species adapted to the new conditions to make their new biomes a geoxyle diversity
hotspot. But, this also emphasizes that the biogeographical origin of geoxyles is relative, as the

position of the shifting biomes depend on the time of observation.
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(3) Which environmental factors have driven the evolution of the
geoxylic life form?

Fire

Early on scientists considered various environmental drivers for the evolution of geoxyles, Burtt
Davy (1922) for instance discussed the potential of dry season frosts and drought for geoxyle
evolution. Contrariwise, White (1976) compared effects by frost, fire, and edaphic conditions,
concluding that the latter promoted the geoxylic habit, simultaneously providing exaptations to fire
and frost as well. Today however, the dominant narrative is that fire was the driver of geoxyle
evolution, e.g. by Maurin et al. (2014) or Lamont et al. (2017). For this argument to be true, fire
regimes at the onset of geoxyle evolution would have to be frequent enough that the acquisition of
geoxyle traits (dwarf habit, belowground storage organs and bud banks, resprouting ability) would
be beneficial. When looking at the geoxyle hotspots of today, i.e. Cerrado, ZFR and South Africa,
they are indeed regions of highest fire frequency, burning often once a year (Bowman et al., 2009).

However, nearly all these fire are anthropogenic, and geoxyles settled grasslands millions of years
before humans did. Prehuman, natural fire frequencies, i.e. caused by lightning, are hard to
reconstruct precisely, but fossilized charcoal deposits indicate the presence of fire from the late
Miocene onwards, parallel to C4 grassland expansion ca 8 Ma (Keeley & Rundel, 2005). But fire
frequencies or return intervals are not available for this time. More reliable estimates of fire
frequency cover the last one million years (Bird & Cali, 1998; Archibald et al., 2012; Daniau et al.,
2013). Those studies indicate fire frequencies increased markedly in Africa, ca 400,000 - 200,000
years ago, when humans learned to use fire as a land management tool. Before that, non-
anthropogenic fire frequencies have been considerably lower (Saarnak, 2001). Most geoxyles s.s.
evolved in this period of non-anthropogenic fire regimes, in the last 5 My (Maurin et al., 2014).

There are studies that nowadays link lightning and burning frequency, or identify the amount of
fires started by lightning in better-studied, fire prone regions, some of which are home to geoxyles.
For instance, in the Fynbos biome, lightning density amounts to 0.74 + 0.81 strikes per km?2 and
year (Manry & Knight, 1986). This relates to a long natural fire return interval of (6-) 15 - 20 (-40)
years, which is needed by the shrubby vegetation to recover from seeds and bud banks (Kruger,
1979; Bond, 1980; van Wilgen, 1981). In the sourveld grassland biome (=Highveld) of South Africa,
lightning density is higher with 7.28 + 2.50 strikes per km? and year (Manry & Knight, 1986).
Correspondingly, the vegetation is adapted to frequent burning and benefits from fires every 1 - 3
years, as dead grass biomass accumulates quickly, shadowing out itself and other plants (Scott,
1966; Uys et al., 2004). In the Cerrado, up to 20 strikes per km2 per year have been counted,
particularly in mountain ranges, causing 36 wildfires in the Cerrado from 2015 to 2019
(Schumacher et al., 2022).

However, lightning data and studies from the ZFR indicate that longterm summer lightning density

is lower (8.7 - 12.8 strikes per km2 and year), compared to the grassland biome in South Africa
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(12.8 - 21 strikes per km?2 and year) (Roy & Balling, 2014). Moreover, Archibald et al. (2009) show
that in Africa south of the equator, lightning density and fire activity overlap only little, and it varies
depending on the vegetation type. The critical time is the transition from dry to wet season, when
vegetation is dry and flammable after the dry season, and first thunderstorms of the wet season
have started. In the ZFR this is typically in October. In this month, about 1 - 2 strikes per km?2 hit
woodlands and woodland mosaics, which is the vegetation type corresponding to the ZFR (Archibald
et al., 2009). Overall, around 15 strikes per km2 were recorded in 2003 for woodlands and
woodland mosaics, which comes close to the Cerrado (Schumacher et al., 2022). What is more
important to note is that although a natural, lightning-caused fire regime might be sufficiently
frequent to be correlated with the spread of C4 grasslands (Bond & Keeley, 2005; Keeley & Rundel,
2005), the seasonality of fire was quite different to todays’ (Saarnak, 2001; Van Wilgen et al.,
2008; Archibald et al., 2012).

If geoxyles in the ZFR evolved and adapted in response to natural fires, they would have to benefit
from an irregular fire regime happening in the late dry/early wet season. But as White (1976)
already pointed out, that is not the case. Geoxyles depent on a headstart in resprouting and
flowering on grasses (Trapnell, 1959; Fidelis & Blanco, 2014), and show decreased fitness under
late burning (chapters lll, VI). The situation might be different for South African biomes, because
climate allows for some lightning and subsequent fires in the dry season (Manry & Knight, 1986).
The genus Protea is a good example here, because it originates from the Cape Flora and
undoubtedly diversified and spread in response to natural fire (Valente et al., 2010; Lamont et al.,
2013, 2017). But Protea is only one genus out of 176 genera with geoxyles s.l. (see chapter X.1).
In the ZFR, the geoxylic lifeform is thus unlikely a response to lightning-caused fires alone.

There is further evidence pointing to other drivers of geoxyle evolution. The subcentres of diversity
and endemism in the ZFR (see chapter X.1) are not or only partly marked as fire-affected by
Archibald et al. (2009), probably because the fire-prone areas are too small-scale. But being small-
scale also means that it is more unlikely to be struck by lightning, and that grasslands are too
discontinuous to support widespread fires. Moreover, geoxyle species with xylopodia and
lignotuber, underground storage organs that are clearly a response to fire (Fidelis et al., 2014;
Pausas et al., 2018), are rare in Angola. They make out less than 10% of the species pool (chapter
V), although the sampled grasslands are burned annualy. Similarly, no xylopodia or lignotuber have
been found in forb species near the Kruger National Park in South Africa, an arid savanna of high
fire frequency (Bombo et al., 2021), although here, the low precipitation might hinder
establishment of geoxyles (chapter IV). Furthermore, xylopodia are assumed to be rare in African
ecosystems (White, 1976; Robbrecht, 1988). In contrast, xylopodia are the dominant belowground
organ in regularly burned Brazilian Campos grasslands (Fidelis et al., 2014), and lignotubers are
common in fire-affected Mediterranean shrublands (Paula et al., 2016) and Australian eucalypts
(Carr et al., 1982).
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Frost

If fire is not the primary driver of geoxyle evolution in the ZFR, what is? A definite answer is difficult
to give, but at least locally, frost in the dry season seems to have played an important role, as Burtt
Davy already recognized in 1922. The characteristics of geoxyles, i.e. dwarf habit, resprouting
ability, belowground bud banks and storage organs, are advantageous against both fire and frost
events (chapters VI, VII). Therefore, geoxyles that evolved in response to mid-dry season frost in the
Pliocene and Pleistocene would have exaptations that allowed them to thrive and spread under the
subsequent anthropogenic fire regimes in sub-saharan Africa (Finckh et al., 2016). Several points
support this theory. First, tropical grasslands, particularly at higher altitude, don’t need fire to stay
open and prevent tree encroachment; frost does that, too (chapter VI, VII; Botha et al., 2020; Joshi
et al., 2020). Second, in these regions, frost has been in place far longer and at reliably higher
frequencies than fire, and has probably been more severe in the past (Prentice et al., 2011; Finckh
et al., 2016). Third, regions that are particularly rich in geoxyles in terms of abundance, diversity
and endemism, are also particularly frost-affected, e.g. the Angolan Plateau (chapter IV) or the
Nyika Plateau (Burrows & Willis, 2005).

The severity and frequency of frost events in afrotropical ecosystems depend on altitude,
topography, seasonality and type of vegetation cover. Frosts occur almost exclusively during the
night and in the dry season in the Afrotropics, because after sunset there is no source of warmth,
and low air humidity offers no thermal isolation against outgoing longwave radiation. This is
particularly pronounced at higher altitudes (> 1500 m a.s.l.), as overall temperatures are lower
there, and in areas of marked topography, where cold air can pool in valleys and depressions
(Clements et al., 2003; Bojérquez et al., 2019; Duker et al., 2020).

Frosts occur, because the warmth of the sun that is stored in the ground during the day quickly
radiates back into clear, low humidity skies once the sun has set, and temperatures keep dropping
until the sun rises again (Fig. 7.6). At ground level, this happens more slowly, if the ground is
covered with dense vegetation (woodlands or forests), and more rapidly and strongly, if the ground
is bare or only covered by a herbaceous layer (grasslands). Lowest temperatures are reached atop
the vegetation, where thermal radiation leaves the biosphere and enters the atmosphere (Leuning,
1988; Ball et al., 1997).

In woodlands and forests this mean that the tree canopies are affected, which often causes them
to loose their leaves, as they are deciduous. In grasslands however, this affects and controls the
whole community of grasses, tree seedlings and saplings, herbs, and geoxyles. Particularly plants
of tropical origin are sensitive to chilling or freezing temperatures, and quickly die back after frost
(Sakai & Larcher, 2012). Most plants in the ZFR are tropical, and perennial, i.e. they have buds
either protected underground (thermally isolated by soil), or protected by bark or old leaf sheaths
(thermally isolated by plant tissues), so they can recover quickly after topkill. Tree seedlings,
however, often have had no time to develop shoot or bud protection before frosts hit them, so that
they don’t establish easily at frost-prone sites (Botha et al., 2020; Joshi et al., 2020). The frost
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regime as it is today, with up to 40 frost nights per dry season in central Angola (Fig. 2.5; chapter
VII), or over 50 frost nights in the Afromontane regions in South Africa (Fig. 2.5; Finckh et al., 2016),
therefore plays a significant role in shaping afrotropical ecosystems (Holdo, 2006; Wakeling et al.,
2012; Botha et al., 2020), and geoxyle hotspots. Frost in the dry season is known also from the
Cerrado, but seems to occur at a much lower frequency than in Africa (Brando & Durigan, 2005;
Hoffmann et al., 2019), at least today.

However, it is not sufficient to look at frost events nowadays, rather one has to look at the climatic
conditions from the late Miocene onwards, when geoxyles evolved. It was during this time that the
atmosphere cooled down globally, and aridity and seasonality became widespread in Africa
(Demenocal, 1995; Herbert et al., 2016; Saarinen et al., 2020). Under these conditions not only
flammable C4 grasslands could emerge and spread (Keeley & Rundel, 2005), but also
(mega)herbivores that feed on those grasses (Janis et al., 2004; Janis, 2008). Moreover, as
described above, the seasonality and open environment greatly promoted the occurrence of frosts.
The glacial cycles during the Pleistocene (2.58 - 0.01 Ma), which is also the time when most
geoxyles evolved from trees (Maurin et al., 2014), lead to mean temperatures that were up to 6°C
lower than today during times of glacial maxima (Prentice et al., 2011). As | showed in chapter VII,
behind such a mean annual temperature are even lower local, nocturnal minima that are defined
topographically (valleys, depressions). This means that during glacial maxima, frost seasons have
been longer, and their severity and frequency much higher than today. Glacial periods in the
northern hemisphere and seasonal and cool conditions in south hemispheric Africa are both
caused by precession maxima, i.e. a “wobbling” of the earth axis which leads to a shifting
Intertropical Convergence Zone (ITCZ). Interestingly, these glacial periods also coincide with
maxima in fire frequency in southern Africa in the last 170,000 years (Daniau et al., 2013). This is
not surprising, because biomass killed by frost provides good fuel for subsequent fires, again

showing the close link between frost and fire (Davies et al., 2016a; Botha et al., 2020).

Herbivory

As Davies et al. (2016a) pointed out rightly, frost alone cannot explain the evolution of geoxyles,
because frost kills sensitive biomass, but it doesn’t remove it, so that the light-demanding geoxyles
would quickly become overshadowed by moribund biomass. As a driver, frost works only if it is
coupled with an agent that consumes the biomass, which can either be fire (Bond & Keeley, 2005),
or herbivores, including mammals (Staver et al., 2021) and termites (Okullo & Moe, 2012). Studies
have shown that herbivores reduce grass biomass and favour forb communities, partly because
many forbs/geoxyles are unpalatable or even toxic to mammalian herbivores (Siebert & Dreber,
2019). While the extent of herbivory by termites probably didn’t change much in the last few million
years, mammalian herbivory did so greatly. Karp et al. (2021) have shown that in savannas and
grasslands of America and Australia, fire activity has been much lower right before the extinction

of the (mega)herbivores at the end of the Pleistocene, than afterwards. Africa in contrast, where
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most of the (mega)fauna from 12,000 years ago still exists (Faith, 2014), retained a stable fire
activity. This is not contradictive however, because the time frame of Karp et al.’s (2021) study is
not relevant for geoxyle evolution. Going further back in time, Staver et al, (2021) show that grazer
diversity and thereby abundance has been much higher in the past, particularly around
0.5 - 2.5 Ma, coinciding with the main phase of geoxyle s.s. evolution (Maurin et al., 2014). It is
therefore very likely that grass biomass and competition was lower, and fire activity as well, as
discussed above.

It is also possible that in the past, mixed feeder herbivores fed directly on those geoxyles that
were not unpalatable or toxic to them. For instance, it has been observed in the Cangandala
National Park in Angola that Sable antelopes feed on newly resprouting geoxyles in the dry season
(Amandio Gomes, personal communication). Staver et al. (2021) show that the richness and
abundance of mixed feeders and grazers alternated over time in Africa (Faith et al., 2019), and that
mixed feeders were more abundant before and after the peak in grazer richness, i.e. before 2.5 Ma
and after 0.5 Ma. Given that mixed feeders can use more then one food resource, they benefit from
the asynchronous availability of resprouting geoxyles or forbs in the dry season, and later on
grasses in the rainy season (Staver & Hempson, 2020). This poses a selective pressure on
palatable geoxyle precursors to reduce aboveground, and increase belowground biomass and
resprouting ability, concomittently to a reduced competition by grasses.

So far | have shown how mammalian herbivores can influence vegetation structure of grasslands
and savannas, whereby this herbivore type especially affects more arid savannas, e.g. in southern
or east Africa (Hempson et al., 2015). Strikingly, abundance of mammalian herbivores is higher in
those savannas on nutrient-rich soils, which are less productive because of lower rainfall, but of
higher forage quality, and less so in the high-productive but dystrophic, wet savannas of central
Africa (Hopcraft et al., 2010; Fynn et al., 2015; Staver et al., 2021), where geoxyles thrive. In the
wetter systems, however, other herbivores play a significant role, especially invertebrate herbivores,
i.e. termites and grasshoppers. They complement vertebrate herbivores in that their consumption
activity alternates seasonally to that of vertebrate herbivores, and in the wet season, invertebrate
herbivory even exceeds that of vertebrates (Okullo & Moe, 2012; Davies et al., 2016b). Moreover,
in systems where populations of mammalian herbivores are low, as in most of the ZFR,
invertebrates assume the role of the primary plant biomass consumers (Davies et al., 2016b).
Termites are one of the main invertebrate herbivores, and because they feed particularly on dead
biomass, they are perfect in removing frost-killed biomass (Andersen & Lonsdale, 1990).

In Africa, several termite species are known to be important dead biomass (grass) harvesters,
most of them belonging to the genera Trinervitermes and Hodotermes, together with fungus-
growing species of the genera Macrotermes and Odontotermes (Andersen & Lonsdale, 1990).
Those termite species can reach high mount densities per hectar, ranging from O to 1300 (mean:
230), depending on locality. However, these numbers should be cautiously regarded as maxima at

particularly favourable sites; realistic numbers likely range below 100 mounds per hectar in
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savannas and grasslands, because not all are inhabited and active at a given time (Benzie, 1986).
Consumption rates of termites in Africa vary depending on the locality of the grassland or savanna,
and may range around 20.2 kg grass per ha per year in Kruger National Park (Meyer, 2003), South
Africa, 81 kg grass per ha per year in a southern Guinean savanna, Nigera (Ohiagu, 1979), or 27.8
g mixed litter per m2 per year (= 278 kg per ha per year) in Tsavo National Park, Kenya (Buxton,
1981). Termites thereby consume up to 30% of the annual litter production (Dangerfield &
Schuurman, 2000).

Edaphic factors
For completeness, | will briefly discuss edaphic drivers of open grassy biomes, and how these

might have affected geoxyle evolution. In his landmark review on geoxyles, White (1976) postulated
that geoxyles are mostly restricted to, and therefore dependent on, grasslands within the past or
present extent of Kalahari sands in south-hemispheric Africa. Thus, he assumed the geoxylic
lifeform to be strongly correlated to the soil conditions there. Conditions encompass a striking
nutrient-scarcity, and seasonally changing water tables, alternating between very dry and hard to
waterlogged and anaerobic. Supposedly, these seasonally changing conditions prevent tree growth
and at best allow only for the growth of dwarf or underground trees (White, 1976; Tinley, 1982).
However, my findings do not indicate that geoxyles are strongly correlated to such edaphic
grasslands and waterlogged soils, particularly since | show that geoxyles are very abundant, diverse
and endemic at sites that are sloped, well-drained and prone to other environmental drivers (see
chapters lll, IV, V, VII). If anything, geoxyles occur at the periphery of seasonally waterlogged
grasslands (Zigelski et al., 2018).

The important observation that is being made here, however, is that waterlogged areas provide
sites absent of trees, a longterm open environment with niche opportunities for evolving species.
Such sites might therefore have been one of the first places to be colonized by evolving geoxyles,
but not because of the (nearly) waterlogged nature of those sites, but because of their openness,
which probably allowed for frost occurrences since the Miocene cooling (chapter VII; Herbert et al.,
2016). Moreover, geoxyle species with lineage-dependent inclination or tolerance towards more
anaerobic, waterlogged soils, like Syzygium guineense subsp. huillense, profit especially from such
environments and are able to spread widely along drainage lines and dambos (chapter VIIi;
Matayaya et al., 2017). Seasonally waterlogged soils, though very patchy and small-scale, also
occur in the Cerrado, and seem to support some geoxyle species as well (Batalha et al., 2005;
Cianciaruso et al., 2005).

Another important aspect of Kalaharis sands, and most soils in south-central Africa in general, is
their low nutrient-content, locally often coupled with high concentrations of metals like aluminium,
iron, copper or cobalt. Generally, both geoxyles and trees occur on similarly nutrient-poor and metal-
rich soils (chapter VIII; Grongroft et al., 2013; Gomes et al., 2019, 2021), edaphic conditions are
thus unlikely the direct driver behind geoxyle evolution (Lamont et al., 2017). However, specific

soils and soil heterogeneity are known to favour speciation processes, leading locally to high
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diversity and endemism (Cowling et al., 1996; Barthlott et al., 2005; Hulshof & Spasojevic, 2020),
as already described in chapter X.1. In principle, plants begin to tolerate, then to specialize for
specific edaphic environment, before they radiate within it and lastly become too specialized and
incompetetive to survive outside the specific edaphic environment (Anacker, 2014). Most geoxyles
in Africa have not reached this final stage, perhaps except a few endemics from Katanga (Faucon
et al., 2010) or the Huila Plateau (Goyder & Goncalves, 2019). Edaphically controlled grasslands
with an endemic flora adapted to high metal concentrations also occur in Brazilian savannas, and
similar to the ZFR, the flora is dominated by shrubs, subshrubs and herbs (Filgueiras, 2002).
However, all those patterns in both Africa and South America indicate that soil conditions are not
the principal driver of geoxyle evolution, but rather of open habitats, which are a necessity for

geoxyles.
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(4) Which ecological, genetic, and functional differentiations went

along during geoxyle evolution?
One of the remarkable facts of geoxyles s.s. is that they are so strikingly similar to their tree

relatives, apart from the growth height. Both in the ZFR and in the Cerrado, many morphological
traits, e.g. leaf size, do not differ between congeneric trees and geoxyles (Meerts, 2017; Giroldo et
al., 2017; Gomes et al., 2019). As | have shown and discussed in the previous chapters (V, VIl and
IX), trees or lianas becoming geoxylic requires a number of adaptations, most apparently developing
a dwarf habit, re-allocating woody axes (biomass) from above- to belowground, storing and
protecting reserves and buds in specialized belowground organs, and being able to reach sexual
maturity in this state (Giroldo et al., 2017). An opposed development took place in geoxyle species
that evolved from perennial herbs. Here, no aboveground woody biomass needed to be relocated,
instead, the rootstocks became increasingly long-lived, massive and woody in response to frequent
disturbances, with Asteraceae being a good example (Appezzato-da-Gléria et al., 2008; da Silva et
al., 2014).

More differentiations become evident if we investigate ecological, genetic and functional patterns.
Ecologically, trees and geoxyles differ strongly, this was already discussed in depth (chapters VIII,
X.3). In contrast, genetic analyses are mostly restricted to dated phylogenies showing when
congeneric tree and geoxyle species diverged (e.g. Simon et al., 2009; Maurin et al., 2014), but
except from chapter VIl there is no study showing the possible genetic mechanisms behind. | have
shown that phenotypic plasticity, likely caused by polyploidy, enabled at least one widespread
geoxyle (Syzygium guineense subsp. huillense) to adapt to grassland environments. Several studies
show that polyploidy is advantageous in challenging environments (with a high disturbance regime),
as it enhances phenotypic flexibility (Parisod et al., 2010; te Beest et al., 2011; Hahn et al., 2012;
Wei et al., 2018). However, the presence of polyploidy in tropical woody taxa is poorly studied,
though definitively present and supposedly quite high (Bawa, 197 3; Baum & Oginuma, 1994; Tosso
et al., 2016). Polyploidization can happen within one generation, often as a response to frequent
environmental disturbances, and may thereby instantly create a new, reproductively isolated
species (Aradhya et al., 1993; Parisod et al., 2010; Hahn et al., 2012). It is therefore likely that
evolution of the geoxylic lifeform was facilitated by polyploidy and/or phenotypic plasticity in other
species as well.

Along the same line, Giroldo et al. (2017) linked the multiple independent origins of geoxyles with
the relative ease with which the switch from tree to geoxyle happened. This indicates that genetic
changes were easily acquired, rather being based on different gene regulations than on actual
structural mutations (Simon & Pennington, 2012). As an example, Giroldo et al. (2017) give the
down-regulation of the gibberellin pathways, which is known to induce dwarf growth and
concomitant flowering at smaller stem sizes (Davies, 2004; Gupta & Chakrabarty, 2013). This is

supported by my finding that genetic differentiation is weak between tree and geoxyle, and genetic
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exchange is still happening between eco-morphologically differentiated (sub-)species (chapter VIil).
Genetic differentiation thus seems to be a long-term and still ongoing process.

Despite changing habitat and thereby environmental conditions during their evolution, geoxyles
are conservative in many ecophysiological traits (chapter IX). Most notably, geoxyles have the same
symbiotic associations as their respective tree relatives, i.e. ectomycorrhizal symbiosis is
dependent on the lineage, not on the habitat or lifeform. Analogously, leaf dry matter content, a
direct proxy for net primary productivity (Smart et al., 2017), indicates comparable productivity by
geoxyles in grasslands and trees in woodlands, the only difference being where the biomass is
allocated.

However, functional analysis also revealed ecophysiological trade-offs between geoxles and trees,
driven by different stressors in their respective environments, and relating to the different life
strategies of geoxyles and trees (chapter IX). Geoxyles developed a higher wood density than trees,
which reflects a higher investment in survival and persistence (belowground) (Loehle, 1988; King
et al., 2006), compared to the hydraulic conductivity enabled by lower wood density, which is
needed by high-growing trees (Borchert, 1994). This is supported by the fact that the frost-prone
habitats promote strategies towards higher drought tolerance by increased wood density and
mycorrhizal colonization (Midgley et al., 2010; Brunner et al., 2015; Volaire, 2018; Rodriguez-
Zaccaro & Groover, 2019).

Another ecophysiological adaptation during geoxyle evolution is evident from the trade-off
between investment in photosynthesis (higher magnesium content in leaves), and adaptation to
water stress (higher potassium content in leaves) (Hugouvieux et al., 2002; Tiima et al., 2004; Lisar
et al., 2012). Geoxyles need to resprout quickly before grasses overshadow them in the rainy
season (chapters lll, VI). Accordingly, they needed to optimize photosynthesis to store sufficient
reserves belowground in the short time period of low competition for light (chapter IX).

In conclusion, geoxyle evolution required specific adaptations to new environments, which were
ecological, genetic and functional in nature. Nevertheless, many original traits remained conserved
in the manifold geoxyle lineages, which contributed markedly to the high functional and
morphological heterogeneity of the geoxyle lifeform (chapters V, X.1; Losos, 2008; Giroldo et al.,
2017). This partial niche conservatism in geoxyles therefore represents an example of “easy to
evolve and (partly) easy to move” (Edwards & Donoghue, 2013). During the environmental changes
in the last millions of years, many species in and around the ZFR, and in the Cerrado likely as well,
came in contact with the inherent evolutionary potential. As a result, a multitude of species evolved
into geoxyles, crossed biome and lifeform boundaries, and partly radiated and speciated further
on, thereby forming this rich, heterogeneous lifeform with analogous adaptations to their new

environment.
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Open questions and outlook
With this work | provide answers for some of the questions regarding geoxyle diversity,

distribution, ecology and evolution. Simultaneously, | also raise many new questions and issues
that need to be addressed by coming research. In particular, studies on geoxyles are needed that
go beyond analyses in single biomes and on single continents. An intercontinental or global
comparison on geoxyle diversity, functionality and ecology would strengthen the fragmentary
knowledge we have so far. This is particularly true because the research focus on geoxyles differ,
e.g. between the Cerrado and the ZFR, or geoxyles have been neglected and overlooked in other
important tropical grassy biomes, e.g. in India (Nerlekar et al., 2022). By adopting and
complementing the different lines of research we would gain a much deeper understanding of this
life form, and on a global scale.

Pending research questions that have not been adressed yet include animal-geoxyle-interactions
like herbivory, pollination, or seed-dispersal. Other aspects like population structure, growth rate,
germination success, or propagation mode are untouched as well. Such knowledge, however, is
needed if geoxyle grasslands should be managed sustainably. Given the increasing pressure by
land use change and/or intensification on geoxyle grasslands, we have to put more effort into
understanding how these anthropogenic disturbances affect geoxyle species. The aim should be to
learn how geoxyle grasslands can be managed to both accommodate the needs of people, and
preserve the diversity and functioning of the grasslands. Ploughing a geoxyle grassland with

tractors, as it is increasingly done on the Angolan Plateau, surely is not a sustainable practice.
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Table S7.1: Positions of loggers and weather stations.

Table S7.2: Recorded fire events in the Cusseque area.

- Chapter VIlI: The Tough, the Wet, and the Hidden:
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Figure S8.1: Photos of phenotypes.

Figure S8.2: Evanno.

Figure S8.3: Distribution of ecotypes.

Table S8.1: Complete data set.

Table S8.2: Documented outcome of the STRUCTURE analysis.

- Chapter IX: Plant functional traits and symbiotic associations:

o
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Table S9.1: Overview of families and species sampled for this study.

Table S$9.2: Mean values of plant functional traits for geoxyles.

Table $9.3: Mean values of plant functional traits for trees.

Table S9.4: ANOVA of traits between Fabaceae and non-Fabaceae species.
Table S9.5: ANOVA of traits between ectomycorrhizal and nonectomycorrhizal
species
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Table S4.1: Full list of geoxyles endemic to Angola that occur in highland areas (> 1500 m). All species here have a woody base (broad geoxyle definition), it is indicated
which of them are also geoxyles in a stricter sense (with a woody underground storage organ (USQ)), which are geoxyle in the strictest sense (With a woody USO and a close
tree relative), and which of them are not only endemic to Angola, but to Angolan highlands, occurring nowhere else.

With congeneric  With a woody Highland
Taxon Family Distribution tree relative Uso endemic
Acalypha dumetorum Mull.Arg. Euphorbiaceae Benguela X
Acalypha eriophylla Hutch. Euphorbiaceae Bié plateau X X
Acalypha eriophylloides S.Moore Euphorbiaceae Bié plateau X X
Acalypha gossweileri S.Moore Euphorbiaceae Cuanza Norte, Cazengo X
Acalypha huillensis Pax & K.Hoffm. Euphorbiaceae Huila escarpment X X
Adenodolichos mendesii Torre Fabaceae Bié plateau X X
Aeschynomene benguellensis Torre Fabaceae Bié, Benguela, Huambo, Huila X
Aeschynomene debilis Baker Fabaceae Huila escarpment, Humpata X
Aeschynomene dimidiata subsp. dimidiata Baker Fabaceae gaﬁﬁg[gﬁgsnga Huambo, Huila, Lunda X
Ampelocissus dekindtiana Gilg Vitaceae Huila escarpment, Tchivinguiro X X
Antizoma angolensis Exell & Mendonga Menispermaceae Huambo plateau X X
Baphia sp. nov. Fabaceae Cuando-Cubango, Bié, Moxico X X
Barleria antunesii Lindau Acanthaceae Huila plateau X X
Barleria buddleoides S.Moore Acanthaceae Cuando-Cubango, Huila X
Barleria crabbeoides |.Darbysh. Acanthaceae Huila escarpment, Lubango X
Barleria eburnea |.Darbysh. Acanthaceae Bié and Huila plateaus X
Barleria imatensis 1.Darbysh. Acanthaceae Huila escarpment, Tchivinguiro X
Barleria kacondensis subsp. glabrescens |.Darbysh. Acanthaceae Huambo plateau X X
Barleria kacondensis subsp. kacondensis S.Moore Acanthaceae Bié and Huila plateaus X X
Barleria polyneura S.Moore Acanthaceae Huila plateau X
Barleria violascens var. humpatana |.Darbysh. Acanthaceae Huila escarpment, Monino X
Basananthe nummularia Welw. Passifloraceae Huila escarpment, Lopollo X X
Bolusia ervoides (Baker) Torre Fabaceae Huila escarpment, Lopollo X
Ceratoteca reniformis Abels Pedaliaceae E/IZTagrL:gleay Queiney, [uEmlss, FUky
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Chamaecrista huillensis (Mendonca & Torre) Lock
Chamaecrista newtonii (Mendonca & Torre) Lock
Clutia benguelensis Mull.Arg.

Combretum argyrotrichum Welw. ex M.A.Lawson
Combretum viscosum Exell

Crossandra angolensis S.Moore

Crotalaria bondii Torre

Crotalaria griseofusca Baker f.

Crotalaria ivantalensis Baker

Crotalaria mendesii Torre

Crotalaria pittardiana Torre

Crotalaria pseudovirgultatis Torre

Crotalaria subsessilis Harms

Cryptosepalum sp. nov. aff. maraviense

Dissotis benguellensis A.Fern. & R.Fern.

Dissotis carrissoi A.Fern. & R.Fern.

Dolichos dongaluta Baker

Dolichos elatus Baker

Droogmansia dorae var. dorae Torre
Droogmansia gossweileri Torre

Droogmansia vanderystii De Wild.
Eminia benguellensis Torre

Eriosema albo-griseum Baker f.
Eriosema cyclophyllum Baker f.
Eriosema gossweileri Baker f.
Eriosema pygmaeum Baker
Eriosema speciosum Baker
Erythrina pygmaea Torre

Euclea angolensis Glrke

Fabaceae
Fabaceae
Euphorbiaceae
Combretaceae
Combretaceae
Acanthaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Melastomataceae
Melastomataceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae

Fabaceae
Fabaceae

Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae

Ebenaceae

Cuando-Cubango, Huila, Namibe
Benguela, Huila

Benguela, Bié, Huambo, Huila
Huambo plateau, Huila escarpment
Benguela, Bié, Huambo, Huila
Benguela

Huila plateau

Bié plateau

Huila, Namibe

Cunene, Huila

Benguela, Cunene, Huambo, Huila
Huila escarpment, Lubango
Cuando-Cubango

Bié plateau

Huambo, Serra de Moco

Cuanza Sul, Huambo

Bié plateau

Benguela, Malange

Bié plateau

Huambo plateau

Cuanza Sul, Huambo

Benguela, Huambo, Huila, Lunda Sul,
Malange

Huila Escarpment, Tundavala

Bié and Huila plateaus

Huila escarpment, Tundavala

Huila plateau

Cuanza Norte, Benguela, Huambo, Huila
Huila plateau

Huila plateau
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Euphorbia asclepiadea Milne-Redh.
Euphorbia parifolia N.E.Br.

Fadogia caespitosa Robyns
Fadogia chrysantha K.Schum.
Fadogia graminea Wernham
Fadogia punctulata Robyns
Fadogia stenophylla Welw. ex Hiern
Fuerstia adpressa A.J.Paton
Fuerstia rigida (Benth.) A.J.Paton
Ganguelia gossweileri (S.Moore) Robbr.
Gnidia fruticulosa Gilg

Gnidia newtonii Gilg

Gnidia rendlei Hiern

Gnidia welwitschii Hiern

Grewia suffruticosa K.Schum.
Hypericum abilianum N.Robson
Indigofera corallinosperma Torre
Indigofera huillensis Baker f.
Indigofera mendesii Torre
Indigofera nummularia Baker
Indigofera paraoxalidea Torre

Jamesbrittenia angolensis Hilliard
Julbernardia gossweileri (Baker f.) Torre & Hillc.

Lannea gossweileri Exell & Mendonca
Lannea rubra Hiern (Engl.)
Lepidagathis gossweileri S.Moore
Leptactina prostrata K.Schum.
Linariopsis prostrata Welw.

Macrotyloma bieense (Torre) Verdc.

Euphorbiaceae
Euphorbiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Lamiaceae
Lamiaceae
Rubiaceae
Thymelaeaceae
Thymelaeaceae
Thymelaeaceae
Thymelaeaceae
Malvaceae
Hypericaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae

Scrophulariaceae
Fabaceae

Anacardiaceae
Anacardiaceae
Acanthaceae
Rubiaceae
Pedaliaceae

Fabaceae

Bié plateau

Huila escarpment, Tundavala
Huila plateau

Huambo plateau

Bié plateau

Huambo plateau

Huila escarpment, Lubango
Huila, Benguela

Huila Escarpment, Lopollo
Bié plateau

Huila plateau

Huila escarpment, Humpata
Huila escarpment, Mumpulla
Huila escarpment, Humpata
Huila plateau

Huila escarpment, Humpata
Huila escarpment, Humpata
Benguela, Huila

Huila escarpment, Humpata
Benguela, Huambo

Huila escarpment, Humpata

Huila escarpment, Tundavala

Cuando-Cubando, Huambo, Huila,
Malange

Bié plateau

Huila escarpment, Tundavala
Benguela, Huila

Bié plateau, Moxico

Huila

Huila escarpment, Tchivinguiro
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Meineckia phyllanthoides subsp. trichopoda (Mull.Arg.)
G.L.Webster

Oldenlandia sipaneoides K.Schum.

Orthosiphon violaceus Briq.

Ozoroa xylophylla (Engl. & Gilg) R.Fern. & A.Fern.
Pavetta nana K.Schum.

Pentanisia rubricaulis (K.Schum.) Karehed & B.Bremer
Phaulopsis lankesterioides (Lindau) Lindau
Phyllanthus microdendron Mull.Arg.

Polygala huillensis Welw. ex Oliv.

Protea dekindtiana Eng].

Protea ongotium Beard

Protea paludosa subsp. paludosa Hiern (Engl.)

Protea poggei subsp. haemantha (Engl. & Gilg)
Chisumpa & Brummitt

Protea poggei subsp. heliophila Chisumpa & Brummitt

Pseudeminia benguellensis (Torre) Verdc.

Psychotria moninensis (Hiern) E.M.A.Petit

Psychotria welwitschii (Hiern) Bremek.
Spermacoce aprica (Hiern) Govaerts
Spermacoce terminaliflora R.D.Good
Spermacoce thymoidea (Hiern) Verdc.
Sphedamnocarpus barbosae Launert
Stachys huillensis Hiern
Stomatanthes tundavalaensis D.J.N.Hind
Tephrosia gossweileri Baker f.
Tephrosia huillensis Baker

Tephrosia melanocalyx Baker
Tephrosia newtoniana Torre

Tephrosia rigidula Baker

Euphorbiaceae

Rubiaceae
Lamiaceae
Anacardiaceae
Rubiaceae
Rubiaceae
Acanthaceae
Phyllanthaceae
Polygalaceae
Proteaceae
Proteaceae

Proteaceae
Proteaceae
Proteaceae

Fabaceae

Rubiaceae

Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Malpighiaceae
Lamiaceae
Asteraceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae

Fabaceae

NW Angola

Huila Escarpment, Lopollo
Huila Escarpment, Lopollo

Bié and Huila plateaus

Huila escarpment, Tchivinguiro
Bié, Huambo, Huila

Benguela, Huambo, Huila

Bié plateau

Huila Escarpment, Lopollo
Huila escarpment, Tchivinguiro
Bié and Huila plateaus

Bié and Huila plateaus
Bié plateau, Moxico

Huambo plateau

Cuando-Cubando, Benguela, Huambo,
Huila

Cuando-Cubango, Benguela, Bié,
Huambo, Huila, Malange

Huambo, Huila and Namibe escarpment
Huila plateau, Ivantala

Huila plateau

Huila escarpment, Humpata
Huambo plateau

Huila plateau

Huila Escarpment

Bié, Benguela, Huambo, Huila
Huila, Huambo Plateau

Huila Escarpment, Lopollo
Huila escarpment, Tundavala

Benguela, Cunene, Huambo, Huila
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Tephrosia tundavalensis Bamps
Thesium lycopodioides Gilg
Thesium triste A.W.Hill
Thunbergia cycnium S.Moore
Thunbergia huillensis S.Moore
Thunbergia retefolia S.Moore
Tinnea benguellensis Glrke

Tinnea gossweileri Robyns & Lebrun
Tricalysia angolensis A.Rich. ex DC.

Triumfetta gossweileri Exell & Mendonca
Triumfetta hundtii Exell & Mendonga
Triumfetta macrocoma K.Schum.

Triumfetta rhodoneura K.Schum.

Vangueria cistifolia var. cistifolia (Welw. ex Hiern) Lantz

Vangueria fulva (Robyns) Lantz

Vitex caespitosa Exell

Fabaceae
Santalaceae
Santalaceae
Acanthaceae
Acanthaceae
Acanthaceae
Lamiaceae

Lamiaceae
Rubiaceae

Malvaceae
Malvaceae
Malvaceae
Malvaceae
Rubiaceae
Rubiaceae

Lamiaceae

Huila escarpment, Tundavala

Bié plateau

Cuando-Cubango, Huila, Malange
Bié plateau

Bié and Huila plateaus

Bié plateau

Bié plateau, Moxico

Huambo plateau

Cuando-Cubango, Cunene, Bié and Huila
plateaus

Bié and Huila plateaus
Benguela, Caconda

Huila escarpment, Tchivinguiro
Huila plateau

Bié, Huila, Malange

Bié and Huila plateaus

Bié, Benguela, Huambo
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Figure S5.1: Proportions of minor plant families, with three geoxyle taxa or less, across BBB types and
biomes of origin. The biogeographic origins refer to occurrence and diversity centres of the respective genera
of the geoxyle taxa, so that a single taxon can have multiple biogeographic origins, if the genus is widely
spread. The absolute number of geoxyle taxa per family is provided in parentheses. The family
Convolvulaceae was excluded on the biome side to improve readability, because the genus Ipomoea
(Convolvulaceae) is cosmopolitan and has links to all biomes.

Li: lignotuber; RC: root crown; Ro: bud-bearing root; WR: woody rhizome; Xy: xylopodium; AM: Afromontane
archipelago; AR: Arid regions; CP: Cape region; DW: Dry woodlands; EC: Eastern coast; TF: Central African
tropical forests; MD: Madagascar.

Figure S$5.2: Principal Component Analysis (PCA) showing the environmental preferences of geoxyle species
to selected parameters in the first two dimensions. Preferences of BBB types are shown separately, ellipses
define 95% confidence intervals. The diamond shapes represent the ordination of the three study sites Bicuar
(B), Cusseque (C) and Tundavala (T) in this environmental space. The selected environmental parameters are
number of annual frost days (Frost), clay content in 5 to 15 cm depth (Clay), annual median NDVI (NDVI),
mean annual precipitation (MAP), isothermality (diurnal:annual temperature range), annual mean
temperature (MAT), fire frequency 2000 - 2018 and precipitation seasonality (PS). The arrows are scaled up
five times to improve visibility. BBB types are lignhotubers (Li), root crowns (RC), bud-bearing roots (Ro), woody
rhizomes (WR) and xylopodia (Xy).

Figure S$5.3: Principal Component Analysis (PCA) showing the environmental preferences of geoxyle species
to selected parameters in the first and third dimensions. Preferences of BBB types are shown separately,
ellipses define 95% confidence intervals. The diamond shapes represent the ordination of the three study
sites Bicuar (B), Cusseque (C) and Tundavala (T) in this environmental space. The selected environmental
parameters are number of annual frost days (Frost), clay content in 5 to 15 cm depth (Clay), annual median
NDVI (NDVI), mean annual precipitation (MAP), isothermality (diurnal:annual temperature range), annual
mean temperature (MAT), fire frequency 2000 - 2018 and precipitation seasonality (PS). The arrows are
scaled up five times to improve visibility. BBB types are lignotubers (Li), root crowns (RC), bud-bearing roots
(Ro), woody rhizomes (WR) and xylopodia (Xy).

Figure S5.4: Principal Component Analysis (PCA) showing the environmental preferences of geoxyle species
to selected parameters in the first two dimensions. Preferences of geoxyles grouped by biomes (i.e.
biogeographic origin) (see table 3) are shown separately, ellipses define 95% confidence intervals. The
diamond shapes represent the ordination of the three study sites Bicuar (B), Cusseque (C) and Tundavala (T)
in this environmental space. The selected environmental parameters are number of annual frost days (Frost),
clay content in 5 to 15 cm depth (Clay), annual median NDVI (NDVI), mean annual precipitation (MAP),
isothermality (diurnal:annual temperature range), annual mean temperature (MAT), fire frequency 2000 -
2018 and precipitation seasonality (PS). The arrows are scaled up five times to improve visibility. The biomes
are Afromontane archipelago (AM), Arid regions (AR), Cape region (CP), Dry woodlands (DW), Tropical forests
(TF), Eastern coast (EC) and Madagascar (MD).

Figure S5.5: Principal Component Analysis (PCA) showing the environmental preferences of geoxyle species
to selected parameters in the first and third dimensions. Preferences of geoxyles grouped by biomes (i.e.
biogeographic origin) (see table 3) are shown separately, ellipses define 95% confidence intervals. The
diamond shapes represent the ordination of the three study sites Bicuar (B), Cusseque (C) and Tundavala (T)
in this environmental space. The selected environmental parameters are number of annual frost days (Frost),
clay content in 5 to 15 cm depth (Clay), annual median NDVI (NDVI), mean annual precipitation (MAP),
isothermality (diurnal:annual temperature range), annual mean temperature (MAT), fire frequency 2000 -
2018 and precipitation seasonality (PS). The arrows are scaled up five times to improve visibility. The biomes
are Afromontane archipelago (AM), Arid regions (AR), Cape region (CP), Dry woodlands (DW), Tropical forests
(TF), Eastern coast (EC) and Madagascar (MD).

Figure S5.6: Selected environmental spaces occupied by geoxyles, grouped by biomes of origin
(biogeographical background). The violinplot represents the probability of encountering geoxyle species along
a given environmental gradient: the wider the violin, the higher the number of species occurring at that level.
Violin areas correspond to the respective number of data points. The coloured ticks represent the means of
geoxyle species averaged for each BBB type for that environmental parameter. The order in which
environmental parameters are shown reflects the strength of this parameter to separate the groups. The
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superscripted letters indicate significance of differences, tested with Welch’s ANOVA and posthoc Games-
Powell tests. The parameter ‘frost’ was strongly skewed and had to be transformed to meet the requirements
of the tests. We therefore calculated and used the inverse frost, which means that smaller values represent
higher frost frequency. To improve visibility, the axis here has a logarithmic scale and the corresponding
numbers of actual frost events are given below. The environmental conditions at our study sites (T: Tundavala,
B: Bicuar, C: Cusseque) have been added to visualise whether preferences and prevalent conditions at the
study sites coincide. Separate violins represent each biome of origin: Afromontane archipelago (AM), Arid
regions (AR), Cape region (CP), Dry woodlands (DW), Tropical forests (TF), Eastern coast (EC) and Madagascar
(MD).

Table $5.1: Geoxyle species list. Plant family, site occurrence and functional belowground bud bank type
are given, as well as information about whether the species is endemic to Angola, and whether it has close
congeneric tree relatives.

Li: lignotuber; RC: root crown; Ro: bud-bearing root, WR: woody rhizome, Xy: xylopodium. BIC: Bicuar, CUS:
Cusseque, TUN: Tundavala.

SITE SPECIES FAMILY BBB SECONDARY  ANGOLA TREE
TYPE BBBTYPE ENDEMIC  RELATIVE

BIC Acalypha ambigua Euphorbiaceae Li no (x)

TUN Acalypha dumetorum Euphorbiaceae Li yes (x)

Ccus Acalypha polymorpha Euphorbiaceae Li no (x)

TUN Acalypha polymorpha Euphorbiaceae Li no (x)

Cus Adenodolichos mendesii Fabaceae WR yes

Ccus Aeschynomene bracteosa Fabaceae Xy no

TUN Aeschynomene tenuirama Fabaceae WR no

TUN aff Thesium, light green, glandular Xy

Ccus Alectra sp. Orobanchaceae Xy

Ccus Anisophyllea quangensis Anisophyllaceae WR no X

BIC Annona stenophylla subsp. nana Annonaceae WR no X

Ccus Annona stenophylla subsp. nana Annonaceae WR no X

Ccus Aspilia natalensis Asteraceae RC no

Ccus Baphia sp. nov. Fabaceae WR X

BIC Basananthe baumii var Passifloraceae RC no
caerulescens

Cus Brachystegia russelliae Fabaceae WR no

BIC Brackenridgea arenaria Ochnaceae WR no X

Cus Brackenridgea arenaria Ochnaceae WR no X

TUN Brackenridgea arenaria Ochnaceae WR no X

Cus Caloncoba suffruticosa Flacourtiaceae Li no X

BIC Chamaeclitandra henriquesiana Apocynaceae WR no

Ccus Chamaeclitandra henriquesiana Apocynaceae WR no

BIC Chamaecrista mimosoides Fabaceae RC no

Cus Chamaecrista mimosoides Fabaceae RC no

TUN Chamaecrista newtonii Fabaceae RC yes

BIC Clematis chrysocarpa Ranunculaceae WR no

Cus Clematis villosa Ranunculaceae WR no

BIC Clerodendrum pusillum Verbenaceae WR no

BIC Combretum platypetalum Combretaceae WR no X

Ccus Combretum platypetalum Combretaceae WR no X

TUN Combretum platypetalum Combretaceae WR no X

BIC Crotalaria bequaertii Fabaceae RC no

Ccus Crotalaria griseofusca Fabaceae Li yes
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cus
Cus
BIC
Cus
TUN
BIC
BIC
Cus
BIC

CUs
Cus
CUs
TUN
CUs
Cus
TUN
BIC

BIC

Cus
BIC

Cus
TUN
BIC

Cus
Cus
Cus
Cus
TUN
Cus
Cus
Cus
Cus
Cus
TUN
BIC

TUN
BIC

BIC

TUN
Cus
TUN
Cus
TUN
Cus
BIC

TUN
TUN

Cryptosepalum sp. nov.
Dianthus angolensis
Dicoma anomala

Dicoma anomala

Dicoma anomala
Diospyros chamaethamnus
Diospyros virgata

Dissotis sp.

Dolichos cardiophylla var.
subsessilis
Dolichos dongaluta

Droogmansia huillensis
Droogmansia megalantha
Droogmansia megalantha
Eriosema affine

Eriosema cyclophyllum
Eriosema gossweileri
Eriosema pauciflorum
Eriosema shirense
Eriosema shirense

Euclea crispa

Euclea crispa

Euclea crispa

Fadogia chlorantha var. thamnus
Fadogia chlorantha var. thamnus
Fadogia chrysantha
Fadogia fuchsioides
Fadogia graminea

Fadogia homblei

Fadogia sp.

Fadogia stenophylla
Fadogia triphylla

Fadogia variifolia

Garcinia buchneri

Garcinia buchneri
Gardenia brachythamnus
Gnidia kraussiana

Grewia avellana
Helichrysum candolleanum
Helichrysum candolleanum
Helichrysum mechowianum
Helichrysum mechowianum
Hibiscus rhodanthus
Hibiscus rhodanthus
Indigofera astragalina
Indigofera sp. 1

Indigofera sp. 2

Indigofera sutherlandoides

Fabaceae
Caryophyllaceae
Asteraceae
Asteraceae
Asteraceae
Ebenaceae
Ebenaceae
Melastomataceae

Fabaceae

Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae
Ebenaceae
Ebenaceae
Ebenaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Rubiaceae
Clusiaceae
Clusiaceae
Rubiaceae
Thymeleaceaea
Tiliaceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Malvaceae
Malvaceae
Fabaceae
Fabaceae
Fabaceae

Fabaceae
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WR
RC
RC
RC
RC
WR
Li

RC
RC

Xy
WR
WR
WR
Li
WR
Xy
WR
Xy
Xy
WR
WR
WR
WR
WR
WR
Li
WR
WR
WR
WR
WR
WR
WR
WR
WR
RC
WR
RC
RC
WR
WR
WR
WR
Ro
Li
RC
Ro

Xy

Li/Tuber
Li/Tuber

taproot

no
yes
no
no
no
no

no

yes

yes

no

no
yes
yes
no
no
no
no
no
no
no
no
yes
no
yes

no

no/yes
no
no
no
no
no
no
no
no
no
no
no
no
no

no

no
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BIC Ipomoea welwitschii Convolvulaceae Ro no
TUN Kalanchoe lindmanii Crassulaceae RC ST yes
Ccus Kotschya strobilantha Fabaceae RC no
BIC Landolphia gossweileri Apocynaceae WR yes
Ccus Landolphia gossweileri Apocynaceae WR yes
BIC Lannea edulis Anacardiaceae Li no
Cus Lannea edulis Anacardiaceae Li no
Cus Lannea gossweileri Anacardiaceae WR yes
TUN Lannea rubra Anacardiaceae WR yes
Ccus Lannea rubra Anacardiaceae WR yes
Ccus Leptactina benguelensis Rubiaceae WR no
Ccus Leptactina prostrata Rubiaceae WR yes
TUN Lopholaena decurrens Asteraceae RC no
BIC Macrotyloma rupestre Fabaceae WR Ro/RC no
TUN Myrsine africana Myrsinaceae WR no
Cus Ochna katangensis Ochnaceae WR no
Cus Ochna manikensis Ochnaceae WR no
Ccus Ochna pygmaea Ochnaceae WR no
TUN Ochna pygmaea Ochnaceae WR no
BIC Ocimum obovatum subsp. Lamiaceae RC no
obovatum
Ccus Ocimum obovatum var. galpinii Lamiaceae Xy no
Ccus Oxygonum fruticosum Polygonaceae Li no
Ccus Oxygonum pachybasis Polygonaceae WR no
BIC Ozoroa xylophylla Anacardiaceae Li yes
Ccus Ozoroa xylophylla Anacardiaceae Li yes
BIC Parinari capensis Chrysobalanaceae = WR no
Ccus Parinari capensis Chrysobalanaceae = WR no
BIC Pentanisia schweinfurthii Rubiaceae RC no
Ccus Phyllanthus virgulatus Phyllanthaceae RC no
Ccus Phyllanthus welwitschianus Phyllanthaceae WR no
Cus Protea angolensis var. divaricata Proteaceae Li no
TUN Protea angolensis var. divaricata Proteaceae Li no
Ccus Protea micans subsp. trichophylla Proteaceae Li no
Ccus Protea ongotium Proteaceae Li yes
Ccus Protea paludosa Proteaceae Li no
TUN Protea paludosa Proteaceae Li no
Cus Protea poggei subsp. haemantha Proteaceae WR yes
Ccus Psorospermum mechowii Hypericaceae Li no
Ccus Psychotria kirkii Rubiaceae WR no
BIC Pygmaeothamnus zeyheri Rubiaceae WR no
Ccus Pygmaeothamnus zeyheri Rubiaceae WR no
Cus Rhus arenaria Anacardiaceae WR no
TUN Rhus arenaria Anacardiaceae WR no
TUN Rhus humpatensis Anacardiaceae WR no
BIC Rhynchosia castroi Fabaceae WR no
Ccus Rhynchotropis poggei Fabaceae RC no
Ccus Rytigynia orbicularis Rubiaceae Xy no
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Cus
Cus
TUN
BIC
BIC
BIC

Cus

Cus

TUN

TUN
Cus
CuUs
BIC
TUN
BIC
BIC
Cus
TUN
Cus
BIC
TUN
CuUs
Cus
BIC
Cus

Sclerocroton oblongifolius
Searsia Kirkii

Stomatanthes tundavalaensis
Strychnos gossweileri
Syncolostemon bracteosus

Syzygium guineense subsp.
huillense

Syzygium guineense subsp.
huillense

Syzygium guineense subsp.
macrocarpum

Syzygium guineense subsp.
macrocarpum

Tephrosia acaciifolia

Thesium atrum
Thesium lycopodioides
Thesium sp.

Thesium triste
Triumfetta geoides
Triumfetta gossweileri
Triumfetta gossweileri
Triumfetta gossweileri
Uapaca nitida var. suffrutescens
Vangueria pygmaea
Vangueria pygmaea
Vernonia teucrioides
Vigna antunesii

Vitex angolensis

Xylopia tomentosa

Euphorbiaceae
Anacardiaceae
Asteraceae
Loganiaceae
Lamiaceae

Myrtaceae
Myrtaceae
Myrtaceae
Myrtaceae

Fabaceae
Santalaceae
Santalaceae
Santalaceae
Santalaceae
Tiliaceae
Tiliaceae
Tiliaceae
Tiliaceae
Phyllanthaceae
Rubiaceae
Rubiaceae
Asteraceae
Fabaceae
Lamiaceae

Annonaceae
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WR
Xy
WR
WR
Li

Li
Li
Li

Li
Li
Xy
Li
Li
WR
Xy
Xy
Xy
Li
WR
WR
WR
WR
Ro
WR

Xy

WR
WR
WR

Li

no
no
yes
no
no

no

no

no

no

no
no

yes

no
no
yes
yes
yes
no
no
no
no
no
no

no
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Table S5.2: Pearson-correlation matrix of all original environmental variables. The eight variables that were used in the analyses are located in the upper left corner, they
are a compromise between representing all important environmental facets, and reasonably low correlation (r2 < 0.65).
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Fire frequency| 0.23 |1 0.10 | 0.17 |-0.12 | 0.16 | 0.12 |-0.23|-0.79 | 0.58 | 0.25 | 0.20 | 0.05 | -0.08 | -0.27 | 0.27 |-0.18 | -0.22 | 0.05 | 0.26 |-0.21 | 0.14 | 0.01 | -0.23
Precipitation seasonality 0.26 | -0.04 |-0.31|-0.18 | 0.16 | -0.28]-0.21 | 0.22 | 0.02 | 0.03 | 0.29 | -0.28 | -0.40 | 0.37 | -0.50 | -0.57 | 0.15 | 0.46 | -0.23 | 0.29 | 0.01 | -0.38
Mean annual temperature 0.18 |-0.62 | 0.13 | 0.42 | -0.28 | -0.05 0 -0.12 | -0.11 | 0.35 |-0.28 | -0.37 | 0.38 | -0.38 | -0.49 | -0.21 | 0.07 | -0.18 | -0.67 | 0.76 | -0.29
Mean annual precipitation -0.36 | 0.64 | 0.54 | 0.29 }-0.12 | 0.06 0 0.03 |-0.41| 0.44 | 0.05 | -0.24 | -0.09 | 0.13 | -0.65 | -0.012 | -0.50 | 0.05 | 0.53 | -0.07
Frost days -0.39 | -0.55 | 0.10 | 0.06 | -0.02 | 0.03 0 0 -0.08 | 0.24 | -0.17 | 0.34 | 0.31 | 0.50 | 0.04 | 0.29 | 0.30 |-0.70 | 0.21
NDVlmed 0.33 |1 0.23]1-0.16 | 0.12 | 0.11 | 0.11 |-0.45| 0.47 | 0.07 |-0.19 | -0.07 | 0.18 | -0.57 | -0.12 | -0.44 | -0.13 | 0.45 | -0.03
Isothermality| 0.12 ]-0.05 | -0.02 | -0.07 | -0.04 | -0.13 | 0.26 | -0.05 | -0.07 | -0.24 | -0.01 | -0.67 | 0.10 |-0.31 | 0.07 | 0.69 | -0.08
Clay content; 0.21 |-0.17 |-0.05 | 0.01 |-0.61 | 0.55 | 0.76 | -0.87 | 0.36 | 0.54 | -0.39 | -0.05 | 0.12 | 0.12 | 0.09 | 0.50
Fire pause -0.86 | -0.26 | -0.21 | -0.04 | 0.07 | 0.23 | -0.22 | 0.17 | 0.19 | -0.08 | -0.28 | 0.20 | -0.13 | 0.05 | 0.19
Fire DOY 0.25 | 0.21 | 0.02 |-0.07 |-0.20 | 0.18 | -0.17 |-0.17 | 0.11 | 0.27 | -0.17 | 0.15 | -0.09 | -0.16
Mean fire intensity 0.80 |-0.07 | 0.03 | -0.07 | 0.04 | -0.01 | 0.04 | 0.05 | 0.05 | -0.04 | 0.08 |-0.11 |-0.02
Max. fire intensity) -0.10 | 0.06 | -0.05 0 0 0.05 | 0.01 | 0.03 | -0.06 | 0.08 | -0.08 | -0.03
Bulk density -0.57 | -0.53 | 0.53 | -0.30 |-0.51 | 0.48 | 0.17 | 0.11 | -0.18 | -0.10 | -0.26
Soil organic carbon 0.42 |-0.66 | 0.37 | 0.70 | -0.55 | -0.18 | 0.05 | 0.18 | 0.19 | 0.58
Silt content -0.74 | 0.48 | 0.58 |-0.24 | -0.15 | 0.26 | 0.06 |-0.05 | 0.51
Sand content -0.44 | -0.62 | 0.38 | 0.07 |-0.29 | -0.14 | -0.03 | -0.68
Phosphorous content 0.65 | -0.01 | -0.32 | 0.41 | 0.01 | -0.21 | 0.53
Nitrogen content -0.31|-0.32 | 0.27 | 0.12 | -0.09 | 0.60
Mean temperature range 0.14 | 0.23 | 0.10 | -0.79 | -0.16
NDVlstd -0.14 | 0.22 | -0.07 | -0.17
Exchangeable bases -0.11 | -0.24 | 0.65
Altitude -0.52 | 0.02
Temperature of coldest month -0.05
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Table $5.3: Biogeographic origins of geoxyle genera. For some genera, timely information about origins was
unavailable; these genera were left out of the analyses. Abbreviations are as follows for biomes: AM:
Afromontane belt; AR: Southern African arid regions; CP: Cape region; DW: Dry woodland/savannah; EC:
Eastern coast; TF: Central African tropical forests; MD: Madagascar. The reference Flora Zambesiaca relates

to the online version of the ongoing project by the Royal Botanic Garden KEW

(http://apps.kew.org/efloras/search.do).
GENUS FAMILY BIOGEOGRAPHY REFERENCE
ACALYPHA Euphorbiaceae AM, EC Sagun et al., 2010
ADENODOLICHOS Fab. Papilionoidae DW Flora Zambesiaca; GBIF
AESCHYNOMENE Fab. Papilionoidae DW Flora Zambesiaca; GBIF
ALECTRA Orobanchaceae AM, CP, DW, EC Morawetz & Wolfe, 2009; GBIF
ANISOPHYLLEA Anisophyllaceae TF Zhang et al., 2007
ANNONA Annonaceae TF Richardson et al., 2004; GBIF
ASPILIA Asteraceae EC, TF Beentje et al., 2005
BAPHIA Fab. Papilionoidae TF Flora Zambesiaca; GBIF
BASANANTHE Passifloraceae DW, EC Flora Zambesiaca; GBIF
BRACHYSTEGIA Fab. Detarioidae DW Flora Zambesiaca; GBIF
BRACKENRIDGEA Ochnaceae EC Bissiengou & Sosef, 2014; Flora Zambesiaca; GBIF
CALONCOBA Achariaceae TF Flora Zambesiaca; GBIF
CHAMAECLITANDRA Apocynaceae TF Endress et al., 2018; Flora Zambesiaca; GBIF
CHAMAECRISTA Fab. Caesalpinioidae = DW, EC, TF, MD Flora Zambesiaca; GBIF
CLEMATIS Ranunculaceae AM, DW, EC, TF, Flora Zambesiaca; GBIF
CLERODENDRUM Lamiaceae EACD TF, MD Yuan et al., 2010; GBIF
COMBRETUM Combretaceae AR, DW Maurin, 2009
CROTALARIA Fab. Papilionoidae AM, DW Rockinger et al., 2017; Flora Zambesiaca
CRYPTOSEPALUM Fab. Detarioidae TF Tedersoo, 2017; Flora Zambesiaca; GBIF
DIANTHUS Caryophyllaceae AM, AR Flora Zambesiaca; GBIF
DICOMA Asteraceae AR, DW Ortiz et al., 2013; Flora Zambesiaca; GBIF
DIOSPYROS Ebenaceae EC, TF Duangjai et al., 2009; Flora Zambesiaca; GBIF
DISSOTIS Melastomataceae DW, EC, TF Flora Zambesiaca; GBIF
DOLICHOS Fab. Papilionoidae AM, AR, DW Flora Zambesiaca; GBIF
DROOGMANSIA Fab. Papilionoidae TF Jabbour et al., 2018; Flora Zambesiaca; GBIF
ERIOSEMA Fab. Papilionoidae DW, EC, TF Manyelo, 2015; GBIF
EUCLEA Ebenaceae AR, CP Duangjai et al., 2009; Flora Zambesiaca; GBIF
FADOGIA Rubiaceae DW Lantz & Bremer, 2005; Flora Zambesiaca; GBIF
GARCINIA Clusiaceae DW, EC Sosef & Dauby, 2012; Flora Zambesiaca; GBIF
GARDENIA Rubiaceae DW, EC, TF Flora Zambesiaca; GBIF
GNIDIA Thymeleaceae AR, MD Beaumont et al., 2009; Flora Zambesiaca; GBIF
GREWIA Malvaceae AR, CP, DW, EC, Flora Zambesiaca; GBIF
HELICHRYSUM Asteraceae ;K/I CcP Galbany-Casals et al., 2014
HIBISCUS Malvaceae NO MODERN STUDIES AVAILABLE
INDIGOFERA Fab. Papilionoidae AR, DW Schrire et al., 2009
IPOMOFEA Convolvulaceae NO REFERENCE AVAILABLE
KALANCHOE Crassulaceae EC, MD Gehrig et al., 2001
KOTSCHYA Fab. Papilionoidae DW Flora Zambesiaca, GBIF
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LANDOLPHIA
LANNEA
LEPTACTINA
LOPHOLAENA
MACROTYLOMA
MYRSINE

OCHNA

ocIMUM
OXYGONUM
OZOROA
PARINARI
PENTANISIA
PHYLIANTHUS
PROTEA
PSOROSPERMUM
PYGMAEOTHAMNUS
RHUS
RHYNCHOSIA
RHYNCHOTROPIS
RYTIGYNIA
SCLEROCROTON
SEARSIA
STOMATANTHES
STRYCHNOS
SYNCOLOSTEMON
SYZYGIUM
TEPHROSIA
THESIUM
TRIUMFETTA
UAPACA
VANGUERIA
VERNONIA

VIGNA
VITEX
XYLOPIA

References

Apocynaceae
Anacardiaceae
Rubiaceae
Asteraceae

Fab. Papilionoidae
Primulaceae
Ochnaceae
Lamiaceae
Polygonaceae
Anacardiaceae
Chrysobalanaceae
Rubiaceae
Phyllanthaceae
Proteaceae
Hypericaceae
Rubiaceae
Anacardiaceae
Fab. Papilionoidae
Fab. Papilionoidae
Rubiaceae
Euphorbiaceae
Anacardiaceae
Asteraceae
Loganiaceae
Lamiaceae
Myrtaceae

Fab. Papilionoidae
Santalaceae
Malvaceae
Phyllanthaceae
Rubiaceae

Asteraceae

Fab. Papilionoidae
Lamiaceae

Annonaceae

AM, TF
DW, EC, TF
TF

AM, AR
DW, EC

DW, EC, TF
AM

AR, DW, EC
AR, DW, EC
TF

DW, EC

CpP

EC, TF, MD
DW, EC
AM, AR, CP
DW, EC
DW

EC, TF

EC, TF

AM, AR, CP
AM

DW, EC, TF, MD
AM

DW, EC, TF

CP

DW, EC, TF
TF, MD
DW, EC

AM, DW, EC, TF,
MD

DW, EC, TF, MD
TF

Endress et al., 2018; GBIF

Flora Zambesiaca, GBIF

Neuba et al., 2014, Flora Zambesiaca, GBIF
GBIF

Flora Zambesiaca, GBIF

Flora Zambesiaca

Bissiengou & Sosef, 2014; Flora Zambesiaca, GBIF

Paton et al., 1999; GBIF

Schuster et al., 2015; Flora Zambesiaca, GBIF
Flora Zambesiaca, GBIF

Jud et al., 2016; Flora Zambesiaca, GBIF

Flora Zambesiaca, GBIF

NO REFERENCE AVAILABLE

Valente et al., 2010

Ranarivelo, 2017; Flora Zambesiaca, GBIF
Verstraete et al., 2017; Flora Zambesiaca, GBIF
Flora Zambesiaca, GBIF

Manyelo, 2015; GBIF

GBIF

Lantz & Bremer, 2005; Flora Zambesiaca, GBIF
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Flora Zambesiaca, GBIF

Grossi & Katinas, 2013; Hind & Goyder, 2014; GBIF

Flora Zambesiaca, GBIF
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Breteler, 2013; Flora Zambesiaca, GBIF
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Table S5.4: Family distributions across sites and BBB types. Major families with at least four geoxyle species
are highlighted. The counts for the sites can add up to more than those for the BBB types, as some species
occurred at multiple sites. Li: lignotuber; RC: root crown; Ro: bud-bearing root, WR: woody rhizome, Xy:

Ranunculales

Ranunculaceae

Santalales

Santalaceae

Sapindales

Anacardiaceae

Saxifragales

Crassulaceae

xylopodium.
Order Family Li RC Ro WR Xy Bicuar Cusseque Tundavala

Asterales Asteraceae 1 4 0 2 0 2 4 5
Caryophyllaceae 0 1 0 0 0 0 1 0

Caryophyllales
Polygonaceae 1 0 0 1 0 0 2 0
Cucurbitales Anisophyllaceae 0 0 0 1 0 0 1 0
Ebenaceae 1 0 0 2 0 3 1 0

Ericales
Primulaceae 0 0 0 1 0 0 0 1
Fabales Fabaceae 4 7 2 12 4 8 17 7
Apocynaceae 0 0 0 2 0 1 2 0
Gentianales Loganiaceae 0 0 0 1 0 1 0 0
Rubiaceae 1 1 0 14 1 5 13 2
Lamiaceae 0 1 1 2 1 4 1 1

Lamiales
Orobanchaceae 0 0 0 0 1 0 1 0
Magnoliales Annonaceae 0 0 0 2 0 1 2 0
Achariaceae 1 0 0 0 0 0 1 0
Chrysobalanaceae 0 0 0 1 0 1 1 0
Clusiaceae 0 0 0 1 0 0 1 1
Euphorbiaceae 3 0 0 1 0 1 2 2

Malpighiales
Hypericaceae 1 0 0 0 0 0 1 0
Ochnaceae 0 0 0 4 0 1 4 2
Passifloraceae 0 1 0 0 0 1 0 0
Phyllanthaceae 1 1 0 1 0 0 3 0
Malvaceae 0 0 0 3 1 3 2 2

Malvales
Thymelaeaceae 0 1 0 0 0 0 0 1
Combretaceae 0 0 0 1 0 1 1 1
Myrtales Melastomataceae 0 1 0 0 0 0 1 0
Myrtaceae 2 0 0 0 0 1 2 1
Proteales Proteaceae 4 0 0 1 0 0 5 2
0 0 0 2 0 1 1 0
3 0 0 0 1 1 2 1
2 0 0 5 0 2 6 3
0 1 0 0 0 0 0 1
0 0 1 0 0 1 0 0

Solanales

Convolvulaceae
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Table S5.5: Welch’s ANOVA with pairwise posthoc Games-Powell tests to determine differences among of
BBB types with regard to environmental parameters. The comparisons were done on the five replicates of
thinned data sets, outcomes are subsequently averaged and standard deviation is provided. Variables are
ordered according to their power of separating BBB types (F value). Li: lignotuber; RC: root crown; Ro: bud-
bearing root, WR: woody rhizome, Xy: xylopodium.

Parameter Welch’s ANOVA, Pairwise t test p value
F comparison
RC-Li 14.95+0.06  0.000 + 0.000 o
Ro-Li 5.75+0.03  0.000 + 0.000 *kx
WR-Li 8.03+0.07  0.000 + 0.000 Kook
Xy-Li 3.46+0.02  0.006 + 0.001 *x
initati Ro-RC 15.89+0.01  0.000 + 0.000 ek
F;f:gﬁli?; 97:51%0.40 WR-RC 8.72+0.09  0.000 + 0.000 *okx
Xy-RC 4.03+0.07  0.000 * 0.000 ok
WR-Ro 11.37 £0.03  0.000 + 0.000 o
Xy-Ro 7.01£0.01  0.000 + 0.000 ok
Xy-WR 0.45+0.03  0.991 + 0.002
RC-Li 7.70£0.07  0.000 + 0.000 ok
Ro-Li 5.27 +0.04  0.000 + 0.000 *xx
WR-Li 3.05+0.15  0.021 + 0.008 *
Xy-Li 1.90+0.10  0.321+0.053
Clay content 831072 Ro-RC 9.92+0.04  0.000 + 0.000
WR-RC 16.16 £ 0.13  0.000 + 0.000
Xy-RC 2.53+0.12  0.092 + 0.027
WR-Ro 4.05+0.09  0.000 + 0.000 *okx
Xy-Ro 5.80+0.08  0.000 + 0.000 ook
Xy-WR 3.88+0.10  0.001 +0.001 o
RC-Li 10.26 £ 0.13  0.000 + 0.000 ok
Ro-Li 10.90 £ 0.06  0.000 + 0.000 *xx
WR-Li 12.90 +£0.17  0.000 + 0.000 o
Xy-Li 0.04+0.03  1.000 # 0.000
Ro-RC 5.92+0.01  0.000 + 0.000 o
rfeim’;:izil 04.70 £ 1.37 WR-RC 2.81+0.08  0.040 + 0.009 *
Xy-RC 6.83+0.08  0.000 + 0.000 o
WR-Ro 4.83+0.04  0.000 + 0.000 *okx
Xy-Ro 9.44+0.05  0.000 * 0.000 ok
Xy-WR 8.37+0.11  0.000 + 0.000 *okx
RC-Li 9.40+0.04  0.000 * 0.000 ok
Ro-Li 5.45+0.09  0.000 + 0.000 o
WR-Li 9.43+0.08  0.000 * 0.000 ok
Xy-Li 2.82+0.05  0.041+0.005 *
Ro-RC 11.34+0.03  0.000 + 0.000 ok
ﬁgfr:’lljoa:famti?: 54752051 WR-RC 0.91+0.09  0.890 +0.034
Xy-RC 3.29+0.03  0.010 + 0.001 *
WR-Ro 11.22 £0.04  0.000 + 0.000 *kx
Xy-Ro 6.69+0.03  0.000 + 0.000 ook

Xy-WR

2.89 £ 0.05

0.034 + 0.005
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RC-Li 12.73+0.07  0.000£0.000  ***
Ro-Li 3.68+0.02  0.003 +0.001 o
WR-Li 13.98£0.08  0.000+0.000  ***
Xy-Li 0.31+0.04  0.998 +0.001
sothermaliy ssresoay ORC 493+001  0.000+0.000  ***
WR-RC 0.30+0.09  0.797 +0.446
Xy-RC 6.91+0.03  0.000£0.000  ***
WR-Ro 527+0.04  0.000+0.000  ***
Xy-Ro 240+0.01  0.116 + 0.001
Xy-WR 7.20+0.04  0.000+0.000  ***
RC-Li 856+0.20  0.000+0.000  ***
Ro-Li 6.85+0.08  0.000£0.000  ***
WR-Li 10.33+0.22  0.000 £0.000  ***
Xy-Li 0.70+0.06  0.955+0.013
NDVies siarsise TORC 2.91+0.02  0.0330.002 *
WR-RC 143+0.12  0.606 + 0.075
Xy-RC 6.69+0.13  0.000+£0.000  ***
WR-Ro 2.39+0.05  0.122+0.012
Xy-Ro 6.61+0.06  0.000£0.000  ***
Xy-WR 7.69+0.14  0.000£0.000  ***
RC-Li 2.70+0.10  0.056 + 0.015
Ro-Li 5.24+0.05  0.000+0.000  ***
WR-Li 9.29+0.09  0.000+0.000  ***
Xy-Li 3.41+0.04  0.017 +0.002 *
Inverse annual frost ., . RORC 402+0.01  0.000+0.000  ***
nights WR-RC 9.71+£0.09  0.000+0.000  ***
Xy-RC 1.69+0.09  0.445 +0.058
WR-Ro 0.08+0.03  1.000 + 0.000
Xy-Ro 1.72+0.05  0.428+0.031
Xy-WR 224+0.07  0.166 +0.025
RC-Li 7.47+0.10  0.000 £0.000  ***
Ro-Li 0.07+0.08  1.000 + 0.000
WR-Li 221+0.17  0.182 +0.059
Xy-Li 234+021  0.142+0.063
Fire requency sss0s00s RORC 428+0.08  0.000+0.000  ***
WR-RC 888+0.24  0.000+0.000  ***
Xy-RC 218+0.21  0.199 + 0.084
WR-Ro 1.23+0.08  0.732+0.048
Xy-Ro 1.78+0.45  0.392 +0.085
Xy-WR 1.19+0.24  0.744 +0.138
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Table S6.1: Mean value and standard deviation of selected performance traits, compared between fire
treatments, between years, and between the two dominant geoxyle species Brachystegia russelliae and
Cryptosepalum aff. maraviense.

Taxon Treatment Year Shoot length [cm] Leaf length [cm] Leaf number
Early burning 2018 7.06 + 3.35 13.14 + 2.27 3.91+1.57

_§ Early burning 2019 7.65 +2.95 14.66 £ 2.73 4.08+1.14
?ﬁ Early burning 2020 10.22 + 3.79 14.98 + 2.26 4,73 +1.24
3 Late burning 2018 7.64 +3.22 13.71 £ 3.51 4.85 + 2.83
';io Late burning 2019 6.44 + 2.93 12.09 + 2.58 4.05 +1.20
'§ Late burning 2020 6.49 + 3.26 12.39 £ 2.78 4.45 + 1.84
ch No burning 2018 8.25 + 3.40 12.31 +2.18 6.68 +4.15
Q No burning 2019 9.21 +3.51 12.91 £ 2.20 550 + 3.42
No burning 2020 10.50 + 3.47 13.13 £ 2.92 5.87 + 2.49

Early burning 2018 2.78 +1.14 3.93+0.74 4.22 +1.07

Early burning 2019 3.01+1.25 4.09 + 0.93 4.27 +1.47

EFEU ® Early burning 2020 2.53 £ 0.88 3.96 + 0.84 414 +1.11
% .g Late burning 2018 2.68 £+ 0.97 3.68 +0.92 4.68 +1.38
g,‘; § Late burning 2019 2.12+0.84 3.79 £ 0.87 3.98+1.14
% ‘g Late burning 2020 2.30 £ 0.66 3.41+0.82 4.10 + 0.93
S‘ No burning 2018 3.49+1.30 4.35+1.13 540+ 3.34
No burning 2019 3.11+1.92 4.70 £ 0.96 4.02 +1.35

No burning 2020 3.33+1.20 4.58 + 1.08 450+ 1.15
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Table $6.2: Comparison of mean values and standard deviations of species richness, diversity (Shannon
index), and evenness between fire treatments and years, across the three life forms grasses, geoxyles, and
herbs.

Species diversity (H' Species evenness
Lifeform | Treatment Year Species richness (S) - Shannon index) J"
Early burning 2018 14.75 £ 2.56 1.43+0.19 0.54 £ 0.06
Early burning 2019 15.00 + 3.05 1.21 £ 0.20 0.45 + 0.06
Early burning 2020 15.08 £ 2.19 1.29 +0.24 0.48 £ 0.08
g Late burning 2018 15.50 + 4.25 1.38 £ 0.26 0.51+0.11
g‘ Late burning 2019 15.92 £ 4.60 1.38 £ 0.25 0.51 £ 0.09
8 Late burning 2020 16.50 £ 4.19 1.52 £ 0.24 0.55 + 0.08
No burning 2018 14.33 £2.15 1.26 £ 0.29 047 +£0.11
No burning 2019 13.55+1.63 1.12 £ 0.19 0.43 £ 0.07
No burning 2020 13.58 £ 2.19 1.28 + 0.33 0.49 £0.13
Early burning 2018 15.42 + 2.57 2.07 £0.23 0.76 £ 0.06
Early burning 2019 15.17 £ 2.33 2.03 £0.19 0.75 £ 0.05
Early burning 2020 17.17 + 3.10 2.30+0.18 0.81 +0.04
@ Late burning 2018 15.50 + 2.97 2.13+0.22 0.78 £ 0.06
§ Late burning 2019 13.58 £ 2.02 1.93+0.19 0.74 £ 0.06
a Late burning 2020 17.47 £ 3.21 2.10 £ 0.26 0.75 £ 0.09
No burning 2018 14.58 £ 2.81 1.90 + 0.23 0.72 £0.08
No burning 2019 13.36 £ 2.42 1.76 £ 0.26 0.68 + 0.09
No burning 2020 15.58 + 3.48 1.74 + 0.36 0.64 £0.12
Early burning 2018 15.67 £2.71 2.35+0.18 0.86 £ 0.05
Early burning 2019 19.33 £ 2.57 2.78 £ 0.19 0.94 £ 0.04
Early burning 2020 18.50 £ 2.65 2.77 £0.16 0.95 £ 0.03
® Late burning 2018 16.67 £ 3.98 2.39+0.24 0.86 £ 0.05
% Late burning 2019 18.58 £ 2.15 2.76 £ 0.15 0.95 £ 0.03
< Late burning 2020 19.33 £ 3.96 2.81+£0.19 0.95 + 0.02
No burning 2018 16.42 £ 3.78 2.40+£0.30 0.86 £ 0.04
No burning 2019 16.36 £ 3.61 2.64 £ 0.30 0.95+0.03
No burning 2020 16.83 £ 3.07 2.66 £ 0.20 0.95 £ 0.02
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Figure S7.1: Satellite image showing the surrounding of the Cusseque study area. The original landscape
configuration of woody hills and grasslands in the valleys is still clearly visible. Smallholder agriculture is
rapidly replacing the closed miombo woodlands. The black frame indicates the position of Fig. 7.2. (Google
Earth, earth.google.com/web/; Image © 2020 Maxar Technologies; Image © 2020 CNES/Airbus).

Figure S7.2: Parameters for the Valley Depth analysis in SAGA GIS.

Figure S$7.3: Daily minimum temperatures for grasslands, ecotone grasslands and miombo forests during
the frost season (1 May - 1 October) in the Sovi/Cusseque valley in Bié Province, Angola, from 2012 - 2016.
The median minimum temperatures lay at 3.1°C, 4.1°C and 7.3°C for grasslands, ecotone grasslands and
miombo forests, respectively. The significance at p < 0.05 for the different habitats was assessed with
Kruskal-Wallis and post-hoc Dunn tests, and is indicated by letters.

Figure S7.4: Subregional dry season temperature pattern of southern Africa the 13th of June 2020 at 4
a.m. (left) and at 10 a.m. (right). Blue conditions indicate temperatures below 0°C. The patterns clearly
vizualise the nocturnal heat loss through outgoing net longwave radiation, culminating at dawn, and the rapid
subsequent temperature increase (https://earth.nullschool.net).

Table S7.1: Positions of Tinytag data-loggers (TT) and automated weather stations (AWS) and their
respective time of recording within our study area.

ID Site Lat Lon Altitude Habitat Data available

Oct2011-May2012 / Mar2013-Jun2015 /
TT02 Cusseque -13.704 17.06939 1526 Grassland Jul2015-Jan2016

Ecotone 0Oct2011-Sep2013 / Feb2014-Jun2015 /
grassland Jul2015-Jan2016
Miombo

TT107 Cusseque -13.6897 17.06605 1601 woodland Oct2011-Jun2015 / Jul2015-Jan2016

TT16 Cusseque -13.7065 17.09696 1545 Grassland May2012-Sep2012 / Nov2012-Jul2014

0ct2011-Apr2013 / Jun2013-Jun2015 /
TT08 Cusseque -13.7079 17.10376 1547 Grassland Aug2015-Nov2015
Miombo

TT14 Cusseque -13.7103 17.10729 1545 May2012-Jun2015 / Aug2015-Apr2016

woodland
0ct2011-May2012 / Nov2012-Jun2015 /
Aug2015-0ct2016 / Nov2016-Dec2016

TTO05 Cusseque -13.7011 17.06832 1555

TT13 Cusseque -13.705 17.04578 1550 Grassland

TT12 Cusseque -13.6989 17.04451 1553 gf;stglr;en g 0ct2011-May2012 / Apr2013-8ep2013
TT09 Cusseque -13.6878 17.04486 1605  Miombo 0ct2011-Apr2016
woodland

May2013-Sep2013 / Feb2014-Jun2015 /

TT22 Cusseque -13.7062 17.0458 1529 Grassland Nov2015-0¢t2016 / Nov2016-Dec2016 /
Jan2017-Aug2017

Ecotone Apr2013-Jun2015 / Aug2015-0Oct2016 /

121 Cusseque -13.71 17.05228 1544 grassland  Nov2016-Dec2016

TT20 Cusseque -13.7114 17.05192 1554 Miombo Mar2013-Jun2015
woodland
AWSCus | Cusseque -13.7101 17.0806 1529 gf:stglgi 4 Mar2015-Jan2017 / May2017-Jun2017
TTBic Bicuar -15.1003 14.8361 1237 Grassland  Jun2017-today
AWSBic |Bicuar  -15.1 148333 1235  Ccotone Mar2015-June2018
grassland

Table S7.2: Fire events at the positions of Tinytag data-loggers (TT) and automated weather stations (AWS)
at Cusseque during their respective time of recording.

Logger ID Vegetation Date

TT02 Grassland 12.10.2011
TTO8 Grassland 07.07.2012
TT08 Grassland 17.08.2014
TT13 Grassland 17.08.2013
TT13 Grassland 02.09.2015
TT16 Grassland 11.07.2012
TT16 Grassland 29.05.2013
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TT21 Ecotone grassland 17.08.2013
AWSCus Ecotone grassland 06.06.2015
AWSCus Ecotone grassland 29.06.2016
TTO5 Ecotone grassland 25.08.2013
TTO5 Ecotone grassland 18.09.2015
TT14 Miombo forest 25.08.2013
TT14 Miombo forest 02.09.2015
1720 Miombo forest 17.08.2013

Chapter VIII Supplement

Figure S8.1: a) Phenotype SB, population Sb28569 (not included in this study) at a tributary to the Cubango
in Cuando-Cubango, Angola. b) same individual, close up. Both photos: P. Zigelski, July 2017. c) Phenotype
SC, population Sc28565 (not included in this study) in seasonally flooded wetlands in Moxico, Angola. d)
same individual, close up. Both photos: P. Zigelski, June 2017. e) Phenotype SGB, population Sgbh28555 (not
included in this study) in the Kafue National Park in Zambia. f) population Sgb28316 along the Cunene River
near Xangongo, Angola, close up. Photos: P. Zigelski, June 2017 (e); May 2016 (f). g) Phenotype SGG,
population Sgg05 in the Liuwa Plains National Park in Zambia. h) population Sgg0O1 in the Liuwa Plains
National Park in Zambia, close up. Both photos: P. Zigelski, November 2014. i) Phenotype SGGx, population
Sggx28552 in a meadow in Cuando-Cubango, Angola. j) same population, close up. Both photos: P. Zigelski,
December 2016. k) Phenotype SGH, population Sgh10 in a forest grassland ecotone in Cuando-Cubango,
Angola. I) population SghO7 from the Bie Plateau, Angola, close up at excavated geoxylic structures. Both
photos: P. Zigelski, December 2014. m) Phenotype SGM, population Sgm28343 in frequently disturbed open
woodlands on the Bie Plateau, Angola. n) population Sgm28337 in the Cameia National Park, Angola, close
up. Both photos: P. Zigelski, November 2016. o) Phenotype SGMx, population Sgm13 in a forest grassland
ecotone on the Bie Plateau, Angola. p) population SgmOS8 in a forest grassland ecotone on the Bie Plateau,
Angola, close up at excavated geoxylic structures. Both photos: P. Zigelski, December 2014. q) Phenotype
ST, population StO1 on the Angolan Escarpment at Tundavala, Lubango, Angola a forest grassland ecotone
on the Bie Plateau, Angola. r) same individual, close up. Both photos: P. Zigelski, December 2014.

Figure S8.2: Plotting of mean likelihood and delta K for 2 < K < 9 from the analysis of the STRUCTURE
results following Evanno et al. (2005). The plots are derived from STRUCTURE Harvester (Earl and von Holdt,
2012).

Figure S8.3: Geographic distribution of the five ecotypes. Points represent populations; they are shaped
according to their ecotype and colored according to their genetic ancestry. a) All populations belonging to
ET 1; b) all populations belonging to ET 2; ¢) all populations belonging to ET 3; d) all populations belonging
to ET 4; e) all populations belonging to ET 5.
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Table S8.1: Complete data set. Every individual that was used in the analysis is listed here. Indicated are: the population and phenotype to which it belongs, the position
where it was collected, its affiliation to each of the three genetic clusters identified in the STRUCTURE analysis, its mean leaf area [cmZ2], mean leaf stiffness and growing
height [m], whether it has a geoxylic growth, in which soil type it was encountered (derived from Hengl et al., 2017a), how much annual precipitation it recieves (derived
from WorldClim2, Fick & Hijmans, 2017), the hydrological conditions on its site, and to which ecotype it belongs (derived from PAM analysis). NA = no data available.

observed
ID | Phenotype Population Longitude Latitude ZL F;tJe(iT|URE ZL the?T”URE iIL F;EeﬂHRE I[‘friz]a rea Is_fi?f;ess I[-In(:]ight Geoxyle? (Sv?/g'é);pe aM nenagnall . Z;tima ted tEy(;)Oe;s
precipitation hydrology
BaOL | SGB Sgb09 2167357 -18.11995  0.0437 0.1339 0.8222 50.1305  soft 5 no_geox g:l”c'iigols 531 slow_river  ET1
Ba02 | SGB Sgb09 21.66927 -18.11515  0.0425 0.1206 0.837 50.1305 soft 5 no_geox g:l‘;'ifols 531 slow_river  ET1
Ba03 | SGB Sgb_H 258651 -17.9258  0.0817 0.1557 0.7623 NA NA NA NA Ej.pslgs NA NA ET1
Ba04 | SGB Sgb09 21.6816  -18.13985  0.0616 0.1259 0.8126 50.1305 soft 5 no_geox g:lz'iigols 531 slow_river  ET1
BaO5 | SGB Sgb06 2285377 -15.1794  0.5819 0.1803 0.2379 46.388 soft 7 no_geox ';\'f‘e‘:icfsols 925 s_flooded  ET1
Ba06 | SGB Sgb07 2355755 -16.63358  0.37 0.1113 0.5188 31.8635  soft 6 no_geox E‘L'J‘fl{'s‘f)ls 697 slow river  ET1
Ba07 | SGB Sgh678 14.7725  -14.90133  0.124 0.1498 0.7264 22.622 soft 8 no_geox ;';‘ﬂi;sols 899 slow_river  ET1
Ba08 | SGB Sgb28315  14.73597 -17.06845  0.0359 0.1224 0.8417 30.53 soft 7 no_geox /I-:\(:er;ao”scols 493 slow_river  ET1
Ba09 | SGB Sgb28315  14.73598 -17.06844  0.0356 0.1231 0.8414 30.53 soft 7 no_geox f\f;ao';fﬂs 493 slow_river  ET1
Bal0 | SGB Sgh28315  14.73599 -17.06846  0.0359 0.1226 0.8414 3053 soft 7 no_geox f\f;ao”scols 493 slow_river  ET1
Ball | SGB Sgb28315  14.73596 -17.06842  0.0357 0.1228 0.8413 3053 soft 7 no_geox Zf;;ao"scols 493 slow_river  ET1
Bal2 | SGB Sgh28316  14.95853 -16.73381  0.0761 0.2463 0.6777 74.01 soft 6 no_geox ['3\5"'5';5 593 s_flooded  ET1
Ba13 | SGB Sgh28316  14.95852 -16.73383  0.0748 0.2456 0.6797 74.01 soft 6 no_geox ['f\ﬁ's'gls 593 s_flooded  ET1
Bal4 | SGB Sgh28316  14.95854 -16.73385  0.0753 0.2453 0.6796 74.01 soft 6 no_geox ['L?Vpl's'gls 593 s_flooded  ET1
Bal5 | SGB Sgb28317  15.03926 -14.82904  0.0372 0.1278 0.835 31.62 soft 8 no_geox Ej.pslgs 894 slow_river  ET1
Bal6 | SGB Sgb28318  17.8136  -16.47611  0.5719 0.0732 0.3549 20.145 soft 5 ho_geox ;fé;ao”scols 703 slow_river  ET1
Bal7 | SGB Sgh28318  17.81361 -16.4761  0.1135 0.1403 0.7462 20.145 soft 5 no_geox f\f;ao"scols 703 slow_river  ET1
Bal8 | SGB Sgb28318  17.81362 -16.47612  0.5888 0.1173 0.2941 20.145 soft 5 ho_geox f\fer;ao”scols 703 slow_river  ET1
Bal9 | SGB Sgb28318  17.81363 -16.47614  0.2437 0.183 0.5734 20.145 soft 5 no_geox ;‘f;ao"scms 703 slow_river  ET1
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Ba20 | SGB Sgh28319  18.15963 -17.05285  0.1408 0.1545 0.7048 41.625 soft 8 no_geox g:liliiscols 651 slow_river  ET1
BeOl | SB Sbo1 15.31283 -14.72857  0.3066 0.5334 0.1602 32.9225 soft 8 ho_geox 'I:'j\ﬁ's'gls 939 slow_river  ET4
Be02 | SB Sb28573  13.17952 -14.84662  0.7215 0.0702 0.2083 35.705 soft 6 no_geox fl"j"v‘l’é‘;ls 490 s_flooded  ET2
Be03 | SB Sb28573  13.17951 -14.84663  0.4014 0.322 0.2766 35.705 soft 6 no_geox Ej\'/f:;ls 490 s_flooded  ET2
co1 | sc Sc23751  18.64008 -15.72272  0.1621 0.6806 0.1571 14.9105 soft 8 no_geox :?er::i:sols 799 fast_river ~ ET2
co2 | sc Sc23751  18.64009 -15.72275  0.1567 0.7346 0.1086 14.9105 soft 8 no_geox ;'f;‘ﬁi;sols 799 fast_river  ET2
co3 | sc Sc23751  18.6401  -15.72271  0.1537 0.7193 0.1269 14.9105 soft 8 no_geox ';\'f‘e?]'ifsols 799 fast_river ~ ET2
co4 | sc Sc01 2243997 -18.83187  0.8113 0.0348 0.1538 33.7105 soft 1l no_geox ;'f;‘ﬁi;sols 466 s_flooded  ET1
Co5 | sC Sc03 2240385 -18.80765  0.8401 0.0272 0.1325 58.258 soft 10 no_geox ;‘f‘gfgols 462 s_flooded  ET1
C06 | SC Sc03 22.40405 -18.80792  0.8352 0.0231 0.1419 58.258 soft 10 no_geox ,:'lfspr:i:sols 462 s_flooded  ET1
co7 | sC Sco1 2243198 -18.82767 0.7735 0.0549 0.1714 33.7105 soft 11 no_geox f\f;ao”scols 466 s_flooded  ET1
cos | sc Sco1 2242467 -18.82958  0.7359 0.0377 0.2267 33.7105 soft 11 no_geox :ra‘e’::ifsols 466 s_flooded  ET1
c09 | sC Sc04 23345 1779052  0.2551 0.4768 0.268 35.5565  soft 2 no_geox Haple o 577 slow_river  ET1
C10 | sc Sc02 1320072 -15.04012  0.6427 0.1066 0.2506 46.714 soft 3 no_geox 'I:'j\ﬁ's'gls 499 fast_river  ET1
c11 | sc Sc02 13.20178 -15.0392  0.679 0.0638 0.2569 46.714 soft 3 no_geox ['jvﬁ's'gls 499 fast_river  ET1
c12 | sc Sc02 13.20325 -15.03843  0.3855 0.1171 0.4973 46.714 soft 3 no_geox ['j\f’l's'gls 499 fast_river  ET1
c13 | sc Sc02 13.20188 -15.03922  0.7691 0.0634 0.1676 46.714 soft 3 no_geox ['j\f:'s'gls 499 fast_river  ET1
c14 | sc Sc28313  20.20366 -11.0207  0.1689 0.3346 0.4965 22.645 soft 6 no_geox ';:r‘;gfsols 1280 fast_river ~ ET4
c15 | sC Sc28336 2091224 -11.52238  0.3891 0.3818 0.2293 28.975 soft 2 no_geox ';;’r?gfsols 1223 slow_river  ET 4
16 | sC Sc28336 2091225 -11.52239  0.2629 0.465 0.2722 28.975 soft 2 no_geox ';:r‘;gfsols 1223 slow_river  ET4
c17 | sc Sc28345  17.19536 122502  0.4737 0.1765 0.3498 41.07 soft 4 no_geox ::rri)s“gls 1284 slow_river  ET1
c19 | sc Sc_HO1 16345  -9.547 0.2974 0.6288 0.0738 NA NA NA NA Haple o NA NA NA
GO1 | SGG Sggo1 2265252 -14.88863  0.0985 0.6277 0.2736 27.2165 soft 12 no_geox ﬁggggls 974 dry ET2
GO2 | SGG Sgeg0l 226524  -14.88773  0.1203 0.6486 0.2312 27.2165 soft 12 no_geox 'l;'ggggls 974 dry ET2
GO3 | SGG Sgg02 227023  -14.61143  0.3851 0.16 0.4549 37.289 soft 13 no_geox ;'sgggls 984 dry ET2
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GO4 | SGG Sgg03 226555  -14.49308  0.1736 0.542 0.2842 209735  soft il no_geox 'l;'ggygls 986 dry ET2
GO5 | SGG Sggo3 22.65407 -14.49405  0.6401 0.1822 0.1777 209735  soft 11 no_geox ';\'fe?]'ifsols 986 dry ET2
GO6 | SGG Sgg04 2269927 -14.67135  0.2748 0.3627 0.3626 422125  soft 10 no_geox 'F','j'gggls 996 dry ET2
GO7 | SGG Sgg05 2267742 -14.82513  0.1805 0.4453 0.3742 191115  soft 14 no_geox 'l;'ggfgls 979 dry ET2
Go8 | SGG Sgg07 17.06932 -13.69258  0.4581 0.1399 0.4021 34.0875  soft 8 no_geox o 4121 dry ET2
GO9 | SGG Sgg07 17.06873 -13.689 0.4375 0.1485 0.4137 NA NA NA NA Zf;;ao”scols NA NA ET 2
G10 | SGG Sge08 17.01387 -13.69912  0.1574 0.7214 0.1208 406105  soft 4 no_geox f\f;ao"sf)ls 1132 dry ET4
G11 | SGG Sgg H 13.533 -15.053 0.2548 0.6128 0.1326 NA NA NA NA ?z:ir(;lsols NA NA NA
G12 | SGG Sge28341 1834317 -12.1673  0.2267 0.2826 0.4906 50.62 soft 8 no_geox ng;ac:fols 1215 dry ET2
GxO1 | SGGx Sgex03 22.6546  -14.49407  0.4889 0.3348 0.1764 108.996  stiff 4 unk_geox Eggg&s 086 dry ETS
Gx02 | SGGx Sgex03 2265472 -14.49255  0.7568 0.0782 0.1649 108.996  stiff 4 unk_geox 'F','ggfgls 986 dry ET5
Gx03 | SGGx Sgex05 2067732 -14.82335  0.4345 0.3865 0.1791 761575  stiff 2 unk_geox ';ggggls 979 dry ET5
Gx04 | SGGx Sgex28311  20.89973 -11.52528  0.2755 0.3897 0.3343 761575  stiff 5 unk_geox ‘F\Z;‘r‘;lsols 979 dry ET3
GXO5 | SGGx Sgex28311  20.89974 -11.52526  0.3789 0.436 0.1852 51.43 tiff 5 unk_geox ‘F\;:ir‘;lsols 1218 s_flooded  ET3
GX06 | SGGx Sgex28313  20.20366 -11.0207  0.3627 0.3013 0.3363 62.805 stiff 6 unk_geox Esﬁgfsms 1280 fast_river ~ ET3
GxO7 | SGGx Sgex28314  20.2058  -10.64443  0.4396 0.1748 0.3856 51.065 stiff 4 unk_geox ;':ﬁgfsols 1315 fast_river  ET3
GX08 | SGGx Sgex28337  20.91224 1152239  0.359 0.5504 0.0906 71.09 stiff 6 unk_geox ';;ﬁgfsols 1223 dry ET3
GX09 | SGGx Sgex28552  16.55723 -14.48223  0.389 0.42 0.1911 42,595 stiff 7 unk_geox Zf;;ao”scols 087 s flooded  ET3
Gx10 | SGGx Sgex28552 1655724 -14.48221  0.3842 0.428 0.1878 42,595 stiff 7 unk_geox f\f;ao"szls 987 s_flooded  ET3
HO1 | SGH Sgh23935  17.30775 -13.59665  0.8217 0.033 0.1452 46.268 stiff 0.4 geoxyle ';:r‘;gfsols 1104 dry ET5
HO2 | SGH Sgh23935  17.30776 -13.59666  0.7091 0.1279 0.1629 46.268 stiff 0.4 geoxyle ';:‘r‘;glcsols 1104 dry ET5
HO3 | SGH Sgh23935  17.30774 -13.59664  0.7344 0.1168 0.1488 46.268 stiff 0.4 geoxyle ';:ﬁglcsols 1104 dry ET5
HO4 | SGH Sgh23940  21.07199 -11.48048  0.8301 0.0254 0.1442 522115  stiff 0.4 geoxyle E:ﬁ'gfsols 1234 s_flooded  ET5
HO5 | SGH Sgh23940  21.07198 -11.48047  0.8186 0.0322 0.1493 522115  stiff 0.4 geoxyle ';;F;gfsols 1234 s_flooded  ET5
HO6 | SGH Sgh23940  21.07197 -11.48046  0.7984 0.0377 0.1638 522115  stiff 0.4 geoxyle ';:r‘;gfsols 1234 s_flooded  ET5
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HO7 | SGH Sgh23941 2585778 -16.15886  0.8204 0.0307 0.1489 38.316 stiff 0.4 geoxyle ';:r‘;gfsols 784 s_flooded  ET5
HO8 | SGH Sgh23941 2585777 -16.15887  0.6127 0.2083 0.179 38.316 stiff 0.4 geoxyle ['I?(FSI(IJCI:S 784 s_flooded  ET5
HO9 | SGH Sgh23941 2585779 -16.15888  0.6665 0.1623 0.171 38316 stiff 0.4 geoxyle ['Iif’s'('fls 784 s_flooded  ET5
H10 | SGH Sgh23961  18.77962 -15.31175  0.2783 0.4127 0.3093 NA stiff 0.4 geoxyle ';':r‘;glcsols 850 dry ET5
H11 | SGH Sgh23961  18.77963 -15.31176  0.274 0.4153 0.3109 NA stiff 0.4 geoxyle E:r?glcsols 850 dry ETS
H12 | SGH Sgh_HO1  17.528  -15.76 0.7738 0.084 0.142 NA NA NA NA ';Ii‘\’/'iiscols NA NA ET5
H13 | SGH Sgho1 2328942 -155755  0.2898 0.5118 0.1985 44.411 stiff 0.4 geoxyle ';ggfgls 846 s_flooded  ET5
H14 | SGH Sgh02 22.64578 -14.91278  0.4815 0.4177 0.1005 35.932 stiff 0.3 geoxyle ;';‘i:i;sols 981 dry ET5
H15 | SGH Sgho2 2264715 -14.91235  0.7063 0.1412 0.1527 35.932 stiff 0.3 geoxyle :feﬁ:fsols 981 dry ET5
H16 | SGH SGHs1 226523  -14.8875  0.4576 0.4279 0.1146 35.932 stiff 0.4 geoxyle ';j‘g'zigls 981 dry ET5
H17 | SGH Sgho3 2270215 -14.61315  0.8204 0.0429 0.1367 35.379 stiff 0.4 geoxyle ;'ggfgls 984 s_flooded  ET5
H18 | SGH Sgho3 2270382 -14.61535  0.8209 0.0419 0.1373 35.379 stiff 0.4 geoxyle :mifsms 984 s_flooded  ET5
H19 | SGH Sgho4 22.69633 -14.61592  0.7439 0.1154 0.1407 41.7595 stiff 0.4 geoxyle ;'f‘e‘;:fsols 982 s_flooded  ET5
H20 | SGH Sgho4 2269652 -14.6151  0.8201 0.0425 0.1374 417595  stiff 04  geoxyle ';\';’?:ifsols 082 s_flooded  ET5
H21 | SGH Sghos 2257905 -14.355 0.8155 0.03 0.1547 300585  stiff 04  geoxyle :?e?:i:sols 991 s flooded  ET5
H22 | SGH Sgho5 2257913 -14.35443  0.7746 0.0688 0.1564 39.9585 stiff 0.4 geoxyle I:z::i:sols 991 s_flooded  ET5
H23 | SGH Sgho6 22.68427 -14.81543  0.7208 0.1039 0.1756 38.936 stiff 0.4 geoxyle :?eewli)csols 977 s_flooded  ET5
H24 | SGH SGHs2 226773  -14.8235  0.5632 0.3272 0.1097 39.9585 stiff 0.4 geoxyle ';Z‘g'zigls 991 s_flooded  ET5
H25 | SGH Sgho7 17.11777 -13.69755  0.8086 0.0348 0.1567 50.7995 stiff 0.4 geoxyle ';;‘igfsols 1105 dry ET5
H26 | SGH Sgh09 17.07298 -13.7008  0.524 0.3194 0.1565 82.226 stiff 0.5 geoxyle F'Z'ﬁgfsms 1105 dry ET5
H27 | SGH SghGTN 16.70327 -13.00915  0.1542 0.7993 0.0465 NA NA NA NA ﬁg:ir(;lsols NA NA ET5
H28 | SGH Sgh10 17.66852 -16.20037  0.4514 0.4314 0.1172 52.035 stiff 0.4 geoxyle f\f;ao';fﬂs 734 dry ET5
H29 | SGH Sghil 17.70382 -16.33993  0.3118 0.5769 0.1114 66.6175 stiff 0.4 geoxyle ggfgii‘;ols 718 s_flooded  ET5
H30 | SGH Sgh28333  20.20111 -10.64027  0.7409 0.0429 0.2161 57.615 stiff 0.5 geoxyle ';:r’igfsols 1314 dry ET5
H31 | SGH Sgh28333  20.20113 -10.64026  0.1554 0.7736 0.0709 57.615 stiff 0.5 geoxyle ';:r‘;gfsols 1314 dry ET5
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H33 | SGH Sgh28337 2091224 -11.52239  0.5522 0.2599 0.1877 NA stiff 0.4 geoxyle F':r‘;gfsols 1223 dry ET5
H34 | SGH Sgh28337  20.91225 -11.52238  0.269 0.3809 0.3502 NA stiff 0.4 geoxyle ';;‘igfsols 1223 dry ET5
H35 | SGH Sgh28337  20.91226 -11.52237  0.716 0.1114 0.1726 NA stiff 0.4 geoxyle ';:ﬁgfsols 1223 dry ET5
H36 | SGH Sgh28338  21.13515 -11.62844  0.5584 0.2454 0.1963 44.33 stiff 0.4 geoxyle ;'f;'fsols 1223 s_flooded  ET5
H37 | SGH Sgh28338  21.13516 -11.62845  0.6981 0.1406 0.1613 44.33 stiff 04  geoxyle flaplle . 1223 s_flooded  ET5
H38 | SGH Sgh28344  17.83717 -11.96972  0.3884 0.4293 0.1824 51.975 stiff 0.4 geoxyle ';:r‘;gfsols 1189 dry ET5
H39 | SGH Sgh28349  17.57015 -15.8407  0.7991 0.0512 0.1497 53.405 stiff 04  geoxyle f\f;ao"sf)ls 769 dry ET5
H40 | SGH Sgh28349 1757014 -15.84069  0.8345 0.0347 0.1309 53.405 stiff 0.4 geoxyle Zf;;ao”scols 769 dry ET5
H41 | SGH Sgh28349  17.57016 -15.84068  0.615 0.2235 0.1614 53.405 stiff 0.4 geoxyle ng;ac:fols 769 dry ET5
H42 | SGH Sgh28349  17.57015 -15.84067  0.3561 0.4764 0.1674 53.405 stiff 0.4 geoxyle AF\féLao”scms 769 dry ET5
H43 | SGH Sgh28551  14.60148 -15.12613  0.5208 0.2796 0.1996 47325 stiff 0.3 geoxyle ;'Z?:i:sols 869 dry ET5
MO1 | SGM Sgm23691  16.73154 -13.34144  0.1154 0.8509 0.0336 78.039 soft 4 no_geox ';;‘igfsols 1208 dry ET4
MO2 | SGM Sgm23691 16.73155 -13.34143  0.1143 0.8549 0.0309 78.039 soft 4 no_geox ';:r‘;gfsols 1208 dry ET4
MO3 | SGM Sgm23691 16.73156 -13.34145  0.1466 0.7988 0.0548 78.039 soft 4 no_geox ';;’r?gfsols 1208 dry ET 4
M04 | SGM Sgm23717  17.14019 -13.63721  0.3037 0.4095 0.2867 28.853 soft 8 no_geox f\f;ao';fﬂs 1129 dry ET 4
MO5 | SGM Sgm23717  17.14032 -13.63722  0.1664 0.7009 0.1326 28.853 soft 8 no_geox ;(ra(;:\acjiscols 1129 dry ET4
M06 | SGM Sgm23717 17.14018 -13.63723  0.1825 0.7012 0.1161 28.853 soft 8 ho_geox Zf;ao"szls 1129 dry ET4
MO7 | SGM Sgm_HO1 16074  -15.11 0.112 0.8033 0.0847 NA NA NA NA ;'f‘e‘;:fsols NA NA ET4
MO8 | SGM Sgmo1 16.60492 14.49627  0.1466 0.8182 0.035 109.6135  soft 6 no_geox f\f;ao"szls 1010 dry ET 4
M09 | SGM Sgmo1 16.60465 -14.49603  0.1391 0.7918 0.0691 109.6135  soft 6 no_geox ;fé;ao”scols 1010 dry ET4
M11 | SGM Sgmo02 14.76572 -12.9703  0.1338 0.8085 0.0578 106.7375  soft 4 no_geox ';:r‘;glcsols 1224 dry ET4
M12 | SGM Sgm02 14.76617 -12.97015  0.1305 0.8115 0.058 106.7375  soft 4 no_geox E:r?glcsols 1224 dry ET4
M13 | SGM Sgmo03 17.1137  -13.72255  0.1081 0.8001 0.0917 60.841 soft 6 no_geox E:ﬁglcsols 1143 dry ET4
M14 | SGM Sgm03 17.11425 13.72077  0.1347 0.8025 0.0627 60.841 soft 6 ho_geox f\fer;ao”scols 1113 dry ET 4
M15 | SGM SGM 17.07407 -13.68257  0.1211 0.8365 0.0424 34.0875 soft 8 no_geox ;’fé;ao'fols 1121 dry ET4
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M16 | SGM Sgm28310  19.35596 -10.11635  0.1353 0.7789 0.0859 142.35 soft 4 no_geox ‘F‘z:ir%lsols 1398 dry ET4
M17 | SGM Sgm28343  17.96609 -11.98638  0.133 0.538 0.3289 56.085 soft 3 no_geox Ffﬁ!fsms 1200 dry ET4
M18 | SGMx Sgm16 13.40637 -14.81457  0.1163 0.8316 0.052 57.5495 stiff 2 unk_geox éz:ir?:\lsols 083 dry ET4
M19 | SGMx Sgm16 13.40087 -14.80043  0.1138 0.8573 0.029 57.5495 stiff 2 unk_geox I::lggfsols 983 dry ET4
M20 | SGMx Sgm16 13.4012  -14.80052  0.114 0.857 0.0292 57.5495 stiff 2 unk_geox ';:ﬁgfsols 083 dry ET4
M21 | SGMx Sgmo8 17.118  -13.7007  0.1185 0.8485 0.0331 87.975 soft 1 geoxyle ';:r‘;gfsols dlalaldl dry ET4
M22 | SGMx Sgmo8 17.11715 -13.70052  0.139 0.6542 0.207 87.975 soft 1 geoxyle Egreg(l:sols 1111 dry ET 4
M23 | SGMx Sgm09 17.07183 -13.69963  0.1172 0.8504 0.0324 82.5345 soft 1.2 geoxyle ';:r‘;gfsols 1105 dry ET4
M24 | SGMx Sgm09 17.07117 -13.70245  0.1483 0.6682 0.1836 825345 soft 1.2 geoxyle :::r?glcsols 1105 dry ET4
M25 | SGMx Sgm13 17.14155 -14.67065  0.1299 0.8238 0.0464 36.763 stiff il geoxyle f\f;]ao'fms 959 dry ET5
M26 | SGMx Sgm13 17.1425  -14.67057  0.1507 0.7832 0.066 36.763 stiff 1.2 geoxyle f\f;;a;iscols 959 dry ET5
M32 | SGM Sgm28346 1521083 -12.89856  0.1362 0.8054 0.0587 71.465 soft 4 geoxyle ‘F‘gfr‘;lsols 1291 dry ET 4
TOL | ST St02 13.40215 -14.80738  0.208 0.1391 0.6529 20.082 stiff 6 no_geox Zf;;ao”scols 983 dry ET1
102 | ST St02 13.40203 -14.80455  0.3184 0.1137 0.5679 20.082 stiff 6 no_geox /I;\g:irglsols 983 dry ET1
T03 | ST St_HO1 35594  -7.326 0.4854 0.3048 0.2097 NA NA NA NA aple o NA NA ET1
104 | ST Sto1 13.38075 -14.81618  0.4686 0.189 0.3427 14.205 stiff 4 no_geox I::lggfsols 865 dry ET1
T05 | ST Sto1 13.38076 -14.81616  0.3919 0.2065 0.4015 14.205 stiff 4 no_geox ';:ﬁgfsols 865 dry ET1
T06 | ST Sto1 13.38077 -14.81615  0.1084 0.1325 0.7593 14.205 stiff 4 no_geox ';:r‘;gfsols 971 dry ET1
T07 | ST Sto1 13.38078 -14.81619  0.5428 0.0823 0.3748 14.205 stiff 4 no_geox Egreg(l:sols 971 dry ET1
T08 | ST St_HO2 13377  -15.028 0.2846 0.4022 0.3132 NA NA NA NA ?g:irglsols NA NA ET1
T09 | ST St_HO3 13.38 -14.816 0.1554 0.2222 0.6224 NA NA NA NA F':ﬁ!fsms NA NA ET1
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Table S2: Detailed documentation of the outcomes from STRUCTURE analysis with 10 repeats
per K. Simulations were run assuming the model allowing admixture, correlated allele frequencies,
unknown allele dosage and no prior grouping. Results were interpreted according to Evanno et al.
(2005) using the software STRUCTURE HARVESTER from Earl and von Holdt (2012). The first score
was achieved at K =3, and three genetic clusters were assumed in all subsequent analyses.
Though K =9 achieved the highest score, this was due to failed detection of genetic structuring
(each individual shared the same ancestry from each cluster), which leads to seemingly high

likelihood and probability.

ﬁ LMneFfER) Stdev LnP(K)  Ln'(K) ILn"(K)| Delta K
1 3830.74 045 - - -

2 411993  406.33 1289.19 485.90 1.19

3 -392321  147.79 196.71 925.06 6.25

4 465157  1764.62 728.35 740.00 0.41

5 -4639.92  1209.54 11.65 78.71 0.06

6 -4549.55  1342.68 90.37 313.47 0.23

7 414571  785.256 403.84 662.99 0.84

8 -4404.86  1350.08 259.15 814.31 0.60

9 -3849.70  54.95 555.16 700.59 12.74
10 -3995.13  220.75 145.43 ; -

225



Supplementary Material: Chapter IX Supplement

Chapter IX Supplement

Table S9.1. Overview on families and species sampled for this study regarding life form, leaves type, height,
leaf phenology, ectomycorrizal symbiosis and vouchers.

Species Families Life leaves Height  Leaf ECM vouchers
P form (m)  phenology (HBG)
Adenodolichos mendesii Torre Fabg.ceae_— geox. cC.t 0.5 deciduous N 140052
Papilionoidae
g?er:;)na stenophylla ssp nana Engl. & Annonaceae geox. S. 0.4 deciduous N 140065
Brachystegia bakeriana Burtt Davy & Fabaceae- . 135298;
Hutch Detarioidae tree  c.p. 10+ deciduous v 139016
Fabaceae- 132957,
Brachystegia longifolia Benth. L tree C.i. 10+ deciduous Y 134288,
Detarioidae
135621
Fabaceae- semi- 135360;
Baphia bequaertii De Wild. Pabilionoidae tree S. 4-7 deciduous N 139242;
# 133018
. . Fabaceae- ) ) 132793,
Brachystegia russelliae |.M.Johnst. Detarioidae geox. C.i. 04 deciduous Y 143837
. .. . Fabaceae- _
Brachystegia spiciformis Benth. Detarioidae tree c.p. 8-30 deciduous Y 132676
Burkea africana Hook Fabacegej . tree c.p. 10+ deciduous N -
Caesalpinioidae
Combretum platypetalum Welw. Combretaceae geox. 0.5 deciduous N 135541
Combretum zeyheri Sond. Combretaceae tree 10+ deciduous N 132510
Cryptosepalum exfoliatum (Baker f.) Fabaceae-
P.A.Duvign. & Brenan. subsp. . tree c.p. 10+ deciduous Y 135304
Detarioidae
pseudotaxus
Cryptosepalum sp nov semi- 132481,
Fabaceae geox. c.p. 0.3 deciduous Y 132754
Erythrophleum africanum (Welw. ex FabaceaTej . tree Gl 10+ deciduous N 135333
Benth.) Harms. Caesalpinioidae
F _
Julbernardia paniculata (Benth.) abagege tree c.p. 10+ deciduous Y -
Detarioidae
132917;
Monotes africanus A.DC. Dipterocarpaceae tree S. 10+ deciduous (Y) 134160;
134228
Ochna arenaria De Wild. and T. Durand.  Ochnaceae geox. 0.2 deciduous N 140070
Parinari capensis Harv. Chrysobalanaceae geox. 0.1 deciduous N 132664
Parinari curatellifolia Planch. ex Benth. Chrysobalanaceae tree s. 10+ Se”?" N 132671
deciduous
F -
Pterocarpus angolensis DC. abc";l.ceae' tree C.i. 10+ deciduous N -
Papilionoidae
Protea trichophylla Engl. & Gilg Proteaceae geox. s. 0.5 deciduous N 140095
Pygmaeothamnus zeyheri (Sond.) Rubiaceae tree  s. 0.2  deciduous N 140075
Robyns
Rhus exelliana Meikle Anacardiaceae geox. cC.. 0.4 deciduous N 140036
Syzygium guineense (Willd.) DC. subsp. 135802,
M . . 1
macrocarpum (Engl.) F.White yrtaceae geox. s S 143204
Syzygium guineense (Willd.) DC. subsp.
M . - 1
macrocarpum (Engl.) F.White yrtaceae tree s 5-6 evergreen N 35805
Uapaca nitida MUll. Arg. Euphorbiaceae tree s. 10+ evergreen Y 135302
Uapaca nitida Mull. Arg.var. . 132490,
suffrutescens P.A.Duvign Euphorbiaceae geox. S. 0.4 evergreen Y 134199

Life form: geox.=geoxyle; Leaves: c.t.=compound trifoliate; s.= simple; c.p.=compound paripinnate; c.i.=compound

imparipinnate; c.bp.= compound bipinnate. ECM: ectomycorrhizal symbiosis; N-non; Y-Yes.
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Table S9.2: Mean values of plant functional traits for geoxyles. Adm-Adenodolichos mendesii; Ast- Annona

stenophylla; Brs- Brachystegia russelliae; Ces- Cryptosepalum sp nov; Cpt- Combretum platypetalum; Oar-

Ochna arenaria; Pcp- Parinari capensis; Ptr- Protea trichophylla; Pzh- Pygmaeothamnus zeyheri; Rex- Rhus

exelliana; Shl- Syzygium guineense subsp. huillensis; Uns- Uapaca nitida var. suffrutescens.

Adm Ast Brs Ces Cpt Oar Pcp Ptr Pzh Rex Shi Uns

SLA 9543 80.52 93.60 109.43 70.16 5872 7276 4463 63.64 59.12 65.12 78.87
LT 0.53 0.40 0.22 0.20 0.35 0.27 0.26 0.53 0.33 0.37 0.37 0.39
LA 189.80 99.71 45.14 4.42 143.12 101.31  31.77 86.74 69.96 93.69 170.47 104.10
LDMC 020 031 0.49 0.47 0.40 0.63 0.53 043 052 045 0.41 0.32
WD 051 0.54 0.70 0.62 0.71 0.68 0.55 0.63 0.71 e 0.53 0.62
LN 2.20 1.61 1.93 2.22 1.12 1.33 1.35 0.75 1.38 1.60 1.17 1.52
LC 48.72 4855 52.73 46.26 4850 5230 4551 5148 50.30 49.66 51.78 49.05
LP 1.33 1.03 1.54 1.52 0.75 0.63 0.75 050 064 1.01 0.81 0.82
LCa 7.20 9.59 9.36 6.91 3.39 4.20 3.07 2.34 5.27 1391 4.44 2.19
LMg 6.93 021 5.05 5.77 0.15 0.13 0.15 0.10 0.13 0.20 4.58 0.16
LK 399 9.71 2.20 2.23 9.70 1046 9.10 10.30 10.06 9.93 2.24 9.81
C/N 22.31 3047 2746 2127 4390 39.54 33.77 6885 37.71 3146 44.76 32.22
N/P  16.82 15.77 12.60 14.82 1490 25.50 17.96 1492 2230 15.92 14.52 18.56
WP -1.50 -4.18 -10.6 -10.60 * -11.70 -10.7 -4.40 -7.60 -2.30 9.23 -6.50

*-Not measured

Table §9.3: Mean values of plant functional traits for trees. Baf- Burkea Africana; Bbk- Brachystegia
bakeriana; Bbg- Baphia bequaertii; BIf- Brachystegia longifolia; Bsp- Brachystegia spiciformis; Cef-
Cryptosepalum exfoliatum subsp. pseudotaxus; Czh- Combretum zeyheri; Eaf- Erytrophleum africanum; Jpn-
Julbernardia paniculata; Maf- Monotes africanus; Pcr- Parinari curatelifolia; Png- Pterocarpus angolensis; Szt-
Syzyzgium guineense subsp. macrocarpum; Unt- Uapaca nitida subsp. nitida.

Baf Bbk Bbq BIf Bsp Cef Czh Eaf Jpn Maf Pcr Png Szt Unt
SLA 7154 76.58 77.26 98.98 89.15 95.74 100.07 82.46 86.98 82.97 54.66 101.46 67.47 80.43
LT 0.30 0.26 0.36 0.20 0.23 0.25 0.30 0.24 0.25 0.24 0.38 0.21 0.32 0.35
LA 90.84 6139 3271 209.25 156.82 7.13 156.92 57.86 190.61 11450 126.46 14549 165.23 142.11
LDMC 0.47 0.51 0.37 0.50 0.50 0.42 0.34 0.52 0.46 0.52 0.49 0.48 0.46 0.36
WD 0.62 0.55 0.66 0.58 0.53 0.54 0.65 0.60 0.51 0.55 0.47 0.51 0.55 0.49
LN 2.07 1.95 2.70 2.09 2.01 2.40 2.25 1.99 2.24 1.49 1.05 2.81 0.96 1.60
LC 54.74 54.13 50.90 54.50 49.13 52.00 50.50 54.35 52.41 48.67 40.86 50.91 51.58 49.76
LP 0.81 1.16 1.27 1.44 1.44 1.12 1.51 0.84 1.18 1.01 0.58 1.42 0.71 1.14
Lca 32 4.98 3.64 491 5.13 2.47 7.86 3.54 6.31 3.41 6.57 7.31 6.40 4.96
LMg 0.16 0.23 0.25 0.82 0.29 0.22 0.30 0.17 0.24 0.20 0.12 0.28 0.14 0.23
LK 10.95 10.83 10.18 10.90 9.83 10.40 10.10 10.87 10.48 9.73 8.17 10.18 10.32 9.95
C/N 26.69 28.01 19.14 26.16 2445 21.80 2253 27.44 23.48 32.87 39.17 18.19 54.27 31.17
N/P 2548 16.82 2133 14.60 14.05 21.88 15.09 23.82 19.39 14.79 20.08 18.10 13.40 14.22
WP -10.9 -11.0 -8.59 -11.0 -10.5 -10.3 -10.1 -10.9 -10.8 -19.4 -6.98 -1.74 -5.30 -2.75
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Table S9.4: One-way ANOVA comparing means of traits between Fabaceae species and non-Fabaceae
species within each group (geoxyles and trees).

(***-highly significant; **-significant; n.s.-not significant, p<0.05).
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Trait Meantse ANOVA
rars Fabaceae non-Fabaceae F p(same)
SLA (cm2/g) 99.49 +2.77 65.95 + 1.82 90.023 K
LT (mm) 0.32 + 0.04 0.37 £ 0.05 2.535 n.s.
LA (cm2) 79.79 £21.43 100.10 £ 5.92 1.622 n.s.
LDMC (mg/g) 0.39 £ 0.04 0.45 + 0.02 2.758 n.s.
WD (g/cms3) 0.61 + 0.05 0.62 + 0.01 0.129 n.s.
" LN (%) 2.12 + 0.06 1.31 £ 0.04 92.687 BT
% C (%) 49.23 +0.74 49.68 + 0.40 0.308 n.s.
§ LP (mg/g) 1.46 + 0.046 0.77 £ 0.03 131.610 e
O | LCa(mg/g) 7.82+0.44 5.38 + 0.60 5.227 el
LMg (mg/g) 5.92 £ 0.26 0.65 + 0.24 142.330 WL
LK (mg/g) 2.81+0.52 9.03 +0.37 76.401 Hhx
C:N ratio 23.68 £ 0.83 40.30 + 1.79 27.620 S
N:P ratio 14.75 +0.78 17.82 +0.79 4.419 X
WP (bar) -7.59 £ 1.15 -7.07 £ 0.50 0.228 n.s.
SLA (cm2/g) 86.69 + 1.78 77.12 + 3.50 7.277 THhx
LT (mm) 0.26 + 0.01 0.32+£0.01 25.753 EILIE3
LA (cm2) 105.79 + 10.86 141.05 + 5.06 5.457 wx
LDMC (mg/g) 0.47 + 0.01 0.43 +0.02 4.693 N
WD (g/cm3) 0.57 +0.01 0.54 +0.014 3.361 n.s.
LN (%) 2.25 + 0.06 1471 +£0.10 56.535 B3T3
8 C (%) 52.56 £ 0.43 48.27 + 0.80 26.733 wHRE
E LP (mg/g) 1.19 £ 0.04 0.99 £ 0.07 6.939 B33
LCa (mg/g) 463 +0.28 5.84+0.41 6.195 **
LMg (mg/g) 0.30 £ 0.07 0.20 +0.014 1.015 n.s.
LK (mg/g) 10.50 £ 0.09 9.66 + 0.20 26.733 wHRE
C:N ratio 23.93 £ 0.58 36.00 £ 2.24 43.132 B3T3
N:P ratio 19.50 + 0.6 15.52 + 0.58 17.825 wHEE
WP (bar) -951+04 -891+1.19 0.324 n.s.
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Table S9.5: One-way ANOVA showing traits variation in ectomycorrhizal (ECM) species and species without
this association (non-ECM).

(***-highly significant; n.s.-not significant, p<0.05).
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Trai Meanzse ANOVA
raits ECM non-ECM F p(same)
SLA (cm2/g) 93.97 £ 3.89 67.79 £2.23 34.14 ok
LT (mm) 0.27 £ 0.02 0.38 £ 0.01 15.53 EILIE3
LA (cm?2) 51.22 £+11.25 109.62 £+ 7.3 16.83 ok
LDMC (mg/g) 0.43 +0.02 0.43 +0.02 0.01 n.s.
WD (g/cm3) 0.65 + 0.04 0.61 +0.01 1.36 n.s.
o | LN (%) 1.89 £ 0.09 1.39 £ 0.06 18.37 B3T3
2 | LC (%) 49.35+ 0.7 49.64 + 0.4 0.14 n.s.
§ LP (mg/g) 1.29 £ 0.09 0.83 + 0.04 26.44 LI
O | LCa (mg/g) 6.15 + 0.80 5.94 + 0.60 0.04 n.s.
LMg (mg/g) 3.66 + 0.70 1.40 £ 0.40 8.74 BT
LK (mg/g) 4.75 £ 0.96 8.39+0.46 13.98 lkad
C:N ratio 26.98 + 1.26 39.20 + 1.96 12.24 B3T3
N:P ratio 15.33+0.79 17.62 + 0.81 2.39 n.s.
WP (bar) -9.25 + 0.50 -6.45 + 0.60 7.73 LI
SLA (cm2/g) 87.26 + 1.66 79.27 + 3.02 5.39 wk ok
LT (mm) 0.25 + 0.01 0.30 + 0.01 14.39 BT
LA (cm?2) 125.97 £ 12.25 110.79 £ 8.52 1.04 n.s.
LDMC (mg/g) 0.47 £+ 0.01 0.45 + 0.01 1.60 n.s.
WD (g/cms3) 0.54 +0.01 0.58 + 0.01 8.31 ok
LN (%) 1.97 £ 0.06 1.98 £ 0.12 0.00 n.s.
8 | LC (%) 51.51 +£0.47 50.55 +0.81 1.08 n.s.
E LP (mg/g) 1.21 £ 0.03 1.02 £ 0.06 7.49 BT
LCa (mg/g) 4.60 £ 0.27 5.52 +0.39 3.78 n.s.
LMg (mg/g) 0.32 +0.09 0.20 + 0.01 1.52 n.s.
LK (mg/g) 10.30 + 0.09 10.11 + 0.20 1.08 n.s.
C:N ratio 26.85 + 0.7 29.63 £ 2.10 1.56 n.s.
N:P ratio 16.54 + 0.57 19.61 +0.75 10.65 wk ok
WP (bar) -10.80 + 0.77 -7.78 £ 0.54 10.26 BT
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