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Abstract

The climate has been changing at an unprecedented rate, affecting natural systems
around the gl obe. I'ts 1 mpact has been mc
phenology, which has received extensive attention in the current -glodade
research, maly in temperate regions. However, little is known about phenology in
African tropical forests. Africa is known to be vulnerable to climate change and
filling the gaps is an urgent matter. In this study we assess plant phenology at the
individual, site ad continental level. We first compare flowering and fruiting events

of species shared between multiple sites, accounting for three quantitative indicators,
such as frequency, fidelity for conserving a certain frequency and seasonal phase.
We complement tli analysis by assessing interannual trends of flowering and
fruiting frequency and fidelity to their dominant frequency at 11 sites. We complete
the bigger picture by analysing flowering and fruiting frequency of African tropical
trees at the site and comanity level. Next, we correlate three climatic indices
(ENSO, 10D and NAO) with flowering and fruiting events at the canopy level, at 16
sites. Our results suggest that 30 % of the studied species show plasticity or
adaptability to different environmentsich will most likely be resilient to moderate
future climate change. At both site acdntinental level we found that annual
flowering cycles are dominant, indicating strasgasonality in the case of more than
50% of African tropical speciesinder investiation We also found that individuals
flower and fruit less frequently over time, most probably due to senescence or a
possible climate change impact. Moreover, results indicate that flowering and
fruiting events of around 30% of species are correlatéd @ane or more climatic
phenomenon. However, their response to drier or wetter conditions is variable,
highlighting the wide varieties of mechanisms African tropical trees adopt in relation
to stress conditions. Altogether, this study fills important gapd highlights the

uniqueness of African tropical forests not reported before.
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Chapter 1

General Introduction
1. Climate change

Climate has constantly shaped the environment, governed living systems and
affected human wellbeindHudsa & Keatley, 2009 The world is currently
experiencing a period of rapid global warming, primarily driven by anthropogenic
change, which has no historical precedent in either its rate of change nor its absolute
scale(Malhi & Wright, 2009. Greenhouse gases emitted by anthropogenic
emissions have increased since the industrial revol(@anderson, Hemming, &

Betts, 201). The most common greenhouse gasses include carbon dioxidg (CO
methane (Ck) and nitrous oxide (pD), which are either retained in the atmosphere
or deposited in plants, soils or oceans. The roantributor to global warming is

CO, which accounts for 70% of the present greenhouse €Hecighton, 200p
Measurements from ice cores indicate that before the beginning of industrialisation,
COxwas relatively stable at a mean value of 280 ppm for many thousand years
(Hughes, 2000 AverageCO: levels have increased dramatically since the Industrial
Revolution, reaching 370 ppm in 2000 and continue to increase at a rate of
approximately 1.5 ppm per ye@tughes, 2000 Additionally, global temperatures

also increased by 0.6 °C in the last 100 y@afslther et al., 2002and are expected

to continue raising by 0.1 °C per decade until 20BCC, 2014. Besides

temperature, precipitation patterns are also changing, however they are inconsistent
with regard to both space and tie@CC, 2014. Such changes in temperature and
precipitation are expected to impact natural systenvaiious ways across

continents, with each species responding to it individualisti¢BUyt et al., 201h

In addition, changes in climate broughtdxtreme weather eventacluding

hurricanes, windstorms, floods, severeudjfats and heavy precipitatioare mainly
encountered ithetropics and subtropics, with no uniform pattern across different
places Houghton, 200R How climate change wiklkffect the Earth ecosystems,

wildlife, primary production systems and how these systems will in turn respond to
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it, are some of the most important questions in the climate change context. Already
visible changes have been documented for many terrestiiaharine species
globally (Parmesan, 20Q0®armesan & Yohe, 2008Valther etal., 2003.

2. Impacts of climate change

Noticeable effects of climate change on natural systems are frequently reported as
altered interspecific interactions, shifts in distribution and changes in phenology of
animals and plants. With climate changing and alteriagtiaer conditions, species
have crossed boundaries, to search for new suitable habitats. Such examples were
reported in the Mediterranean Sea, where new waater species emerged and in

the subArctic islands, where increased plant diversity and inseets wbserved
(Walther et al., 2002 Additionally, new species have started to inhabit sea
anemones in Monterey B&$agarin, Barry, Gilman, & Baxter, 199€hanges were
seen in the shift of isotherms by approximately-800 km and 500 m in latitude

and elevationtespectivelystimulating species to advance towards the poles
(Hughes, 2000 Range shifts were reported most often in the case of birds,
butterflies and alpine animals, which moved an average of 6.1 km per decade
northward(Parmesan & Yohe, 2003

Earlier onset in spring events, including the arrival of migratory birds, butterflies,
shooting and flowering of plants have beeeviwusly reportedVisser & Both,

2005 Walther et al., 2002 For example, during a 3gear study in Europe, nine
flycatcher Ficedula hypoleucapopulations showed significant laying date advances
at the most rapidly warming sitéBoth et al., 200 Moreover, several arctic species
have reduced in their range size as a consequence of losing their suitable
environmental condition@Beaugrand, Reid, Ibafiez, Lindley, & Edwards, 2002
addition, extreme weathewrents, such as hurricanes have also affected bird
populations, even leading to extinctions as is the caksexiilla portoricensis
grandissulspecies in subtropical forests of Puerto RiBott et al., 201p

Moreover, it has been suggested that climate change is also influencing the
composition, structure and biogeography of forests around the world (Allen et al.,
2010). Forests play an important role for natural systems @mdrkind(Anderson

Teixeira et al., 2015 They are a source of food for animals, regulate hydrological

11



cycles, protect soil resources and influence climate via energy, water and carbon
dioxide exchange with the atmosph@enan, 2008 In relation to global warming,
forests play a crucial role: they sequestghiquantities of carbon annually and store
approximately 45% of the terrestrial carli@onan, 2008 Hence, a drier climate
could lead to a decreased evaporative cooling, |IG€3 and initiation of forest
dieback(Allen et al., 201D

Controlled studies have shown that flenmg time will most likely change with

global warming (Galloway and Burgess, 2012) and forests dynamics are predicted to
undergo longerm alterations (Andersefeixeira et al., 2015). The easiest way to

track changes in the ecology of species is thrqgmology(Walther et al., 2002

as phenologicatvents of tree species are often synchronised with environmental
conditions and change according to variation in weather e{i@etsn, 2008.
Consequetly, phenology has been used as a tool to study climate change impact on

natural systems and detect speciesdO respt

3. Plant phenology and climate change

Global warming consequences have been monitored through changes in the ecology
of species, apreviously describe@Parmesan, 20Q0®armesan & Yohe, 2003

Walther et al.2002. Plantphenology refers to the timing of cyclical biological

events such as seed germination, leaf development, flowering and f(Eimger,

1998 Kozlowski & Pallardy, 1997Rathcke & Lacey, 1995To maximise fitness,
phenology of plant sped@éhas often evolved to match certain environmental
conditions(Stenseth & Mysterud, 2002Hence, plant phenology can be triggered by
abiotic factors (temperature, precipitation), but also by biotic ones (pollinators, seed
dispersers, interspecific and intraspecific competit{&)Sakai, 2001

Phenological triggers can be divided into proximate and atgérfactors. Proximate
factors are the immediate ones, known as environmental initiators, such as certain
temperatures or moisture levels that actually trigger an ¢8éxtenson,

Castellanos, Cortés, & Link, 2008 or example, temperate woody species and few
perennial herbs were seen in flower when temperature overlapped a certain threshold
value(van Schaik, Terborgh, & Wright, 19930n the other hand, reduced water

stress caused by rain or leaf loss trigger flowering events of tropical trees in Central

America(Borchert,1983. Hence, phenological events of plants are synchronised

12



with climatic conditions and any change in weather patterns will lead to cascading
effects affecting plant phenology and the entire ecosy@tamnzel et al., 2006
Rosenzweig et al., 20D8n addition to proximate factorghenological triggers also
include ultimate factors, which regsent the evolutionary pressures behind the
underlying endogenous cycles, which lead to individual idiosyncratic phenology
(Fenner, 1998 Biological events such as leafing, flowering, fruiting and

germination happen at different times within a year, however they are dependent on
each other (e.g. fruiting cannot precede flowering, germination cannot happen before
fruiting). Consequently, thigming of the switch between one phase and another is
very important for the plant to maintain its fith€€seland, Chuine, Menzel,

Mooney, & Schwartz, 20Q7Fruiting events always follow flowering ones, however
flowering does not necessarily follow fruititiBifiero, Sarukhan, & Alberdi, 1982

This may happen when environmental conditions have deteriorated &imdfru

process must be aborted. Trees often fruit when environmental conditions for seed
dispersal are optimal, as fruiting is a very costly proQdssve & Smalvood,

1982.

In tight connection with the phenology of plants are the animals and insects that
complete the ecosystem and rely on young leaves, flowers and fruits to grow and
reproducgParmesan & Yohe, 2003However, phenology of one species may differ
from others with which it may be tightly conneci@gtisser & Both, 200% For

example, insects and plants are often temperature and rainfall sensitive, while
vertebrates typically rely on photoperiod as cuegpooducgVisser & Both, 200h
Thus, any phenological change in a lower trophic level could lead to a mismatch in

phenology at higher trophic levels.

Phendogical changes are widely studied in temperate regions, where individual
plants reproduce in a synchronous manner once g§bako Sakai et al., 1999

There, most phenological shifts were documented for bud burst time and migratory
patterns of bird¢Walther et al., 2002 On the other hand, little is known about
potential shifts in tropical phenology where temperature is unlikdbg ta limiting

factor and where ecosystems are highly com(¥orellato et al., 2016

13



4. Tropical phenolog

Tropical forests are highly dynamic and diverse and host wide varigtgigénous
speciegMark, 2013. In tropical forests, climate is not as restrictive for plgnotwth

as in temperate areas and it is characterised by small differences in temperature and
precipitation eventévan Schaik et al., 1993Seasonality in the tropics is dominated

by the intertropical convergence zone (ITCZ), a band of warm, moist air that carries
precipitation north and south over the equator as the movement of the earth brings
different areas closer to the s{idsborne, 2000 The seasonal movement bét

ITCZ creates two seasons, respectively dry and wet, which can be seen once or twice
a year depending on the regi@sborne, 2000 Around the equator, additional

cycling of warm moist air from evapotranspiration boosts rainfall and reduces
seasonality, resulting in high moisturedés/found in tropical forests throughout the
year(Osborne, 2000

Tropical forests are characterised by exceptionally high diversity of tree species,
which can flower / fruit at any time of the year, often very different from other

related or unrelated speci@awa, Kang, & Grayum, 200Zhou et al., 2014 They
represent the food source for frugivores, regulatédiest structure (ilading

pollinators andherbivores) and respond very well to changes in clirfizué et al.,

2015. Flowering and fruiting events vary from complete intradpesynchrony to
extreme asynchrony and from constant activity to recurring momentary (uansts
Schaik et al., 1993Depending on the typaf habitat, phenological patterns are seen

at different times and vary in their frequencies and durg8btioko Sakai et al.,

1999. In order to flower, a tree must reach an adult phase and accumulate sufficient
metabolizable nutrien{®©pler, Frankie, & Baker, 1976However, it is also

dependent on the physical conditions of the sites or the neighbouring vegetation and
environmental caditions (Bullock & SolisMagallanes, 1990 Plant species that

share common pollinators may separate flomgeseason to minimize the

competition for pollinators or synchronise flowering to attract local pollinators

through increase of resource den¢®y Sakai, 20011

Fruiting processsoccur when conditions become optinfi@dathcke & Lacey, 1995
and are not the necessary consequence of flowering, as trees may abort small fruits

(Stephenson, 1981In the seasonal neotropics, widispersed species often fruit

14



during dry season as trade winds are very st(Baghcke & Lacey, 19950n the
other handthewet season is preferred by tropical trees that produce fleshly and
succulent frui{Fenner, 1998 Thefruiting process requires the highest input of
energy and nutrients amehly when a certain threshold is reaclsadthe process
start(Rathcke & Lacey, 1985Consequently, for both flowering and fruiting
processes, environmental conditions play a critical role in determining the timing,

frequency and duration of their patte(K®zlowski & Pallardy, 199y

Current knowledge about tropical phenology mainly originates &siem andsouth
american studies. Plant phenology has not received much attention in Aftttde,

Dash, & Atkinson, 2016 even though the continent is believed to be one of the most
susceptible to climate change. Changes initiated by climate areepodffect
distribution and dynamics of forests in Africa, with vegetation expected to contract
(IPCC, 2014. Consequently, these changes will also affect seed predators,
pollinators, insects and animals that coetglthe ecosystem and rely on plant
phenology to grow and reprodu@ésser & Both, 200h With trees being at threat

from climate change, understanding phegyl in Africa has become a fundamental

issue in ecology and oent gapsnusturgenty befill ed

5. African continent and future projections in the climate change context

Africa hosts a wide variety of animals and plants and many different types of tropical
forests(Sayer, 1993. Current projections suggest that future climate change will
affect the intensity of temperature and precipitation and will bring extreme weather
eventgConnolly-Boutin & Smit, 201§. Mean temperatures are projected to increase
in subSaharan Africa, reaching between 2729.8 °C by the end of the 2tentury
(Platts, Omeny, & Marchant, 20L%xtended seasonal aridity is expected in the
Mediterranean Basin, South East Africa, Eastern Madagascar and the Ethiopian
Highlands, while shortgweriods are anticipated in the Horn of Africa, Gabon and
coastal AngolgPlatts et al., 2015

On the other hand, precipitation projections are more uncertain than temperature and
may exhibit highespatial and seasonal dependeffe€C, 2014. With regard to the

last 3 decades, rainfall patterns have vainetifferent locationgIPCC, 2013.

Increased frequency of egtne weather events are brought by coupled ecean

atmosphere interactions, which have an important role in shaping global and regional

15



climate on interannual (# years) and decadali(byears) time scaldPCC, 2014.

These can trigger severe droughts and increased precipitation events that have been
previously documented to affect plant phenology in various different (Bays et

al., 2015. Overall, there is no common story of how African tropical forests will be
affected in the near future, with some places being projected to get drier and others
wetter(Zhou et al., 2014 Consequently, Africa may be one of the mostresting
continents to studyyith trees being threatenéd climate, anchow phenologyis

affected byextreme weather evenitsunknown, hence filling the current gaps is an

urgent matter

To address this issue, coupled ocean atmospheric phenomeisafaiteo consider

in the phenology climate change context. Well known climatic phenomena
affecting weather in Africa are the El Niffdouthern Oscillation (ENSO), the Indian
Ocean Dipole (I0OD) and the North Atlantic Oscillation (NA@) J. Brown et al.,
2016. They havébeenshown to affect phenological events on other contirfeois
South EasAsia (Shoko Sakai et al., 1998 Central AmericgMazaVillalobos,
Poorter, & MartineZRamos, 201Bstudies but not systmatically across Africa
(Adole et al., 2016

6. Extreme weather events and their impact on ecosystems

6.1 El Nino Southern Oscillations (ENSO)

ENSO is a 27 year oscillation bseasurface temperature and atmospheric pressure
patterndgn the equatorial Pacifig/NVilliams & Hanan, 201 The positive phase,

known as EI Nifio, is characterised by warm sea surface temperatures (SSTs) in the
Eastern Tropical Pacific tropic@lVilliams & Hanan, 201}l At the opposite pole, La
Nifla phase brings cool SSTs in thadkern tropical Pacific (§. 3). ENSO is known

as one of th most influential phenomendth regard tanterannual climatic

variability, affecting several tropical rainforest regions. Its intensity can disturb
tropical rainforests more than a letegm trend in climatéMalhi & Wright, 2004.

In Africa, EI Nifio brings increased rainfall in East Africa and sevesegtits in

West Africa (Fig. 1), whe La Nifia brings the opposite effects in the same regions.

Recently, ENSO has been given a lot of attention and has been associated with the

two best known warm periods of 1982/83 and 1997/98, which generated widespread
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negative ecological, social aedonomic effect§Tudhope et al., 2A). In South

East Asia, El Nifias a causative factor diigher flower and fruit production events
(general flowering, GF, events) which have been shown to last for several rf&nths
Sakai, 200}, whereas La Nifia results in lower reproduction, famine and a decline in
frugivore population densitig$. Sakai, 20011 Moreover, droughts associated with
ENSO also lead to tree mortality as seen in the éypmstrocedrusvoodlands of

PatagonigHolmgren, Scheffer, Ezcurra, Gutiérrez, & Mohren, 2001

The visible climate shift in the tropical Pacific started around 1976nahe
unfamiliar intensity and frequency in ENSO events was seen for the firstiatlei
& Wright, 2009. Since then, ENSO has hegto manifest with a higher intensity
and frequencyBultt et al., 201k With climate change continuing to advance and
threaten natural systems, it is crucial to understand wpatdf consequences it

might bring over African tropical forests.
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Figure 1. The effects of El Nifio phase across the globe. The main focus of this
graph is Africagircled in red which receives wet weather conditions (shown in
green) on the East coast and severe droughts on the WeSthgdra Nifia phase

brings the opposite weather conditions in the same areas. S@uAx€R:2016
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6.2 Indian Ocean Dipole (IOD)

ThelOD is also known as a major year to year driver of climate variakhlgty
influences Eastern Africa the mdkuo et al, 2010. ThelOD is anocean coupled
phenomenon that compeis two phases: warm SSTs in Eestern Indian Ocean and
cool SSTs over the Western Indian Oc@afilliams & Hanan, 2011 ThelOD is
known to bring rainfall in AfricgNicholson & Kim, 1997 and has influence on
Eastern, Central and Western African vegetefwilliams & Hanan, 201l The
positive phase brings increased rainfialEast Africa and transfers heat in the West
(Fig. 2), whereas the negative Dipole Mode brings droughts to East Africa
(Marchant, Mumbi, Behera, & Yamagata, 2D(Extreme IOD egnts interfere with
ENSO events and vice verfauo et al., 201Pand it is therefore important to
consider IOD alongside ENSO when studying phenology in Africa. There is
evidence of the past negative impact of extreme 10D events, such as increased
precpitations seen in Kenya and neighbouring coun{iderchant et al., 2007
Moreover, these extreme events are predicted to increase in their intBosityt

al., 2015, hence understanding and predicting their influence is an important issue.
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Figure 2. Sea surface anomaly of the Positive Dipole Mode of the Indian Ocean
Dipole (IOD).White covers indicate connective activity while arrows indicate the
direction of the wind. SourcéMarchant et al., 2007

6.3 North Atlantic oscillation (NAO)

The North Atlantic Oscillation (NAO) isdown as an influential phenomenon of the
global climate(Hurrell, 2005. NAO is characterised by differences in the

atmospheric pressure between the Arctic and the subtropical Afldntiell, 2005.

Similar to ENSO and 10D, the NAO also consists of a positive and negative phase. A
positive index indicates an increased difference in pressure between the two regions,
while a negative index represents a daseel difference than norm@l. E. Brown,

de Beurs, & Vrieling, 2010 For both indices, the effects of NAO have been shown

to vary withwinter and summer seasons, bringing different weather conditions in
Africa and other parts of the gloketOffice, 2016 (Fig. 3 & 4).During winter,

when pressure differences are above normal (positive NAO), temperatures decrease
in North Africa, while the opposite is seen when values are below normal (Fig. 3)
(MetOffice, 2016. During summer, positive NAO is associated with warmer
temperatures in the West and decreased precipitation in the Sahel region (Fig. 4),
while negative phases result in cooler temperatures in West fffeffice,

2016. NAO impact has been mostly reported in Europe and North Africa, but never
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in the East, Central and West of Africhones, Jonsson, & Wheeler, 1994s in the
case of IOD, ENSO also interferes with NAO effddfokhov & Smirnov, 200k
Consequentlyit is necessary to investigate its potential impact on the phenology of

African tropical trees.

Figure 3.Winter NAO index below 0. Yellow cover indicates warmer
temperatures, while blue colder temperature. So@kbetOffice, 2016

Africa
Figure 4. Summer NAO index aboveByown cover indicates drier

conditions, while green indicates wetter conditions. SohMetOffice,
2016

8. Phenological studies in Africa

Most phenologicastudies in Africa have focused on animal behaviour as well as
seasonal resource availability based on commdeitgl patterns of leafing,
flowering and fruiting(Janmaat et al., 2018amagiwa, Basabes Kaleme, &
Yumoto, 2008. Other studies have focused on sherin time points or omingle
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sites(Colin A. Chapman, Chapman, Zanne, Poulsen, & Clark, ;2D0%t al., 2005
Polansky & Boesch, 20).3Studies have usually noted tlaainual patterns
predominate at st sites with various flowering and fruiting times depending on
speciegC. A. Chapman, Wrangham, Chapman, Kennard, & Zanne,, Pa8@nsky

& Boesch, 2013 Site level comparisons at the commus+éyel have been

undertaken between just two or three sf@sA. Chapman et al., 199Bsler &

Rundel, 199§ showing the wide varieties of phenological patterns found in Africa.
Canopy level analyses are, however, limited. They cannot inform ws aibioer
evolutionary pressures which operate at the individual level or about the accurate
phenological patterns governing ecosystems. Consequently, for studies on selective
forces of phenology under current scenarios of global climate change, analyges a
individual level are essential. Additionally, to our knowledge, no studies have
considered the influence of large climatic phenomena on African tropical forest that

will help to adapt to and mitigate future climate change consequences.

Understanding phenological patterns of African tropical tree species is important for
several reason3he timing of flowering and fruiting patterns cannot determine
successful recruitmenff forest tree§McDade, Bawa, 8Hespenheide, 1994but it

is tightly linked to frugivore breeding success, including iconic species such as
gorillas and chimpanzees. Phenological research is also important in understanding
forest dynamics anstructure, including pollinators, seedgpérsals and predators.
Moreover it is also important to understand interspecific competition between trees
and primary production such as timber harvesting, as well as different species
interactions but also the economic costs associated with ecotd@igkn Chapman

et al., 1999Morellato et al., 2016 In addition, local frugivorelaundance often
coincides with fruiting timing, hence knowing the spatial and temporal distribution
of fruiting may help local communities to develop better forest management
strategiegC. A. Chapman et al., 1999 his study will only focus on wet tropical

forests.
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9. Aims

The second chapter of this thesis will aim to identify phenologiatiérns of species
shared between multiple sites, as well as the interannual change of flowering and
fruiting patterns of species found at 12 andsités respectivelyIn this chapter we

will use three indicators of phenology for flowering and fruitevgnts: frequency,
fidelity to a consistent frequency and seasonal phase. Using these three indicators,
we set out to test two hypotheses. Our figgtothesis states that flowering and

fruiting events of species shared between several tropical fordistiffer in their
frequencyfidelity to a consistent frequency and seasonal phidsesecond

hypothesis we will test states theat; all speciesecorded across 11 sites, there will

be a change in the frequency diulity to a consistent frequency fidwering and
fruiting events. This chapter is based on individual tree analysis and aims to give
insight about the adaptability and plasticity of species as well as a warning about the

future of African tropical trees in the current climate change cantex

The third chapter of this thesis will aim to study phenology at the canopy level and
its relationship with largscale climatic phenomena suchEdSO, 10D and NAO.

Our first hypothesis states that annual cycles dominate African tropical forests. Our
second hypothesistateghat flowering and fruiting phenology will correéatvith

large climatic phenomena, includiBgNSO, 10D and NAO. This chapter aims to
inform about the possible changes of phenologiattierns in response to future

extreme events brought by one of the three climatic phenomena investigated.
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Chapter 2

Identifying site differences and temporal trendsn the phenology of
African tropical forests

Abstract

Climate changéas been affecting natural systems at an unprecedented rate with
various ecological impacts. Changes in plant phenology have been widely studied in
temperate regions. However, little is known about potential shifts in tropical
phenology, where plant growtflowering and fruiting can occur year round. Current
knowledge mostly comes from Asiand South American studies, where phenology
has been described in terms of frequency, timing and synchronicity of flowering and
fruiting events. However, little is known about African forests. In this study, we
analysed flowering events of 5446 trees fro®® species and fruiting ones for 4595
trees from 191 species. All species were monitored acrosise$? for the flowering
analysis and 11 sites for the fruiting analybistween 6 and 28 yeadepending on

the site We used Fourier analysis to assgssnological patterns (dominant

frequency, fidelity to a consistent frequency, seasonal phase) across species shared
between multiple sites. We further studied temporal trends of flowering and fruiting
events for all species. Results showed that the ihagdrspecies occurring at

multiple sites show different flowering and fruiting frequencies, vary in their fidelity
for a particular frequency and show diverse seasonal phases at different sites. These
species suggest phenotypic plasticity or a high degf@daptability to the local
environmental conditions irrespective of the genetic inheritance. Interannual trends
analysis showed th&@56 species ardecreasing their flowering and fruiting

frequencies, a trend that was consistent across all sitesn@gisdicate a response

to climate change but is perhaps more likely a consequence of increasing age.
Temporal change in flowering and fruiting fidelity to a particular frequency was
variable between species. This difference may be an indicator of thsityiceé

strategies tropical trees adopt in order to increase their reproductive success or adapt

to climate change.
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Introduction

Overrecent decades the climate has been warming at an unprecedented rate,
significantly impacting natural syster{3eutsch et al., 200&ala et al., 20Q0

Walther et al., 2002 Increases in average global temperature and in the intensity of
extreme weather events such as prolonged drought and rainfall are commonly
reportedWu et al., 201%h The impact of such changes on natural systems are
noticeable, including shifts in the distribution of species and earlier onset of spring
events, such as theri@al of migratory birds and butterflies, shooting and flowering
of plants(Visser & Both, 2005Walther et al., 2002 Phenological complementarity
between plantand animals is crucial f@cosystem organisation, processes and
survival(Cleland, Chuine, Menzel, Mooney, & Schwartz, 20@hanges in
phenology have occurred differently for several species and led to already visible
phenological mismatches between speambs@ant communitie@Brown et al.,

2016. In turn, these can trigger harmful cascading effectsectanvoes frugivores
and the services they provide to the hal§Batt et al., 201h Consequently, without
understanding how climate change will impact the lowest trophitslewe cannot

mitigate and adapt to future consequences at the level of an entire ecosystem.

Plant phenology refers to the timing of cyclical biological events such as leaf
flushing, bud formation, flowering, fruiting and seed germinafi®imoko Sakai et al.,
1999. Phenology is the foundation of the food chain, which regulates the pature
various interspecific interactions, directly impacting animal and insect communities
that rely on plants to grow and reprodEenner, 1998\Newstrom Frankie, &

Baker, 1994 Many plants synadbnise the timing of life history events such as
flowering and fruiting with local environmental conditiofMark, 2013.

Consequently, climate is an important factor regulating phenological events in plants
and has become a core focus in ecol@fiydson & Keatley, 2009 Moreover,
phenological records are considered a markeeadé@nal variations and were one of
the first indicators of climate chan@¢&dole, Dash, & Atkinson, 2016?armesan,

2006 Parmesan & Yohe, 2003t was seen thathortterm fluctuations in

precipitdion disrupted phenological patterns of trees in Af{isaderson, Nordhelm,

Moermond, Gone Bi, & Boesch, 200%Vith rainfall and drought events increasing

30



in their frequency, we expect changes in phenology to become more indide

near future.

Phenolgical changes are widely studied in temperate regions, where individual
plants reproduce in synchrony once a year and temperature is the dominant trigger
(Fenner, 1998 On the other hand, little is knomabout potential shifts in tropical
phenology, where the vast majority of terrestrial biodiversity regMesellato et

al., 2016. In the tropics, temperatureaftennot a limiting factor and phenological
events can happen at any tif Sakai, 2001 A similar annual pattern seen in the
temperate regions has been reported from tropical Asian forests, although the onset
and amount of flowering and fruiting varies greatly year on year as a function of
rainfall (Mark, 2013. These trends are mostly documented at the individual,
population and community level in deciduougsaps of woody plants, present at the
marginal and monsoon tropi¢Sorlett & Lafrankie, 1998 By contrast, tree species
within South Americanropical forests show considerable variation in flowering
frequency For example, during a 12 yestudy in the tropical rainforest of La Selva
in Costa Rica, most species were found to haveasuinal cycles and only nine
supraannual flowering cycle€Shoko Sakai et al., 1999 wider variety of
frequencies were seen during a fgear study at Tinigua National Park,
MeColombia, where most trees displayed annual patterns of flower production,
followed by episodic, continuous, and suaranual patternéStevenson, Castellanos,
Cortés, & Link, 2008 Depending on the type of forest and location, phenological
events peaked during either, dry (in lowlanergreen forests), wet (in evergreen
Atlantic rainforest) or in the transition between dry and wet season (i semi
deciduous forestgMark, 2013.

The African continent is the one thatmost lacking imesearch at a continentaid
individual treescale and requires attention in order to ptate the whole tropical
forestphenology pictureAfrican tropical forests are the seceladgest on Earth,

playing a crucial role in the global carbon cycle and have been neglected due to the
paucity of longterm phenological recordédole et al., 2016Zhou et al., 204).

Climate change impacts on Africa are predicted to vary regionally, causing some
regions to get drier and others wefi€ollier, Conway, & Venables, 20p8verthe

last 503100 years, most of the continahgurface temperatures have increased by 0.5

°C and are projected to rise faster than theajlaverage by the end of the’21
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century bringing further extreme weather evélRCC, 2014. Such climate change

is highly likely to disrupt phenology across the redi@ollier et al., 2008Malhi,
Adu-Bredu, Asare, Lewis, & Mayaux, 20)L3The little we know about African

tropical phenology comes from six sites in Central / Eastern Africa, suggesting a
pattern of variable flowering more similar to the South Aoaan system. At these
sites, phenology in Africa has been mostly described at the level of community and
region and only very few studies compared phenological patterns between more than
three sitegColin A. Chapman, Chapman, Zanne, Poulsen, & Clark, ;2008..
Chapman, Wrangham, Chapman, Kennard, & Zanne,;13®®naat et al., 2016un

et al., 1995 For example, at two African sites, species were found to have different
flowering/fruiting paterns such as six, nine, 12 and 24 month, with species shared
between sites, showing different pattef@sapman et al., 199However, these
studies focus on the canopy level phenology, not individuals. Hence, it is therefore
difficult to tell if, a six month canopy level flowering cycle is composed of all
individuals flowering twice per year, or tvgets of trees flowering on a twelve
monthly cycle offset by six months. Plant phenology has been mostly described in
terms of timing (date), frequency (e.g. annual, biennial), synchronicity (all
individuals together, such &tevea brasiliensispeciegYeang, 200Y, or throughout
the year such as figslarrison, 200p and duration at the community and population
level (Frankie, Baker, & Opler, 197&Mewstrom et al., 199©Dpler, Frankie, &

Baker, 1976Carel P. van Schaik, Terborgh, & Wright, 1993n the other hand, in

a study that considered temporal variatio phenology, warmer temperatures
increasd flowering events at two forests in South Ameri@zau et al., 209)3In the
current context of climate change, we need to understand phenology across Africa
better, as well as its progress over time. This will indibate species differ from

one location to another, their degree of plasticity and cues they use to eptioaiu

will add up to the future climate change mitigation strategies.

Our aim here is to assess phenology at the individual tree level for different species
shared between different tropical forests across the African continent. Chapman et
al., (1999) bowed that species shared between two African sites differ in their
flowering and fruiting phenologies. Hence, our first hypothesis is that species shared
between multiple sites will show different flowering and fruiting frequencies, vary in

their fidelity for a consistent frequency and differ in their seasonal phase (time of the
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year where species flower / fruit). Secondyr second hypothesis is that
interannual flowering and fruiting patterns are changing overwitieregard to
frequency and fidelityo a consistent frequenciowever, to our knowledge, this is
the first study in an African forest system, specifically addressing the phenological
differences between individual tree species located at different locations across
Africa, as well agsheinterannual phenological patterosindividual trees located at
various sitesFurthermore, this is the first study to closely assess fidelity to a
consistent frequency in terms of flowering and fruiting events at multiple African
sites and over time. Thaspect is important because it is directly linked to pollinator
reliability and specialization, and hence with individual reproductive su¢(Bass,
Kang, & Grayum, 2008
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Methods

Study sites anddata collection

We were provided with data from researchers in charge of eachrsttas study we
considered data from 11 lottgrm research sites acrdsast,Central and West

Africa (Fig.5). The sites cover the majority of the African forest types, including
montane, submontane, sedd@ciduous, evergreen and swamp forests (Table 1). Site
elevation and area vary between 80 to 3000 m and from 28@kapproximately

5000 kn#, respectivelyThere are two distinguished seasons, dry and wet,
encountered once or twice a year depending on the geographical position of the site.
Average mean temperature raggetween 15 and 31 °@ndmean annual rainfall
range between 1000 and 2000 mm. Siteslaoated within national parks/ protected
reserves, gazetted to protect high biological diversity and support many endemic
species. The phenology data collection at each site was based on monthly data
collection accomplished by trained field assistantshBeee was monitored for

flower and fruit presence based on crown observations, using bino8parses in

this study may not be representative of the community at eacBggéeies that were
recorded are significant food sources fagivores. Depending on the site, data

werecollectedfor between 6 and 28 years.
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Figure 5 Geographical position ¢fhie11 studiedsites. Land cover data, downloaded from
ESA at 5° x 5° resolutiofArino, Ramos, Kalogirou, Defourny, & Achard, 2009
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Table 1. Study sited 1), coordinates, country of origin and monitoring period for flowering and fruiting phenology organised from
West to Eastlatitude andongitude are expressed in decimal degrees. T: total number of trees present at a site; S: total number of

species present at a site

No Study site Country Latitude  Longitude Length (years) Vegetation Mean Flowering Fruiting
altitude
1 Tai National Céte 5.846389 -7.31222 15 Diverse moist 80 T: 127 T: 127
Park d'lvoire 1997- 2011 evergreen anc S: 44 S: 49
semt
evergreen
forest
2 Lopé Gabon -1.097 11.165 29 Semi 300 T: 47 T. 44
National 1986- 2014 evergreen, S:48 S: 48
Park tropical
lowland
rainforest
3 Mbeli Bai Republic  2.258611 16.41222 12 Semi 300 T:12 $11
Forest of Congo 2004- 2015 deciduous S:12 ' 9
rain forest
4 Goualougo Republic  2.211617 16.51875 11 Semi 300 T:16 116
Triangle of Congo 200271 2012 deciduous S:3 16
rain forest
5 Mbaiki forest Democratic 3.9 17.9 21 Humid - 560 T:51 141
Republic 1991- 2011 tropical forest S:6 16
of the
Congo
6 Gombe Tanzania -4.611 29.638 13 Tropical 1000 T:30 . 29
Stream 1997- 2009 forests S:11 10
National
Park
7 Nyungwe Rwanda -2.431 29.263 13 Tropical 2260 T:43 : 50
Forest 1996- 2008 forest S:45 149
National
Park
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Table 1 continued

No Study site Country Latitude  Longitude Length (years) Vegetation Mean Flowering Fruiting
altitude
8 Bwindi Uganda -1.04611 29.77222 9 Montane 2240 T:15 T:13
Impenetrable 2008- 2012 forests S:8 S: 7
National
Park
9 Okapi Democratic 1.267 28.641 20 Humid mixed 750 Okapi missing
Wildlife Republic 1993- 2012 evergreen Edoro
Reserve of the forest T:50
Lenda & Congo S:30
Edoro sites
Okapi Okapi
Lenda Lenda
T:47 T: 46
S:27 S: 20
10 Kibale Forest Uganda 0.559726 30.35798 11 Subtropical 1500 T:11 T:11
National 2005- 2015 moist forest S:10 S: 7
Park
11 Amani Tanzania -5.13 38.615 7 Moist 950 T:122 T: 110
Nature 2006- 2012 submontane S:14 S:11
Reserve forest

Source Amani Nature Reserve Tanzanid Henry Ndangalasi and Norbert Cordei@mbe Stream National Park, Tanzanid
lan Gilby and Anne Puseilyungwe National Park Rwanda Felix Mulindahabi;Bwindi Impenetrable National Park, Uganda
Badru Mugerwa, Frederick Ssali, Dougla Sheil and Martha RopKibale National Park, Uganda Colin ChapmanQkapi
Wildlife Reserve; Democratic Republic of CongoFlory Bujo, Corneille Ewango and Terese Hadpe Reserve Gabori Kate
Abernethy and Kath Jeffreibeli Bai; Nouabale Ndoki Park, Congo RepukliMireille Hockemba and Thomas Breu&tbaiki
Central African Republit Adeline Fayolle;,Tai National Park; Ivory Coasfi Christophe Boesch, Leo Polanskgualuogaq
Nouabale Ndoki Park, Congo RepuliliS&ydney Ndolo, Dave Morgan, and Crickette Sanz.
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Individual tree analysis

We carried out statistical analysis using R v 3.3.1 (R Foundation for Statistical
Computing, Austria). Weralysed flowering and fruiting patterns of individual trees,
focusing on the presence / absence of flowering or fruiting. To analyse the
phenological patterns, we calculated three quantitative indicators: (1) flowering /
fruiting frequency (number of flowang cycles for a given year), (2) fidelity for a
particular flowering / fruiting frequency and (3) seasonal phase (time of the year
when flowering / fruiting are happening). For a robust estimation of the
aforementioned indicators, we used Fourier ansifeilowing Chapman et al.

1999). We interpolated data for gaps less than 3 months, while for longer gaps, we
split the time series into multiple series, which we treated separately. We included all
species with at least 10 individual trees for which eatee available for at least 60
consecutive months. Trees that died were recorded until death and trees that never
flowered or fruited were excluded. Following Fourier analysis, we further removed
trees with no detectable frequency peak and species wihHan five remaining

trees. We analysed 5446 (196 species) and 4596 (190 species) individual trees for the
flowering and fruiting, respectively (species hame grehumberof recorded trees

for all sites are located in Append®A and B.

Fourier analysis

In order to assess the major cyclic patterns for flowering and fruiting across the sites,
we used Fourier analysis to identify dominant cycles per individual tree. Fourier is a
spectral analytical method used to decompose a time sdnes sam of sine and

cosine functions of different frequencies and is a robust analysis in determining

pl antsd dominant cycles (Platt & Denman
could be used to assess phenology activity in tropical trees at thieluaditevel,

allowing for the diversity of cycles and level of synchrony present in the phenology

of tropical plant species. We calculated the Fourier spectrum for each individual tree
using the R function spectrumednr201®). t he
Following the guidelines in Bush et al. (2016) we smoothed the raw spectrum using a
Daniell kernel (a moving average smoother) with varying spans depending on the
time series length to give a bandwidth of 0.1. This gives sufficient resolutiba in

spectral estimate to assess dominant cycles while suppressing irrelevactfee
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structure. We assessed the smoothed spectral estimate for each individual tree and
extracted the cycle frequency with the highest power, representing the strongest
cyde in the data. Bush et al. (2016) warn that time series with little cyclic activity
can sometimes produce Fourier transforms with high power ireiemant low
frequencies (e.g. the full length of the time series). To account for this we screened
out indviduals where the dominant cycle identified from the spectrum was greater
than half the length of the time series (resulting in exclusion of 9% of trees for
flowering and 13% of trees for fruiting). These further data exclusions following
Fourier analysisesulted in samples of 5,446 individuals (196 species) for the
flowering analysis and 4,595 individuals (191 species) for the fruiting analysis. Prior
applying the minimum 60 months threshold numbers were 11211 individuals (469
species) for the floweringnalysis and 10517 individuals (453 species), respectively
(See Table 2). Individual time series ranged from 60 to 339 months long (mean =

123 months) with site differences in data length.

Fourier analysislisplays the resultas aperiodogram, in whiclthe position of the
highestpeak orthe X axis represents the dominant flowering frequency of each
individual tree, while on the Y axis the fidelity score of each tree for that particular
frequency that was normalised for species comparison by dividiigseace by the

total number of species. Hence, as the score increases the fidelity to a particular
frequency becomes strong&his means that trees stick to a particular cythe

height of the periodogram on the Y axis indicates how tightly each teges kis

dominant frequency over the studied period. To ensure comparability between sites
we normalisectach wavelength heigby dividing each point in the spectral estimate
by the total area under the peridogram for each individual tree. In order to ease
interpretationwe calculated seasonal phase only for trees that had dominant cycle
lengths of 6 and 12 months. We calculated the seasonal phase by simulating a cosine
curve, starting at the beginning of January with the empirical time series dominant
frequency. The difference between the two peaks in radians represents the seasonal

phase. This was then converted to time byfollewing equations,
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Assessing phenology of species found at multiple sites

To test whether there are significant differences in phenolothespecies found at
multiple sites acrosafrica, we fitted two generalized linear models (GLMs)

predicting each ahethree response variables (frequency, fidelity for a conserved
frequency and seasonal phase). In the first model, we estimated parameters for
species, site and the interactionviben species and site, which we then compared

with a model excluding the interaction term. We compared models using ANOVA
(Hudson & Keatley, 2009 Where the interaction was significant, we determined the
species driving the change, by applying a post heiddéecompare the error bars

overlap between the estimated frequencies, fidelity for a particular frequency and
seasonal phases between sites. If error bars did not overlap, species were considered
to differ significantly between sites. In the frequencyg fdelity analysis, 45 species

were found at multiple sites. In the seasonal phase comparison, only 28 species were
present at multiple siteBavingsix and 12 months flowering / fruiting frequencies.

The results will be displayed as violin plots thatwhhedensity of individual trees
havinga particular frequency, pilectability and seasonal phageaxis). Frequency

will be displayed irmonths while predictabilityis expressed as numbers from 0 to

the maximum length of each trderedictability of aree flowering or fruiting

increases with numbers. Seasonal phase is displeyradlanuary to December.
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Assessing phenology interannual trends

To test for trends over time, we adopted the same Fourier analysisygaa 5

moving window for each individual tree, and calculated frequency and fidelity for a
constant frequency for each overlapping five year period. Due to the paucity of trees
with six and 12 months frequencies, we did not calculate the temporal trends for the
seasonal phase phenology. For each tree we regressed both frequency and fidelity
scores over time and estimated the rate of change for both indicators. To test whether
there arespecies that significantly differ in the rate of change between sites, we fitted
two generalized linear models (GLMs) for each indicator (frequency and fidelity to a
particular frequency). In the first model, we estimated parameters for species, site
and he interaction between species and site, which we then compared with a model
excluding the interaction term, using ANOVA. The species, showing statistically
significant rates of change were extracted by comparing them with the 0 baseline of
the firstmodel We al so assessed weather speci es/¢
the location where they were present.
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Results

Site comparison- Flowering frequency

We found a significant interaction between species and sitgsl(21, df= 49,

p<0.001), driven by 13 species (Table 2). The majority of species, showed conserved
flowering frequencies between sites (Agonidium mannigenerally showednnual
flowering patterns: Fig#&), but 13 (of the total of 45) differed between sites,
sometimes substantially (elgvingia excelsashowed a dominant flowering

frequency of three months at Mbeli Bai but at Okapi Edoro site, most trees flowered
every 18 months (Fighg). Apart from tlese, at both sites trees also scored other
dominant flowering frequencies such as 12 and 20 months at Mbeli Bai and 13, 24
and 30 months at the Okapi Edoro $ke&y 6a6hb). Several different species present

at two close sites, Okapi Lenda and Okapi Edalspshowed significantlyifferent

flowering frequencies.
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Table 2. GLM model summalifgr flowering frequencyFlowering frequencies for

13 significant species (p<0.00dhared betweemultiple sites. Estimaté b )

representsersus frequency in months.

N
0 Species Site b SE
1  Anthonotha macrophylla  Okapi Edoro  0.1806 0.03%
Anthonotha macrophylla ~ Okapi Lenda  0.0723 0.0304
2 Croton haumanianus Okapi Edoro  0.1577 0.0221
Croton haumanianus Okapi Lenda  0.0908 0.0277
3  Grewia oligoneura Mbeli 0.1458 0.0304
Grewia oligoneura Okapi Edoro  0.2203 0.0340
Grewia oligoneura Okapi Lenda 0.08%6 0.0277
4 Irvingia excelsa Mbeli 0.2608 0.0321
Irvingia excelsa Okapi Edoro  0.0%00 0.0267
5 Margaritaria discoidea Okapi Edoro  0.10% 0.0304
Margaritaria discoidea Okapi Lenda  0.1908 0.0248
6  Myrianthus holstii Amani 0.21% 0.0165
Myrianthus holstii Nyungwe 0.0950 0.0215
7 Panda oleosa Lope 0.224 0.0321
Panda oleosa Tai 0.0727 0.0233
8 Pentadesma butyracea Lope 0.0908 0.0267
Pentadesma butyracea Tai 0.1312 0.0148
9 Pseudospondias microcarp Gombe 0.0741 0.0233
Pseudospondias microcarp Lope 0.256L 0.0278
10 Sacoglottis gabonensis Lope 0.0822 0.0221
Sacoglottis gabonensis Tai 0.1209 0.0099
11 Sarcocephalupobeguinii  Okapi Edoro  0.1264 0.0248
Sarcocephalus pobeguinii  Okapi Lenda 0.183% 0.0290
12 Strombosia pustulata Okapi Edoro  0.0890 0.02Z
Strombosia pustulata Tai 0.12% 0.01%6
13 Strombosiopsis tetrandra  Okapi Edoro  0.1713 0.0304
Strombosiopsitetrandra Okapi Lenda  0.0953 0.0340

b: parameter estimate; SE: standard error

43



a) Anonidium mannii

0

+TTTT

Goua'lougo Mbeli Okapn‘Edoro Okapi 'Lenda
Site

w
o

N
&

-d
@

Frequency (months)

-
N

o
—

b) Irvingia excelsa
40-

w
o

N
5
'

-
[es]
'

Dominant cycle (months)

Mbeli OkapiE
site
Figure®6. Violin plots showing density of individual floweringeiquencies fospecies, present

at multiple sitesThe numbers present on the graphs represent the total number of trees found
at each siteThe two contrasting species show the dominant flowering frequency between
several sitesAnonidium mannigpecies (a) shows an annual flowering frequency across four
sites: Goualougo, Mbeli, Okapi Edoro, Okapi Lendangia excelsgb) shows significantly
different flowering frequencies between Mbeli and Okapi Edoro sites. Full plots for all
significantly dfferent flowering frequencieare available in Appendix 2C. Full plots for

species that have similar flowering frequencies across multiple sites are held in Appendix 2D.
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Site comparison- Predictability of flowering frequency

We found again a sigficant interaction between species and tg=(2056.9, df =

49, p<0.001), driven by 28 species, indicating that species vary ifitigdity for a

particular frequencgcross different sites (Table 3)ess than half of species

showed conserved fidelity scores for a certain frequency between sitddajgagaa

guineensispecies fidelity scores ranged between four and seven across four sites

(Fig 7a), but 28 species (of the total of 45) substantiaffgdid across sites (e.g.

Sarcocephalus pobeguirshowed lower fidelity scores, ranging from one to four at

Okapi Lenda and from four to nine at Okapi Edoro (Fiyy Seven specie€(oton

haumanianusCynometra alexandrErythrophleum suaveolendulbemardia

seretii Macaranga schweinfurthiMargaritaria discoideaSarcocephalus

pobeguini) again showed statistically significant fidelity scores between Okapi
Lenda andDkapi Edoro sites (Table 3).

Table 3. GLM model summafgr fidelity to a particulaflowering frequency

Predictability scores of flowering frequencies for 28 significant (p<0.001) species

present at multiple sites.

No  Species Site b SE
1 Albizia gummifera Nyungwe 9.2982 0.4735
Albizia gummifera OkapiLenda 6.7369 0.5959
2 Canarium schweinfurthii Lope 6.5276 0.688
Canarium schweinfurthii Okapi Lenda 10.0977 0.5959
3 Croton haumanianus Okapi Edoro 5.3358 0.4735
Croton haumanianus Okapi Lenda 7.14%  0.5959
4 Cynometra alexandri Okapi Edoro 49410 0.3043
Cynometra alexandri Okapi Lenda 6.8006 0.6527
5 Detarium macrocarpum Lope 4.6793 0.533
Detarium macrocarpum Mbeli 3.0963 0.6527
6 Duboscia macrocarpa  Tai 6.1444 0.4615
Duboscia macrocarpa  Lope 11.8324 0.6224
Duboscia macrocarpa  Mbeli 7.7488 0.6527
7 Erythrophleum Okapi Edoro 7.4305 0.6224
suaveolens
Erythrophleum Okapi Lenda 4.4963 0.6527
suaveolens
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Table 3 continued

No Species Site b SE
8 Gilbertiodendron Mbeli 7.3024 0.5959
dewevrei
Gilbertiodendron Okapi Lenda 8.950  0.3043
dewevrei
9 Irvingia excelsa Mbeli 3.820 0.688
Irvingia excelsa Okapi Edoro 9.1416 0.5725
10 Julbernardia seretii Okapi Edoro 4.6612 0.2949
Julbernardia seretii Okapi Lenda 11.0606 0.6224
11 Macaranga Okapi Edoro 5.3269 0.5517
schweinfurthii
Macaranga Okapi Lenda 7.169D 0.4504
schweinfurthii
12 Magnistipula butayei Tai 44427 0.6224
Magnistipula butayei Nyungwe 5.9974 0.5517
13 Margaritaria discoidea  Okapi Edoro 5.4808 0.6527
Margaritaria discoidea  Okapi Lenda 4.0854 0.533
14  Myrianthus holstii Amani 3.2262 0.354
Myrianthus holstii Nyungwe 5.2162 0.4615
15 Nauclea diderrichii Lope 3.5642 0.4865
Nauclea diderrichii Okapi Edoro 5.3826  0.5517
Nauclea diderrichii Tai 4.3841 0.3185
16 Neoboutonia macrocaly: Bwindi 7.6215 0.688
Neoboutonia macrocaly: Nyungwe 6.2485 0.5959
17 Olea capensis Bwindi 11.5646 0.6527
Olea capensis Nyungwe 7.9664 0.4615
18 Parkia bhicolor Lope 9.8726 0.6527
Parkia bicolor Tai 8.6183 0.3112
19 Pentadesma butyracea Lope 11.9013 0.5725
Pentadesma butyracea Tai 6.4875 0.3185
20 Podocarpus latifolius Bwindi 5.6897 0.53D
Podocarpus latifolius Nyungwe 3.749 0.3649
21 Prunus africana Bwindi 6.6162 0.6527
Prunus africana Nyungwe 49208 0.533
22 Pseudospondias Gombe 6.3418 0.5006
microcarpa
Pseudospondias Lope 44352 0.5959
microcarpa
23 Pycnanthus angolensis Lope 15.1751 0.533
Pycnanthus angolensis Tai 8.6108 0.2467
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Table 3 continued

No Species Site b SE
24  Sacoglottis gabonensis Lope 8.8083 0.4735
Sacoglottis gabonensis Tai 5.9158 0.2118
25 Sarcocephalus pobeguin Okapi Edoro 5.1345 0.533
Sarcocephalus pobeguin Okapi Lenda 3.0614 0.6224
26 Strombosia pustulata Okapi Edoro 7.3431 0.4865
Strombosia pustulata Tai 5.668  0.2485
27 Trichoscypha acuminata Lope 45184 0.5725
Trichoscypha acuminata Mbeli 6.96680 0.7298
28 Vitex doniana Lope 8.5437 0.3833
Vitex doniana Mbeli 5.4954  0.6527
b : parameter estimate; SE: standard
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Figure?. Violin plots showing density didelity scores for eachindividual tree and
speciespresent at multiple siteShe numbers present on the graphs represent the total number
of trees found at each sifEhe fidelity of a tree for a particular cycle increases withnilnabers

on the Y axisThe two contrasting species show the dominant fidelity scores between
several sitedJpaca guineensispecies (a) shows same range of fidelity scores across
four sites: Lope, Okapi Edoro, Okapi Lenda and $arcocephalupobeguinii(b) shows
significant different ranges between Okapi Edoro and Okapi Lenda Bitéplots for

all species that vary in their fidelity for a particular frequency across different sites are
available in Appendix 2B=ull plots for pecies thatlo not vary in their fidelity for a

particular frequency are held in Appendix 2F.



Site comparison- Seasonal phase

3003 individual trees (188 species) exhibited six or 12 month flowering frequencies,
allowing calculation of flowering seasonalityf these, 28 species were present at
multiple sites. We again found a significant interaction between species arad jsite (
365.87, df = 28, p<0.001), driven by 18 species whlubwed significantly different
seasonality of flowering between sites (TableMigre than half of species, showed
conserved seasonality of flowering between sites @Glhertiodendron dewevrei
species generally flowered mostly throughout March acwmwsglifferent sites (Fig

8a), but 18 (of the total of 28) differed between sites (evongia grandifolia

species flowered in October at Lope, in February at Mbeli and between April and
November at Tai (Figb). We found again six specigdrpton haumaniaus
Cynometra alexandrDialium corbisieri Hallea stipulosaJulbernardia seretii
Macaranga schweinfurthij present at Okapi Edoro and Okapi Lenda sites, to have
significantly different flowering times (Table 4).

Table 4. GLM model summaifgr flowering seasonal phaseélowering seasonal
phase for 18 significant (p<0.001) tree species present at multiple sites.
No Species Site b SE

1 Albizia gummifera Nyungwe -0.18543 0.233
Albizia gummifera Okapi Lenda 1.71293 0.262
2 Canariumschweinfurthii  Lope 2.40444  0.2909
Canarium schweinfurthii  Okapi Lenda 1.69135 0.262
3 Croton haumanianus Okapi Edoro -0.01697 0.242
Croton haumanianus Okapi Lenda 2.5383 0.2%0
4 Cynometra alexandri Okapi Edoro 0.46503 0.21T
Cynometra alexandri Okapi Lenda 1.74683  0.2760
5 Dialium corbisieri Okapi Edoro -2.45382  0.3563
Dialium corbisieri Okapi Lenda 2.39114  0.3563
6 Hallea stipulosa Okapi Edoro 1.40471  0.2760
Hallea stipulosa Okapi Lenda 0.64812  0.3903
7 Irvingia grandifolia Lope -1.41419 0.22%
Irvingia grandifolia Mbeli 1.15574  0.3903
Irvingia grandifolia Tai -0.34723 0.30&
8 Julbernardia seretii Okapi Edoro -2.07733 0.22%
Julbernardia seretii Okapi Lenda 2.85296  0.262
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Table 4 continued

No Species Site ) SE
9 Macarangaschweinfurthii Okapi Edoro -2.7974 0.3299
Macaranga schweinfurthii Okapi Lenda 1.5255 0.2182
10 Margaritaria discoidea Okapi Edoro -2.0139 0.358
Margaritaria discoidea Okapi Lenda 2.0380 0.2760
11 Neoboutonia macrocalyx Bwindi -0.2398 0.3903
Neoboutonia macrocalyx Nyungwe 1.95(8 0.3299
12 Parinari excelsa Nyungwe -1.0780 0.3903
Parinari excelsa Okapi Lenda 2.3311 0.2909
Parinari excelsa Tai -0.4825 0.1331
13 Parkia bicolor Lope 0.3864 0.2760
Parkia bicolor Tai 0.3383 0.1331
14 Pentadesma butyracea Lope 2.2698 0.2%0
Pentadesma butyracea Tai 1.6070 0.2760
15 Strombosia pustulata Okapi Edoro -1.4221 0.2909
Strombosia pustulata Tai -1.8585 0.134
16 Strombosiopsis tetrandra Okapi Edoro -1.6071 0.3903
Strombosiopsitetrandra Okapi Lenda 1.4406 0.308
17 Tetrapleura tetraptera Goualougo 1.82% 0.2420
Tetrapleura tetraptera Lope 1.3152 0.2117
18 Uapaca guineensis Lope 1.1821 0.18D
Uapaca guineensis Okapi Lenda -0.3306 0.2909
Uapaca guineensis Tai 0.6349 0.2117
b : parameter esti mat e; SE: standard
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Figure8. Violin plots showing density of individuatees and specié8owering
seasonalityMonths are expressed in numbers J@nuary, I February, 2 March, 3

T April, 47 May, 57 June, 6 July, 77 August, 8i September, ® October, 10
November, 11 December). The two contrasting species show the dominant
flowering time between seadrsites Gilbertiodendron dewevraipecies (a) flowers
between March and April at two sites: Mbeli and Okapi Lefr@angia grandifolia
species (b) shows significant different flowering times between Lope, Mbeli and Tai.
Full plots for all species thétave significantly different seasonal phases across
different sites are available in Appendix 2G. Species that do not have different

seasonal phases are held in Appendix 2H.
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Site comparison- Fruiting phenology

As for flowering we found significant differences in frequency, fidelity for a
particular fruiting frequency and fruiting seasonality for species shared between
different sites. Results were qualitatively similar to those for flowering and full
results araelisplayedn Appendix 242M. Only where substantive differences were

found wedo comment on fruitindpelow.

Temporal trends

We found strong evidenchdt flowering frequency declinexver time for all

species, except two, in most sites. However, the two species were not statistically
significant.Across species that showed evidence of a decline in flowering frequency
over time, 75 species (54%) were statistically signifi¢aig. 9). This result shows

that trees slightly increase thrgerval of theirflowering cyclefrom, for example, 6
months to 7 months and so on across severas.yidhis trend continues at this

speed, in time, flowering events may decline significalgreover, shifts in

flowering frequency over time are species and site specific@.21, df = 20,

p<0.001) such that the greatest change was found at Tai, Okapi Lenda and Amani.

On the other hand, we found less consistent evidence in relation to fidekty for
particular flowering frequency, with only6% (22) of species explaining a

significant interaction between site and speakeg 80.374., df =20, p<0.001), with

half increasing its fidelity for a particular flowering frequency and the other half
decreaing it (Fig.10). This result shows that some trees might be predictable in their
flowering frequency, while other might n@&ignificant species were mostly found at
Tai, which isone of thesites with along and completdataset

As with floweringf r ui ti ng frequency is also decr ec
=9, p<0.05), with 60% of species showing statistically significant slojgsendix

2N). Temporal changes in fidelity for a particular fruiting frequency are also

significant, changing for@% of species, though the proportion of species showing a
significantdecline in fidelity for a particular frequency was similar to those showing

i ncr e as0de9., df 9] p<G001Appendix 2Q. Individual trees and species

recorded for fruitingandysis are not identical to the ones recorded for flowering

analysisihowever most of the species are shared between both groups.
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Figure9. Violin plots showing bange in frequency of flowering events over time75

statistically significant specieEach tree has a specific slope that shows the direction of

flowering frequency, which is displayed in the violin plbhe majority of individuals

showed either zero or a negative change in frequency, indicating that species flowered

less frequently oveirhe. Comparison was done with the 0 baseline.
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of individualsshowed either a negative or a positive change in their fidelity to keep a

particular frequency, indicating that species flowered less frequently over time
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Discussion

Using a novel Fourier based analysis, we successfully estimated flowering patterns
for 5446 individual trees, of 196 species and fruiting patterns for 4595 trees of 191
species across 11 sitegh a long and complete datas@ur results supported both
hypotheses and revealed novel trends not reported before. Overall, we found many
significant differences between the phenology of tree species between sites and
identified consistent patterns of temporal change in flowering of African tropical

forest tree species.

Flowering frequency of species shared between multiple sites

As expected from earlier wo(Borchert, 1980C. A. Chapmanteal., 1999, we

found good support for our first hypothesis, which states that there are significant
differences in terms of phenology of species shared between multiple sites. We found
that 29% of pecies showed different dominant flowering frequencies at different

sites. However, over 70% of species did not show differences in flowering frequency
between sites, suggesting that for them frequency is a conservetihesie. species

did not havdewerdata than the ones in the 30% groQpr results support the much
smaller geographical scale work(dfewstrom et al., 1994who also found most

tropical species to have matching flenmg frequencies across multiple sites, though

he also reported a few species that show different frequencies across various sites,

perhaps in response to different hydrological regimes.

For example(Newstrom et al., 1994eported thaCeiba pentandraspecies, which

grows in wet forests flower supemnually and annually in dry forests, whilst

Hamelia patenslowers continuously in lowland forests and annually in tropical dry
forests. These differences highlight the plasticity of somedabfriees species and

their adaptiveness to the local environment conditions. We also found species in very
close proximity to show different flowering frequencies. For some trees of the same
species, growing at Okapi Edoro and Okapi Lenda, only aboun3tplart and

connected by continuous forest, flowering frequencies appeared significantly
different. Both forests differ in forest community such that Okapi Edoro a diverse

mixed forest, while Okapi Lenda is comprised of monodominant forest of
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Gilbertiodendon dewevrespeciegCondit et al., 2005Makana et al., 2091 No
substantial difference has been reported between the two forest types in terms of
climate, soil and historgGubista, 1999 Consequenyl there is something more
important such as probably pollinators that play an important role in setting the
flowering frequencies. Or this perhaps indicates that for those species that do show
differences between sites, phenotypic plasticity rather tha hdaptation interfese

with the site level variation. Similar local variation in flowering frequency (over just
10km) has been reported before in a study by (Chapman et al. 1999), which focused
on community wide patterns of flowering and fruiting pHegg for 67 species. In

this study, several species shared between sites exhibited different flowering and
fruiting frequencies and differed in the density of trees in flower between the two
sites. There is no precise explanation for the difference inobtginal patterns

observed between the Okapi Edoro and Okapi Lenda sites in our study andwe call for
further investigation of phenological patterns and better characterisation of the
African sites at the level of microclimate, community composition aral leeather

conditions.

Fidelity for a particular flowering frequency of species shared between multiple

sites

Because of the rapid changing clim@adersonTeixeira et al., 20506 Gor ma n ,
2012 and reports from Central Ameri¢sicDade, Bawa, & Hespenheide, 19@d
South East AsiéMazaVillalobos, Poorter, & MartineRamos, 2013Pei et al.,

2015 that found unpredictable flowering frequencies due to variation in precipitation
or temperature, we expected the fidelity for a particular flowering frequency to be
different for species shared between multiple sites. This pattern was exhibited by
approxmately 60% of the species, where individual species varied greatly in their
fidelity to their dominant flowering frequency. This stands in total contrast to the
situation in the temperate zone where trees are highly predi¢Bildko Sakai et al.,
1999, presumably reflecting the weaker constraints posed by the less seasonal
variation inweather across tropical sites. This indicates that individual trees are able
not only to modify how much energy they invest in reproduction each season, but
also exactly when they do this. However, exactly what the implications of such
flexibility in flowering frequencies in tropical treesill lack a robust explanation

Since flowering frequency is relatively conserved, but fidelity for a particular one is
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variable, it seems plausible that an endogenous rhythm modulates the propensity to
flower, but exactiming may be triggered by an environmental cue that is itself more
variable in timing in the tropics than in the temperate ZBoechert, 19801983.

Such plasticity would have clear advantagessuee optimal match to

environmental conditions and is well established over relatively small time scales in
temperate region&Shoko Sakai et al., 1999ariation of a particular flowering
frequency has been previously reported in angiospéfmdimann & Balounova,

1999. It was proposed that in angiosperms unpredictability of flowering frequency is
a result of the investment in sexual reproduction that affects the probability of
flowering. It could be likely that high energy investment in fruiting events at times
may interfere with the frequency of flowering, since all the phenophases are
interconnected with each oth@awa et al., 2003 In the tropics parasites survive

all year, hence it may pay a tree to be less predictable with regard to its flowering

and fruiting eventén orderto avoidp ar as i t e $Adderg,il9R | enc e

Seasonal phase of species shared between multiple sites

Because our different sites have very different seasonal patterns of tempermture an
rainfall, weexpected flowering seasonal phases to be different for species shared
between multiple sites, and approximately 64% of them did show this pattern. It has
been previously reported that flowering time is related to the most favourable time
for pollen transfer, with wind pollinated species flowering during the dry season,
when the intensity of trade winds reach their pgéntry, 1974 Otherwise,

flowering times differ wihin species growing at different strékéozlowski &

Pallardy, 199Y. Although differences between sites on opposite sides of the
continent could easily be explained in terms of timing of the rains, solar radiation,
minimum temperature, in OkapBieserve, we again found species that differed
significantly in seasonal phase between Edoro and Lenda sites. Such local scale
variation is unlikely to be driven by differing seasonality and confirms earlier
observations of local scale variation in phegglTomlinson & 2mmerman, 2000

that are still lacking a robust explanation. Differences in flowering time can be linked
to plasticity of individual species, their genetic inheritance or responses to local
environmental conditiondBawa et al., 20038orchert, 1980Tomlinson &

Zimmerman, 200)) but exactly what drives local scale variation is yet to be
identified.
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To conclude, in contrast with thesults found in temperate regions and Asia we

found that African tropical trees species have heterogeneous patterns in terms of
frequency, fidelity to conserve a particular frequency and seasonal phase, even
between species present at adjacent sitesrifaft®ind hereesemble more those

found inCentral and South American tropical forests. Several factors can impact
phenology such as large differences in seasonality, altitude,-emefmnmental
conditions, local weather circumstances and community ositipn (Fenner, 1998

Mark, 2013 and it is perhaps unsurprising that we find suéfertnces. However,

we call for more intense research in order to be able to mitigate future climate change

conseqguences in Africa.

Interannual trends of flowering frequency

One of our strongest results was that all species flowered less over time. In contrast
to flowering time, which is widely noted to be changing at least in temperate zones
(Bertin, 2008 flowering frequency has received very little attention and this is the
first such general report we know. Frequency changes are only really likely in
tropical systems, where plants do not need to maintain strict annuakriiegs
imposed by day length and temperature linf8s Sakai, 20011 and there are only

few studies that tackle phenological change in African tropical fo(Asisle et al.,

2016. Thereare two likely causes of such a change: a large scale (pan continental)
forcing event affecting all species equally (e.g. climate cha(f@mesan, 2006
Parmesan & Yohe, 2003r an endogenous change affecting all individual trees
equally, such as gradual senescefMarshall, Avritt, MaliakalWitt, Medeiros, &
Shaner, 2010 We know that young forests flower more frequently than mature ones
(Van Schaik, 1986 and so it seems plausible that the decrease in flowering
frequency we found is simply a function of senescence. Moreover, trees that died
were not replaced with new ones; hence the population age was naidyustied

with new young trees. Alternativelyegional changes in weather conditions could
have also affected flowering frequency especially for those species that use
environmental cues as their primary trigger. For example, timing of tree fruit
production at Kibale National Park, Uganda has beene®lto shifts in climate, with
some trees experiencing fruit abortion due to unfavourable climatic condi@ohs

A. Chapman et al., 2005The increasdan frequency and intertsi of extreme

weather events ar projected to impact tropicalorests (Zelazowski, Malhi,
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Huntingford, Sitch, & Fisher, 20)5nd regional changan weather events initiated

by climatic phenomena such as El Ni&outhern Oscillation are well known to
affect fruiting production in both the New Worl(@Vright & Calderon, 2006and

Asia (Shoko Sakai, 2002However, we consider such climate change lasslikely

driver of the observed pattern not because the climate has not been changing during
the studies, but because the rates of change and the degree of change have been most
likely variable across the sitg8utt et al., 201p Climate change impact in the
tropics is driven by extreme weather events, but their implications at the regional
scale are uncertain and controversfZelazowski et al., 20)1 Consequently,
concluding that climate isdelaying flowering frequency would currently be
premature. Delay across flowering patterns may lead to several cascading effects on
the ecosystem strata, causing temporal shifts in phenology. If the same phenological
pattern found by us stays consistent, it may lead to phenological mismatches
between plants and pollinators, hence affecting population survival, species
boundaries and ecosystem servifieart, Salick, Ranjitkar, & Xu, 2094 However,

more research is neededést this hypothesis

Interannual trends for fidelity to a particular flowering frequency

As climate change is advancing at an unprecedentie(\Walther et al., 2002 we
expected the fielity of a tree for a particular flowering frequency to change over
time, and for 16% of species it did significantly. In our findings, species were
divided into two groups: for some species fidelity for a particular frequency
increased, while for othersdecreased-or both categoriethere are advantages and
disadvantages and the strategy adopted is most likely syspaesic. For a tree that
increases its fidelity for a particular frequency over time, an advantage cimsabt

of the conservation for specific pollinators that rely on certain tree species to grow
and reproduce(Fenner, 1998 A disadvantage could represent a phenology
mismatch between animals that change theienplogy in response to climate
change and species that adapt very well to new climatic conditions. This in turn may

lead to species extinctigiMorellato et al., 2016

A flower with a low fidelity to a particular frequency can either flower less oremor
often over time. Bawa et a{2003) reported that flowering less often is likely to
confer a disadvantage dsuse unpredictability of flowering frequency will reduce
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pollinator fidelity and specialization. Flowering more regularly than usual may
increase the population of that particular species, enhance reproductive success or
reduce seed predatdiBawa et al., 2003 Unpredictability can also be a mechanism

of reducing reproduction failure triggered by inconsistent pollinat@esva et al.,

2003. However, in our study we found equal number of species with increased /
decreased fidelity for a particular flowering frequency, which can suggest that no
changeis actually encountered and the significant increase / decrease in the fidelity
for a particular frequency shown by several species is just by chance. This
speculation is supported also by our fruiting results that show equal proportion of

species showindifferent directions in fidelity for a particular frequency over time.
Conclusions

Phenology provides key knowledge on how ecosystems respond to regional and
global climate changes. Understanding phenology of African tropical forests is
crucial to adapt to and mitigate future climate related impacts. Here we fill several
gaps inour knowedge ofthe phenology of African tropical forests and demonstrate
plasticity of several African tropical species for all three quantitative indicators:
frequency, fidelity to conserve a particular frequency and seasonal phase. Moreover,
we have showed tha flowering and fruiting frequency decrease over time, most

likely due to senescence and call for further research to prove this theory.
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Appendices

Appendix 2A. Species name and number of trees recorded at easite for the flowering

analysis.
Species Site
Amani  Bwindi Gombe Goualou Kibale Lope Mbaiki Mbeli  Nyungwe Okapi Edoro Okapi Lenda Tai

Afzelia bella 0 0 0 o 0 0 0 0 0 0 0 9
Agelaea paradoxa [} 0 0 0 0 [} 0 0 0 0 0 16
Alangium chinense 0 0 0 0 0 0 0 0 18 0 0 0
Albizia gummifera [¢] 0 0 0 0 [¢] 0 0 19 [ 12 0
Albizzia grandibracteata ] 0 0 0 8 0 0 0 0 0 0 0
Allanblackia stuhlmannii 57 [¢] 0 0 [ o 0 0 0 0 0 0
Alsodeiopsis schumannii 16 0 0 0 0 [} 0 0 0 0 0 0
Alstonia boonei 0 [¢] 0 0 0 o] [¢] 0 0 0 11 0
Anisophyllea obtusifolia 5 0 0 0 0 0 0 0 0 0 0 0
Anonidium mannii 0 0 0 15 0 0 0 11 0 9 11 0
Anthonotha macrophylla 0 0 0 0 0 0 0 0 0 10 10 0
Antidesma vogelianum [} 0 0 0 0 21 0 0 0 0 0 0
Apodytes dimidiata 0 0 0 0 0 0 0 0 0 15 0 0
Aucoumea klaineana 0 0 0 [ 0 47 0 0 0 0 0 0
Balthasaria schliebenii [¢] [¢] 0 0 0 o] [¢] 0 12 0 0 0
Beilschmiedia rwandensis 0 0 0 0 0 0 0 0 14 0 0 0
Bersama abyssinica 0 0 0 0 0 0 0 0 19 0 0 0
Blighia welwitschii 0 0 0 o 0 0 0 0 0 9 [ 0
Bobgunnia fistuloides 0 0 0 0 0 11 0 0 0 0 0 0
Bridelia brideliifolia [¢] [¢] 0 0 0 o] [¢] [¢] 16 0 [ 0
Calpocalyx aubrevillei 0 0 0 0 0 0 0 0 0 0 0 70
Calpocalyx brevibracteatus 0 0 0 0 0 0 ] 0 [ 0 [ 83
Canarium schweinfurthii o 0 0 0 0 9 0 0 [ 0 12 0
Carapa grandiflora 0 0 0 0 0 [} 0 0 22 0 0 0
Casearia runssorica [¢] [¢] 0 0 0 o] [¢] [¢] 15 0 [ 0
Cassia mannii 0 0 0 0 0 o 0 0 0 14 0 0
Cassipourea ruwenzoriensis 0 0 0 0 0 o] 0 0 13 0 ) 0
Celtis adolfi-fridericii [¢] [¢] 0 12 0 [¢] 0 0 [ 8 12 0
Celtis africana 3 0 0 0 0 0 0 0 [ 0 0 0
Celtis durandii 0 [¢] 0 0 10 [¢] [¢] 0 0 0 [ 0
Celtis mildbraedii 0 0 0 0 0 o 0 0 0 [ 8 0
Celtis tessmannii 0 [¢] 0 0 0 10 [¢] 0 0 0 [ 0
Cephalosphaera usambarensis 29 0 0 0 0 0 0 0 0 0 0 0
Chaetacme aristata 0 0 0 0 10 0 0 0 0 0 0 0
Chionanthus africanus () 0 0 0 0 o 0 0 9 0 0 0
Chrysophyllum africanum [} 0 0 0 0 0 14 0 0 0 0 0
Chrysophyllum boukokoense 0 0 0 0 0 0 23 0 0 0 0 0
Chrysophyllum gorungosanum 0 0 0 0 0 0 0 0 17 0 0 0
Chrysophyllum rwandense 0 0 0 0 0 0 0 0 7 0 0 0
Chrysophyllum subnudum 0 0 0 0 0 0 0 0 0 0 0 81
Chrysophyllus africanum 0 0 0 0 0 13 0 0 0 0 0 0
Cissus dinklagei 0 0 0 0 0 10 0 0 0 0 0 0
Cleistanthus pierlotti 0 0 0 0 0 0 0 0 0 10 13 0
Cola lateritia o] [¢] 0 0 0 o] [¢] [¢] 0 0 11 0
Cola lizae 0 0 0 o 0 12 0 0 0 [ [ 0
Comiphyton gabonense 0 0 0 0 ) 0 0 0 0 20 ) 0
Coula edulis [¢] [¢] 0 0 0 [¢] [¢] 0 [ [ [ 125
Croton haumanianus 0 0 0 0 0 0 0 0 0 19 12 0
Croton macrostachyus 0 9 0 0 0 0 0 0 10 0 0 0
Cynometra alexandri 0 0 0 0 0 0 0 0 0 46 10 0
Dacryodes buettneri 0 0 0 0 0 11 ] 0 0 0 ) 0
Dacryodes klaineana 0 0 0 0 0 0 0 0 0 0 0 74
Daniellia thurifera 0 0 0 0 0 0 0 0 0 0 0 19
Detarium macrocarpum 0 0 0 0 0 15 0 10 0 0 0 0
Dialium aubrevillei 0 0 0 0 0 o 0 0 0 0 0 97
Dialium corbisieri 0 [¢] 0 0 0 o] [¢] 0 0 16 12 0
Dialium lopense 0 0 0 0 0 36 0 0 0 0 0 0
Dialium pentandrum 0 0 0 0 0 0 0 0 0 10 0 0
Dictyophleba lucida 0 0 18 0 0 0 0 0 0 0 [ 0
Diospyros dendo ] 0 0 0 0 27 0 0 0 0 0 0
Diospyros ivoriensis 0 0 0 0 0 0 0 0 0 0 0 92
Diospyros polystemon 0 0 0 0 0 18 0 0 0 0 0 0
Diospyros sanza-minika 0 0 0 0 ) 0 ] 0 0 0 ) 90
Diospyros soubreana 0 0 0 0 0 0 0 0 0 0 0 59
Diospyros zenkeri 0 0 0 0 0 11 0 0 0 0 0 0
Diplorhynchus condylocarpon 0 0 18 0 0 0 0 0 0 0 0 0
Dombeya goetzenii [} 0 0 0 0 [} 0 0 13 0 0 0
Dombeya mukou 0 0 0 0 9 0 0 0 0 0 0 0
Drypetes gerrardii 0 7 0 0 0 0 0 0 0 0 0 0
Duboscia macrocarpa 0 0 0 0 0 11 0 10 0 0 0 20
Duguetia staudtii 0 0 0 0 0 0 0 0 0 0 0 41
Elaeis guineensis 0 0 1 0 0 [} 0 0 0 0 0 0
Entandrophragma angolense 0 0 0 0 0 0 0 0 0 0 0 25
Entandrophragma cylindricum 0 0 0 0 0 0 51 0 0 0 0 0
Entandrophragma excelsum 0 0 0 0 [ o] ] 0 17 0 ) 0
Erythrophleum suaveolens 0 0 0 0 0 0 0 0 0 11 10 0
Erythroxylum mannii 0 0 0 0 0 0 0 0 0 0 0 10
Eucalyptus 0 0 0 0 7 0 0 0 0 0 0 0
Ficalhoa laurifolia 0 () 0 [ 0 o 0 0 21 0 0 0
Ficus lutea o] [¢] 0 0 0 o] [¢] 0 0 9 0 0
Ficus oreodryadum 0 0 0 0 0 0 0 0 9 0 0 0
Ficus sansibarica 0 0 0 0 0 0 0 0 0 0 0 13
Funtumia latifolia [¢] [¢] 0 0 10 0 0 0 0 [ [ 0
Galiniera coffeoides 0 0 0 0 0 0 0 0 14 0 ] 0
Ganophyllum giganteum 0 0 0 0 0 10 0 0 0 0 0 0
Garcinia huillensis 0 0 15 [ 0 o 0 0 0 0 0 0
Gilbertiodendron dewevrei 0 0 0 0 0 0 0 12 0 0 46 0
Gilbertiodendron splendidum 0 0 0 0 0 0 0 0 0 0 0 25
Greenwayodendron suaveolens [} 0 0 0 0 10 0 0 0 0 0 0
Grewia oligoneura 0 0 0 0 0 0 0 10 0 8 12 0
Hallea stipulosa [} 0 0 0 0 0 0 0 0 12 8 0
Harungana madagascariensis 0 0 17 0 0 0 0 0 0 0 0 0
Harungana montana 0 0 0 0 0 0 0 0 12 0 0 0
Heisteria parvifolia 0 0 0 0 0 11 0 0 0 0 0 0
Heritiera utilis () 0 0 [ 0 o 0 0 0 0 62
llex mitis 0 0 0 o ) 0 0 0 19 [ [ 0
Irvingia excelsa 0 0 0 0 0 0 0 9 0 13 0 0
Irvingia gabonensis 0 0 0 0 0 23 0 0 0 0 0 0
Irvingia grandifolia 0 0 0 0 0 20 ] 9 [ 0 [ 30
Irvingia wombolu 0 0 0 0 0 0 0 0 0 10 [ 0
Ixora burundensis 0 0 0 0 0 0 0 0 10 0 0 0
Julbemardia seretii 0 0 0 0 0 [¢] [¢] [¢] 0 49 11 0
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Species

Klainedoxa gabonensis
Macaranga capensis
Macaranga kilimandscharica
Macaranga schweinfurthii
Maesa lanceolata
Maesopsis eminii
Magnistipula butayei
Manilkara zenkeri
Maranthes goetzeniana
Margaritaria discoidea
Massularia acuminata
Maytenus acuminata
Memecylon lateriflorum
Memecylon polyanthemos
Memecylon walikalense
Mesogyne insignis
Milicia excelsa

Milletia dura
Monanthotaxis congoensis
Monanthotaxis poggei
Musanga cecropioides
Myrianthus arboreus
Myrianthus holstii
Nauclea diderrichii
Nauclea xanthoxylon
Neoboutonia macrocalyx
Newtonia buchananii
Ochna afzelii

Ocotea usambarensis
Odyendea zimmermannii
Olea capensis

Olea welwitschii

Olinia rochetiana
Ongokea gore
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Appendix 2B. Species name and number of trees recorded at each site for the fruiting

analysis
Species Sites
Amani  Bwindi Gombe GoualougoKibale Lope Mbaiki Mbeli Nyungwe Okapi Lendarai
Afrosersalisia rwandensis 0 0 0 0 0 0 0 0 11 0 0
Afzelia bella 0 0] 0 0 0 0 0 0 0 0 11
Agelaea paradoxa 0 0 0 0 0 0 0] [0] 0 0] 24
Alangium chinense 0 0] 0 0 [0] 0 0] [0] 18 0] 0]
Albizia gummifera 0 0 0 0 [0] 0 0 0 22 12 0
Allanblackia stuhlmannii 38 0 0 0 0 0 0 0 0 0 0
Allophylus abyssinicusE 0 9 0 0 0 0 0 0 0 ] 0
Alsodeiopsis schumannii 13 0 0] 0] 0 (0] 0 [0] 0 0 0
Annickia chlorantha 0 0 0 0 0 10 0 0 0 0 0
Anonidium mannii 0 ) 0 11 0 0 0 0 0 0 0
Antidesma vogelianum 0 0 0 0 [0] 19 0] 0 0 0 0
Apodytes dimidiata 0 0 0 0 0 0 0 0 11 0 0
Aucoumea klaineana 0 0 0 0 0 43 0 0 0 0 0
Balthasaria schliebenii 0 0 0 0 0 0 0 0 14 0 0
Beilschmiedia rwandensis 0 0 0 0 0 0 0 0 12 0 0
Bersama abyssinica 0 0 0 0] 0 0] 0 [0] 18 0 0
Bobgunnia fistuloides 0 0] 0 0 [0] 11 0] [0] 0 0] 0]
Bridelia brideliifolia 0 0 0 0 0 0 0 0 14 0 0
Calpocalyx aubrevillei 0 0] 0 0 0 0 0 [0] 0 0 49
Calpocalyx brevibracteatus 0 0 0 0 [0] 0 ] [o] 0 0 60
Carapa grandiflora 0 0 0 0 (0] 0 0 0 25 0 0
Casearia barteri 0 0 0 0 0 0 0 0 11 0 0
Cassipourea ruwensorensis ] (o] 0 0] 0 0] 0 0 12 0] 0]
Celtis adolfi-fridericii 0 0 0 11 0 0 0 0 0 9 0
Celtis africa 0 ) 0 0 10 0 0 0 0 [} 0
Celtis africana 0 0 0 0 9 0 0 0 0 0 0
Celtis durandii 0 0 0 0 10 0 0 0 0 0 0
Celtis mildbraedii 0 0 0 7 0 0 0 9 0 12 0
Celtis tessmannii 0 0 0 0 0 10 0 0 0 0 0
Cephalosphaera usambarensis 24 (o] 0 0] 0 0] 0 [0] 0 (0] 0
Chaetacme aristata 0 0 0 0 11 0 0 0 0 0 0
Chionanthus africanus 0 0 0 0 0 0 0 0 10 0 0
Chrysophyllum africanum 0 0 0 0 0] 0 10 0 0 0 0
Chrysophyllum boukokoense 0 0 0 0 [0] 0 30 0 0 0 0
Chrysophyllum gorungosanum 0 0 0 0] 0 0] [0] 0 19 0 0
Chrysophyllum lacourtianum 0 0 0 13 0 0] 0 [0] 0 0 0
Chrysophyllum subnudum 0 (o] 0] 0] 0 0] 0 0 ) 0] 75
Chrysophyllus africanum 0 0] 0 0 0 13 0] [0] 0 0 0
Cissus dinklagei 0 0 0 0 [0] 9 0] 0 0 0 0
Cleistanthus libericus 0 ) 0 0 0 0 0 0 7 0 0
Cleistanthus pierlotti 0 0 0 0 [0] 0 0 0 0 12 ]
Cola lizae 0 0 0 0 0 10 0 0 0 0 0
Coula edulis 0 0] 0 0 0 0 0 0 0 0 126
Croton haumanianus 0 0 0 0 0 0 0 0 0 12 0
Croton macrostachyus 0 7 0 0 0 0 0] 0 0 ] 0
Croton megalocarpus 0 0 0 0 [0] 0 0] 0 20 0 0
Cynometra alexandri 0 0 0 0 [0] 0 0 0 0 10 0
Dacryodes buettneri 0 0 0 0 [o] 11 o] 0 0 0 0
Dacryodes klaineana 0 0 0 0] 0 0] 0 0 0] 0 58
Daniellia thurifera 0 0 0 0 0 0 0 0 0 0 9
Detarium macrocarpum 0 (o] 0 0] 0 13 0 3 0 0 0
Dialium aubrevillei 0 0 0 0 0 0 0 0 0 0 95
Dialium corbisieri 0 0 0 0 0 0 0 0 0 12 0
Dialium lopense 0 0 0 0 [o] 34 0 0 0 0 0
Dictyophleba lucida 0 ) 20 0 0 0 0 0 0 0 0
Diospyros dendo 0 0 0 0] 0 27 [0] (0] 0] 0 0
Diospyros ivoriensis 0 0 0 0 0 0] 0 [0] 0 0 34
Diospyros polystemon 0 0 0 0 0 18 0] [0] 0 0 0
Diospyros sanza-minika 0 0 0 0 [0] 0 0] [0] 0 0] 76
Diospyros soubreana 0 0 0 0 0 0 0 [0] 0 0 50
Diospyros zenkeri 0 0 0 0 0] 11 ] 0 0 0 0
Dombeya mukou 0 0 0 0 9 0 ] 0 0 0 0
Dombeya torrida 0 0 0] 0] 0 0] 0 [0] 11 0 0
Duboscia macrocarpa 0] 0 0 0 0 9 0 4 0 0 0
Duboscia macrocarpa 0 0 0 0 0 0 0] [0] 0 0] 19
Duguetia staudtii 0 0] 0 0 [0] 0 0] [0] 0 0] 32
Ekebergia capensis 0 0] 0 0 [0] 0 0 0 11 0 0
Elaeis guineensis 0 0 17 0 [0] 0 ] 0 0 0 0
Englerodendron usambarense 6 0 0 0] 0 0] 0 [0] 0 0 0
Entandrophragma angolense 0] 0 0] 0] 0 0] 0 0 0 0 20
Entandrophragma cylindricum 0 0 0 ] 0 0] 31 (0] 0 0 0
Entandrophragma excelsum 0 0 0 0 [0] 0 0] 0 20 0] 0
Erythrophleum suaveolens 0 0 0 0 [0] 0 0 [o] 0 10 0]
Erythroxylum mannii 0 0 0 0 0] 0 0] [0] 0 0 10
Eucalyptus 0 0 0 0 7 0 ] 0 0 0 0
Ficalhoa laurifolia 0 0 0 0 0 0 0 0 21 0 0
Ficus elasticoides 0 0 0 0 0 0 0 0 0 0 21
Ficus oreodryadum 0] 0 0 0 0 0] [0] [0] 29 0 (0]
Ficus sansibarica 0 ) 0 0 0 0 0 0 0 0 30
Ficus vallis-choudae 0 0 14 0 0 0 0 0 0 [} 0
Funtumia latifolia 0 0 0 0 1 0 0 0 0 0 0
Galiniera saxifraga 0 0 0 0 [o] 0 0] 0 11 0 0
Ganophyllum giganteum 0] 0 0 0 (0] 10 0] 0 0 0 0
Garcinia huillensis 0 0 13 0 0 0 0 0 0 0 0
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Appendix 2B continued

Species Sites

Amani Bwindi Gombe Goualougo Kibale Lope Mbaiki Mbeli Nyungwe OkapiLenda Tai
Gilbertiodendron splendidum 0 0 0 0 0 0 0 0 0 0 25
Greenwayodendron suaveolens 0 0 0 0 0 10 0 0 0 0 0
Grewia mildbraedii 0 0 0 0 0 0 0 0 10 0 0
Grewia oligoneura 0 0 0 0 0 0 0 0 0 5 0
Gymnosporia acuminata 0 0 0 0 0 0 0 0 10 0 0
Hallea stipulosa 0 0 0 0 0 0 0 0 0 10 0
Harungana madagascariensis 0 0 15 0 0 0 0 0 0 0 0
Heisteria parvifolia 0 0 0 0 0 11 0 0 0 0 0
Heritiera utilis 0 0 0 0 0 0 0 0 0 0 45
llex mitis 0 0 0 0 0 0 0 0 14 0 0
Irvingia excelsa 0 0 0 0 0 0 0 8 0 0 0
Irvingia gabonensis 0 0 0 0 0 22 0 0 0 0 0
Irvingia grandifolia 0 0 0 0 0 20 0 0 0 0 33
Ixora burundiensis 0 0 0 0 0 0 0 0 9 0 0
Julbernardia seretii 0 0 0 0 0 0 0 0 0 11 0
Keayodendron bridelioides 0 0 0 0 0 0 0 0 0 0 8
Klainedoxa gabonensis 0 0 0 0 0 9 0 10 0 10 85
Macaranga capensis 9 0 0 0 0 0 0 0 0 0 0
Macaranga kilimandscharica 0 0 0 0 0 0 0 0 23 0 0
Macaranga schweinfurthii 0 0 0 0 0 0 0 0 0 18 0
Maesa lanceolata 0 0 0 0 0 0 0 0 15 0 0
Maesopsis eminii 33 0 0 0 0 0 0 0 0 0 0
Magnistipula butayei 0 0 0 0 0 0 0 0 14 0 0
Magnistipula butayei 0 0 0 0 0 0 0 0 0 0 14
Manilkara mabokeensis 0 0 0 8 0 0 0 0 0 0 0
Margaritaria discoidea 0 0 0 0 0 0 0 0 0 15 0
Massularia acuminata 0 0 0 0 0 10 0 0 0 0 0
Memecylon lateriflorum 0 0 0 0 0 0 0 0 0 0 37
Memecylon polyanthemos 0 0 0 0 0 0 0 0 0 0 9
Memecylon walikalense 0 0 0 0 0 0 0 0 21 0 0
Mesogyne insignis 98 0 0 0 0 0 0 0 0 0 0
Milicia excelsa 0 0 0 0 0 10 9 0 0 0 0
Monanthotaxis congoensis 0 0 0 0 0 10 0 0 0 0 0
Monanthotaxis poggei 0 0 19 0 0 0 0 0 0 0 0
Musanga cecropioides 0 0 0 0 0 0 0 0 0 13 0
Musanga leo-errerae 0 0 0 0 0 0 0 0 6 0 0
Myrianthus arboreus 0 0 0 0 0 10 0 0 0 0 0
Myrianthus holstii 29 0 0 0 0 0 0 0 9 0 0
Nauclea diderrichii 0 0 0 0 0 18 0 0 0 0 75
Nauclea xanthoxylon 0 0 0 0 0 0 0 0 0 0 63
Newtonia buchananii 0 0 0 0 0 0 0 0 13 0 0
Ochna afzelii 0 0 0 0 0 0 0 0 13 0 0
Odyendea zimmermannii 6 0 0 0 0 0 0 0 0 0 0
Olea capensis 0 5 0 0 0 0 0 0 19 0 0
Olinia rochetiana 0 10 0 0 0 0 0 0 31 0 0
Ongokea gore 0 0 0 0 0 10 0 0 0 0 0
Panda oleosa 0 0 0 0 0 12 0 10 0 0 27
Parinari capensis 0 0 13 0 0 0 0 0 0 0 0
Parinari excelsa 0 0 0 0 0 0 0 0 17 9 74
Parkia bicolor 0 0 0 0 0 10 0 0 0 0 45
Pentaclethra macrophylla 0 0 0 0 0 25 0 0 0 0 0
Pentadesma butyracea 0 0 0 0 0 13 0 0 0 0 45
Pentadesma reyndersii 0 0 0 0 0 0 0 0 19 0 0
Podocarpus latifolius 0 0 0 0 0 0 0 0 28 0 0
Polyathia suaveolens 33 0 0 0 0 0 0 0 0 0 0
Polyscias fulva 0 0 0 0 0 0 0 0 17 0 0
Porterandia cladantha 0 0 0 0 0 12 0 0 0 0 0
Pouteria altissima 0 0 0 0 0 0 14 0 0 0 0
Pouteria aningeri 0 0 0 0 0 0 0 0 0 0 22
Prunus africana 0 9 0 0 0 0 0 0 13 0 0
Pseudospondias microcarpa 0 0 8 0 0 11 0 0 0 0 0
Psidium guineense 0 0 0 0 0 13 0 0 0 0 0
Psychotria mahonii 0 0 0 0 0 0 0 0 27 0 0
Psychotria vogeliana 0 0 0 0 0 23 0 0 0 0 0
Pterocarpus soyauxii 0 0 0 0 0 10 0 8 0 0 0
Pycnanthus angolensis 0 0 0 0 0 15 0 0 0 0 72
Rapanea melanophloeos 0 0 0 0 0 0 0 0 27 0 0
Ricinodendron heudelotii 0 0 0 0 0 0 0 0 0 18 0
Rytigynia kigeziensis 0 0 0 0 0 0 0 0 18 0 0
Saba comorensis 0 0 26 0 0 0 0 0 0 0 0
Sacoglottis gabonensis 0 0 0 0 0 19 0 0 0 0 101
Santiria trimera 0 0 0 0 0 10 0 0 0 0 0
Sapium ellipticum 0 0 0 0 0 0 0 0 8 0 0
Sarcocephalus pobeguinii 0 0 0 0 0 0 0 0 0 10 18
Schefflera goetzenii 0 0 0 0 0 0 0 0 18 0 0
Scottelia klaineana 0 0 0 0 0 0 0 0 0 0 51
Scytopetalum tieghemii 0 0 0 0 0 0 0 0 0 0 20
Sorindeia madagascariensis 32 0 0 0 0 0 0 0 0 0 0
Staudtia kamerunensis var. gabonensi 0 0 0 0 0 11 0 0 0 0 0
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Appendix 2B continued

Species Sites
Amani  Bwindi Gombe GoualougoKibale Lope Mbaiki  Mbeli Nyungwe Okapi LendaTai

Sterculia oblonga 0 0 0 0 0 0 0 0 0 0
Strombosia pustulata 0 0 0 0 0 0 0 0 0 0
Strombosia scheffleri 0 8 0 0 0 0 0 0 32 0
Strombosiopsis tetrandra 0 0 0 0 0 0 0 0 0 11
Symphonia globulifera 0 0 0 0 0 0 0 0 27 0
Synsepalum afzelii 0 0 0 0 0 0 0 0 0 0
Syzygium cordatum 0 12 0 0 0 0 0 0 0 0
Syzygium guineense 0 0 0 0 0 0 0 0 48 0
Syzygium owariense 0 0 0 0 0 0 0 0 0 0
Tabernaemontana penduliflora 0 0 0 0 0 0 0 7 0 0
Tabernaemontana stapfiana 0 0 0 0 0 0 0 0 9 0
Tetrapleura tetraptera 0 0 0 14 0 20 0 0 0 0
Treculia africana 0 0 0 0 0 0 0 0 0 0
Trichoscypha acuminata 0 0 0 0 0 11 0 0 0 0
Trichoscypha arborea 0 0 0 0 0 0 0 0 0 0
Triplochiton scleroxylon 0 0 0 0 0 0 38 0 0 0
Uapaca corbisieri 0 0 0 0 0 0 0 0 0 0
Uapaca guineensis 0 0 0 0 0 27 0 0 0 0
Uvariastrum pierreanum 0 0 0 0 0 11 0 0 0 0
Vitex doniana 0 0 0 0 0 29 0 0 0 0
Vitex fischeri 0 0 20 0 0 0 0 0 0 0
Xylia evansii 0 0 0 0 0 0 0 0 0 0
Xylopia aethiopica 0 0 0 0 0 11 0 0 0 0
Xylopia hypolampra 0 0 0 0 0 6 0 0 0 0
Xylopia quintasii 0 0 0 0 0 12 0 0 0 0
Xylopia spp. 0 0 0 0 0 0 0 7 0 0
Zanha golungensis 0 0 0 0 0 0 0 0 0 0
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Appendix 2C. Specieshowing significantly different flowering frequencies across
various sites.
Anthonotha macrophylla
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Margaritaria discoidea
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Pseudospondias microcarpa
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Appendix 2D. Species showingo differencein their flowering frequencies across
different sites.
Albizia gummifera
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Dialium corbisieri
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Hallea stipulosa
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Macaranga schweinfurthii
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Neoboutonia macrocalyx
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Podocarpus latifolius
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Tetrapleura tetraptera
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Appendix 2ESpecieghat significantly vary in their fidelity for a particular flowering
frequency across different sites

Albizia gummifera
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Appendix 2F. Specieghat do not vary in their fidelity for a particular flowering

frequency across different sites
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Appendix 2G. Species showing significantly different seasonal phasefkflowering
across various sites.
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Parkia bicolor
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Appendix 2H. Species showingimilar seasonal phasesf flowering across various sites.
each site.
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Podocarpus latifolius
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Appendix 2I. Species showing significant differences in their fruiting frequencies across
different sites.
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Appendix 2J. Species showing no difference in thefiruiting frequencies across
different sites.
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Olinia rochetiana
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