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Warming and rainfall decrease →hydrological drying in tropical South America
Ongoing drying → increase in drought deciduousness in seasonal tropical forests
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towards more suitable ranges (Fauset et al. 2012), new domi-
nant trait combinations may arise in the community. Changes
in the community functional trait composition may also imply
changes in key aspects of ecosystem functioning such as nutri-
ent, carbon and water cycling. Therefore, understanding past
and current responses of community-level traits has the poten-
tial to provide valuable insights into tropical forest resilience
against environmental changes and offer a promising avenue
for a better understanding of ecosystem functioning (Madani
et al. 2018). While analysing biodiversity responses to envi-
ronmental changes at the community level is clearly desirable,
it is a challenging task for tropical forests in particular given
their high diversity, relative paucity of trait data (e.g. Asner
et al. 2015), and the difficulties with sustaining long-term
monitoring.
In addition to the challenges associated with monitoring

responses of tropical forests across climatic gradients to a dry-
ing environment, little is known about the effects of recent
changes in climate on community-level trait composition. Ana-
lysing the precipitation anomaly over the last century, Fauset
et al. (2012) have shown there has been a long-term drying
trend in tropical Western Africa, which may had led to changes
in forest composition and community level leaf phenology.
However, there is an overall lack of integrated knowledge on
how long-term droughts affect hydraulic, leaf and wood related
community traits that are hypothesised to be tightly linked to
how different tropical forest may respond to changes in climatic
conditions. Here we coupled a unique combination of intensive
plant traits collections together with a wider set of trait data to
long-term forest inventories in a West African wet-dry forest
gradient and explore if forests exposed to different water deficits
show differential responses to a drying climate.
Given a drying trend across West Africa, we hypothesised

that the tropical forest across the climatic gradient have shifted
their trait distributions but that the magnitude of the trait shifts
may be dependent on the forest type and the past and current
climate conditions. Specifically, we hypothesised that forests

with usually low water deficits, that is intrinsically wetter for-
ests, may be more susceptible to a drying environment as their
plant communities may be adapted to high levels of moisture
and water availability. These wetter forests are therefore
expected to show stronger trait shifts than drier forest. On the
other hand, an increase in deciduousness may be a main strat-
egy adopted by communities at the edge of their climatic suit-
ability, for example drier forests, in order to adapt to a drying
environment. Therefore, we expected to see an increase in the
abundance of deciduous species in drier forests under this sce-
nario. Investigating if and how plant communities have shifted
their trait composition as a result of a drying climate will
increase our understanding on how past climatic conditions
have shaped current plant trait distributions and will render
insights into how changes in climate may shape future tropical
forest communities.

MATERIAL AND METHODS

Study area and vegetation censuses

The study focuses on the forest zone of Ghana, West Africa
(Fig. 1a). We obtained vegetation census data for 15 unique
1 ha permanent plots with no signs of fire events or large log-
ging actions and with at least two censuses recorded from the
African Tropical Rainforest Observation Network (AfriTRON;
www.afritron.org) (see Table S1 in supporting Information).
Only four of the selected plots were minimally affected by log-
ging actions (≤ 0.08 ha) between the two censuses selected, of
which the affected area was left out from our analysis. The
plots have their tree records databased and curated at www.
ForestPlots.net (Lopez-Gonzalez et al. 2009, 2011). In each
plot, all individuals with a diameter ≥ 10 cm at breast height
(DBH) or above buttress were recorded, 7041 in the first census
and 7170 during the second census. The individuals belonged
to 330 different taxa which were identified to the species
(93.2%) or genus level (6.8%) and their DBH was recorded.
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Figure 1 Geographic and climatic characteristics of the study area. (a) Map of the south of Ghana depicting the locations of vegetation plots collected and
their corresponding maximum climatic water deficit (MCWD). Circles indicate location of vegetation census plots coloured as wetter (green) and drier
(orange) forest types based on their MCWD (see methods). (b) The standardised precipitation and evapotranspiration index (SPEI), a drought index that
determines the magnitude and strength of drought conditions; here we show the drought conditions by plotting continuous 6-month windows over the past
century. Red colours represent drought periods and blue wet periods. All census plots have experienced droughts, especially during the 1970–2000 period
compared to the preceding decades; with monitoring beginning ca. 1990 (cf. Table S1). Only a representative set of SPEI from a wet (BOR_05) and a dry
(BBR2) plot are shown, for the SPEI for all plots see Fig. S3.
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deciduous species. Potential nitrogen fixing species were more
associated with higher nutrient (NL, PL) concentrations in tal-
ler trees with higher photosynthetic capacity but could also be
found across the central parts of the traits space (Fig. 2b).
Overall taller deciduous species tended to have higher NL and
PL, higher photosynthetic capacity but smaller SLA and lower
WD than evergreen species (Fig. 2c).

Changes in community-level traits

We next examined how changes in community species abun-
dances manifest as changes in community mean traits. Almost
always only plots classified as being at the drier end of the
MCWD range, that is ‘Dry’ plots, showed important (most
above 92% highest posterior density interval, HPDI) shifts in
their CWM trait values (Fig. 3; Table S2), thus we mainly
focus on this group of plots. For hydraulics-related traits, the
LA:SA ratio on average decreased 3.5%. For the leaf eco-
nomics, leaves increased 1.6% on average and up to 6% in
NL content in ‘wetter’ locations and up to 3% in ‘drier’ sites.
Drier sites also showed increased Amax of up to 2.8%. The
maximum height (Heightmax) of the species increased on aver-
age 4.7% and up to 15%, and an increase in non-pioneer light
demanders (NPLD) of on average 8.6% was detected, accom-
panied by a marginal decrease in shade bearers (SB) of 8.4%

in drier plots. Deciduous species abundance (DE) increased
up to 10% (l = 4.2%) in drier sites, with a similar decrease in
evergreens. Nitrogen fixers increased on average by 0.8% and
up to 3% (92% HPDI) but only in wetter locations, with no
important change in the drier sites. Other traits did not pre-
sent important changes (> 92% HPDI) in either dry or wet
plots (Fig. 3; Table S2).
Overall, the drier plots in our study transect have developed

taller trees with canopies that are rich in nitrogen with higher
Amax and lower LA:SA, and are more abundant in deciduous,
non-pioneer light-demanding species.

MCWD and phenology as drivers of changes in trait CWM

We examined whether the change in canopy properties can be
explained by the MCWD, the absolute and the relative change
in MCWD between censuses or by the interaction between
forest type (‘Dry’ or ‘Wet’) and the deciduous species abun-
dance (see Table S3). The results below focus on those traits
with important shifts in their CWM and on the best model
selected (Table S4). The MCWD was the best parameter
explaining the increase in deciduous species abundance, of up
to 10% (R2 = 0.29; Fig. 4a), also explaining a linear trend
increment in non-pioneer light demanders (R2 = 0.14;
Fig. 4b). The slight increase in nitrogen fixers (NF) was the
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Figure 3 Changes in CWM of traits between census and forest types (green: wetter plots; orange: drier plots). The X-axis shows the vegetation plots (n = 15)
ranked wettest to driest based on the MCWD, and the Y-axis, the observed changes in trait community-weighted mean. The grey vertical line separates the
forest types by their MCWD into wetter (green) and drier (orange) plots. The wet plot with highest climatic deficit is CAP_10 with a MCWD of !227 mm and
the dry plot with lowest MCWD is DAD_03 with a MCWD of !270.5 mm; hence the wet-dry transition in our analysis corresponds to an MCWD of roughly -
250 mm. l: mean change value, Sign: importance of the changes in CWM, ns: not significant. The arrows on top of each graph represent the magnitude of
change in the CWM of the trait so that larger arrows represent larger CWM changes. Only traits with at least marginally important changes in CWM are
shown (> 92% or < 8% High Density Intervals). See Fig. S6 for all other traits and full statistical details of models in Table S2. LA:SA: leaf area to sapwood
area ratio, Amax: photosynthetic capacity at maximum carbon assimilation rates, NL: leaf nitrogen content, Heightmax: adult maximum height, NPLD:
fractional change in non-pioneer light demanders, SB: shade bearers trees, DE: deciduous trees, EG: evergreen trees, NF: nitrogen fixers.
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best explained by the change in MCWDAbs (Fig. 4c). The
model accounting for changes in abundance of deciduous spe-
cies and their interaction with forest type was the best
explaining the changes in LA:SA in wetter and drier locations
with further decreases in LA:SA as deciduous species abun-
dance increased (Fig. 4d; R2=0.63). This model further
explained the increases in Amax (Fig. 4e; R2 = 0.43), with a
steeper positive slope in drier than wetter sites, and stronger
increases in NL in wetter sites with less deciduous species
(Fig. 4f; R2 = 0.54). This model explained the larger increases
in Heightmax (Fig. 4g; R2 = 0.81) at drier locations compared
to wetter ones. The interaction between the forest type and
deciduous species abundance explained the declines in ever-
green species (Fig. 4h; R2 = 0.86) and shade bearers (Fig. 4i;
R2 = 0.50) of close to 9% at drier plots with increases of close
to 10% of deciduous species.
Overall, the MCWD and the shift towards deciduous spe-

cies largely explain why the canopies are increasing in photo-
synthetic rate, decreasing their leaf-sap wood area ratio and
becoming taller.

DISCUSSION

Gradients in fundamental abiotic conditions (e.g. temperature,
rainfall) shape the distribution of biodiversity by driving the

assemblage of species and their traits, and dictating the func-
tioning of ecosystems. Climate change is altering these gradi-
ents, with consequent impacts on ecosystem functioning. Here
we show how by combining extensive plant traits data collec-
tion with long-term inventory records is possible to derive
new insights into how complex ecosystems respond to a
changing climate. This study shows that the tropical forests in
West Africa respond in different ways to a drying climate by
modifications of their trait composition. We show that the
changes in deciduous species abundance, which are more
accentuated in drier than in wetter forests, are mediated by
the climatic water deficit across the different forest types and
may modify the community-level trait composition.

Changing forests: differences along the climatic gradient

Trait composition changed across time and across the precipi-
tation gradient. For most traits the long-term climatic water
deficit, and not its absolute or relative changes, adequately
described changes in trait composition as a possible response
to climate changes. The observed trait compositional changes
are not likely to be the result of a successional process taking
place (see also Fauset et al. 2012) given the absence of increase
in wood density and pioneers and the lack of significant
increases in SLA as expected in such scenario (Carre~no-Roca-
bado et al. 2012; Lohbeck et al. 2013). Esquivel et al. (2018)
argue that Amazonian forest communities may be shifting
towards communities more adapted to drier conditions, with
large stature taxa becoming more dominant. Our results are in
contrast to findings from a study of Neotropical forests (Sande
et al. 2016), which proposed that changes in the CWM of some
leaf and wood traits in their plots are not the result of drought
but more from successional processes. Sande et al. (2016)
reported an increase in wood density but no evidence of
changes in percentage of deciduous trees in drier sites and no
increase in nitrogen fixers such as Fabaceae. We did find slight
increases in nitrogen fixing species and a clear increase in
deciduous, non-pioneer light demanders, supporting our
hypothesis of adaptations to a changing climate. However, the
drying trend in West Africa is much stronger than any
observed in recent decades in most Amazonian regions (Malhi
& Wright 2004). The fact that the climate affiliation of species
did not show a particular distribution in the PCA space
(Fig. 2a) is likely the result of the PCA focusing on the species
taxonomic identity and not on the basal area the species cover,
which may differ across the climatic gradient.
We hypothesised that forests would respond to changes in

climatic conditions by modifying their trait composition. We
expected such changes to be more prominent in wetter forests
as these could be thought to suffer most from a drying envi-
ronment given that their species are better adapted to high
levels of moisture and water availability (Feeley et al. 2011).
Contrary to our expectations, we found that drier forests are
responding more to changes in climate than wetter forests. A
potential explanation is that drier forests are already under
high ecophysiological stress because of limited water
resources, and therefore a drier environment would push them
closer to their climatic threshold (Allen et al. 2017). In con-
trast to drier forests with high water deficits, forest found in
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Figure 4 Changes in community weighted mean values of traits explained
by the (a and b) maximum climatic water deficit (MCWD), (c) the absolute
change in MCWD or (d–i) changes in abundance of deciduous species and
its interaction with forest type (wet= green; dry=orange). Only the traits
with important changes in CWM over time are presented. The solid line
represents the Bayesian median posterior distribution, dark shading colours
shows the 50% posterior predictive density intervals (PPD) and light
shading colours the 90% PPD. The horizontal grey dotted line shows the
no change limit. For full statistical model details see Table S4. DE:
deciduous, NPLD: non-pioneer light demanders, NF: Nitrogen fixer, LA:
SA: leaf area to sapwood area ratio, Amax: photosynthetic capacity at
maximum carbon assimilation rates, NL: leaf nitrogen content, Heightmax:
adult maximum height, EG: evergreen, SB: shade bearers.

Letter Tropical forest responses to a drying climate 861

© 2019 The Authors. Ecology Letters published by CNRS and John Wiley & Sons Ltd

15
10

5
0
−5
−10

−300 −250 −200
MCWD [mm]

Radj2 = 0.29

5°N

6°N

7°N
3°W 2°W 1°W 0° 1°E

−400 −300 −200

MCWD [mm]

towardsmoresuitableranges(Fausetetal.2012),new
domi-

nanttraitcombinationsmayariseinthecommunity.Changes
inthecommunityfunctionaltraitcompositionmayalsoimply
changesinkeyaspectsofecosystem

functioningsuchasnutri-
ent,carbonandwatercycling.Therefore,understandingpast
andcurrentresponsesofcommunity-leveltraitshasthepoten-
tialtoprovidevaluableinsightsintotropicalforestresilience
againstenvironmentalchangesand

offerapromisingavenue
forabetterunderstandingofecosystem

functioning(M
adani

etal.2018).W
hileanalysing

biodiversity
responsesto

envi-
ronmentalchangesatthecommunitylevelisclearlydesirable,
itisachallengingtaskfortropicalforestsinparticulargiven
theirhigh

diversity,relativepaucityoftraitdata(e.g.Asner
etal.2015),and

the
difficulties

with
sustaining

long-term
monitoring.
In

addition
to

the
challengesassociated

with
monitoring

responsesoftropicalforestsacrossclimaticgradientstoadry-
ing

environment,littleisknown
abouttheeffectsofrecent

changesinclimateoncommunity-leveltraitcomposition.Ana-
lysingtheprecipitationanomalyoverthelastcentury,Fauset
etal.(2012)haveshown

therehasbeen
a

long-term
drying

trendintropicalW
esternAfrica,whichmayhadledtochanges

in
forestcomposition

and
community

levelleafphenology.
However,thereisanoveralllackofintegratedknowledgeon
how

long-term
droughtsaffecthydraulic,leafandwoodrelated

communitytraitsthatarehypothesisedtobetightlylinkedto
howdifferenttropicalforestmayrespondtochangesinclimatic
conditions.Herewecoupledauniquecombinationofintensive
planttraitscollectionstogetherwithawidersetoftraitdatato
long-term

forestinventoriesinaW
estAfricanwet-dryforest

gradientandexploreifforestsexposedtodifferentwaterdeficits
showdifferentialresponsestoadryingclimate.
Given

adryingtrend
acrossW

estAfrica,wehypothesised
thatthetropicalforestacrosstheclimaticgradienthaveshifted
theirtraitdistributionsbutthatthemagnitudeofthetraitshifts
maybedependentontheforesttypeandthepastandcurrent
climateconditions.Specifically,wehypothesised

thatforests

withusuallylow
waterdeficits,thatisintrinsicallywetterfor-

ests,maybemoresusceptibletoadryingenvironmentastheir
plantcommunitiesmaybeadaptedtohighlevelsofmoisture
and

water
availability.

These
wetter

forests
are

therefore
expectedtoshow

strongertraitshiftsthandrierforest.Onthe
otherhand,anincreaseindeciduousnessmaybeamainstrat-
egyadoptedbycommunitiesattheedgeoftheirclimaticsuit-
ability,forexampledrierforests,inordertoadapttoadrying
environment.Therefore,weexpectedtoseeanincreaseinthe
abundanceofdeciduousspeciesindrierforestsunderthissce-
nario.Investigatingifandhow

plantcommunitieshaveshifted
theirtraitcomposition

asa
resultofa

drying
climate

will
increaseourunderstanding

on
how

pastclimaticconditions
haveshaped

currentplanttraitdistributionsand
willrender

insightsintohow
changesinclimatemayshapefuturetropical

forestcommunities.

M
ATERIAL

AND
M

ETHODS

Studyareaandvegetationcensuses

ThestudyfocusesontheforestzoneofGhana,W
estAfrica

(Fig.1a).W
eobtained

vegetation
censusdatafor15unique

1hapermanentplotswithnosignsoffireeventsorlargelog-
gingactionsandwithatleasttwocensusesrecordedfrom

the
AfricanTropicalRainforestObservationNetwork(AfriTRON;
www.afritron.org)(seeTableS1

in
supporting

Information).
Onlyfouroftheselectedplotswereminimallyaffectedbylog-
gingactions(≤0.08ha)betweenthetwocensusesselected,of
which

theaffected
areawasleftoutfrom

ouranalysis.The
plotshavetheirtreerecordsdatabased

and
curated

atwww.
ForestPlots.net(Lopez-Gonzalez

etal.2009,2011).In
each

plot,allindividualswithadiameter≥10cm
atbreastheight

(DBH)orabovebuttresswererecorded,7041inthefirstcensus
and7170duringthesecondcensus.Theindividualsbelonged
to

330
differenttaxa

which
were

identified
to

the
species

(93.2%
)orgenuslevel(6.8%

)andtheirDBH
wasrecorded.

5.0 5.5 6.0 6.5 7.0

−3
−2

−1
0

1

0
110

kilometers

BBR_02
BBR_16

BBR_17

CAP_09
CAP_10

DAD_03
DAD_04

BOR_05
BOR_06

DRA_05
DRA_04

FUR_07

KDE_02

TON_01 TON_08

−150
−200
−250
−300
−350 
<-400 

MCWD (mm)

Longitude

Latitude

1900  1920  1940  
1980  2000  

1960  
YEAR

WET DRY

–2 –10 1 2 –2–1 0 1 2

(b)
(a)

Figure1Geographicandclimaticcharacteristicsofthestudyarea.(a)M
apofthesouthofGhanadepictingthelocationsofvegetationplotscollectedand

theircorrespondingmaximum
climaticwaterdeficit(M

CW
D).Circlesindicatelocation

ofvegetation
censusplotscoloured

aswetter(green)and
drier

(orange)foresttypesbasedontheirM
CW

D
(seemethods).(b)Thestandardisedprecipitationandevapotranspirationindex(SPEI),adroughtindexthat

determinesthemagnitudeandstrengthofdroughtconditions;hereweshow
thedroughtconditionsbyplottingcontinuous6-monthwindowsoverthepast

century.Redcoloursrepresentdroughtperiodsandbluewetperiods.Allcensusplotshaveexperienceddroughts,especiallyduringthe1970–2000period
comparedtotheprecedingdecades;withmonitoringbeginningca.1990(cf.TableS1).OnlyarepresentativesetofSPEIfrom

awet(BOR_05)andadry
(BBR2)plotareshown,fortheSPEIforallplotsseeFig.S3.

856
J.Aguirre-Guti !errezetal.

Letter

©
2019TheAuthors.EcologyLetterspublishedbyCNRSandJohnW

iley&
SonsLtd

Aguirre-Gutierrez et al. (2021) Ecol. Lett. 
10.1111/ele.13243

https://doi.org/10.1111/nph.17266
https://doi.org/10.1111/ele.13243


M. Longo ■ Data-driven approach to represent multiple plant functional types across the wet and dry tropics with FATES 

Objectives and research questions
Implement drought-deciduous 
phenology in a cohort-based 
dynamic vegetation model (FATES)


Use multiple trait databases to 
define regional tropical plant 
functional types (PFTs) in FATES 


Assess FATES coexistence of PFTs 
along a precipitation gradient in 
the Neotropics

4

Precipitation data from  
10.5067/GPM/IMERG/3B-MONTH/06

https://doi.org/10.5067/GPM/IMERG/3B-MONTH/06
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Data-driven PFT definition

5

• 144,150 observations in Neotropics 
• 4130 species 
• 68 traits (24 traits for > 500 species)
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Trait-based PFT definitions

• Optimal number of clusters (k=4) based on gap statistics

• Evergreen clusters associated to acquisition-survivorship trade-offs; single deciduous cluster

• Few semi-deciduous measurements (mostly grouped with evergreens)

6
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Trait distribution and trade-offs across clusters

• Trait distribution across clusters: 
‣ Clear separation across evergreens 
‣ Drought-deciduous: similarities with 

early- or mid-evergreens
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• Trait trade-offs: 
‣ Distinct relationships between 

evergreen and deciduous 
‣ Similar across evergreen groups 
‣ Lack of data limited most trade-offs to 

global (or no trade-off at all)
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Drought-deciduous implementation in FATES

8

Drought deciduous phases

Leaf abscission
⟨ψ⟩ ≤ ψcrit (no recent flushing)


or 

Leaf age ≥ Leaf longevity

Leaf flushing
⟨ψ⟩ > ψcrit (no recent abscission)


or 
Last flushing > 13 months ago

Average within 
rooting zone

Running 

time-average

<latexit sha1_base64="nbiTkW8Wkdus9VJk1QS78ooQEL8="></latexit>
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Soil layer

thickness

Root
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Water stress function:

Additional features: 

• Phenological phase controls on carbon allocation

• Option for fine-root deciduousness

• Option for semi-deciduous phenology
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Long-term dynamics of biomass and LAI across rainfall gradient
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DBH Classes [cm]
≥ 80
55–80
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20–35
10–20
5–10
< 5

Observation*: 

20.5 ± 3.6 kgC m−2

Observation*: 

7.2 ± 2.6 kgC m−2

Observation**: 

2.1–2.5 kgC m−2

*Estimate from plots, using allometry from 
Chave et al. (2014) GCB 
10.1111/gcb.12629

**Castanho et al. (2020) An. Acad. Bras. Ciênc. 
10.1590/0001-3765202020190282 

https://doi.org/10.1111/gcb.12629
https://doi.org/10.1590/0001-3765202020190282
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How well does FATES represent fluxes and phenology?
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CLM−FATES: Bare ground; Safe hard−deciduous; Hydro OFF (CLM−FATES)

Serra Talhada

Tower | MODIS FATES

• Wet site: GPP and ET are biased low, but reasonable seasonal cycle 
• TAN and SET: delayed dry-season drop → evergreen overestimation + water stress underestimation



M. Longo ■ Data-driven approach to represent multiple plant functional types across the wet and dry tropics with FATES 

Carbon allocation strategy – Serra Talhada

• Deciduous allocation allow higher survivorship during the 2012–2015 drought

• Evergreen fast recovery between drought allows maintaining population 
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 Contact information ■ Marcos Longo: mlongo@lbl.gov

Conclusions
• Seasonal carbon allocation strategies are 

critical for survivorship of drought deciduous 
trees


• Trait databases can be useful for defining PFTs, 
however distributions and trade-offs are limited 
by low sampling of many traits


• Next steps

‣ Multi-site and multi-process model optimization 

based on trait distributions and trade-offs

‣ Study impacts of climate change on leaf 

phenology dominance in the tropics.
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