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ABSTRACT

We present the first cross continental comparison of the flowering and fruiting pggiodl

tropical forests across Africa. Flowering events of 5446 trees from 196 species across 12 sites,
and fruiting events of 4595 trees from 191 species, across 11 sites were monitopatiodsrof

6 to 29 yearsyananalyzedo describe phenology at the continental level. To study phenology we
used Fourier analysis to identify the dominant cycles of flowering and fruiting foriedigidual

tree and we“identified the time of year African trees bloom and beaaffitheir relationship to
local seasonalityReproductive strategies were diverse andgingle regular cycle was fodiin

>50% of individialsacross all 13ites. Additionally, we found annual flowering and fruiting
cyclesto be the;most common. Sub-annual cycles were the next most common for flowering
whereas suprannual patterns were the next most common for fruiting. We also identify @ariati
in different subsets of species, with species exhibitiagiy annual cyclemmost common in

West and WesCentral African tropical forests, whilaorespecies at sites BastCentral and
Eastern African forests showed cyelanging from sub-annual to supra-annual. Despite many
trees showingsstrong seasonaldymost sitesomeflowering and fruiting occurred all year
round.Environmental factors with annual cycles are likely to be important drivessagbnal
periodicityin.trees acroséfrica, but proximatdriggersareunlikely tobe constanticross the

continent.

Key wordsAfrica; annual cycles; flowers; fruits; phenologgasonalityfropical forest.

PLANT PHENOEOGY, THE TIMING OF CYCLICAL BIOLOGICAL EVENTS (PHENOPHASE$ SUCH AS

leafing, flowering and fruiting, is essential for the reproductive success o$ péaat equally
important for animals that rely on plant resources to survive and reproduce (vdnebetha

1993 Sakai 2001 Phenology is well studied in northern, temperate systems (Visser & Both
2005) and.changes in phenology associated with climate warming are widg§laendsan &

Yohe 2003)«However, the phenology of tropical plants is poorly understood, due both to the
paucity of leng-term data sets and the complexity of individual patterns (Gentry 1974, Hudson &
Keatley 2009). Ultimately, if we are to understand how phenology is changing in the traigics, i
vitally important to establishow canopylevel patterns emerge from variation at the levels of

species and communities.
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Globally, tropical forests areharacterizetby an exceptionally high diversity of plant
species, which can flower or fruit at any time of the year, often with very diffpadtarns to
other species within the same forést/uding closely relatethxa (Bawaet al 2003, Zhotet al.
2014). Flowemg and fruiting events in tropical forests vary from complete intraspecific
synchrony te.extreme asynchromyid from constant activity to recantshort pulses (van
Schaiket ak,1993). Depending on the environmental conditions, species, individual tree
characteristics; location and sometimes year, different phenophases occur at different times of
the year, indifferent seasons, and vary in their frequencies and duBsiaidt al 1999 Pauet
al. 2013, Bustet al 2017.

To produce leaves, flowerst, fruits, an adult tree needs to accumulate sufficient
nutritional resource befor@phenophase onset can be triggered (Ogilat 1976).

Consequently, weather conditions that could trigger phenophase onset cannot do sceif the tre
has not first acquiesufficient resources to enable it to respond (Bullock & Sdhagallanes

1990). Fruiting events also do not necessarily always follow flowering, as flowers may not be
pollinated smay be damaged by weather and herbivores, or trees may abort unripe fruits
(Stephenson'1981). These factors make the study of phenological responses in relatiateto cli
extremely=ehallengingLarge and longerm datasetare therefore required to study general
phenologieal patterns, and this is especially needed to offset the high heterogeneitydafahdi
tree responses.

Regular patterns in phenophase expression can be a first indicator of the factors that drive
andmediateplant responses. Analysis of both cycle length and timing of regular patterns in
phenology atannual (including sumanual and suannual variants) and seasonal scales is a
first step to elucidating potential environmental triggers for various pheseptia tropical
forests, climate is not as seasonally restrictive for plant growth as in temperateviahetese
exceptions.of dry forests/hich have little or no rainfall for month&easonalityn the tropics is
dominated, by the intertropical convergerzone (ITCZ), a band of warm air, which carries
precipitationmnorth and south over the equator in annual cycles (National Weathiee 2010),
butregular'seasonal differences in rainfall and temperature are relativelyf@nté majority
of forests(vanSchaiket al. 1993).

Asian and South American studies dominate our current knowledge of tropicalqgyenol
(Sakai 2001, Chambees al 2013, Mendozaet al. 2017,Morellatoet al 2013). In these regions,
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phenology has been described in terms of timing, duration, synchronicity, and dominant cycles
(McEwan & McCarthy 2005). In Southeast Asia and South America the highly variable
phenology patternsf trees carbe triggered by various cues, including sudden drops in solar
radiation, plant moisture availaityl, heavy rain or increased temperaturi@er(ett & Lafrankie
1998, Sakaet.al. 1999,Butt et al 2015,). Compared to Asian and Neotropical foresipjcal
forestsin Africachave been little studied in terms of phenolagyd this isnainly because of the
relative'lack‘of longerm data sets. As a stark comparison, a recent review of Neotropical
phenology studies compiled data from 218 phenology study sites, with 10 sites yielding
information from more than a decade (Mendeial 2017). In contrast, our efforts &malyze
phenological patterns across tropical Africa produdata fronjust 17 sites, of which only nine
have data from'more than a decade (Plungited 2012; this study).

Despite the shortcomings of scant long-term phenological datasets fromltAdpcza
what we do know fronthe few African forests (East and West Africa) that have been previously
studied in'detailis that (1) flowering and fruiting frequencies vary from sabnual to supra
annual (Chapmaet al 1999 Polansky & Boesch 2013anmaaet al 2016, Bustet al, 2017%;
and (2)annuakflowering cyclewerefound to be the most common. These important findings
from less'than a handful of studies represerdimgrrow range of tropical Africa beckoned for a
more indepth analysis across the continémtan effort to undertake initistepstowards
describing continental patterns in phenological responses and defining likely erentahoues
for phenolagical behavior in African forestge here(1) analyze cycles observed in phenophases
at differentssites, an(®) examine the sitbased relationships between phenophases and seasonal

weather cyeles that can reliably be extracted from global datasets.

Understanding phenology in African forests has become a fundamental issue i tropica
forest ecology.and conservation of trees and inter-dependent fauna whose suttvigatémed
by climate change and other anthropogenic pressures such as logging and(Butttetgal
2015).We therefore consider this continental wide analysis as a vital step towards undggstand
and elucidatingphenological patterns of African forest tree species. As shishstudy provides
a first overview of variability in cycle profiles within and between African sites. It allows initial
comparisons between the general characteristics of phenological profiles from African forests
with those observed on other continents or outside the tropiashermore, this studgysthe
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foundation forfuture analysesf the climatic conditions that may be driving phenological
responses in flowering and fruitimgrosgifferent African sitesWe use d&ourier analysi®f

trees froml2 longterm studiesn tropical forests to examine the dominant pattern of flowering
and fruiting cycles at each site and compare cycle profiles acroéfritten continent. We also

explore the seasonal phase of flowering and fruiting events of individual tre@shasite.

METHODS

DATA COLLECTION.—We assembled data from 12 lotagm research sites across East, Central

and West Afriea (Fig. 1)ncluding montane, submontane, setaciduous, evergreen and

swamp forests/(Table 1). With the exceptioMiBaiki, which was in a conservation area within

a logging concession, all forest sites were located within protected areas. Site elevation and total
protected area around the study trees varied between 80 to 3000 m and froft®5 km
approximately 13,000 kmrespectively. Each site experiences two main seasons, dry and wet,
eachpresentionce or twice a year, depending on the site location. Average minimum and
maximum monthly temperatures were between 12 and 30 °C, with maximum ranfatig

between 200 mm and®@ mm per montkiTable2). Data collection of flowering and fruiting

events data‘forripe fruit onlyare used in these analyses) at each site was done monthly and was
accomplished by the investigators and trained field assistants. Each tree \abhg wisnitored

for the presencabsence of flowers or ripe fruits. In some sites the phenophase response was
guantified sbutias different scoring methods were aselifferent siteswe restrictecur

analysedso presence/absenddonitored individualsvere orginally selected based on different
research questions at each site #aud mossites represent a naandom subset of the total

forest coverage.and species divergitytherinformation on species diversity frable S). One

site (M'Baiki).selected sgcies important in the timber trade, lith the exception of Amani in
Tanzania where phenological transects were randomly locdtedhersitespreferentially

sampled species producifigshyfruits, as original research questidiesussed omesource
availability for,large mammals, mainly primates or elephants. Although the sample at any site is
not limited tofleshyfruit-producing species and includes other traiish asabiotically

dispersed specigthe systematic selection fleshyfruits means thatur total sample is likely

to overfepresent this trait at a community level.
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DATA PREPARATION— Fourier analysis requires continuous regular datavever, due to the
logistical challenges of field data collection, including civil wtii@ some regions, there are
occasional gaps in the data we have availablendividual time series. If gaps were shorter than
three months;we interpolated the missing data using a linear estimator. Ifegadsnger than

3 months wesplit the data at the gap. Bushet al. (2017)show that time series length is a
significant'predictor of identifying cyclic activity in phenology data. To accountisnie only
included treeés'with time series longer than 60 consecutive maftéindinear interpolationwith

a minimum of 10 individuals for each species. We also excluded trees that died or never

flowered or fruited.

FOURIER ANALYSIS OF NDIVIDUAL VARIATION .—T0 assess the major cyclic patterns for
flowering and fruiting at the sites, we used Fourier analysis to identify domiyeas per
individual tree. Fourier is a spectral amagmethod used to decompose a time series into a sum
of sinewayesof different frequencies and is a robust analj@isletermining plants’ dominant
cycles (Platt &Denman 1975). Buslet al (2017) showed how it could be usedstatistically
assesshe“eycle length and predictability of phenology activity in tropical trees amdnadual-
level.

We calculated the Fourier spectrum for each individual tree usirigftimection
spectrum from th& base package ‘stat®R Core Team 2015). Following the guidelines in Bush
et al (2017)ywe,smoothed the raw spectrum using a Daniell kernel (a moving average gmoothe
with varyingsspans depending on the time series length to give a bandwidth of 0.1. The 0.1
bandwith represents one 10th of the length of the available time series of eack gess
sufficient resolution in the spectral estimate to assess dominant cycles while suppressing
irrelevant finescale structuréBushet al 2017).

We.assessed the smoothed spectral estimate for each individual tree and extracted the
cycle frequency with the highest power, representing the strongest cycle in tHeudhiet al
(2017) warnethat time series with little cyclic activadgn sometimes produce Fourier transforms
with high power in nomrelevant low frequencieg@.,the full length of the time series). To
account for this, we screened out individuals where the dominant cycle identifiech&rom t

spectrum was greater tharifrthe length of the time series (resulting in exclusion of 9% of trees
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for flowering and 13% of trees for fruitinghlthough 9% ofindividuals that showedon-

cyclical flowering were excluded from our analyseee bias away from shorter cycles is likely

to be minimal, as individuals only flowered once or twice during the whole study period at the
site, rather than continuously.

These.data exclusions following Fourier analysis resulted in final sarapb,446
individuals,(196 species) for the flowering analysis and 4595 individuals (191 sgecit®
fruiting @nalysis. Prior to application of the minimum@®@nth threshold, numbers were 11,211
individuals'(469unique species) for the flowering analysis and 10,517 individuals (453 unique
speciesfor the fruiting analysi¢Table3). Individual time series ranged from 60 to 339 months
long (median=+199.5 months) with site differences in data length.

TESTING FOR DIFFERENCES IN CYCLIC ACTIVITY AMONGITES—We used the Fourier-derived

estimates fodominant cycle length for each individual tree to determine the differences among
sites. To describe the most common flowering and fruiting cycles found at each site and to
compare among sites, we plotted the distribution of dominant cycles at eaclngjteiaim

plots.We treated flowering and fruiting events separately and not as a dependent process. Hence,
it is worthenoting that not all individuatonsidered in the flowering analysis were shared in the
fruiting analysisFor 851 treesfruiting wasmore erratic than floweringnd these individuals

were excluded from analysis foliiting, but retained in the flowering analysisis alsoled to

five species from the flowering analystsbeing excluded from the fruiting analysis as less than

10 individuals'showed regular fruiting.

COMMUNITY LEVEL SEASONALITY .—We assessed the seasonal rainfall pattern at each site by
calculating a mean monthly rainfall val(ieable 3)over the maximum phenology data collection
period (28 years starting in 1986 and finishing in 2014) using rainfall data froGiithate
Hazards Group InfraRed Precipitation with Statiatase{CHIRPS)(Funket al 2015:
http://chg.geog.ucsb.edu/data/chirps/). This dataset combines grased-monitoring with
satellite derived rainfall data starting in 1986 and finishing in 2014. For the &gq(ldpé and
Mbeli) for which rainfall data were available locatlye empirically observednonthly time-
seriesdata were poorly matched in tB&lIRPSdatasetHowever seasonal patterns (average
monthly rainfall across all years) were strongly correlated (r ®iis@rved atopé and Mbeli
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siteg (data not shown). Tstandardize across sites, we defined the dry season as any months
where rainfall was less than 60 mm (after van Sceaédt 1993). We assessed canopy level
flowering and fruiting status for trees at each site, by calculating lats#adhe proportion of
treesin the phenology sampftowering and fruiting within each month and year. To test for
seasonality.in.flowering, fruiting and rainfall data we used Rayleigh testenmeplted in the R
packagecireular(Agostinelly& Lund 2011) with the null hypothesis ahiformity (no
seasonalityfMorellatoet al 2010).As the Rayleigh test can fail in the presence of strong and
symmetric'mulimodality, we first visually inspected seasonal pattéoridentify potential
multi-modalty. We then usedhe function ‘Rayleigh.testfrom the Rpackagécircular’
(Agostinelly &kund 2011) At some sitesq.g.,Kibale and Amanj rainfall is strongly bimodal,
but not symmetrical. Significant seasonality could be identified by the Rayleigh testh

circumstances, #ilough the angle identified is likely to be meaningless (Moredttd 2010).

RESULTS

SITE LEVEL FLOWERINGAND FRUITING CYCLES— Across 12 sites and 5446 individuals (196
species) for,which all data quality control conditions were met, we found 46% ndizibiual
treesshowed dominant annual flowering cycles (between 11 and 13 months), 29% of individuals
showed sub-annual cycles (typically betweem87 months) and supra-annual cycles (above 13
months)were seen in 25% of trees, with-8bnth cycles being the most common.

The overall'prevalece of annual cyclas individualswas reflected at thaite-levelin Gombe,
Nyungwe, Bwindi, Okapi Lenda, Okapi Edp®oualougo, MbelilL.opé andTai. Elsewhere

annual cycles were not most common, viitlBaiki showing mainly suprannual cyclesKibale
showinga very diverse profile witsub-annual, annual and a variety of mainly supra-annual
cycles and Amani showing mainly sabnual cyclegFig. 2). Remarkably, despite being only 35
km apartand.inthe same forest typ@kapi Lenda and Edoro showed different dominant cycles
with far greater diversitin cycle lengthn Okapi Lenda.

Across the 11 sites and 191 species (4595 individuals),od28dividuals showed

annualfruiting cycles In contrast to the flowering analysis, swaranual fruitingcycles were
nearly as common as annual cycles (35% of individual trees), with the most frequéamdrtto
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fruiting cycle being 24 months. Swnnual cytes were encountered only in 23%eindividuals
with the most commoanyclebeing 6 months. At most sites we found species alifthring cycle
lengths (Fig. 4). Irsites inWest and West Central Africa we found that most trees recorded an

annual fruiting cycle.

FLOWERING,AND FRUITING SEASONALITY.—Due to considerable variation between individuals
and both within“and between species, flowering patterns at the community level at@sost si
showed weak'seasonality (some trees flower during both the wet and dry season) despite
considerable seasonal differences in rainfall between sites @i§ and Table 5). Seasonality in
flowering (flowering triggered by a certain environmental cue, such a®hesinfall) was not
observed in"Amani, Kibale, Nyungwe, Bwindi, and Tai, while we detected significantifhgwe
seasonality at the canopy level in the rest of sites @and Table 5). Among the remaining
seven siteghe strongest seasonal floweripgtternsvereencountered at Gombe, M’Baiki,
Lope, Goualougo, Okapi Len@ad Okapi Edoro sites (Fig). All sites showed significant
seasonalitysinrainfall (Table 4).

With regard to fruiting, we found constant fruit patterns a featusewdral sitesAmani,
Kibale, Nyungwe an@windi weresites thaexhibited no significant seasonality in flowering,
and alseshewed no statistically significant seasayah fruiting patterngP >0.01, Table 5).
However, although Lope showed strong significant seasonality in flowering, it did not show
seasonality in fruitingalthough thd® value = 0.01). In contrast, Tai, which showed no
seasonalitysinflowering, showed strong seasonality in fruidamst intermonth variation
(highest seaseonality) in fruiting was found in Tai, Okapi Lenda,&/B and GombeF-or
Amani, Nyungwe, M’'Baiki, Mbeli and Tai, peak fruiting occurred during the dry season. At
Kibale, peak fruiting was at the transition from wet to skegsonsand forthe rest of the sites,

peak fruiting.occurred during the wet season (Fig. 5).

DISCUSSION

Using Fourier based analysis we effectively estimated flowering patterbg46rindividual
trees of 196 specieand fruiting patterns for 4595 trees of 191 sg®@cross 12 and 11 sites,
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respectively This was performeboth at the site level and among tropical forests spanning from
western to eastern Africa. We found that across all sites, more trees flowered and fruited
annually than supra or sub-annuahpwever sub-annual flowering cycles and supra-annual
fruiting patterns were present at all sites and common in many. Although sites hatew
individual trees reproducing annualbfl siteshadsomeannually reproductive trees, as expected
from previaus analyses of dominant reproductive cycles in Lopé (Btiah2017 and Kibale
(Chapmaretal:1999).

Overall;"46% of trees showed annual flowering frequencies aaltdsa sites. Our results
contrast with those previoustgported frontropical forests ofCentral and South Americas
well as Southast Asia, wheredepending on the region, sub-annual and supra-annual
frequenciediave previously been reported as the most frecgieategiegNewstromet al. 1994,
Sakai 2001McEwan & McCarthy 2005Wright et al. 2005). However, more recent work in
South America has now shown some sites where annual cycles in fruiting are dg¢hardan
et al.2007,Mendozaet al 2018). Evolutionanhistories angbressureslriving flowering and
fruiting arelikely to bedifferentin forests on different continents and, equally, even at a
continental'scalenay contrastgreatly between westeamdeasterriAfrica (Slik et al. 2018).
There is eertainly room for further work on the evolutioryxdlicity and currendrivers of
cyclicity onallcontinentsbefore robust intecontinental comparisons can be made
Fruiting showed similar patterris flowering, with 42% of trees at 11 sites showing annual
cycles, also as previously reported for Africa (Chapetaad. 1999, Takenoshitat al. 2008,
Bushet al 201%). Thigesult wasot as strong as the annual flowering pattern, presumably
because many flowering cycles do not result in production of mature fruit. Ouetdstias/s
that fruiting cycles are slightly moti&ely to be supra-annual than flowering cycledich may
be the result of resource deficiencies, stochastic weather events, flower or fruit predation
diseasall playing a role irmodifying annual cycles by preventing fruiting after a flowering

event.

SITE LEVEL FEOWERINGAND FRUITING PATTERNs.—We assume that the prevalence of annual

cycles suggests that a regular, external annual cycle, sometimes moderated by the resource base
available to each individual, and additional exdaranual environmentafariation, perhaps, such

as the El Niflo phenomenon (Chapnedml. 2018, Dunhanet al 2018) drives the observed
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phenological pattern in many tre@ginual phenological cycldsavepreviouslybeenreported to

be initiated byannual cycles ienvironmental conditionsuch as dajength,seasonalainfall

and temperature (Borchert 198%uet al 2013).It is difficult to disentangle exactly which cues
were responsible for triggering phenological eventauasites due tahelack of data on
environmental conditions. Factors mediating the trees’ ability to respond to aonemental

cue, such'as carbohydrate storage (Borchert 1983), or phosphorus accumulation (Corlett 2016),
have not been'measured at any of our sites. The lack of dateabwéather at a sufficient level

of precision'(Maidmengt al. 2015, Abernethyt al. 2016)is also problematic for robust

definition of environmental cués African sites However, despitthese limitations, welid find

annual cyglessin rainfall in most sites and consider it likedy annually cyclindocal
environmental:cueareimportant in drivingAfrican treephenologyacross the continerit is

important to remembehat dthough annual cycles were the most comrpatierns aimost sites
annual cycles were not shown by a majority of trédesre werendividualsat every siteshowing

either subor super-annualycles,andacrosshe whole datasenore trees showeatbn-annual

than annualeycle#\frican forestsshowa high level of diversity in phenological behaviors both
within and"between species. Although there was no clear effect of forest typaydentititude

or altitudewen the phenological profile at a sitesmore westerly siteshowed stnger

dominane-of annual cycles than those in the west and south, and sites closest to the current edge
of the rainforest extersghowed the highest diversity ayclic behavior.

Ourresults underscottbe complexity and interndividual variation inflowering and
fruiting at the"eommunity levepreviously reported at different sites in Africeu(in &
Fernandez:1993, Plumptre 1995). In this analysifferentset ofspeciesvasmonitored atach
site. Since species are not distributed at random among sitee@selectioncriteriavaried at
different sitegseeMethod$, it is plausible that differences among sites are more risftect
differences.in species selection thandamental differencaa geography. Unfortunately, we
cannotestimate the degree of bias this genenatss hog butfurther research into functional or
taxonomic.group responses to environmental triggers may elucidate the potential effects of each
We saw wariability in flowering and fruiting patterreamongspecies within the same forest site,
presumably associated wiklection for responses to differing environmental drivEings may
be expected whedlifferent functional traitsnediate the response to environmental dseér
phenological patterng.g, differentanimatplant relationships (Takenosheéaal 2008);
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differentmodes of seed dispersald, wind dispersed seeds tend to ripen during drier periods,
fleshy fruits in wetter one<hapmaret al. 2001) or differences in endogenous factors mediating
the respons@vhich mayreflect genetic differences: Staggemeieal. 2015). Although our

study is the first to present and compare the range of phenological profiles at tropical forest sites
across Africathe question ofvhy predominant cycle length varies across the contire@mains
unansweredrurther analyses including factors such as clincange, rare weather everssil

types, interspecific interactions, genetic variatimnest history and geographical position should

be considered by researchers wishing to advance this discipline.

FLOWERING:AND,FRUITING SEASONALITY.—AS reported elsewhere in Africa (Chapnetral.
1999), we found that timing of flowering and fruitibgtween speciesas highly variable at
most sites, such that at the canopy level some individuals may always be found in flawer or i
fruit. Visually, Bwindi and Kibaleshowed the least seasofialvering patterns (Fig3), but even
here theresmay be somskghtly bimodalseasonal patterns themotbe detected by the
Rayleigh testWe confirmed that for the majority of sitdwering activity peaked at the
beginning ‘or'during the middle of one of the two wet seasons (Andetrsbr2005, Polansky &
Boesch 2013)n five of our sites, peak fruiting occurred during the wet season (c.Bt&in
1996), a pattern also common in South and Central America (Smythe 1970) and Asia (Medway
1972).However in another five sites, peak fruiting occurred in the dry season, and for one site,
fruiting peaked in the transition from wet to dry. There was no discerniblerpattine
geographiedistributigrseasonality, or rainfall characteristafsvetvs. dry season fruiting sites.
Phenelogical complementarity between pdaand animals is crucial for ecosystem
organisation, process and function (Clelabhdl 2007), and the importance of phenological
events In understanding the ecology and evolution of species within their comesbag been
previously.demonstrated (Chapmetral 2005, Visser & Both 2005). Changes in plant
phenology.candead to cascading effexigoss the entire ecosystémcausng phenological
mismatchessbetween the cycles followed by plants and the animals that rely ohNévestr¢m
et al 1994,"Sakai 200Morellatoet al. 2016). Mismatches have already been observed in
temperate regions where phenology has changed differently for animals and plant d@amuni
due torecentrapidchanges in climate (Browet al 2016). Morellatcet al (2016) ad Mendoza
et al. (2017) review the evidence and likelihood of such mismatches arising in neakropi
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forests Chapmaret al. (2005), Polansky & Boesch (2013), Dunhatral. (this issue) and
Chapmaret al (this issue) consider the consequences of misneatoh&frican forests. All
conclude that primate foragers have developed behavioral patterns in respoase to th
predictability of fruit resources, and are likely to suffer population decliriastiphenology

cycles become less regular.

CONCLUDING'REMARKS.—Our study shows that annual cycling, as opposed to supra- or sub-
annual cyeling;"is the most common flowering and fruiting strategy in African tresdregion
across the continent. However, both supred subannual strategies exist in every stengside
annually cycling treesand non-annual patterns (of supra andaufisal combined) ammmon
overall andatmany individual sites. Seasonality at most sites covers two wet and two dry
seasons, providing potential for environmental cues at a sub-annual cycle length,duridve f
relatively low frequencies of sub-annual cycling. Our results provide an imporsetingafrom
which future changes in seasonality, community phenological prafiémdividual or species
averagecyelerlength can be ssssed. We show for the first time that there is considerable
variation intheffrequency of phenologicgicle typesat different tropicalAfrican sites and that
there is'seme geographic patterning in the distribution ofpigeific phenological cycle
profiles, although trends are not strong.

With this study, we bring African data to bear in global comparisons of trdpresk
behavior. We show similarities and differeageflower and fruit cycles between African, Asian
and Neotropical forest$Ve also show the complexity of observed phenology cycles within and
among sitessin‘Africa and the lack of explanatory power found in the currently available
environmeéntal data. In order for the environmental drivers of phenology patterns in Atrakropi
forests to be mare clearly understood we make the follomesgarchhecommendations: (1)
encourage.the collection of more detailed and prexisgonmentatlata(weather, soils, nutrient
flux etc.)at phenology data collection sit€2) assess and improveet potential of African
climate models to provide interpolated climaiga for specific siteg3) resolve differences in
observational,methodologies such that irsiée-comparisons become more rob(#) expand
data collection to include a more representative selection of tree spedi$ increase the
collection of functional trait data for the species targeted for phenology daeticoll

Furthermore, we encourage future work that addresses questions of variabilitytneehin
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speciesFinally, we note that although more work has been undertaken in Asian and Neotropical
forests than in Africa to date, it seems likely that application of new analytethlbds such as

those used here may identify previously overlooked patterns in these betterfanests too.
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TABLES

TABLE-L~Characteristics of th&2 Africanstudy sites, includingountry, geographical coordinates and monitoring period for

flowering and fruiting phenology of tropical trees. Sites are organized from Eagistio Mdtitude and longitude are expressed in

decimal degrees:.L = flowering; RF= fruiting; SD= Standard deviation.

Study site Country Latitude Longitude Length (years) Vegetation Mean Meantime Meantime series
Altitude  series lengthfor
lengthfor fruit
flower
Amani Nature Tanzania -5.13 38.62 7 Moist 950m 78 (SD=0) 78 (SD=0)
Reserve (2006—2012)  submontane
forest
Kibale Forest Uganda 0.56 30.36 15 Moist 1500m 148 (SD=23.7) 142 (SD=27.9)
National.Park (1998-2012 submontane
forest
Okapi Wildlife. Democratic  1.26 28.64 20 Humid mixed 750m OL: 200 OL: 200.9
Reserve Republic of (1993-2012) evergreen (SD=53.3) (SD=53.1)
Lenda site the Congo forest
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Okapi Wildlife Democratic  1.26 28.64 20 Humid mixed 750 m 152 (SD=57.9) No data
Reserve Republic of (1993-2012) evergreen
Edoro sites forest
Bwindi -1.05 29.77 8 Montane 2240 m 93 (SD=5.9) 93 (SD=7.4)
Impenetrable (2005-2012 forests
NationalPark
Nyungwe -2.43 29.26 14 Montane 2260 m 150 (SD=15.3) 184 (SD=21.6)
Forest (1996—-20M) forest
National Park
Gombe -4.61 29.64 14 Evergreen 1000 m 98 (SD=5.4) 97 (SD=5.5)
National Park (1998-2006 riverine forest,

deciduous

woodland, and

grassland
M’'Baiki forest 3.90 17.90 8 Semi 560 m 82 (SD=0.9) 81 (SD=0.4)

(2005-2012 deciduous
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9 Goualougo Republic of 2.21 16.52 6 Semi 300 m 69 (SD=2.7) 70 (SD=2.1)
Triangle Congo (2007-2012)  deciduous rain
Nouabalé forest
Ndoki
National Park
10 Mbeli Bai Republic of 2.26 16.41 13 Semt 300 m 134 (SD=22.8) 140 (SD=13.2)
Nouabalé Congo (2004- 2019 deciduousain
Ndoki forest
National Rark
11 Lopé National™ Gabon -1.09 11.16 20 Semi 300 m 237 (SD=91.1) 236 (SD=90.5)
Park (1986-2014)  evergreen,
tropical S
lowland 0
rainforest u
12 Tai National  Céte d'lvoire 5.84 -7.31 15 Diversemoist 80 m 68 (SD=4.1) 68 (4.1) ;
Park (1997-2011) evergreen and
semi ¢
evergreen €
forest S

: Amani Nature Reserve Tanzania- Henry Ndangalasi and Norbert Cordei@mmbe Stream National Park, Tanzania — lan
Gilby, AnnePusey, Michael Wilson and Baraka Gilagitgingwe National Park Rwanda- Felix Mulindahabi;Bwindi
Impenetrable National Park, Uganda — Badru Mugerwa, Frederick Ssali, Douglas Sheil and Martha Rdkibale National

Park, Uganda — Colin Chapma®@kapi Wildlife Reserve; Democratic Republic of Congo — Flory Bujo, Corneille Ewango and
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Terese Hartt.opé Reserve Gabon — Kate Abernethy, Emma Bush, Edmond Dimoto, Jean-Thoussaint Dikangadissi, Kath

Minimum precipitation Maximum precipitation Minimum temperature Maximum temperature
(mm) (mm) (°C) °C)

Jeffery, Caroline Tutin and Le&hite; Mbeli Bai; NouabaléNdoki National ParkRepublic of CongoMireille Breuer
Ndoundau Hockemba and Thomas BrelwBaiki , Central African Republie Adeline FayolleTai National Park; Ivory
Coast— Christophe Boesch, Leo Polansi@gualougq Republic, Republic of Congo— Sydney Ndolo, Dave Morgan, and
Crickette Sanz.

TABLE 2. Monthly minimum and maximum temperature and precipitation values at eachl@fAlfiecansites taken fromcHIRPS.
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Amani
Kibale
Okapi

33
30
31

Bitenisouth

Nastdodlorth

Aasbe
M’Baiki
Goualougo

Mbhali
194

Original sample  Detected cycle ]

Sub annual

Characteristics of detected gycles
24

trees 34
31

Species 4fees 3Xpecies

N

D

L4 -+

Amani
Lope
Gombe
Tai

34
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Nyungwe 74 1000 45 794 |35 187 43 326 42 245
Bwindi 33 319 8 80 |6 40 6 18 8 22
Kibale 75 311 10 Sifeo 8 79 P vdlue 13 10 43
Okapi Lenda. 49 570 27 38dhani 17 0566 @7 251 19 43
Okapi Edoro 61 850 30 4RMale| 27 0.114 ®4 140 29 188
M’Baliiki 30 769 6 15¥api| 6 0.5%0 ® 36 6 64
Goualougo - 28 284 3 ABwindi 2 0.992 3 20 1 4
Mbeli 44 438 12 hygnawe o 0.2%3 01 55 11 33
Lope 84 940 48 739Mb¢ 33 0-4%& %s 478 30 88
Tai 108 1000 44 078" 43 084 %3 973 39 413
Total 669 7693 258 5446 | 208 1620 231 2479 216 1311

TABLE 3. Number of individual trees and species at e&ftitan site in the original and Fourier datasets. Total number of species do not match
the ones presented in the text because in this summary we considered all species, ihelodieg present at multiple sitésetefore species

may appear more than once)
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TABLE 4. Rayleigh test of uniformity Goualago

monthly precipitation atl2 sites in Mbeli Bai

seasonality: Lopé
Tai

0.190
0.206
0.078

0.288
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TABLE 5. Rayleigh test of uniformity (Z)and p value of significance of deviation from uniformity. P values of less than 0.01 are
considered significant.

Site Z P value
Flowering
Amani 0.248 0.039
Kibale 0.034 0.80
Okapi Edoro 0.238 0.001
Okapi Lenda 0.551 0.001
Bwindi 0.039 0.308
Nyungwe 0.117 0.02
Gombe 0.193 0.001
M'Baiki 0.448 0.001
Goualougo 0.294 0.001
Mbeli Bai 0.316 0.003
Lopé 0.275 0.001
Tal 0.057 0.389
Fruiting
Amani 0.246 0.03
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Kibale

Okapi Lenda
Bwindi
Nyungwe
Gombe
M'Baiki
Goualougo
Mbeli Bai
Lopé

Tai

0.105
0.256
0.160
0.181
0.238
0.182
0.201
0.168
0.104

0.304

0.210
0.001
0.05

0.012
0.001
0.009
0.001
0.002
0.010

0.001
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FIGURE LEGENDS

FIGURE 1. Geographical position of the 12 lotegm, crosscontinental phenology studies in

Africa. Okapi Wildlife Reserve is represented by two si@sapi Lenda and Edor®ue to the

scale of the_map, dots for Goualogo and Mbeli overlap, as do the dots for Bwindi and Nyungwe.
Colors indicate spatial variation in land cover on a spectrum of high (green) torkovgé)

cover (datasdownloaded from ESA at 5° x 5° resolutiarino et al. 2009).

FIGUREZ2. Violin plot showing the density of flowering frequency of all individual trees ptesen

at 12African sites ordered from East to West. (Species present after Fourier analysis was applied
for each site: Amani = 14, Gombe = 11, Nyungwe = 45, Bwindi = 8, Kibale = 10, Okapi Lenda =
27, Okapi Edore = 30\'Baiki = 6, Goualougo = 3, Mbeli = 12, Lopé 48, Tai 5 Kidimber of

trees present at each site: Amani = 410, Gombe = 192, Nyungwe = 792, Bwindi = 80, Kibale =
85, Okapi‘Lenda = 354, Okapi Edoro = 488Baiki = 155, Goualougo = 43, Mbeli = 112, Lopé

= 733, Tal,=:2049)

FIGURE 3.Flowering seasonality at Xiifferent sites in AfricaBlackgraph represents the
rainfall for.each montinormalizedto the rainfall of the wettest month. Circular plots indicate the
proportion of individual trees flowering each montlin each month for 12 siteSites are

labelled above each circular plot.

FIGURE 4.Vielin plot showing the density of fruiting frequency of all individual treesent at
eachAfrican site. (Species present after Fourier analysis was applied for each site: Amani = 11,
Gombe = 10, Nyungwe = 49, Bwindi = 7, Kibale = 7), Okapi Lenda #¥PBaiki = 6,

Goualougo = 6, Mbeli = 9, Lopé = 48, Tai = Mumber of trees present at each site: Amani =
321, Gombe = 165, Nyungwe = 842, Bwindi = 60, Kibale = 57, Okapi Lenda #PBa&iki =

132, Goualougo = 64, Mbeli = 66, Lopé = 709, Tai = 1904api Edoro was not included in the
fruiting analysis because it did not passc¢badition of the 60-month threshold.

FIGURE 5.Fruiting seasonality at 11 sites in Afriddlackgraph represents the rainfall for

each month normalized to the rainfall of the wettest month. Circular plots shoveogoetpm
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of individual trees flowering in each morfthr 11 sitesSites ardabelledabove each circular
plot. Okapi Edoro was not included in the fruiting analysis because it did not pass the

condition of the 60-month threshold.
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