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1.1. Climate change and the future of the Amazon forest
The Amazon forest is the largest contiguous tropical forest on the planet, harbouring a major 
part of the worlds biodiversity (Hoorn et al., 2010; Jenkins et al., 2013). The Amazon river 
and its tributaries stretch from the Andes to the Atlantic and drain more than five and a half 
million square kilometres, contributing 20% of the global fresh water resources (Davidson 
et al., 2012). Furthermore, the Amazon forest is one of the three major locations of deep at-
mospheric convection on Earth (Baker et al., 2001). It thereby acts as a crucial component of 
the global climate system as a source of convective heat and moisture, driving atmospheric 
moisture transport and regional precipitation patterns (Poveda and Salazar, 2004; Zemp et 
al., 2014). Importantly, besides its key function in global hydrological cycles, the Amazon is 
also a crucial component of the global carbon cycle. Amazonian forests store and sequester 
large amounts of carbon in living biomass, contributing up to 25% to the global terrestrial 
carbon sink (Brienen et al., 2015; Pan et al., 2011). It is estimated that the Amazon forest 
stores 100 to 115 Pg of carbon in living biomass, roughly ten times the annual global fossil 
fuel emissions (Davidson et al., 2012; Feldpausch et al., 2012; Phillips and Brienen, 2017). 
Furthermore, intact forests in the Amazon basin have taken up an estimated additional net 
0.43 Pg of carbon per year since the 1980’s (Feldpausch et al., 2012; Phillips and Brienen, 
2017). In this way, the forest partly compensates for the impact of deforestation and fossil 
fuel emissions on the atmospheric CO2 growth rate, thereby mitigating global climate change 
(Phillips and Brienen, 2017).
 Most land surface models (LSMs) project that the Amazon forest will be continuing 
to act as a carbon sink in the coming century, primarily through the positive effect of elevated 
atmospheric CO2 on tree growth (i.e. CO2 fertilization) (Holm et al., 2020; Rammig et al., 
2010). However, field inventory studies have shown that, because of increased tree mortality 
and sustained tree growth, the Amazon carbon sink strength has been in steady decline since 
the 1990’s (Brienen et al., 2015). Moreover, recent drought events in 2005, 2010 and 2015 
might even have temporarily reversed the Amazon carbon sink into a source (Brienen et al., 
2015; Feldpausch et al., 2016). Also atmospheric measurements of carbon fluxes confirm 
that due to increased warming and drying, especially in the eastern Amazon, the carbon sink 
strength has been in steady decline (Gatti et al., 2014, 2021). These observations suggest that 
the CO2 fertilization effect on plant photosynthesis and tree growth may be cancelled out by 
other limiting factors, most notably nutrient availability (Fleischer et al., 2019; Hofhansl et 
al., 2016; Lapola et al., 2009). Furthermore, taking into account carbon emissions from fire 
and deforestation, the south-eastern Amazon has already been acting as a carbon source to the 
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atmosphere since 2010 (Gatti et al., 2021).
 Next to the potentially limited effects on photosynthesis and tree growth, the CO2 
fertilization effect might also reduce tree transpiration and therefore precipitation recycling 
in the basin. Under elevated atmospheric CO2, plants can lower the conductance of CO2 dif-
fusion into the leaf through progressive stomatal closure, thereby limiting leaf transpiration 
without compromising photosynthesis. Model estimates suggest that elevated atmospheric 
CO2 to 1.5 the ambient atmospheric CO2 concentration can result in a 12% reduction of an-
nual precipitation in the Amazon basin as a direct result of reduced precipitation recycling 
(Sampaio et al., 2021).
 The Amazon region has and continues to experience a decline of dry season precip-
itation while episodic droughts are also becoming more frequent (Cox et al., 2008; Fu et al., 
2013; Gloor et al., 2013; Jiménez-Muñoz et al., 2016). Especially the seasonally dry eastern 
half of the basin will likely become drier, with a projected 10% to 30% reduction in annual 
precipitation by the end of this century (Baker et al., 2021). Furthermore, general circulation 
models project that the Amazon basin will warm by up to 5 °C in the coming decades under 
the business as usual emission scenario (Marengo et al., 2010). Higher air temperature can 
directly induce physiological heat stress (Doughty, 2011; Doughty and Goulden, 2009) but 
it also goes hand in hand with a non-linear increase in atmospheric vapour pressure deficit 
(VPD). This increase of VPD can intensify drought conditions through accelerated soil dry-
ing (Jung et al., 2010) and by damaging the hydraulic pathway as water demand surpasses 
supply (McDowell et al., 2008). In consideration of these climatic and environmental chang-
es, it remains uncertain whether intact forest in the Amazon basin will continue to act as a 
carbon sink in the future or that it will become a net source of CO2, amplifying global climate 
change (Boisier et al., 2015; Fu et al., 2013; Gatti et al., 2021; Malhi et al., 2009b; Marengo 
et al., 2010).

1.2. Drought effects on Amazonian forest trees and ecosystems
Seasonality in precipitation is widespread across most of the Amazon basin. While the east-
ern and south-eastern part of the basin experience a dry season of up to five to seven months, 
roughly in the second half of the year (July-December), the upper north-west of the basin 
experiences no dry season at all (Sombroek, 2001). As seasonal droughts occur periodically 
and at regular intervals every year, Amazonian trees can be expected, and have been shown, 
to be adapted to a seasonal decline in precipitation and soil moisture availability (Brando et 
al., 2010; Goulden et al., 2004; Hutyra et al., 2007). In contrast to seasonal drought, episodic 
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droughts are caused by anomalous climatic conditions, for example those imposed by El 
Niño Southern Oscillations (ENSO) or tropical North Atlantic sea surface temperature anom-
alies (Figure 1-1) (Marengo et al., 2011). The Amazon basin has been hit by several episodic 
droughts in recent decades, most notably in 1997, 2005, 2010 and 2015 (Doughty et al., 
2015a; Feldpausch et al., 2016; Phillips et al., 2009). Historical episodic droughts have both 
preceded and prolonged the regular dry season and often coincided with record breaking air 
temperatures (Jiménez-Muñoz et al., 2016; Lee et al., 2013; Panisset et al., 2017). Through 
heat and water stress, episodic droughts can have significant effects on both the Amazonian 
carbon and hydrological cycle (Brum et al., 2018; Feldpausch et al., 2016; Phillips et al., 
2009; Santos et al., 2018).

Wet season control state

Stomatal behaviour
Leaf phenology

Direct recovery
No legacy effects

Seasonal drought Episodic drought Multi-year drought

Deep soil water uptake
Tissue desiccation

Tree mortality

Canopy dynamics
Regeneration

Plasticity

Slow recovery of ecosystem functioning
 Shifting species composition and plant traits

Fast recovery of 
ecosystem functioning

Figure 1-1 Conceptual representation of Amazon forest drought responses on the leaf, tree and 

ecosystem scale in response to recurring seasonal drought, short episodic drought and long-term multi-

year drought.
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Vegetation responses to drought can occur on different spatial and temporal scales (Figure 
1-1). On the scale of a single leaf, reduced water availability and increased evaporative de-
mand from the atmosphere during drought can result in a decline of the leaf water potential 
(   ), as more water is drawn from the leaf than is replenished by the transpiration stream. 
Plants tend to keep their  at a favourable high level to avoid dangerous declines in hy-
draulic conductance (i.e. increases in hydraulic resistance) resulting from xylem embolism 
(Figure 1-2). Therefore, the leaf stomates have to progressively close during the day to limit 
transpiration, resulting in a decline of leaf stomatal conductance (  ). Because not only the 
diffusion of water out of the leaf is limited by stomatal conductance but also the diffusion of 
CO2 into the leaf, a decline in stomatal conductance can result in a decline of leaf photosyn-
thesis as CO2 levels in the leaf are being depleted (e.g. Santos et al., 2018). Reductions in leaf 
transpiration and photosynthesis during drought can propagate to the spatial scale of a single 
tree and even the entire ecosystem with reduced tree and ecosystem transpiration as well as 
reduced tree and ecosystem net growth and gross primate productivity (GPP) (Brum et al., 
2018; Doughty et al., 2015a; Fontes et al., 2018; Hofhansl et al., 2014; Phillips et al., 2009). 
 Independent of the leaf scale processes, some physiological responses to drought 
occur on the level of the individual tree which also propagate to the ecosystem level (Fig-
ure 1-1). For example, tree stem growth might slow down or even completely stop during 
drought as a result of turgor pressure loss in the vascular cambium, independently of leaf 
photosynthesis or the availability of carbohydrates (Borchert, 1994c; Körner, 2013; Muller et 
al., 2011; Worbes, 1999). Furthermore, many tropical tree species shed their leaves to reduce 
transpiration during drought to maintain the hydraulic integrity of the water transporting 
tissue (Wolfe et al., 2016). If the ecosystem total leaf area declines during drought, both GPP 
and stand scale transpiration can decline, independently of leaf-area specific photosynthesis 
and transpiration. Finally, individual tree mortality following drought can have major long-
term impacts on ecosystem carbon and water cycles (e.g. Brienen et al., 2015; Feldpausch 
et al., 2016). The loss of individual living trees from the ecosystem has a similar but more 
permanent effect on ecosystem scale processes compared to the temporary loss of leaf area 
(Figure 1-1), namely, reduced GPP, net ecosystem production (NPP) and stand transpiration 
(da Costa et al., 2018; Nepstad et al., 2007; Rowland et al., 2015b). The integration and 
synthesis of these observed Amazon forest drought responses on the leaf, tree and ecosystem 
scale is a major challenge in current research.
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1.3. Tree diversity and xylem traits and properties related to   
 drought
Despite the important role of the Amazon forest in determining the future climate, the sensi-
tivity of these forests to drought remain highly uncertain. These uncertainties are to a large 
extent the result of the biological diversity and complexity that is so typical to Amazonian 
humid forests. For example, the resistance to drought-induced mortality varies both among 
different species (Esquivel-Muelbert et al., 2017a), functional groups (Aleixo et al., 2019) as 
well as different life forms (Nepstad et al., 2007). The extensive biological and functional 
diversity found in these tropical forest communities poses a tremendous challenge to the 

ψl = -2.5 MPa

ψr = -1.2 MPa

ψs = -0.5 MPa

ψa = -135 MPa

ψΔ = 79.9 MPa
r = 5.0  MPa hr kg-1

Transpiration =  ψΔ  / r ≈ 16.0 kg hr-1   

ψΔ = 134.5 MPa
r = 15.0  MPa hr kg-1

Transpiration =  ψΔ  / r ≈ 9.0 kg hr-1   

ψl = -0.9 MPa

ψr = -0.25 MPa

ψs = -0.1 MPa

ψa = -80 MPa

Wet season Episodic drought

Figure 1-2 The midday water potential gradient ( ) and total resistance ( ) in the wet season and 

during an episodic drought in an Amazonian evergreen tree. The given values are hypothetical but fall 

into the range typically observed in an evergreen Amazonian tree (see section 2.3.1 and 2.3.2). The 

water potential gradually declines when going from the soil (  ) to the root (  ), leaf (  ) and 

eventually the atmosphere (  ), driving the transpiration stream upward through the tree. The total 

hydraulic resistance is the sum of the resistance in the soil, the xylem sapwood and the stomatal and 

boundary layer resistances. In this example, the increase of total resistance during episodic drought 

because of xylem embolism and stomatal closure outweighs the increase of evaporative demand that is 

driving the increase of  , resulting in a decline of tree transpiration. 
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development of skilled models as well as a robust theoretical framework encapsulating veg-
etation drought responses.
 Differences in drought resistance between tree species are often attributed to proper-
ties of the tree’s water transporting tissue, i.e. the xylem sapwood. An evolutionary trade-off 
between water transport efficiency and hydraulic and mechanical safety has been proposed 
to explain these differences in drought resistance (Baas et al., 2004; Chave et al., 2009). 
According to the cohesion-tension theory, water moves in a metastable state under negative 
hydrostatic pressure (tension) through the xylem (Dixon and Joly, 1895; Hacke, 2015). As 
water is transpired from the leaf, a water tension gradient is created through intact columns 
of water (Figure 1-2). These water columns exist because of both the cohesion between the 
water molecules and adhesion of the water molecules to the hydrophilic cell walls, creating 
upward moving chains of water molecules in the xylem from the roots to the leaves (Figure 
1-2). However, when the water potential of the xylem ( ) declines below a certain value, 
the low water tension can draw small air pockets (emboli) into the xylem vessels resulting in 
the cavitation of the vessel (i.e. the water column to break). Cavitation of a xylem vessel will 
directly result in a decline of the xylem hydraulic conductance (Figure 1-2), as this vessel is 
no longer capable of transporting water. Reduced hydraulic conductance from embolism can 
in turn result in a drop of  and more vessels becoming embolized (runaway embolism), 
eventually leading to tree mortality from hydraulic failure (Choat et al., 2018; Rowland et al., 
2015a; Sperry et al., 1993; Tyree et al., 2003). Tree species that do not avoid excessive water 
loss during drought through a progressive decline in gs are often characterized by xylem that 
is relatively resistant to embolism, making them drought tolerant (Skelton et al., 2015; Vogt, 
2001). On the other hand, tree species that do avoid dehydration are often found to be able 
to buffer declines in  by transpiring stored water (i.e. capacitance) and by strong stomatal 
control on leaf transpiration (Borchert, 1994b; Machado and Tyree, 1994; Meinzer et al., 
2008c). 
 In many tropical tree species, sapwood capacitance and conductivity decline while 
embolism resistance increases with increasing wood density (i.e. gram dry wood per volume 
of wood) (De Guzman et al., 2017; Markesteijn et al., 2011b, 2011a; Meinzer et al., 2008c; 
Santiago et al., 2018). Therefore, low wood density species have been considered drought 
avoiders while high wood density tree species are characterized as drought tolerant. Further-
more, wood density is also used as a proxy of performance measures related to life-history 
such as tree longevity and tree stem growth (Chave et al., 2009; Coelho de Souza et al., 2016) 
because of its relationships with biomechanical properties such as wood stiffness and strength 
(Van Gelder et al., 2006; Putz et al., 1983). These relationships between wood density, hy-
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draulic functioning and performance have been used to benchmark plant functional types in 
ecosystem models (e.g. Christoffersen et al., 2016; Powell et al., 2018; Sakschewski et al., 
2016). However, these observed relationships remain ambiguous and conflicting results are 
also found (De Guzman et al., 2017; Powell et al., 2017; Santiago et al., 2018; Trueba et al., 
2017). For example, wood density is found to be a good proxy of embolism resistance in 
tropical dry forest species (Markesteijn et al., 2011a) but not in tropical wet forest species 
(De Guzman et al., 2017; Powell et al., 2017; Santiago et al., 2018). The xylem traits that are 
actually responsible for the observed variations in wood density, xylem hydraulic safety and 
efficiency remain largely unresolved for tropical tree communities. 

1.4. Amazon forest green-up during drought
With some exceptions (e.g. Doughty et al., 2015a), it is well established that in many regions 
within the Amazon basin trees experienced water stress and showed reduced stem growth 
and elevated tree mortality risk in response to historical episodic droughts (Feldpausch et 
al., 2016; Phillips et al., 2009; Rifai et al., 2018). However, the analysis of satellite remote 
sensing data has revealed that in large areas across the Amazon basin, the forest canopy also 
showed green-up in response to drought (Gonçalves et al., 2020; Lee et al., 2013; Saleska et 
al., 2007; Yang et al., 2018a). Even more surprising, regions that showed the highest positive 
anomalies in the Moderate Resolution Imaging Spectrometer (MODIS) enhanced vegetation 
index (EVI) in response to the 2005 drought, also showed the highest positive anomalies in 
drought-induced tree mortality (Anderson et al., 2010). These results suggest that areas that 
showed the strongest green-up, interpreted as enhanced leaf flushing, during this drought 
also experiences the highest tree mortality rate. Amazon canopy green-up during drought is 
counterintuitive and controversial and the green-up effect has been attributed to insufficient 
atmospheric correction of remotely sensed images (Asner and Alencar, 2010; Samanta et al., 
2010), to changes in sun-sensor geometry (Morton et al., 2014), and to structural alterations 
in the forest canopy (Anderson et al., 2010). However, field studies also show that leaf flush-
ing is not changed during drought and can even increase preceding and directly following 
a drought, providing more confidence that the Amazon forest canopy actually greens up in 
response to drought (Doughty et al., 2014, 2015a; Gonçalves et al., 2020). Conversely, stem 
growth and root growth often show significant reductions in response to drought (Doughty 
et al., 2014, 2015a; Feldpausch et al., 2016; Hofhansl et al., 2014; Rifai et al., 2018). These 
results suggest that drought impacts stem and root growth differently than canopy growth in 
Amazonian forests, a phenomenon that has not yet been explained.
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1.5. Research objectives
The forests of the Amazon basin are incredibly species rich and complex ecosystems, making 
it notoriously difficult to derive generalities on their functioning. One major uncertainty is 
how Amazonian forests will respond to more frequent episodic droughts and heat waves, and 
generally, to a shift towards a dryer and warmer climate in the future. In part, this uncertain-
ty is inherent to the biological and functional diversity of these forests, with different spe-
cies, functional groups and life forms often showing markedly different responses to drought 
(Aleixo et al., 2019; Esquivel-Muelbert et al., 2017a; Nepstad et al., 2007). Furthermore, 
because of its large extent and remoteness, the Amazon is also one of the least sampled re-
gions on the planet. Therefore, vegetation drought responses measured at one or a few sites in 
the Amazon basin might not be representative for the basin as a whole. In addition, droughts 
that are described in the literature often differ significantly in length, periodicity and severity, 
ranging from relatively short seasonal droughts to more than a decade of rainfall reduction 
(Bonal et al., 2016; Meir et al., 2018). Finally, there are also uncertainties surrounding the 
actual physiological responses of Amazonian tree species to drought. For example, the inter-
actions between water and carbohydrate transport within the tree and how these interactions 
change in response to drought have been rarely studied in Amazonian tree species.
 Reducing uncertainties in Amazon forest drought responses is of major importance 
for accurate monitoring and confidently projecting the future of the Amazon carbon and 
hydrological cycle. It is of vital importance that we know which responses can be expected 
to occur in a warmer and drier climate, what the magnitude of these responses is and what 
the underlying driver of the potential observed variability in a response is. Furthermore, it is 
essential for the development of skilled models that we include those mechanisms responsi-
ble for the observed responses and that plant functional traits included in these models (e.g. 
Christoffersen et al., 2016; Powell et al., 2018; Sakschewski et al., 2016) have a functional 
relationship with the processes that are modelled. Finally, as ecosystem monitoring will be 
increasingly dependent on remote sensing data, it is important that remotely sensed vegeta-
tion responses can be interpreted with confidence and can be reconciled with field observa-
tions.
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Here, I identify four major knowledge gaps considering drought responses in the Amazon 
and other neotropical forests, which can be characterized by the following research ques-
tions: 1) what are the general drought responses observed and what are the drivers of the 
observed variability between studies, sites and tree species? 2) what determines tree drought 
sensitivity and drought coping strategies? 3) how does above-ground growth change in re-
sponse to drought and can we reconcile these observations with remote sensing data? 4) what 
are the physiological mechanisms that are underlying tree growth responses to drought? The 
aim of this thesis is to address these knowledge gaps, my objectives are therefore to:

1. Present a quantitative overview of how Amazonian and other neotropical forests   
 respond to different intensities of drought, from the leaf level up to the entire   
 ecosystem (Chapter 2).
2. Examine the underlying wood traits and properties that are driving the interspecific  
 variability in drought responses among neotropical tree species (Chapter 3).
3. Elucidate the leaf litterfall, leaf flushing and stem growth responses to drought in  
 the Amazon forest and reconcile in situ measurements of these essential processes  
 to remote sensing data (Chapter 4).
4. Review and model the physiological mechanisms underlying stem growth and leaf  
 flushing in neotropical trees and their responses to drought, thereby providing a   
 physiological basis for the Amazon canopy green-up during drought hypothesis   
 (Chapter 5).

1.6. Thesis outline
This thesis consists of six chapters, including this Introduction chapter and a concluding 
chapter at the end. The other chapters include the following:

Chapter 2 presents the results of a meta-analysis on leaf, tree and ecosystem scale respons-
es to seasonal and episodic drought in neotropical humid forests. For this meta-analysis, 
measures of leaf, tree and ecosystem scale performance were retrieved from 145 published 
studies conducted across 232 sites in neotropical forests. Meta-analytic statistics were used 
to examine generalities in the responses of neotropical forests to drought, focused on carbon 
and water fluxes. In addition, the magnitude of a reported drought response in a study was 
related to the study averaged wood density of the tree species measured, as a proxy of hy-
draulic behaviour.    
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Chapter 3 builds on Chapter 2 and further investigates the functional relationships between 
wood density and other measures of xylem hydraulic safety and efficiency in wet tropical for-
ests. This chapter zooms in on the xylem traits responsible for the apparent relationships be-
tween wood density and measures of plant hydraulic safety and efficiency. For this purpose, 
published data of xylem traits, hydraulic properties and measures of drought resistance from 
neotropical tree species were retrieved. The dataset consisted of 11956 entries of individual 
observations on 3909 species from 346 published studies conducted at 110 sites in Central 
and South America. Linear regression models were used to obtain relationships between 
species and genus averaged wood density, the relative wood volume allocation to vessels, 
parenchyma and fibre tissue, measures of hydraulic safety and efficiency and vulnerability to 
drought-induced mortality.
 Chapter 4 examines the responses of tree stem growth, leaf litterfall and leaf flush-
ing to historical droughts in the Amazon basin. To reconcile data from field observations and 
remote sensing, in situ measurements of stem growth and leaf litterfall from inventory plots 
across the Amazon region and other Neotropical ecosystems were included into a new data-
set. This data was subsequently used to train two machine learning models to predict stem 
growth and litterfall rates across the entire Amazon basin, utilizing multiple climatological 
variables and other geospatial datasets as explanatory variables. The model results enabled to 
examine the responses of stem growth, leaf litterfall and leaf flushing to historical droughts 
and identify long-term trends. The model results were also compared to remote sensing data 
to see whether the Amazon canopy green-up during drought observed in many remote sens-
ing analyses could be explained by the upscaled field measurements. 
 Chapter 5 again builds upon Chapter 4 and examines the physiological mechanisms 
that are responsible for the apparent canopy green-up during episodic and seasonal drought. 
This chapter presents a review of the physiological mechanisms underlying stem growth and 
leaf flushing in neotropical trees and their responses to seasonal and episodic drought. Fur-
thermore, it introduces a quantitative model simulating leaf gas exchange, xylem and phloem 
transport, turgor limited growth of leaves and stem tissue and leaf phenology on the scale of 
a single tree growing in the central Amazon. The model is used to test whether the present 
day understanding of these physiological mechanisms can reproduce the observations from 
this site in the central Amazon. The model results are compared to in situ observations of tree 
stem growth and carbon and water fluxes and to satellite remote sensing data. The focus of 
this chapter is primarily on the key dynamics of modelled phloem and xylem transport, leaf 
gas exchange and stem and leaf growth during the wet and dry season and during a severe 
episodic drought in 2015.
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Chapter 2

Leaf, tree and ecosystem scale responses to 
drought in the Amazon and other neotropical 
forests

The effects of future warming and drying on tropical forest functioning remain largely un-
resolved. In this chapter, we conduct a meta-analysis of observed drought responses in the 
Amazon forest and other neotropical humid forests, focused on carbon and water exchange. 
Measures of leaf, tree and ecosystem scale performance were retrieved from 145 published 
studies conducted across 232 sites in neotropical forests. Differentiating between seasonal 
and episodic drought we find that; (1) during seasonal drought, the increase of atmospheric 
evaporative demand and a decrease of soil matric potential results in a decline of leaf water 
potential, stomatal conductance, leaf photosynthesis and stem diameter growth while leaf 
litterfall and leaf flushing increase. (2) During episodic drought, we observe a further decline 
of stomatal conductance, photosynthesis, stem growth and, in contrast to seasonal drought, 
also a decline of tree daily transpiration. Responses of ecosystem scale processes, productiv-
ity and evapotranspiration, are of a smaller magnitude and often not significant. Furthermore, 
we find that the magnitude and direction of a drought-induced change in photosynthesis, sto-
matal conductance and transpiration reported in a study is correlated to study-averaged wood 
density. Although wood density is often not functionally related to plant hydraulic properties, 
we find that it is a good proxy of hydraulic behaviour and can be used to predict leaf and tree 
scale responses to drought in neotropical humid forests. We present new insights into the 
functioning of tropical forest in response to drought and present novel relationships between 
wood density and tropical tree responses to drought.

This chapter has been published as: Janssen, T. A. J., K. Fleischer, S. Luyssaert, K. Naudts 
and A. J. Dolman (2020), Drought resistance increases from the individual to the ecosystem 
level in highly diverse Neotropical rainforest: A meta-analysis of leaf, tree and ecosystem 
responses to drought, Biogeosciences, 17(9), 2621-2645, doi:10.5194/bg-17-2621-2020

2  
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2.1. Introduction
The neotropical rainforests of South and Central America, with the Amazon Basin at its cen-
tre, cover the largest tract of tropical forest on Earth. As such, these forests are a crucial com-
ponent of the regional and global climate system as a source of convective heat and moisture, 
driving atmospheric moisture transport and precipitation patterns (Poveda and Salazar, 2004; 
Zemp et al., 2014). General circulation models project that South and Central America will 
warm by 2 °C  to 5 °C in the coming decades under the business as usual emission scenario 
(Marengo et al., 2010). Furthermore, seasonal drought is expected to become more severe 
(Boisier et al., 2015; Malhi et al., 2009b; Marengo et al., 2010). Undisturbed old growth 
forest in the Amazon Basin has increased in aboveground biomass since the 1980’s, acting 
as a substantial sink of atmospheric carbon (Feldpausch et al., 2016; Phillips et al., 2009). 
However, recent drought events appear to have at least temporarily reversed the Amazon 
carbon sink through reduced productivity (Gatti et al., 2014; Yang et al., 2018b), elevated 
tree mortality (Feldpausch et al., 2016; Phillips et al., 2009) and increased emissions from 
fire (Aragão et al., 2018; van der Laan-Luijkx et al., 2015; van der Werf et al., 2008). Further-
more, the integrity of neotropical forests may be threatened by unforeseen feedback mecha-
nisms triggered by drought and deforestation (Khanna et al., 2017; Zemp et al., 2017). These 
vegetation-atmosphere feedbacks can reduce atmospheric moisture recycling and increase 
carbon emissions, which further amplifies forest loss and global climate change (Cox et al., 
2000, 2004; Davidson et al., 2012; Erfanian et al., 2017; Exbrayat et al., 2017; Malhi et al., 
2009b).
 Despite the critical role of neotropical forests in driving future climate scenarios, 
there are large uncertainties surrounding the sensitivity of these forests to drought. Uncer-
tainties are partly the result of the biological diversity found in neotropical forests as the 
magnitude and direction of a response to drought is found to be strongly dependent on the 
species measured (Bonal et al., 2000b; Domingues et al., 2014). Also, uncertainties arise as 
droughts differ in length, periodicity and severity (Bonal et al., 2016; Marengo et al., 2011; 
Meir et al., 2018). Finally, ecophysiological responses to drought occur on a multitude of 
spatial and temporal scales. These responses range from the almost instant closure of the 
stomata on a single leaf, to large scale tree mortality that has persistent effects on many eco-
system processes (Brando et al., 2008; Rowland et al., 2015b, 2015a). Currently, there is no 
quantitative overview of how neotropical forests respond to different intensities of drought, 
from the leaf level up to the entire ecosystem. Below we formulate three key issues that guide 
our meta-analysis.
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2.1.1. What type of droughts occur in neotropical forests?      
Here, we differentiate three types of drought that differ in periodicity and severity: seasonal 
drought, episodic drought and multi-year drought. Seasonality in precipitation is widespread 
in neotropical forests. Tropical humid forests loose roughly 100 mm of water every month 
through evapotranspiration (da Rocha et al., 2004; Shuttleworth, 1988). Months receiving 
less than 100 mm of rainfall will thus result in a precipitation deficit, these months are gen-
erally referred to as dry season months (Aragão et al., 2007; Sombroek, 2001). Seasonal 
droughts are by definition periodic and trees are generally found to be adapted to such a sea-
sonal decline in precipitation (Brando et al., 2010; Goulden et al., 2004; Hutyra et al., 2007). 
 Episodic droughts, on the other hand, are caused by anomalous climatic conditions, 
primarily those imposed by strong El Niño Southern Oscillations (ENSO) and tropical North 
Atlantic sea surface temperature anomalies (Marengo et al., 2011). In the neotropics, episodic 
droughts often coincide with record breaking air temperatures (Jiménez-Muñoz et al., 2016; 
Lee et al., 2013; Panisset et al., 2017). Elevated air temperature can directly impact plant 
function through physiological heat stress (Doughty, 2011; Doughty and Goulden, 2009) 
but it also drives a non-linear increase in atmospheric vapour pressure deficit (VPD). This 
increase of evaporative demand during drought can amplify drought conditions through in-
creased evapotranspiration, accelerating soil drying (Jung et al., 2010) and increasing the risk 
of hydraulic failure (McDowell et al., 2008). The amplification of plant drought stress during 
episodic drought through the interaction of soil drying, high air temperatures and evaporative 
demand have been termed “hotter droughts” (Allen et al., 2015; Breshears et al., 2013) and 
are expected to become more frequent and severe with climate change.
 Multi-year droughts are defined as a more permanent reduction of precipitation 
spanning years to decades. Long term records of river discharge and oxygen isotopes in tree 
rings indicate that neotropical forests experienced several multi-year droughts in the 20th 
century, notably in the 1960s (Brienen et al., 2012; Marengo et al., 2011; Richey et al., 1989). 
To date, the effect of prolonged rainfall reduction on leaf, tree and ecosystem functioning 
have only experimentally been assessed in two throughfall exclusion experiments at Tapajós 
and Caxiuanã in the eastern Amazon (Fisher et al., 2006; Meir et al., 2009; Nepstad, 2002). 
The results from the Tapajós and Caxiuanã experiments have been previously synthesised 
(e.g. da Costa et al., 2010; Meir et al., 2009, 2018) and much of our knowledge about leaf, 
tree and ecosystem scale responses to multi-year droughts in tropical forests originates from 
these experiments. Therefore, and because of the low number of replicates (i.e., 2) of such ex-
periments, this meta-analysis will focus only on the effects of seasonal and episodic drought 
on leaf, tree and ecosystem functioning.
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2.1.2. How is drought impacting leaf, tree and ecosystem scale processes?
On the leaf scale, seasonal and episodic drought are often found to result in a downregulation 
of stomatal conductance; the ease by which CO2 and water vapor can diffuse between the 
atmosphere and the leaf intercellular spaces through the stomates (Hogan et al., 1995; Huc et 
al., 1994). The most recent evidence suggests that stomates progressively close in response 
to a decline in leaf water potential ( ) (Buckley, 2019; Choat et al., 2018; Drake et al., 2017; 
Martin-StPaul et al., 2017). Here, we focus specifically on how drought-induced changes in 

, the water potential gradient and the different conductance’s along the hydraulic pathway 
are driving the observed drought-induced changes in productivity and transpiration. During 
steady state transpiration, transpiration at the leaf level (mol H2O m-2 s-1) is given by:

where  is the leaf-area specific crown conductance to water vapor (mol H2O m-2 s-1),  
is the atmospheric vapor pressure deficit (kPa) and  is the atmospheric pressure (kPa). The 
crown conductance itself can be calculated using the resistance subtraction method: 

where  is the stomatal and  the boundary layer conductance to water vapor (mol H2O m-2 
s-1). Similar to leaf transpiration, the transpiration flow through the tree can be described by: 

where  is the sapwood-area specific transpiration rate (i.e. sap flux density, g H2O m-2 s-1), 
 the sapwood-area specific soil to leaf hydraulic conductance (g H2O m-2 MPa-1 s-1) and  
  the soil water potential in the root-zone (MPa). During steady state transpiration, the flow 

of water through the tree equals the transpiration from the total leaf surface area of the tree, 
so that:

where  is the molar mass of water (~18 g mol-1) and  and  are the total leaf and 
sapwood area (m2) of the tree, respectively. Equation 1 describes the vapor phase transport of 
water through the leaf stomates from the leaf to the atmosphere, while Equation 3 describes 
the liquid phase water transport from the root to the leaf through the xylem sapwood. 
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During drought,  declines sharply as a result of reduced hydraulic conductance of a drier 
soil as well as of a reduced hydraulic conductance of the xylem as a result of xylem embolism 
(e.g. Fisher et al., 2006). It follows that the decline of  should be balanced by a decline 
in  that is achieved by progressive stomatal closure (Meinzer et al., 1995). Nonetheless, 
Equation 1 and 3 also show that transpiration can stay the same, increase or decrease during 
drought, depending on whether a decline in  and  is compensated for by an increase of 
the water potential gradient  or evaporative demand (VPD).
 Progressive stomatal closure does not only constrain transpiration but also the diffu-
sion of CO2 into the leaf, limiting leaf photosynthesis. In neotropical humid forests, the sto-
matal conductance response to drought is generally larger than the decline in leaf photosyn-
thesis, resulting in an increase in intrinsic water use efficiency (iWUE) (Bonal et al., 2000b; 
Santos et al., 2018). It is unclear how leaf-scale processes respond to drought in neotropical 
humid forest, with some studies reporting strong reductions in stomatal conductance, tran-
spiration and photosynthesis during seasonal and episodic drought (e.g. Hogan et al., 1995a; 
Huc et al., 1994; Sendall et al., 2009; Wolfe et al., 2016) while others report no significant 
change in stomatal conductance and photosynthesis and even an increase of transpiration 
(e.g. Allen and Pearcy, 2000; Domingues et al., 2014; Fisher et al., 2006).
 Leaf scale responses to drought can propagate to the tree scale, with reduced growth 
of the stem and new leaves, increased leaf shedding and litter fall and reduced tree daily tran-
spiration (Brum et al., 2018; Doughty et al., 2015a; Fontes et al., 2018; Hofhansl et al., 2014; 
Phillips et al., 2009). Furthermore, the combined drought response of all individual trees in 
the ecosystem contributes to the observed ecosystem scale response to drought. Reduced leaf 
photosynthesis and leaf and stem growth can result in a decline of gross primary productivity 
(GPP) and consequently a decline of net primary productivity (NPP) while reduced tree daily 
transpiration might result in a decline of ecosystem evapotranspiration. Moreover, increased 
leaf litterfall in response to drought can boost microbial respiration and result in an increase 
of ecosystem respiration (Sayer et al., 2007). However,  soil respiration is limited by tem-
perature and moisture in neotropical humid forests and is found to decline with a dry season 
decline in soil moisture (Chambers et al., 2004; Sotta et al., 2004; Zanchi et al., 2014). The 
integration and synthesis of the observed drought responses on the leaf, tree and ecosystem 
scale have not been carried out but are critical to highlight current knowledge gaps.
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2.1.3. Can hydraulic behaviour explain differences in drought responses   
 among species and studies? 
Different tree species show markedly different responses to drought, both on the leaf level 
(Bonal et al., 2000b; Domingues et al., 2014) and the individual tree level (Esquivel-Mu-
elbert et al., 2017a, 2017b; Phillips et al., 2009). The magnitude and direction of observed 
drought responses depend on the hydraulic behaviour of the particular species measured in 
that study (Bonal et al., 2000b; Fisher et al., 2006; Machado and Tyree, 1994). For exam-
ple, species can adopt different drought avoidance and tolerance strategies (Volaire, 2018). 
Drought avoidance strategies aim to avoid a dangerous decline in  that could lead to sig-
nificant xylem embolism and thus damage the hydraulic pathway. Maintaining a stable high  

 during drought can be achieved by strict stomatal control on transpiration (Huc et al., 
1994; Machado and Tyree, 1994), increasing deep soil water uptake (Bonal et al., 2000c; 
Brum et al., 2019), maintaining a high plant internal water storage and conductance (Tyree et 
al., 2003; Wolfe, 2017) and through leaf shedding (Wolfe et al., 2016). Conversely, drought 
tolerance strategies imply that low leaf and xylem water potentials are tolerated without sig-
nificant and irreversible embolism-induced losses of hydraulic function (Maréchaux et al., 
2015; Markesteijn et al., 2011a; Tyree et al., 2003). 
 Tree hydraulic behaviour is strongly dependent on the characteristics of the xylem 
sapwood (Janssen et al., 2020b; Markesteijn et al., 2011b, 2011a; Meinzer et al., 2008c, 
2008b; Wolfe, 2017). Species that do not avoid dehydration through stomatal closure are 
generally found to have xylem that is highly resistant to embolism, thus making them drought 
tolerant (Skelton et al., 2015; Vogt, 2001). Conversely, drought avoiding species are able to 
buffer declines in xylem water potential by using water that is stored in the sapwood (i.e. 
capacitance) and by strong stomatal control on transpiration (Borchert, 1994b; Machado and 
Tyree, 1994; Meinzer et al., 2008c). In neotropical tree species, sapwood capacitance and 
conductivity decline while embolism resistance generally increases with increasing wood 
density (De Guzman et al., 2017; Janssen et al., 2020b; Meinzer et al., 2008c; Santiago et 
al., 2018). This suggests that low wood density species can be considered drought avoiders 
while high wood density tree species are characterized as drought tolerant. Wood density 
is often not functionally related to the specific hydraulic properties (conductivity, capaci-
tance and embolism resistance) that are driving hydraulic behaviour (Janssen et al., 2020b; 
Lachenbruch and Mcculloh, 2014). Nonetheless, wood density is an easily interpretable and 
widely available plant trait and therefore a useful proxy to compare different studies in which 
more specific hydraulic properties and traits were not measured. Therefore, we will use wood 
density as a proxy of hydraulic behaviour in this meta-analysis and examine whether differ-
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ences in study-averaged wood density explain the variability in observed leaf and tree scale 
responses to drought between different studies.

2.2. Methods 

2.2.1. Data collection
The data collection focussed on published observations from the lowland humid forests of the 
neotropics, roughly between 20° South to 20° North (Figure 2-1, a). We searched the Web of 
Science for literature published between 1979 and 2019. This time frame matches the ERA5 
reanalysis climate data (Hersbach et al., 2020) that was used to obtain harmonized meta-data 
for the retrieved literature. Publications were archived in a database if they contained one 
of the following variables: stomatal conductance, leaf photosynthesis, leaf water potential, 
stem sap flux density, tree daily transpiration, stem diameter increment, leaf flushing, leaf 
litterfall, ecosystem evapotranspiration, gross primary productivity, net primary productivity, 
ecosystem respiration and net ecosystem productivity. For studies that reported at least one 
of these variables, the observed values were stored in a database containing the reported val-
ue, the location and the month and year in which the measurement took place. For leaf scale 
measurements, all data included in the database were originally measured at midday (around 
12:00 local time), except for pre-dawn leaf water potential which is measured just before 
sunrise (around 06:00 local time). Site measured soil matric potential was also included in the 
database. If possible, the leaf and tree scale variables of individual trees including genus and 
species name were stored in the database. Otherwise, site averages were used. Observations 
of ecosystem scale processes always consisted of site averages.
 For every site in the database, the site biome was extracted from the terrestrial ecore-
gions of the world map from the World Wildlife Fund (Olson et al., 2001). Sites that were 
not located in the “Tropical and subtropical moist broadleaf forest” biome were omitted from 
the meta-analysis. Furthermore, the site elevation was extracted from the ALOS global 30m 
digital surface model (Tadono et al., 2016), which was aggregated to 1 km resolution using 
Google Earth Engine. All sites that were located at elevations higher than 1000 m a.s.l were 
regarded montane environments and were as such omitted from the meta-analysis. The final 
database used for the meta-analysis included observed drought responses from 145 published 
studies conducted across 232 sites in neotropical humid forests (Table A2-1 and A2-2).
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Figure 2 1 Summary of the dataset. Site locations (a), average number of episodic-drought months 

per year (b) and number of monthly observations in the dataset per year (c). The map shows the 

locations of the 229 Neotropical forest sites from which data were used in this meta-analysis. In green 

is the distribution of tropical and subtropical moist broadleaf forest from the “Terrestrial Ecoregions 

of the World” map (Olson et al., 2001). The average number of episodic-drought months per year (b) 

was calculated as the average number of months classified as episodic drought per year recorded at 

all sites, independent of whether we have field data for these months. Below, a monthly time series of 

relative extractable water (light grey) and vapour pressure deficit (dark grey) for the K34 site in the 

central Amazon (d) is indicated in yellow on the map (a). 
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Monthly averaged values of soil water content, air temperature and dewpoint air temperature 
at 2 meter above the surface were retrieved from the ECMWF ERA5 reanalysis product at 
0.25 degree horizontal resolution (~28 km) (Hersbach et al., 2020). Values were retrieved for 
all the sites from January 1979 to August 2019. Monthly averaged air temperature and dew-
point temperature at four hourly averages (15:00 – 18:00 UTC) were used to retrieve monthly 
averaged midday (12:00 local time) temperature and dewpoint temperature in the four time 
zones covering the study area. These values were used to calculate monthly averaged midday 
vapor pressure deficit (VPD) following Buck (1981). The ERA5 retrieved monthly averaged 
midday VPD corresponded well with the monthly averaged midday VPD that was measured 
at 9 meteorological towers across the study area (Figure A2-1).
 

2.2.2. Data pre-processing and deriving additional variables
From the collected leaf, tree and ecosystem variables we derived additional variables of 
transpiration, productivity and water use efficiency. On the leaf level, we calculated the in-
stantaneous intrinsic water use efficiency (iWUE, µmol mol-1) at midday directly from the 
published data as:

where  is the midday leaf-area specific photosynthesis rate (µmol CO2 m
-2 s-1) and  is the 

leaf-area specific stomatal conductance to water vapor (mol H2O m-2 s-1). 

Figure 2 1 Continued. The coloured dots indicate whether that specific month was classified as a wet 

season, dry season or episodic-drought month. (e) A time series of the multivariate ENSO index with 

positive values indicating El Niño (dry) conditions and negative values La Niña (wet) conditions. The 

colouring of the ENSO index represents the number of episodic-drought months recorded per month 

across the sites in the dataset, ranging from 0 (no droughts recorded) to 0.58 (episodic drought in 58% 

of the plots).
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On the tree scale, we calculated the instantaneous sapwood-area specific soil to leaf hydraulic 
conductance (kg dm-2 MPa-1 s-1) following Love and Sperry (2018):

where  is the daily maximum sap flux density (kg dm-2 s-1),  is the midday leaf 
water potential (MPa) and  is the pre-dawn leaf water potential (MPa). Pre-dawn  
is measured before the onset of leaf transpiration and considered a proxy of  in the root-
zone. Therefore, the difference between midday  and pre-dawn  is regarded a proxy of 
the midday water potential gradient within the tree, from the root up to the canopy (Equation 
3). Finally, we calculated leaf-area specific midday crown conductance (mol H2O m-2 s-1) 
following Meinzer et al. (1997):

where  is the daily maximum sap flux density, but now in moles (mol m-2 s-1),  is the 
sapwood area to leaf area ratio,  is atmospheric pressure, which was set to one standard 
atmosphere (101.325 kPa), and  is the monthly averaged midday vapor pressure deficit 
derived from ERA5 data.
 On the ecosystem scale, the total net primary productivity (NPP) and above-ground 
NPP (ANPP) were calculated as the sum of stem growth and canopy growth, and for NPP 
also including root growth (sensu Doughty et al., 2015a; Hofhansl et al., 2014). Finally, the 
ecosystem water use efficiency was calculated as the ratio between gross primary productiv-
ity (GPP) and ecosystem evapotranspiration (sensu Yang et al., 2016). 
 To be able to compare drought responses of tree daily transpiration and ecosystem 
evapotranspiration with transpiration estimates based solely on observations performed on 
the leaf scale, we estimated potential midday leaf-area specific transpiration (mol m-2 s-1) as:

where  is the midday leaf-area specific stomatal conductance to water vapor and  
is the monthly averaged midday VPD (kPa) derived from the ERA5 reanalysis data. In this 
estimation we use only the stomatal conductance and not the boundary layer conductance 
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(Equation 1 & 2), which are often decoupled in large leaves and dense tropical forest can-
opies (Jarvis and Mcnaughton, 1986; De Kauwe et al., 2017; Meinzer et al., 1997). Using 
only stomatal conductance and not the total crown conductance likely causes a gross overes-
timation of absolute leaf transpiration and these estimates should never be used as a measure 
of actual leaf transpiration. Therefore, we only use potential leaf-scale transpiration in this 
meta-analysis to compare transpiration responses among different plant hydraulic strategies 
and omit this variable from the general analysis.
 Many studies that measured sap flux density reported either the maximum daily sap 
flux density or the integrated daily sap flux density (daily transpiration). In 14 out of 34 stud-
ies that reported sap flux density results present in our dataset, only the maximum midday sap 
flux density values were reported but not the daily transpiration rates. As we find that max-
imum sap flux density and tree daily transpiration show a strong linear relationship for the 
studies included in our dataset (Figure A2-2), the sapwood-area specific daily transpiration 
for these studies was estimated as:

where  is the daily maximum sap flux density and  is a parameter fitted using a linear 
regression between maximum sap flux density and daily transpiration (Figure A2-2). Param-
eter  is essentially a factor describing the difference between  and daily average . 

2.2.3. Dry season and drought definition
As the dry season progresses, soil moisture content, relative extractable soil water (REW) 
and soil matric potential decline as daily evapotranspiration surpasses precipitation (see e.g. 
Wright et al., 1992; Nepstad, 2002). The occurrence of rain at the end of the dry season 
generally results in a rapid increase of soil matric potential and a relief of plant water stress 
(Fontes et al., 2018; Roberts et al., 1990; Tobin et al., 1999). Therefore, we define dry season 
months as months in which REW is reduced relative to the previous month (Figure 2-1 d). 
The REW is the amount of soil water available for plant uptake, which is often expressed as 
the volumetric soil moisture scaled between field capacity (REW = 1) and permanent wilting 
point (REW = 0). However, as there are insufficient measurements to construct reliable soil 
water retention curves across the study sites, we could not calculate REW. Instead, we esti-
mated a pseudo REW as the normalized integrated soil moisture from ERA5, with 0 in the 
driest month and 1 in the wettest month of the entire timeseries (1979-2019) at that specific 
site (Figure 2-1, 2).
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Monthly integrated soil moisture over the entire soil profile was calculated as the weighted 
average of soil moisture content in all four soil layers (0 – 1.89 meter below the surface) 
provided in the ERA5 product. In neotropical humid forest, the bulk soil water is taken up 
from the first 1.3 meter of soil but this can extend up to 10-12 meters during drought (Brum 
et al., 2019; Davidson et al., 2011). To avoid a rapid oscillation of dry and wet season months 
over time due to small reductions or increases in REW, we labelled initially classified single 
dry season months in between two wet season months as wet season, and vice versa. We find 
that, despite the uncertainties in ERA5 soil moisture data due to the underlying data assim-
ilation and modelling, the ERA5 derived REW is able to accurately capture the seasonality 
of site measured soil matric potential (R2 = 0.5, p < 0.001, Figure A2-3) and wet-dry season 
oscillations (Figure 2-1 d).
 Dry season months where REW was lower than the 10% quantile of REW in all dry 
season months were labelled as episodic drought months (Figure 2-1 d). The 10% episodic 
drought threshold value was chosen as a reasonably strict episodic drought definition while 
still yielding a large enough sample size for the statistical analysis to differentiate between 
episodic drought and a regular dry season. We also performed a sensitivity analysis for this 
drought threshold by shifting the threshold to 15% of the driest dry season months (wide 
definition) and to 5% of the driest dry season months (narrow definition). We counted the 
number of episodic drought months recorded per year at each site (Figure 2-1 d) and in a 
regular 1° grid across the study area (Figure A2-4) to see how the occurrence of episodic 
droughts has changed over the past decades. Linear regression models were used to investi-
gate correlations between ERA5 derived midday air temperature, midday VPD and number 
of episodic drought months per year (Table A2-3). The subdivision resulted in 2917 monthly 
observations in the wet season, 2968 in the dry season and 497 during episodic drought. We 
observe a significantly higher amount of episodic drought months in our meta-analysis than 
should be expected from the 10% quantile threshold used for delineating episodic droughts 
(i.e. 296.8). This can be explained by a high number of samples in recent studies that covered 
the 2015 ENSO drought (e.g. Doughty et al., 2017; Fontes et al., 2018; Maréchaux et al., 
2018; Rifai et al., 2018; Santos et al., 2018).
 In addition to monthly observations, stem growth data from the extensive forest 
inventory dataset of Brienen et al. (2015) was also included in the dataset. Because these data 
cover multiple months, we labelled census intervals that included at least three months of epi-
sodic drought as episodic drought and otherwise as dry season months for comparison. Final-
ly, monthly values of the multivariate ENSO index for the period 1979-2019 were retrieved 
from the National Oceanic and Atmospheric Administration (http://www.esrl.noaa.gov/psd/
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enso/mei/). Strong ENSO years (1996-1997, 2009-2010, 2015-2016) are clearly visible as 
years with many recorded episodic drought months (Figure 2-1, Figure A2-4).

2.2.4. Meta-analysis
Quantitative drought responses of different plant physiological and ecosystem scale process-
es were synthesized using meta-analytical statistics. The log response ratio was used as a 
metric of drought effect size and converted back to percentage change for convenient inter-
pretation. The log response ratio is the natural-log proportional difference between the means 
in a treatment and a control group (Hedges et al., 1999; Lajeunesse, 2011). In this analysis, 
we compared variables averaged over wet season months to variables averaged over dry sea-
son months, and in the second comparison the variables averaged over the dry season months 
with variables averaged over the episodic drought months (Figure 2-3). To be clear, we used 
only natural drought conditions in the meta-analysis and omitted all data that was acquired in 
artificial drought experiments. Measurements were always available in pairs or as repeated 
measurements (wet season-dry season, dry season-episodic drought), so that the variance of 
the calculated response ratio has to be adjusted for by the Pearson product correlation coeffi-
cient between the measurement pairs (Lajeunesse, 2011). For individual tree measurements, 
which were available for stomatal conductance, photosynthesis, leaf water potential, tree 
transpiration and sometimes leaf flushing, the average, standard deviation and correlation 
coefficient were calculated from the pool of measured trees in each study. When site averages 
were used, which was the case for all the other variables, the average and standard deviation 
calculated from the different measurement years were used. The log response ratio and sam-
ple variance of the variables in individual studies and sites were calculated using the escalc 
routine and the mean effect sizes and 95% confidence intervals in the rma routine, both avail-
able in the R package metafor (Viechtbauer, 2017).
 To calculate the average wood density for each study, as a proxy of plant hydraulic 
behaviour, we created a separate dataset including for each study the genus and species names 
of the individual trees measured in the study. Preferably, the species-specific wood density 
was retrieved from the original source. However, if this was not possible, we retrieved wood 
density from a dataset of wood properties in neotropical tree taxa collated previously by us 
(Janssen et al., 2020b) or from the global wood density dataset (Chave et al., 2009; Zanne 
et al., 2009). Species-specific wood density was not available in 128 out of 866 measured 
individuals. For these individuals, the genus averaged wood density was used instead. In neo-
tropical tree taxa, 74% of interspecific variability in wood density can be explained by genus 
level variability in wood density (Chave et al., 2006). Therefore we consider genus average 
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Figure 2 2 Plant hydraulic status, plant hydraulic conductance, stomatal conductance and environmental 

drivers in the wet season, dry season and during episodic drought. The boxplots show the median value 

and interquartile ranges (boxes); the whiskers show the range between minimum and maximum value, 

and, if present, outliers are indicated as single dots. Soil matric potential, predawn leaf water potential, 

midday leaf water potential (a), soil-to-leaf hydraulic conductance and stomatal conductance (b) 

are derived from published data and available in the supplementary dataset. The numbers above the 

boxplots in (a) and (b) denote the number of unique source and site combinations at which the variables 

were averaged. Relative extractable water (c) and vapour pressure deficit (d) are derived from monthly 

ECMWF ERA5 reanalysis data extracted for 229 Neotropical forest sites in South and Central America 

(1979–2019). Capital letters indicate a significant (p<0:05, Tukey’s honestly significant difference test 

pairwise difference between the wet season, dry season and episodic-drought values. When a group is 

not significantly different from the two other groups that are significantly different in the comparison, 

the capital letters are coupled.
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wood density as a suitable proxy for species level wood density in these cases. Furthermore, 
gap filling using genus averaged wood density prevents that missing values cause a large bias 
in the study averaged wood density in studies that measured relatively few species. Study av-
eraged wood density was used in the rma routine from the R package metafor (Viechtbauer, 
2017) to test whether wood density was a significant moderator variable in the mixed-effect 
meta-regression model. This model also used inverse-variance weighting of the studies in-
cluded in the model.

2.3. Results

2.3.1. Responses to seasonal drought
The meta-analysis shows that across the measured neotropical forest sites, a dry season de-
cline in relative extractable water (REW) is associated with a decline of soil matric potential 
in the topsoil (Figure 2-2 a, c, Figure A2-3). Furthermore, dry season months are character-
ised by a higher midday air temperature, lower relative humidity and therefore higher vapor 
pressure deficit (VPD) compared to wet season months (Figure 2-1 d, Figure 2-2 d). As a 
result of a decline in water supply from the soil and the increase of evaporative demand from 
the atmosphere, the meta-analysis indicates that across studies, pre-dawn and midday  both 
significantly decline from the wet to the dry season (Figure 2-2 a, Figure 2-3, a). Pre-dawn 

 declines from an average -0.23 ±0.11 MPa in the wet season to -0.35 ±0.28 MPa in the 
dry season among studies and sites (Figure 2-2 a). Midday  declines from an average -0.89 
±0.34 MPa to -1.35 ±0.41 MPa from the wet to the dry season (Figure 2-2 a). Therefore, the 
average midday water potential gradient increases from 0.66 MPa in the wet season to 1.0 
MPa in the dry season (Figure 2-3 b).
 The dry season decline of  triggers progressive stomatal closure resulting in a 
decline of stomatal conductance and leaf photosynthesis of 42% and 25% from the wet to the 
dry season, respectively. As the decline in stomatal conductance outweighs the decline in leaf 
photosynthesis, intrinsic water use efficiency (iWUE) increases by 27% from the wet to the 
dry season (Figure 2-3, a). These results suggest that on the leaf scale, increased transpiration 
in the dry season is largely prevented by progressive stomatal closure, which is also contrib-
uting to a decline of leaf photosynthesis.
 The meta-analysis shows that on the tree scale, there is a marginally significant 
increase of the water potential gradient while soil to leaf hydraulic conductance is not signif-
icantly reduced from the wet to the dry season (Figure 2-3 b). However, crown conductance 
is significantly reduced by 25% from the wet tot the dry season, suggesting that the increase 



40 Chapter 2 

***

***

**

***

***

***

**

n.s.

***

n.s.

(23)

(15)

(15)

(16)

(20)

(9)

(6)

(6)

(12)

(13)
Midday leaf water potential

Pre-dawn leaf water potential

Midday intrinsic water use efficiency

Midday photosynthesis

Midday stomatal conductance

-100 -50 0 50

a) Leaf

n.s.

***

n.s.

*

***

*

***

n.s.

***

***

n.s.

**

n.s.

n.s.

(3)

(20)

(20)

(14)

(34)

(30)

(55)

(3)

(11)

(11)

(10)

(140)

(15)

(36)
Litter fall

Leaf flushing

Stem diameter growth

Daily transpiration

Midday crown conductance

Midday soil-leaf hydraulic conductance

Midday water potential gradient

-100 -50 0 50

b) Tree

**

n.s.

**

n.s.

**

n.s.

***

n.s.

*

n.s.

n.s.

n.s.

**

n.s.

(12)

(13)

(7)

(12)

(13)

(13)

(5)

(5)

(13)

(7)

(8)

(13)

(13)

(5)
Ecosystem water use efficiency

Ecosystem respiration

Gross ecosystem productivity

Above-ground net primary productivity

Net primary productivity

Net ecosystem productivity

Evapotranspiration

-100 -50 0 50

c) Ecosystem

Figure 2 3 Meta-analysis results of leaf-, tree- and ecosystem-scale responses to seasonal (blue) and 

episodic (red) drought. The dots are the averages and the horizontal lines represent 95% confidence 
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of atmospheric VPD is offset by a decline in crown conductance that results in no significant 
change of tree daily transpiration from the wet to the dry season (Figure 2-3 b, Equation 1). 
The meta-analysis points to a distinct seasonality of alternating stem and canopy growth 
(Figure 2-3, b). The shedding of old and flushing of new leaves during the dry season cumu-
lates into an average 30% higher leaf litterfall and 26% higher leaf flushing in the dry season, 
compared to the wet season. While canopy growth increases, average stem diameter growth 
declines by roughly the same magnitude (31%) from the wet to the dry season (Figure 2-3 b). 
These results suggest that generally, above-ground productivity alternates between stem and 
canopy growth from the wet to the dry season.
 Despite no observed changes in tree daily transpiration, we observed a significant 
9% increase of ecosystem evapotranspiration from the wet to the dry season (Figure 2-3 c). 
Furthermore, the meta-analysis also points to a 9% decline in gross primary productivity 
(GPP), resulting in a significant 19% reduction of ecosystem water-use efficiency from the 
wet to the dry season (Figure 2-3 c). Net primary productivity (NPP) declined by 10% from 
the wet to the dry season, but there was no significant change in above-ground net primary 
productivity (ANPP) from the wet to the dry season (Figure 2-3 c). This suggests that pri-
marily root growth declines from the wet to the dry season, while increased canopy growth 
in the dry season is offset by a decline in stem growth (Figure 2-4 b). Considering the total 
ecosystem carbon budget, the decline of GPP is offset by a non-significant dry season decline 
of ecosystem respiration (Reco) resulting in no significant change in net ecosystem productiv-
ity (NEP = GPP – Reco) from the wet season to the dry season.
 To test for the sensitivity of the observed responses to our episodic drought defini-
tion, we replicated the meta-analysis using a wide and a narrow drought definition, by setting 
the drought threshold at either 15% or 5% of the driest dry season months, respectively 
(Methods 2.3). For seasonal drought, changing the threshold did not significantly change 
the magnitude or direction of the observed responses (Figure A2-8 & A2-9). Slight changes 
in number of studies included in the analysis contributed to the increase of the water poten-
tial gradient from the wet to the dry season becoming not significant when using the wide 
drought definition (Figure A2-8 b) while the decline in soil to leaf hydraulic conductance 
from the wet to the dry season became marginally significant (p < 0.05) when using the nar-
row drought definition (Figure A2-9 b). These results suggest that the observed responses to 
seasonal drought in this meta-analysis are robust, that is relatively insensitive to changes in 
the episodic drought threshold.
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2.3.2. Responses to episodic drought
We found that on average, the number of months per year classified as episodic drought have 
been increasing since 1979, both in the studied plots (Figure 2-1 b) as well as across the 
entire study area (Figure A2-4). The number of episodic drought months per year increased 
significantly over time (r = 0.62, p < 0.001) and was positively correlated to annual averaged 
midday air temperature (r = 0.82, p < 0.001) and vapor pressure deficit (r = 0.88, p < 0.001) 
indicating both drying and warming over the past four decades (Figure A2-4, Table A2-3). 
Several previously described El Niño related drought events in 1983, 1987, 1997, 2010 and 
2015 are superimposed on this trend and clearly visible as years with high midday air tem-
peratures and VPD and relatively many episodic drought months per year (Figure 2-1 b, d, 
e, Figure A2-4). 
 Episodic droughts are associated with a higher VPD and a lower  compared to a 
regular dry season (Figure 2-1 d, Figure 2-2 a, d). Consequently, the pre-dawn  is on aver-
age 0.32 MPa lower (-0.67 ±0.52 MPa) during episodic drought compared to an average dry 
season (-0.35 ±0.28 MPa) (Figure 2-2 a, Figure 2-3 a). Midday  declines from -1.35 ±0.41 
MPa in the dry season to -1.8 ±0.48 MPa during episodic drought, increasing the average 
water potential gradient by 0.13 MPa across all measured trees. However, the meta-analysis 
indicates that this increase is not significant across studies, as there is a large variability in the 
water potential gradient response to episodic drought (Figure 2-3 b). The decline of midday 

 in response to episodic drought is related to a 49% reduction of stomatal conductance and 
27% reduction in leaf photosynthesis compared to a regular dry season (Figure 2-3 a). Simi-
lar to seasonal drought, we observe a small increase of iWUE in response to episodic drought 
but this response is not significant (Figure 2-3 a).
 On the tree scale, there is no significant change in the water potential gradient during 
episodic drought compared to a regular dry season and also the substantial average decline 
of 53% in soil to leaf hydraulic conductance during episodic drought compared to a regular 
dry season is not significant (Figure 2-3 b). Nonetheless, we do observe a significant decline 
of 36% in crown conductance and a 18% decline of tree daily transpiration in response to 
episodic drought (Figure 2-3 b). Furthermore, stem diameter growth is reduced by an average 
6% during episodic drought compared to a regular dry season while leaf flushing and litter 
fall are not significantly different (Figure 2-3 b). 
 On the ecosystem scale, despite the decline in tree transpiration, the meta-analysis 
suggests that evapotranspiration during episodic drought is not significantly different to the 
evapotranspiration in the dry season (Random-effects model, p = 0.63, n = 5). Furthermore, 
despite declines in stem growth and leaf photosynthesis during episodic drought (Figure 
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2-3 a, b) there are no significant differences in GPP, NPP, ANPP and ecosystem water use 
efficiency between episodic drought and a regular dry season (Figure 2-3 c). However, we 
do observe a significant 9% decline in ecosystem respiration that is driving a 24% increase 
of net ecosystem productivity in response to episodic drought (Figure 2-3 c). These results 
suggest that ecosystem productivity is relatively tolerant to episodic drought while reduced 
respiration contributes to a net increase of ecosystem carbon uptake during episodic drought 
compared to a regular dry season.
 The sensitivity analysis showed that some episodic drought responses are sensitive 
to changes in the episodic drought threshold, especially on the leaf scale (Figure A2-8 & 
A2-9). When using both the narrow and wide episodic drought definition, the decline in leaf 
photosynthesis in response to episodic drought became not significantly different from a reg-
ular dry season anymore (Figure A2-8 a, A2-9 a). For the narrow definition this is mainly the 
result of using only half the number of studies compared to the baseline analysis, reducing 
the statistical power of the test. In the wide definition analysis, the effect size, or the differ-
ence between the episodic drought and a regular dry season month, becomes smaller. Choos-
ing an arbitrary episodic drought threshold to compare a regular dry season with an episodic 
drought will always result in uncertainties of the observed responses. However, after testing 
the sensitivity of the episodic drought threshold we conclude that most of the observed re-
sponses to seasonal and episodic drought are robust, while highlighting the importance of 
choosing an episodic drought threshold that is strict enough (i.e. only includes exceptionally 
dry conditions) while it still yields a large enough sample size for the statistical analysis to 
differentiate.

2.3.3. Relationships between study-averaged wood density and drought 
responses 
The meta-analysis revealed  that on average, stomatal conductance and leaf photosynthesis 
are downregulated as pre-dawn and midday  decline during seasonal and episodic drought. 
Furthermore, we find that between-study variation in the stomatal conductance, potential leaf 
transpiration and leaf photosynthesis response to seasonal and episodic drought correlates 
with differences in study-averaged wood density. Generally, studies that measured mainly 
low wood density tree species showed a stronger response of stomatal conductance and po-
tential leaf transpiration to seasonal and episodic drought compared to studies that measured 
mainly high wood density species (Figure 2-4 a, b). 
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Figure 2 4 Effect size of leaf- and tree-scale responses to seasonal (blue) and episodic (red) drought 

for different studies against the study averaged wood density. The R2 values indicate the amount of ....   
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Interestingly, wood density explains more variation in the response of potential leaf transpi-
ration than in the response of stomatal conductance to seasonal and episodic drought, while 
potential leaf transpiration is derived from stomatal conductance (Equation 8). This can be 
explained by differences in atmospheric VPD between different studies and indicates that 
the relationship between study-averaged wood density and the drought induced decline of 
stomatal conductance is largely driven by a drought induced increase in atmospheric VPD 
(Figure 2-2). Therefore, drought avoiding low wood density species downregulate potential 
leaf transpiration in response to drought through stomata closure and not stomatal conduct-
ance per se.  
 Also the magnitude of a decline in leaf photosynthesis in response to seasonal 
drought decreased with increasing wood density (Figure 2-4 c). However, this relationship 
was not visible in response to episodic drought (Figure 2-4 c). There was also no significant 
effect of wood density on the response of midday  to seasonal or episodic drought (Fig-
ure 2-4 d) but there was a significant relationship between the episodic drought response of 
pre-dawn  and study averaged wood density (R2 = 0.76, p < 0.05, not shown). Generally, 
studies that measured high wood density species showed a stronger decline of pre-dawn  in 
response to episodic drought, compared to studies that measured low wood density species. 
These results suggest that low wood density species are better able to maintain a high pre-
dawn  during episodic drought, possibly because of strong stomatal control on transpira-
tion (Figure 2-4 a, b), higher sapwood capacitance, or because of deep soil water accessibility 
that enables recharging of tissue water at night.

Figure 2 4 Continued. ... heterogeneity accounted for in each mixed-effect model with wood density as 

a moderator. On the leaf-scale, studies with a low average wood density show a decline in stomatal 

conductance (a), potential leaf transpiration (b) and photosynthesis (c) in response to seasonal and 

episodic drought, while midday leaf water potential is not changed. On the tree scale, studies with a 

low average wood density show a decline in daily tree transpiration (e) and leaf flushing (f) in response 

to seasonal drought but not episodic drought. The size of the points is determined based on the inverse 

of the sampling variance of the particular study (i.e. precision), showing larger points for more precise 

studies. The sampling variances are used to provide weights for the different studies in the mixed-

effect model. The test statistics are retrieved from a mixed-effect model testing the significance of wood 

density as a moderator variable in the drought response. The solid line is the model prediction, and 

the dashed lines are the 95% confidence intervals. Regression lines are only drawn if the relationship 

is significant (p<0:05).
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For similar reasons, we find that the response of midday  to a decline in pre-dawn  is also 
strongly dependent on study-averaged wood density (Figure A2-5). Tree species from studies 
with a high average wood density (> 0.7 g cm-3) showed a strong reduction in midday  and 
increase the water potential gradient in response to a decline in pre-dawn . On the other 
hand, tree species in studies with a low average wood density species (< 0.5 g cm-3) show a 
non-significant decline of midday  in response to a decline in pre-dawn . Studies with 
intermediate average wood density (0.5-0.7 g cm-3) show a decline of midday  parallel to 
a decline in pre-dawn  (slope ~1) (Figure A2-2). Related to these results we found that the 
stomatal response to atmospheric VPD also depends on study-averaged wood density, with 
low wood density species showing strong stomatal downregulation in response to increased 
atmospheric VPD, while no stomatal downregulation is observed in high wood density spe-
cies (Figure A2-6). These results imply that low wood density species prevent a midday 
drop in  during seasonal and episodic drought by downregulating stomatal conductance, 
potential leaf transpiration and photosynthesis in response to elevated midday VPD, while 
high wood density tree species keep a more variable  and have no strong stomatal control 
on potential leaf transpiration.
 The dry season responses of the two tree-scale variables for which enough spe-
cies-specific data was available, tree daily transpiration and leaf flushing, also showed sig-
nificant relationships with study-averaged wood density (Figure 2-4 e, f). The relationship 
between study-averaged wood density and the magnitude of the seasonal drought response 
of tree daily transpiration was similar in terms of magnitude and direction as the relationship 
between wood density and the potential leaf transpiration response (Figure 2-4 b, Figure 2-4 
e). Roughly half of the studies that measured mainly low wood density species showed a dry 
season decline in tree daily transpiration. The other half of the studies that measured mainly 
high wood density species showed a dry season increase of tree daily transpiration (Figure 
2-4 e). Similarly, dry season leaf flushing is found to be more pronounced in high wood den-
sity species compared to low wood density species that actually show on average a decline 
of leaf flushing in the dry season (Figure 2-4, f). Finally we find that study-averaged stomatal 
conductance, leaf photosynthesis, midday , tree daily transpiration, soil to leaf hydraulic 
conductance and crown conductance all significantly decline with increasing study-averaged 
wood density (Figure A2-7). These results suggest that low wood density species, compared 
to high wood density species, are characterized by efficient water transport, high stomatal 
conductance and leaf photosynthesis during the wet season but also show a strong decline of 
stomatal conductance, transpiration and photosynthesis in response to drought.
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2.4. Discussion

2.4.1. How do leaf, tree and ecosystem scale processes respond to seasonal   
 drought?
Stomatal behaviour, changes in soil to leaf hydraulic conductance and differences in hydrau-
lic architecture determine the hydraulic response to seasonal drought in neotropical trees, 
driving tree transpiration and ecosystem evapotranspiration (Figure 2-2 & Figure 2-3). The 
downregulation of stomatal conductance and canopy conductance in the dry season is a wide-
ly observed hydraulic response to a decline in leaf and xylem water potential (Fisher et 
al., 2006; Machado and Tyree, 1994; Williams et al., 1998). However, progressive stomatal 
closure, the decline in hydraulic conductance and crown conductance are offset by a higher 
midday VPD and an increase of the water potential gradient (midday  − pre-dawn ) in 
the dry season, resulting in no observed change in tree daily transpiration from the wet to 
the dry season across studies (Figure 2-3). The decline of soil to leaf hydraulic conductance 
in the dry season is the result of embolism formation in the xylem vessels that reduces xy-
lem hydraulic conductance (Bonal et al., 2000b; Fontes et al., 2018; Machado and Tyree, 
1994; Meinzer et al., 2008c). Our data did not allow us to disentangle whether dry season 
transpiration is mainly constrained by a decline in stomatal conductance or a decline in soil 
to leaf hydraulic conductance. However, the decline of hydraulic conductance and stomatal 
conductance with decreasing xylem water potential are strikingly similar (Brodribb et al., 
2003) suggesting that xylem hydraulic vulnerability and stomatal sensitivity are strongly 
coordinated (Fontes et al., 2018; Maréchaux et al., 2018; Meinzer et al., 2008c).
 The meta-analysis suggests that the dry season downregulation of stomatal conduct-
ance is accompanied by a smaller but significant decline in leaf photosynthesis (Figure 2-3 a). 
Therefore, the leaf-scale intrinsic water use efficiency (iWUE) increases on average from the 
wet to the dry season (Figure 2-3 a). This increase of iWUE in the dry season was also found 
in earlier site-specific studies (Bonal et al., 2000b; Hogan et al., 1995; Santos et al., 2018). 
However, as gross primary productivity (GPP) declines and evapotranspiration increases, we 
observe a decline of ecosystem water use efficiency from the wet to the dry season (Figure 
2-3 c). Therefore, our results suggests that despite leaf level iWUE increases from the wet 
to the dry season, neotropical forests actually become less water efficient in the dry season. 
This is in agreement with a global synthesis of eddy-covariance measurements that showed 
that humid tropical forests show a decline of ecosystem water use efficiency in response to 
drought (Yang et al., 2018a).  
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The meta-analysis results show that across neotropical forests, net primary productivity 
(NPP) declines while above-ground NPP (ANPP) does not change from the wet to the dry 
season (Figure 2-3 c). This suggests that the decline in total NPP is primarily the result of a 
decline in root growth in the dry season. We confirm earlier findings that root growth declines 
with a decline in soil moisture in the dry season (Girardin et al., 2016; Metcalfe et al., 2008). 
Furthermore, we find that above-ground growth is shifted from the stem in the wet season to 
the canopy in the dry season (Figure 2-3 b) without changes in overall above-ground growth. 
Finally, the meta-analysis shows that the dry season decline of GPP is offset by the decline of 
ecosystem respiration, resulting in no significant change in net ecosystem productivity from 
the wet to the dry season (Figure 2-3 c). The dry season decline of ecosystem respiration is 
likely driven by a decline of heterotrophic respiration from the soil and litter layer as soil and 
litter respiration is found to be strongly dependent on the availability of moisture in neotrop-
ical forests (Chambers et al., 2004; Sotta et al., 2004; Zanchi et al., 2014).
 

2.4.2. How do leaf, tree and ecosystem scale processes respond to episodic   
 drought?
Episodic droughts seem to have become more common in South and Central America recent-
ly. Previously classified as once in a century episodic droughts are now occurring roughly 
every five years (Aragão et al., 2007; Coelho et al., 2012; Erfanian et al., 2017; Marengo et 
al., 2008, 2011; Panisset et al., 2017). Furthermore, ENSO extremes that are clearly linked to 
major droughts in neotropical forests (Figure 2-2-1, Figure A2-4) have been intensifying in 
the 20th  and 21st century (Grothe et al., 2019). Following our definition of episodic drought, 
we observe a significant increase of the number of episodic drought months per year since 
1979, both across the 232 neotropical forest sites (Figure 2-1 b) as well as across the entire 
humid neotropical forest biome (Figure A2-4). Although this drying trend might be the result 
of an underlying bias in the ERA5 reanalysis product, the  result is in agreement with the 
analysis of alternative datasets indicating that dry seasons in Amazonia have been becoming 
dryer since 1979 (Fu et al., 2013). The mechanisms driving this dry season drying are uncer-
tain but have been attributed to changes in global atmospheric circulation (Fu et al., 2013) 
and more regionally to deforestation (Costa and Pires, 2010; Debortoli et al., 2017). We also 
find that midday air temperature and VPD have been increasing over the same period (Fig-
ure A2-4), suggesting that episodic drought have not only become more frequent but also 
hotter since 1979. In this meta-analysis, we were able to use leaf, tree and ecosystem scale 
data from five major episodic drought years, namely from 1987, 1997, 2005, 2010 and 2015 
(Figure 2-1).
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Episodic droughts reduce the supply of water from the soil and increase the evaporative 
demand of the atmosphere beyond values that are observed in a regular dry season (Figure 
2-2) (see also Jiménez-Muñoz et al., 2016; Lee et al., 2013; Panisset et al., 2017). We find 
that both stomatal conductance and photosynthesis are reduced during episodic drought com-
pared to a regular dry season (Figure 2-3 a). This suggests that the physiological responses 
to episodic drought on the leaf level are, in terms of direction and magnitude, a continuation 
of the seasonal drought response. Stomatal limitations may explain the observed decline of 
leaf photosynthesis in response to episodic drought, as changes in nutrient or chlorophyll 
concentrations were not reported for the 2015 drought in the central Amazon (Santos et al., 
2018). Alternatively, reductions in carboxylation capacity and mesophyll conductance in re-
sponse to leaf desiccation or high leaf temperatures could cause a more permanent reduction 
of photosynthesis during episodic drought (Dewar et al., 2018; Doughty, 2011; Felsemburgh, 
2009; Lloyd and Farquhar, 2008; Zhou et al., 2013). The average midday  observed dur-
ing episodic drought (-1.8 MPa) induces leaf turgor loss in many tropical rainforest trees 
(Maréchaux et al., 2015). The importance of tissue desiccation and heat-induced damage to 
the photosynthetic machinery is presently not known but could become increasingly impor-
tant in the tropical carbon cycle in a warmer climate.
 The meta-analysis results suggests that stem growth is significantly reduced during 
episodic drought while leaf litter fall and leaf flushing do not show a consistent positive or 
negative change (Figure 2-3 b). The decline of stem growth during episodic drought is widely 
observed across tropical humid forests and has been linked to a temporary decline in tropical 
forest carbon sink (Brienen et al., 2015; Clark et al., 2003, 2018; Feldpausch et al., 2016; 
Rifai et al., 2018). However, declines in stem growth are not always obvious (Doughty et al., 
2014, 2015a; Phillips et al., 2009) and are at some sites compensated for by an increase in 
canopy growth or root growth (Doughty et al., 2015a; Hofhansl et al., 2014) resulting in no 
observed net change in NPP or ANPP during episodic drought (Figure 2-3 c). These results 
suggest that despite significant reductions in leaf photosynthesis during episodic drought, 
overall tree growth is not limited by carbohydrate availability (carbon starvation) (McDowell 
et al., 2008; Sala et al., 2012). Evidence from neotropical humid forests suggests that leaf and 
wood tissue concentrations of non-structural carbohydrates (NSC’s) are kept relatively con-
stant during seasonal and severe episodic drought (Dickman et al., 2019; Würth et al., 2005). 
This implies that temporary reductions in photosynthesis are not sufficient to limit actual 
tree growth during drought (Würth et al., 2005). The significant decline in stem growth in 
response to episodic drought is more likely driven by cell turgor loss in the vascular cambium 
as a result of tissue desiccation, which limits cell formation and thus the formation of new 
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tissue in the stem (Körner, 2013; Krepkowski et al., 2011; Muller et al., 2011). It is essential 
to understand which mechanisms, turgor mediated, carbon mediated, or a combination of 
both, are driving drought-induced declines in tree growth, as they can operate on different 
time scales and can have different sensitivities to drought.

2.4.3. What are the differences between seasonal and episodic drought?
We find that the responses of stomatal conductance, leaf photosynthesis, midday and pre-
dawn  to episodic drought are basically a continuation of the same leaf physiological 
responses observed during seasonal drought (Figure 2-2 & Figure 2-3). However, unlike 
seasonal drought, the decline in crown conductance outweighs the increase of atmospheric 
VPD during episodic drought, effectively reducing tree daily transpiration (Figure 2-4 a & 
b, Equation 1). Our results are in agreement with site-specific observations that tree daily 
transpiration is reduced through a combination of stomatal downregulation and a loss of 
soil to leaf hydraulic conductance, both in response to episodic drought (Fontes et al., 2018) 
and multi-year drought (Fisher et al., 2006). Unlike the rapid recovery of stomatal conduct-
ance, soil to leaf hydraulic conductance has been observed not to recover fully after episodic 
drought (Fontes et al., 2018) imposing a legacy effect on transpiration in the first months 
following episodic drought. Furthermore, the loss of hydraulic conductance might be consid-
ered an early warning signal for embolism-induced drought mortality (Rowland et al., 2015b) 
following episodic drought (Feldpausch et al., 2016; Phillips et al., 2009). The decline of tree 
transpiration in response to episodic drought likely results in the decline of the surface latent 
heat flux and increase of the surface sensible heat flux, causing a further drying and warming 
of the atmosphere (Harper et al., 2014).
 Contrary to seasonal drought, we observe no increase in leaf flushing and litterfall 
and no significant declines in NPP and GPP during episodic drought. One explanation for 
this apparent discrepancy is that leaf flushing, litterfall, NPP and GPP operate on seasonal 
timescales and are strongly dependent on tree phenology. Most neotropical tree species shed 
old and flush new leaves during the dry season as their leaf phenology is synchronized to 
maximum daily insolation (Borchert et al., 2015; Bradley et al., 2011; Brando et al., 2010; 
Graham et al., 2003; Wagner et al., 2016; Wright and van Schaik, 1994). This results in an in-
itial decline followed by a progressive increase of photosynthetic capacity on the ecosystem 
scale in the late dry season as leaves mature (Albert et al., 2018; Doughty and Goulden, 2008; 
Wu et al., 2016). Leaf flush and maturation, and with it the increase of leaf photosynthetic 
capacity, drive a progressive increase of GPP during the dry season in humid neotropical for-
ests (Albert et al., 2018; Araújo et al., 2016; Doughty and Goulden, 2008; Hutyra et al., 2007; 
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Restrepo-Coupe et al., 2013). Episodic droughts by our definition always occur at the end of 
the dry season, when REW is lowest (Figure 2-1). Therefore, the peaks in litter fall and leaf 
flush that generally occur in the first half of the dry season, have already occurred before the 
episodic drought starts and therefore GPP is relatively high. We hypothesize that the seasonal 
timescales of tree phenology and ecosystem productivity could be counteracting the potential 
negative effects of short episodic droughts on GPP, which were therefore not observed in the 
meta-analysis.

2.4.4. How do we scale from the leaf to the ecosystem?
Our meta-analysis indicates a general tendency of seasonal and episodic drought responses 
becoming smaller and not significant when going from the leaf and tree scale to the ecosys-
tem scale. Regarding transpiration, we observed sustained tree daily transpiration in the dry 
season and a decline of tree daily transpiration in response to episodic drought (Figure 2-3 
b). In contrast, ecosystem evapotranspiration increases significantly in the dry season and 
does not significantly change during episodic drought (Figure 2-3 c). This discrepancy is 
not logically explained by an increased contribution of evaporation from the soil and canopy 
to evapotranspiration, as both soil and canopy evaporation are expected to be lower in the 
dry season and during episodic drought compared to the wet season (Shuttleworth, 1988). 
A more likely explanation is that the leaf and tree-scale data used in our meta-analysis are 
biased towards fast-growing pioneer tree species with low wood density that are growing in 
upper canopy positions (e.g. Dünisch and Morais, 2002; Huc et al., 1994; Kunert et al., 2010; 
Machado and Tyree, 1994). 
 Stomatal control on transpiration is stronger in low wood density compared to high 
wood density tree species (Figure 2-4, Figure A2-6). Furthermore, sun-exposed trees in upper 
canopy positions experience a higher evaporative demand from the atmosphere, resulting in 
a more pronounced downregulation of stomatal conductance and photosynthesis in response 
to seasonal and episodic drought compared to understory trees (Domingues et al., 2014; 
Fisher et al., 2006; Santos et al., 2018). This sample bias in the meta-analysis might also 
explain why ecosystem scale responses of carbon exchange to drought seem to contradict the 
observations on the leaf and tree scale. The decline of leaf photosynthesis is more than twice 
the magnitude of the decline in GPP during seasonal drought, while in response to episodic 
drought there is not even a decline in GPP detected (Figure 2-3). This meta-analysis result is 
confirmed by unexpected results from previous studies that found that GPP and NPP are not 
reduced during episodic drought despite significant declines of leaf photosynthesis (Bonal et 
al., 2008; Doughty et al., 2014, 2015a).
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Another explanations for the apparent contradiction between leaf, tree and ecosystem scale 
responses to episodic drought is the limited timescale on which we analysed ecosystem 
drought responses. The temporal scale of some tree and ecosystem scale responses to episod-
ic drought might extend far beyond the actual drought (e.g. Gonçalves et al., 2020; Hofhansl 
et al., 2014). For example, episodic drought events have been found to elevate tree mortality 
rates across neotropical forests (Condit et al., 1995; Feldpausch et al., 2016; Phillips et al., 
2009; Williamson et al., 2000). Tree mortality can significantly impact ecosystem produc-
tivity and transpiration, carbon storage and canopy structure, impacting the understory light 
environment and microclimate for many years (da Costa et al., 2018; Leitold et al., 2018; 
Rice et al., 2004, 2008; Rowland et al., 2018; Saatchi et al., 2013; Yang et al., 2018a). Fur-
thermore, extensive leaf flushing in the first months after an episodic drought have been 
reported (Doughty et al., 2014, 2015a; Gonçalves et al., 2020; Hofhansl et al., 2014) contrib-
uting to ANPP exceeding pre-drought values in the years directly following episodic drought 
(Doughty et al., 2014, 2015a; Hofhansl et al., 2014). These legacy effects of drought are not 
captured by our meta-analysis, which is a limitation of the method used. Therefore, we were 
unable to grasp the complete, or final extent of the tree and ecosystem scale responses to 
episodic drought.

2.4.5. How is wood density related to leaf and tree scale responses to drought?
The meta-analysis shows that the magnitude and direction of the stomatal conductance, leaf 
photosynthesis, potential leaf transpiration, tree daily transpiration and leaf flushing response 
to seasonal drought is strongly related to the wood density of trees measured in a particu-
lar study (Figure 2-4). The same relationship was observed for stomatal conductance and 
potential leaf transpiration in response to episodic drought (Figure 2-4). Generally, we find 
that studies that measured tree species with a relatively low wood density showed a drought 
avoiding response, including strong stomatal control on transpiration and no dry season leaf 
flushing (Figure 2-4). Conversely, studies that measured tree species with a relatively high 
wood density showed no stomatal downregulation, increased leaf and tree-scale transpiration 
and increased leaf flushing in the dry season (Figure 2-4). As a result, high wood density trees 
show a stronger desiccation of the leaves and stem during drought and a lower midday leaf 
and xylem water potential (Figure A2-5 & A2-7) (Borchert, 1994b; De Guzman et al., 2017; 
Meinzer et al., 2008c; Sterck et al., 2014). Wood density appears a good proxy of hydraulic 
behaviour and could well be used to predict responses of stomatal conductance, transpiration 
and leaf flushing to seasonal and episodic drought (see e.g. Christoffersen et al., 2016).
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Differences in wood density among tree species have been widely studied and are linked to 
differences in plant hydraulic architecture and hydraulic properties such as hydraulic con-
ductance, sapwood capacitance and embolism resistance (Baas et al., 2004; Chave et al., 
2010; Janssen et al., 2020b; Poorter et al., 2010). The use of wood density as a proxy of 
more fundamental hydraulic properties has been criticized as it often lacks a functional basis 
(Lachenbruch and Mcculloh, 2014; Patiño et al., 2012). Sapwood capacitance, the amount of 
water released from the xylem under a certain pressure, is arguably the only hydraulic prop-
erty that is functionally related to wood density, as the amount of space available for water 
storage in the wood scales inversely with wood density (Janssen et al., 2020b; Meinzer et al., 
2008c; Poorter, 2008; Pratt and Jacobsen, 2017; Ziemińska et al., 2020). Sapwood capaci-
tance is positively related to maximum stomatal conductance, leaf photosynthesis, tree daily 
transpiration, soil to leaf hydraulic conductance and midday  (Meinzer et al., 2003; Oliva 
Carrasco et al., 2015; Santiago et al., 2004). We show that these relationships hold when 
relating not species but study-averaged wood density, as a proxy of sapwood capacitance, to 
study-averaged stomatal conductance, leaf photosynthesis, tree daily transpiration, midday 

, crown conductance and soil to leaf hydraulic conductance (Figure A2-7). Our results 
suggest that wood density, via sapwood capacitance, is largely driving the magnitude of the 
stomatal and transpiration response to seasonal and episodic drought in neotropical trees. 
 The difference in hydraulic behaviour between low and high wood density tree spe-
cies is confirmed by the observation that the decline of stomatal conductance with atmos-
pheric VPD and the slope of the relationship between midday  and pre-dawn  are strong-
ly dependent on wood density (Figure A2-5 & A2-6). We find that low wood density trees 
with high sapwood capacitance show a relatively high maximum soil to leaf hydraulic con-
ductance as stored water is used for transpiration (Figure A2-7) while stomatal conductance 
is downregulated with increasing VPD in the dry season to avoid dehydration (Figure A2-6) 
(Goldstein et al., 1998; Meinzer et al., 2004, 2008c). Conversely, in high wood density trees, 
transpiration is primarily constrained by the relatively low soil to leaf hydraulic conductance 
all year around and stomatal downregulation plays a minor role. High wood density trees 
maintain stomatal conductance (0.07 – 0.14 mol m-2 s-1) even during severe episodic drought 
(Alexandre, 1991; Bonal et al., 2000b; Roberts et al., 1990; Santos et al., 2018; Stahl et al., 
2013b). This implies that transpiration has to increase during seasonal and episodic drought 
in high wood density trees, resulting in a significant decline of midday  (Figure 2-4, Figure 
A2-5) (Alexandre, 1991; Bonal et al., 2000b; Brum et al., 2019; Domingues et al., 2014). 
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The observed insensitivity of stomatal conductance to VPD in high wood density trees has 
been reported previously for lowland rainforest species (Bonal et al., 2000b; Domingues et 
al., 2014; Granier et al., 1992; Huc et al., 1994). Stomatal insensitivity to VPD is a possible 
adaptation to surviving in a humid and deeply shaded understory, as the CO2 concentration 
inside the leaf is kept high to maximize photosynthesis during brief moments of high irradi-
ance, known as sun flecks (Domingues et al., 2014; Pons et al., 2005; Tinoco-Ojanguren and 
Pearcy, 1992). 
 The capability to maintain stomatal conductance and transpiration during short epi-
sodic droughts has been explained by the uptake of deep soil moisture using tap roots (Bonal 
et al., 2000b; Brum et al., 2019; Meinzer et al., 1999; Nepstad et al., 1994; Stahl et al., 2013a, 
2013b). Soil water at a depth of up to 18 meters was found to be accessible for trees at Ta-
pajós in the eastern Amazon (Davidson et al., 2011), enabling trees to maintain a favourable 
water status during short dry periods. This also becomes clear from the relatively high aver-
age pre-dawn  during episodic drought (-0.67 MPa), compared to tree species of tropical 
dry forest where pre-dawn  can approach -2.5 MPa in a regular dry season, inducing leaf 
wilting and high mortality rates in tree seedlings (Sobrado, 1986; Veenendaal et al., 1996). 
Soil depth, root functioning and differences in root architecture are believed to be crucial reg-
ulators during drought (Brum et al., 2019; Meinzer et al., 1999; Stahl et al., 2013a), but lack 
of data in neotropical forests prevented us from including these traits in our meta-analysis.
 Deep soil moisture uptake is not always sufficient to maintain a favourable water 
status within the tree as drought-induced tree mortality events have been widely observed 
across the neotropics (Condit et al., 1995; Feldpausch et al., 2016; Phillips et al., 2009; Wil-
liamson et al., 2000), likely resulting from hydraulic failure (Rowland et al., 2015b). The 
effect of an increased evaporative demand during drought should not be overlooked, as a high 
VPD can trigger xylem embolism in trees even when soil water is still easily accessed (Fontes 
et al., 2018; Phillips et al., 2001). Our results point to the lack of drought avoidance in high 
wood density tree species as stomatal conductance and transpiration are sustained under high 
evaporative demand, resulting in a strong decline of xylem and leaf water potential during 
drought (Figure 2-4, Figure A2-5 & A2-6). However, many high wood density tree species in 
humid neotropical forests have evolved in permanently wet environments and are not always 
tolerant against xylem embolism (Janssen et al., 2020b; Powell et al., 2017; Santiago et al., 
2018). The combination of relatively low sapwood capacitance, limited stomatal control on 
transpiration and limited embolism resistance can amount to high drought-induced mortality 
rates in some of these high wood density tree taxa (Janssen et al., 2020b). This highlights the 
fact that a lack of properties contributing to drought avoidance in a particular individual or 
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species are not always compensated for by a high drought tolerance, making this individual 
or species highly vulnerable to drought-induced mortality.
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2.6. Appendices

Figure A2-1: Monthly averaged midday vapor pressure deficit from ECMWF ERA5 compared

to measured monthly averaged vapor pressure deficit at 9 flux tower sites. Data from the sites

BR-Sa1 and BR-Sa2 was derived from the FLUXNET2015 dataset (https://fluxnet.fluxdata.org

/data/fluxnet2015-dataset/). Data from the remaining sites was derived from the LBA Model

Intercomparison Project (https://daac.ornl.gov/LBA/guides/CD32_LBA_MIP_Drivers.html).

0

1

2

3

4

0 1 2 3 4
Midday VPD site measured (kPa)

M
id

da
y 

V
PD

 E
R

A
5 

(k
Pa

)

site

BR-Sa1

BR-Sa3

Caxiuana

CR-Lse

Fazenda Nossa Senhora

Manaus KM34

Reserva Jaru

Reserva Pe-de-Gigante

Santarem KM77



57Leaf, tree and ecosystem scale responses to drought in the Amazon and other neotropical forests

y = 24(x / 2.60)
R2R 100.0 < p ,79.0 = 2R 100.0 < p ,79.0 = 2 = 0.97, p < 0.001

0

10

20

30

40

0

10

20

30

40

1 2 3 4
Maximum sap flux density (kg dm−2 hr−1)

D
ai

ly
 tr

an
sp

ira
tio

n 
(k

g 
dm

−2
 d

−1
)

Frequency of estim
ated daily transpiration values

Andrade et al. 1998
Aparecido et al. 2016
Bonal et al. 2000
Brum et al. 2018b
da Costa et al. 2007
da Costa et al. 2008
Dünisch and Morais 2002
Granier et al. 1992
Granier et al. 1996
Vourlitis et al. 2008

Dry season
Episodic drought

Wet season

Figure A2-2: Relationship between sapwood-area specific tree daily transpiration and sapwood-area 

specific maximum daily sap flux density. The shading depicts the 95% confidence interval. Data from 

10 studies included in the dataset that reported both daily transpiration and maximum daily sap flux 

density were averaged by month and used to fit a linear regression model. Maximum daily sap flux 

density was divided by a fitted parameter (2.60) to derive average daily sap flux density and then 

multiplied by 24 hours to calculate sapwood-area specific daily transpiration. There was no statistically 

significant difference in the slope of the linear regression line between the wet season, dry season or 

episodic drought (ANCOVA, p = 0.09). The red bars depict the frequency of monthly measurements for 

which daily transpiration was estimated from the maximum daily sap flux density.
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R2 = 0.5, p < 0.001
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Figure A2-4: Trends in ERA5 derived episodic drought months (a), midday vapor pressure deficit (b) 

and air temperature (c) across the study area from 1979 to 2018. The climate data was retrieved for 

548 lowland (< 1000 m a.s.l.) locations belonging to the tropical and subtropical moist broadleaf 

forest biome placed in a regular 1° grid covering the study area (10° S ~ 10° N). Positive values of the 

multivariate ENSO index (d) indicate El Niño conditions that are related to warm and dry years. 
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Wood density < 0.5, slope = 0.72, r = 0.5, p = n.s.

Wood density 0.5-0.7, slope = 1.17, r = 0.72, p < 0.001

Wood density > 0.7, slope = 2.71, r = 0.57, p < 0.001
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Figure A2-5: Relationships between pre-dawn leaf water potential and midday leaf water potential 

across neotropical tree species. The data was averaged by study, site and the date of measurement and  

grouped into three classes of varying wood density. Following Martinez-Vilalta et al. (2014) low wood 

density (< 0.5 g cm-3) tree species in our meta-analysis show partly isohydric behaviour as the slope 

of the relationship between pre-dawn and midday leaf water potential is large than 0 but smaller than 

1. Intermediate wood density species show strict anisohydric behaviour (slope ~ 1 ) and high wood 

density species (> 0.7 g cm-3) show extreme anisohydric behaviour (slope > 1).
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Figure A2-6: Relationships between stomatal conductance and monthly averaged midday atmospheric 

vapor pressure deficit retrieved from ERA5 across neotropical tree species. The data was averaged 

by study, site and the date of measurement and  grouped into three classes of varying wood density. 

Stomatal conductance declines significantly with increasing atmospheric vapor pressure deficit in 

studies that measured species of low and intermediate wood density (< 0.7 g cm-3) but not in studies 

that measured species of a high wood density (> 0.7 g cm-3). 
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Figure A2-7: Relationships between study-averaged wood density and study-averaged measures of plant 

performance. Studies that measured low wood density tree species show high stomatal conductance (a), 

leaf photosynthesis (b), leaf water potential (c), daily transpiration (d), soil-leaf hydraulic conductance 

(e) and crown conductance (f) compared to studies that measured high wood density tree species.
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Figure A2-8: Wide drought definition (15%) meta-analysis results of leaf, tree and ecosystem scale 

responses to seasonal and episodic drought. The dots are the averages and the horizontal lines represent 

95% confidence intervals of percentage change in leaf, tree and ecosystem scale performance. The 

confidence intervals for pre-dawn leaf water potential were cut off at -100% to prevent the x axis from 

inflating. Repeated measurements were used, therefore the variance of the response ratio is adjusted for 

by the correlation coefficient between the repeated measurements (Lajeunesse, 2011). The number of 

consulted studies or sites is provided in brackets. The significance symbols depict the p-value derived 

from a Random-effects model (*** p < 0.001, ** p < 0.01, * p < 0.05) testing whether the effect size 

differs significantly from 0.    
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Figure A2-9: Narrow drought definition (5%) meta-analysis results of leaf, tree and ecosystem scale 

responses to seasonal and episodic drought. The dots are the averages and the horizontal lines represent 

95% confidence intervals of percentage change in leaf, tree and ecosystem scale performance. The 

confidence intervals for pre-dawn leaf water potential were cut off at -100% to prevent the x axis from 

inflating. Repeated measurements were used, therefore the variance of the response ratio is adjusted for 

by the correlation coefficient between the repeated measurements (Lajeunesse, 2011). The number of 

consulted studies or sites is provided in brackets. The significance symbols depict the p-value derived 

from a Random-effects model (*** p < 0.001, ** p < 0.01, * p < 0.05) testing whether the effect size 

differs significantly from 0.
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Measure Sources 

(#) 

Sites 

(#) 

Wet season 

(# of months) 

Dry season  

(# months) 

Episodic drought 

(# of months) 

Leaf-area specific stomatal conductance 38 14 135 233 67 

Leaf-area specific transpiration 38 14 135 233 67 

Leaf-area specific photosynthesis 24 12 80 139 60 

Intrinsic water use efficiency 22 12 79 123 60 

Water use efficiency 22 12 79 123 60 

Pre-dawn leaf water potential 28 14 149 258 68 

Midday leaf water potential 31 16 169 287 73 

Water potential gradient 23 14 120 208 41 

Canopy conductance 35 19 415 441 108 

Soil-leaf hydraulic conductance 10 6 33 77 16 

Total daily transpiration 36 19 423 441 124 

Stem diameter growth 24 34 1029 840 115 

Leaf flushing 20 22 649 683 58 

Litterfall 42 47 1246 1119 139 

Evapotranspiration 11 10 216 256 28 

Net ecosystem productivity 5 12 267 314 53 

Net primary productivity 1 7 96 96 24 

Above-ground net primary productivity 5 14 382 270 27 

Gross primary productivity 5 12 268 314 53 

Ecosystem respiration 5 12 268 315 53 

Ecosystem water use efficiency 4 5 159 192 28 

      

Total* 145 232 2917 2968 497 

 

Table A2-1: Dataset summary statistics. The number of unique sources and sites are provided for each 

measure included in the meta-analysis. Additionally, the number of wet season, dry season and episodic 

drought months for which data was available is given. * The total is the unique number of sources, sites 

and months included in the dataset and not the sum of the above.





How are wood traits and properties related to 
hydraulic behaviour and drought resistance in 
neotropical trees?

Functional relationships between wood density and measures of xylem hydraulic safety and 
efficiency are ambiguous, especially in wet tropical forests. In this chapter, we move beyond 
wood density per se and identify relationships between xylem allocated to fibers, parenchy-
ma and vessels and measures of hydraulic safety and efficiency. We analyzed published data 
of xylem traits, hydraulic properties and measures of drought resistance from neotropical tree 
species retrieved from 346 sources. We found that xylem volume allocation to fiber walls 
increases embolism resistance, but at the expense of specific conductivity and sapwood ca-
pacitance. Xylem volume investment in fiber lumen increases capacitance, while investment 
in axial parenchyma is associated with higher specific conductivity. Dominant tree taxa from 
wet forests prioritize xylem allocation to axial parenchyma at the expense of fiber walls, 
resulting in a low embolism resistance for a given wood density and a high vulnerability to 
drought-induced mortality. We conclude that strong trade-offs between xylem allocation to 
fiber walls, fiber lumen and axial parenchyma drive drought resistance in neotropical trees. 
Moreover, the benefits of xylem allocation to axial parenchyma in wet tropical trees might 
not outweigh the consequential low embolism resistance under more frequent and severe 
droughts in a changing climate

This chapter has been published a: Janssen, T. A. J., T. Hölttä, K. Fleischer, K. Naudts and 
A. J. Dolman (2020), Wood allocation trade‐offs between fiber wall, fiber lumen, and axial 
parenchyma drive drought resistance in neotropical trees, Plant, Cell & Environment, 43(4), 
965-980, doi:10.1111/pce.13687
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3.1. Introduction
Neotropical forests store large amounts of carbon in living biomass and are among the most 
species-rich ecosystems on Earth (Gloor et al., 2012; Hoorn et al., 2010). General circula-
tion models project a warming trend over South and Central America of 2 °C  to 5 °C by 
the end of the 21st century under the IPCC high-end emission scenario (Lyra et al., 2017; 
Marengo et al., 2010). In addition, dry season precipitation is expected to decline (Boisier et 
al., 2015; Malhi et al., 2009b; Marengo et al., 2010), a trend that is ongoing since 1979 (Fu 
et al., 2013). Furthermore, there are signs that extreme episodic droughts are intensifying 
because of stronger Atlantic north-south sea surface temperature gradients (Cox et al., 2008; 
Erfanian et al., 2017). Episodic droughts, most notably in 2005, 2010 and 2015 have resulted 
in reduced tree growth and increased mortality in neotropical forests, specifically in the ever 
wet forest of the Amazon Basin (Feldpausch et al., 2016; Phillips et al., 2009; Rifai et al., 
2018). Furthermore, increased drought and heat have been identified as possible drivers of a 
long-term trend of increasing tree mortality in the Amazon Basin resulting in a reduction of 
the Amazon forest carbon sink strength (Brienen et al., 2015; McDowell et al., 2018). Despite 
the critical role of neotropical forests in driving future climate scenarios and their importance 
for biodiversity and human livelihoods, there are still large uncertainties surrounding the 
sensitivity of these forests to drought.
 The tremendous biological and functional diversity found in tropical forest plant 
communities challenges the development of a robust theoretical framework that includes 
both the drivers of drought resistance and the conditions under which drought-induced veg-
etation responses occur.  For example, the vulnerability to drought-induced mortality varies 
significantly among different species (Esquivel-Muelbert et al., 2017a), functional groups 
(Aleixo et al., 2019) and life forms (Nepstad et al., 2007). Interspecific differences in drought 
resistance can be attributed to properties of the tree’s water transporting tissue, i.e. the xylem 
sapwood. An evolutionary trade-off between xylem water transport efficiency and xylem 
hydraulic and mechanical safety has been proposed to explain interspecific differences in 
drought resistance (Baas et al., 2004; Chave et al., 2009). However, recent studies show that 
generally, there is a weak trade-off between hydraulic safety and efficiency, with many spe-
cies showing both a low hydraulic safety and low hydraulic efficiency (Gleason et al., 2016; 
van der Sande et al., 2019). These findings limit the generalization and broader implementa-
tion of the safety-efficiency trade-off hypothesis in modelling frameworks and illustrate that 
the underlying mechanisms driving interspecific differences in drought resistance are still 
poorly understood in highly diverse tropical forests.
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3.1.1. How do xylem hydraulic properties emerge from xylem traits?  
Hydraulic efficiency often refers to the sapwood area specific hydraulic conductivity (Ks), 
which is the rate of water transport through a given area of sapwood across a pressure gra-
dient (Gleason et al., 2016; Tyree and Zimmermann, 2002). Another measure of hydraulic 
efficiency is sapwood capacitance, which is the amount of stored water that is released from 
the sapwood under a given pressure. Capacitance contributes to 5% to 30% of daily water 
use and enables high transpiration rates and stomatal conductance in the morning (Meinzer 
et al., 2003; Oliva Carrasco et al., 2015). Furthermore, capacitance buffers the drop of leaf 
and branch xylem water potential during moments of high evaporative demand. In this way, 
capacitance helps to avoid plant desiccation that would initiate xylem embolism, leaf turgor 
loss and eventually drought-induced mortality (Pratt and Jacobsen, 2017; Tyree et al., 2003; 
Wolfe, 2017). 
 Xylem hydraulic properties arise from a combination of xylem traits that are closely 
related to the anatomy of the xylem (Figure 3-1). This paper uses a hierarchical framework 
to assess the relationships between different measures that drive plant drought resistance 
(Lachenbruch and Mcculloh, 2014). Vessel diameter, length and inter vessel pit properties are 
assumed to be key determinants of hydraulic conductivity and embolism resistance (Hacke 
and Sperry, 2001; Tyree and Sperry, 1989). According to the Hagen-Poiseuille principle, the 
maximum hydraulic conductivity of a xylem vessel is proportional to the fourth power of the 
diameter of that vessel (Tyree and Zimmermann, 2002). Having slightly wider xylem vessels 
thus results in a considerable increase in hydraulic conductivity and water uptake efficiency 
(Gartner et al., 1990; Mcculloh et al., 2012; Méndez-Alonzo et al., 2012). However, wider 
vessels have also been related to thinner and more porous pit membranes between vessels 
which increase the risk of xylem embolism (Christman et al., 2009; Hacke et al., 2001, 2006; 
Mcculloh et al., 2012; Tyree and Sperry, 1989). 
 A common measure of xylem hydraulic safety is embolism resistance, often ex-
pressed as the xylem water potential at which 50% of the hydraulic conductivity is lost 
through embolism (P50). The difference between the minimum daily xylem water potential 
and P50 is the hydraulic safety margin, which is indicative of the amount of hydraulic risk a 
plant takes by approaching a water potential that initiates a dangerous increase of embolism 
(Meinzer et al., 2009). Reduced hydraulic conductance from embolism can in turn result in a 
drop of xylem water potential and more vessels becoming embolized (runaway embolism), 
eventually leading to tree mortality from hydraulic failure (Choat et al., 2018; Rowland et al., 
2015a; Sperry et al., 1993; Tyree et al., 2003). It is important to stress that natural selection 
always acts on plant performance and not on individual traits or properties (Lachenbruch and 
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Mcculloh, 2014). Therefore, we cannot conclude from a single hydraulic property whether 
or not a species or individual can be regarded as drought vulnerable or resistant as drought 
resistance emerges from the interaction of multiple hydraulic properties (Figure 3-1). It is 
still highly uncertain how hydraulic properties are driving drought resistance and how these 
properties relate to xylem traits.
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Figure 3 1 Hierarchical framework depicting how xylem traits drive xylem properties and xylem 

hydraulic properties that in turn determine plant hydraulic status and performance. Xylem traits 

generally operate on the individual cell and tissue level and on the developmental time scales of years 

and months. Plant performance and hydraulic status can act on relatively short time-scales of minutes 

and seconds (e.g. opening and closure of the stomata).  
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3.1.2.  Is there a relationship between xylem properties and plant life-  
     history? 
Xylem properties reflect both a plant’s life-history strategy as well as its underlying hydraulic 
strategies (Baas et al., 2004; Chave et al., 2009). Wood density is regarded a useful proxy of 
performance measures related to life-history such as stem diameter growth and tree longevity 
(Chave et al., 2009; Coelho de Souza et al., 2016) because of its relationships with biome-
chanical properties such as wood strength and stiffness (Van Gelder et al., 2006; Putz et al., 
1983). Furthermore, wood density has also been associated with hydraulic properties such as 
hydraulic conductivity (Mcculloh et al., 2012; Meinzer et al., 2008b), capacitance (Borchert, 
1994b; Meinzer et al., 2003, 2008b) and resistance to embolism (Hacke et al., 2001; Mark-
esteijn et al., 2011a; Sperry and Hacke, 2004). 
 Low density wood of tropical light-demanding pioneer trees has been related to 
higher hydraulic conductivity and higher capacitance but also less resistance against embo-
lism (Mcculloh et al., 2012; Meinzer et al., 2008c, 2008b; Poorter et al., 2010; Sterck et al., 
2014). Relationships between wood density, plant performance and hydraulic properties are 
used to benchmark plant functional types in ecosystem models, where wood density is used 
as a proxy of potential tree growth, xylem hydraulic conductivity, capacitance and embolism 
resistance (Christoffersen et al., 2016; Powell et al., 2018; Sakschewski et al., 2016). How-
ever, these relationships remain ambiguous and conflicting results are often found, especially 
in wet tropical forests (De Guzman et al., 2017; Powell et al., 2017; Santiago et al., 2018; 
Trueba et al., 2017). Therefore, the xylem traits that are driving the observed variations in 
wood density, xylem hydraulic safety and efficiency are still largely unresolved for many 
neotropical tree species.

3.1.3. How can xylem volume allocation affect xylem hydraulic properties and 
xylem traits? 
In addition to vessels, the secondary xylem of angiosperms is made up of ray and axial pa-
renchyma, fibers and sometimes tracheids. The principle function of ray parenchyma is the 
radial translocation and storage of non-structural carbohydrates (NSCs), water and nutrients. 
The axial parenchyma has been related to the storage of NSCs and water, contributing to 
sapwood capacitance (Borchert and Pockman, 2005; Plavcová and Jansen, 2015). Further-
more, the xylem axial parenchyma fraction also increases with increasing vessel diameter, 
suggesting a possible role of axial parenchyma in axial water transport (Morris et al., 2018; 
Zheng and Martínez-Cabrera, 2013). Fiber walls contribute to mechanical strength and sup-
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port xylem vessels to withstand implosion under high tension while fiber lumen contribute to 
water storage and sapwood capacitance (Hillabrand et al., 2019; Jacobsen et al., 2005; Pratt et 
al., 2007; Pratt and Jacobsen, 2017). Some angiosperms species also have tracheids, or tran-
sitional cell forms between tracheids and vessels (Carlquist and Schneider, 2002). Tracheids 
make up most of the xylem in gymnosperms and combine a water transporting function with 
mechanical strength because of their relatively thick lignified cell walls (Sperry et al., 2007).     
 Like other xylem properties, wood density emerges from the interaction of different 
xylem traits and the partitioning of wood volume to the different tissues. While hydraulic 
efficiency and safety are often attributed to vessel traits (Hoeber et al., 2014; Markesteijn et 
al., 2011b; Méndez-Alonzo et al., 2012), wood density in tropical trees is found to be mainly 
driven by the partitioning of wood volume to axial parenchyma, fiber walls and fiber lumen 
(McDonald et al., 1995; Ziemińska et al., 2013). Therefore, the use of wood density as a 
proxy of xylem hydraulic safety and efficiency has a weak functional basis (Lachenbruch and 
Mcculloh, 2014; Patiño et al., 2012). Trade-offs in xylem volume allocation to different tis-
sues are underlying fundamental trade-offs between biomechanics, water transport efficiency 
and storage of water, nutrients and carbohydrates (Pratt and Jacobsen, 2017).
 While the importance of vessel traits in driving hydraulic properties and plant per-
formance in neotropical trees is widely recognized and studied (e.g. Christensen-Dalsgaard 
et al., 2007; Markesteijn et al., 2011a; Méndez-Alonzo et al., 2012; Hoeber et al., 2014) the 
importance of fibers and parenchyma in this respect has received less attention (Fortunel et 
al., 2014; Osazuwa-Peters et al., 2017; Poorter et al., 2010). This study fills this gap, moti-
vated by the evidence from Mediterranean climate shrub ecosystems that trade-offs in xylem 
volume allocation are driving interspecific variability in embolism resistance and sapwood 
capacitance (Jacobsen et al., 2005, 2009; Pratt et al., 2007). Here, we will test the hypothesis 
that in neotropical tree species, xylem volume allocation to fiber and vessel walls is driving 
embolism resistance while wood volume allocation to fiber lumen, ray and axial parenchyma 
contributes to sapwood capacitance and specific conductivity. Furthermore, we expect that 
wood density increases with fiber and vessel wall fractions and declines with fiber lumen and 
axial parenchyma fractions. Finally, we hypothesize that xylem volume allocation trade-offs 
are underlying the evolutionary trade-off between xylem hydraulic safety and efficiency. We 
aim to move beyond wood density as a driver of hydraulic properties and as such improve 
our understanding of xylem volume allocation in determining drought resistance.



73How are wood traits and properties related to hydraulic behaviour and drought resistance in neotropical trees?

3.2. Methods
The data compilation focused on observations of xylem properties and traits related to hy-
draulic functioning and drought resistance of angiosperm trees from the lowland humid for-
est of Amazonia sensu lato (the Amazon Basin and the Guianas) and Central America, which 
are similar in climate and phylogeny (Eva et al., 2005; Slik et al., 2018). In addition, observa-
tions were retrieved from the Cerrado and tropical dry forests of South and Central America 
stretching from 25° North to 25° South. The observations were stored in a dataset that also 
included the species and genus name, site location and the characteristics of the individual: 
height, diameter at breast height (DBH), etc. (Dataset S1). Species growth form was largely 
derived from the plant growth form dataset for the New World (Engemann et al., 2016) . 
The taxonomic status of the original genus and species names were assessed using The Plant 
List - version 1.1 (http://www.theplantlist.org) in the R package Taxonstand (Cayuela et al., 
2012) and the original genus and species names were replaced by the accepted names when 
necessary. 
 Individual observations were complimented by species level observations from ex-
isting datasets such as the global wood density dataset (Zanne et al., 2009), the global paren-
chyma dataset (Morris et al., 2016) and the RAINFOR Amazon-wide tree biomass and tree 
growth datasets (Coelho de Souza et al., 2016; Fauset et al., 2015). Also the wood density 
datasets of the Centre de coopération internationale en recherche agronomique pour le dével-
oppement (CIRAD) and of The Food and Agriculture Organization of the United Nations 
(FAO) were consulted (Vieilledent et al., 2018). The core dataset counts 11956 entries of 
individual observations on 3909 species from 902 genera and 155 plant families that were 
retrieved from 346 published studies conducted at 110 sites in Central and South America. 
 Vines and lianas were omitted from the analysis as well as species from the Cactace-
ae and Winteraceae families and the Clusia genus. The reason for omitting these species from 
the meta-analysis was that some species from the Cactaceae and Winteraceae are vesselless 
and could therefore not be compared with vessel bearing species (Feild and Holbrook, 2000; 
Hacke et al., 2007). Species from the Clusia genus were considered outliers because of very 
low specific hydraulic conductivity (Feild and Holbrook, 2000). These records were, howev-
er, maintained in the dataset. The number of individual observations and individual species 
and genera available in the dataset varied significantly between different measures (Table 
A3-1). Linear and non-linear regression models were fitted using both genus and species 
averaged data. Genus averaged data was only used when there was no data available for a 
single species in that genus and was otherwise omitted.
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Many studies did not report the maximum sapwood area specific hydraulic conductivity (Ks) 
and native state (with naturally occurring embolism) sapwood area specific hydraulic con-
ductivity consistently. For studies that only reported native state sapwood specific hydraulic 
conductivity, we estimated the native state loss of hydraulic conductivity from its sigmoidal 
relationship with P50 (Figure A3-1). If P50 was also not available, the average value of native 
state embolism of 31% of maximum Ks observed across studies was used to estimate Ks. 
About half of the Ks data used in the analyses was estimated from native state hydraulic con-
ductivity (Table A3-1). Furthermore, we estimated the minimum observed terminal branch 
xylem water potential for 329 tree species (Table A3-1) from a strong correlation between 
this measure and the minimum leaf water potential (Figure A3-2).
 For 135 species the parenchyma but not the fiber volume fraction was available (Ta-
ble A3-1). For these species we estimated the fiber volume fraction from the strong trade-off 
relationship observed between fiber and parenchyma volume (Figure 3-2 a). Subsequently, 
the fiber and vessel wall and lumen fractions were estimated for species where the mean 
lumen diameter and wall thickness were available. The fiber and vessel lumen fraction was 
estimated as:

where  is either the fiber or vessel cell lumen diameter (µm),  the total cell diameter 
(µm) and  the fiber or vessel total volume fraction (%). The fiber or vessel wall fraction 
was then calculated as the difference between the total fiber or vessel volume fraction and 
the lumen fraction. 
 Drought resistance is defined here as the ability to survive and reproduce in an envi-
ronment that experiences recurrent seasonal drought. We use the species specific water deficit 
affiliation (WDA) (Esquivel-Muelbert et al., 2017a, 2018) and drought-induced mortality to 
quantify drought resistance. The WDA is the maximum climatological water deficit (mm) of 
an area in which a species has its center of gravity in terms of distribution. Drought induced 
mortality is the increase of the tree mortality rate following drought, relative to the baseline 
mortality without drought (da Costa et al., 2010; Nepstad et al., 2007). WDA and drought-in-
duced mortality have been shown to be related and are, despite lacking a physiological basis, 
expected to be good indicators of tree species drought resistance (Esquivel-Muelbert et al., 
2017a).
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The species-specific water deficit affiliation (WDA) values were retrieved from the datasets 
of Esquivel-Muelbert et al. (2017b, 2019). The WDA is the average cumulative water deficit 
(CWD) value of the area in which the specific species has its center of gravity in terms of 
distribution (see Esquivel-Muelbert et al. 2017a for a description of the methods). CWD is 
calculated following Aragão et al. (2007) and is either negative (water deficit) or zero: 

where  is the CWD in the previous month and  and  are the evapotranspira-
tion and precipitation in the current month, respectively. To estimate the WDA for species 
where WDA was not available, the average WDA for each of the 110 sites in the dataset was 
calculated. The missing species-specific WDA values were estimated using the average of the 
site-specific WDA values in which the species occurred. In most analyses, species and genera 
were grouped into wet and dry taxa with the boundary chosen at a WDA of -200 mm, a CWD 
value at which seasonally dry forest and savanna are starting to co-occur with wet evergreen 
forest in South and Central America (Malhi et al., 2009b). 
 Drought mortality data was retrieved from different published drought experiments 
on seedlings and saplings in Panama (Engelbrecht et al., 2007; Kursar et al., 2009; Tyree 
et al., 2003) and from juvenile and adult trees in the throughfall exclusion experiments at 
Tapajós and Caxiuanã in Brazil (da Costa et al., 2010; Nepstad et al., 2007). In addition, we 
included drought mortality data from saplings and adult trees from a natural drought in Pan-
ama (Condit et al., 1995). Drought-induced mortality was then calculated following Esquiv-
el-Muelbert et al. (2017a) as the absolute difference between mortality during drought and 
baseline mortality (without drought). Species averaged baseline mortality in more natural 
settings and over longer periods was sometimes found to be higher than total mortality during 
drought, which was rarely the case in short term high intensity drought experiments. Around 
24% of the observations showed a higher mortality in the control compared to the drought 
treatment from which 70% of these observations were retrieved from the natural drought 
event in Panama (Condit et al., 1995). To account for this, we set every tree species with a 
drought-induced mortality index lower than zero to zero and then normalized the drought-in-
duced mortality values in every study from zero (low mortality) to one (high mortality).
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3.3. Results

3.3.1. Drivers of wood density and trade-offs in wood allocation
A strong trade-off emerged between parenchyma volume fraction and the fiber volume frac-
tion (Figure 3-2 a). This relationship is mainly driven by the increase of axial parenchyma 
with increasing parenchyma fraction (not shown, r = 0.86, p < 0.001) and less by an increase 
of ray parenchyma with increasing parenchyma fraction (not shown, r = 0.37, p < 0.001). The 
highest fractions of wood allocated to axial parenchyma (>40 %) were observed in genera 
of the Malvaceae such as Ceiba, Sterculia and Ochroma and the Fabaceae, including Lon-
chocarpus, Ormosia and Inga. The strong correlation between fiber and parenchyma volume 
fractions also implies that the remaining xylem volume occupied by vessels was not as vari-
able as the volume occupied by fibers and parenchyma. 
 We found another trade-off between xylem volume allocated to fiber lumen and 
fiber walls (Figure 3-2 b). The fiber lumen-wall allocation trade-off is the main driver of 
interspecific differences in wood density across the dataset (Figure 3-2 c, d). High wood den-
sity genera such as Anadenanthera, Guaiacum and Myroxylon allocate 70-75% of their wood 
volume to fiber walls and only 3-5% to fiber lumen. Conversely, low wood density genera 
such as Poulsenia, Schizolobium and Simarouba allocate 20-30% of their wood volume to 
fiber walls and 35-45% to fiber lumen. From the remaining xylem volume fractions, only ray 
parenchyma fraction and vessel wall fraction showed marginally significant relationships 
with wood density. Wood density declined with ray parenchyma (not show, r = -0.15, p < 
0.05) and increased with vessel wall volume fraction (not shown, r = 0.19, p < 0.05). These 
results suggest that there are strong packing space related trade-offs between wood volume 
allocation to parenchyma and fibers and between fiber wall and lumen that are driving inter-
specific differences in wood density. 
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Figure 3 2 Trade-offs in xylem volume allocation and their relationships with wood density. Different 

regression lines were fitted for species and genera affiliated to dry (red) and wet environments (blue) 

when the slope and/or intercept of the regression differed significantly (ANCOVA p < .05). Species 

averages are filled and genus averages are open circles. In (a) and (b), the black dashed lines indicate 

the “packing limit” or the maximum (100%) volume. Filled triangles indicate that for these species the 

fibre fraction was estimated from the parenchyma volume fraction.



78 Chapter 3 

3.3.2. Xylem properties and traits related to hydraulic efficiency
Wood density was significantly related to the two measures of hydraulic efficiency (Figure 
3-3). Sapwood area specific hydraulic conductivity (Ks) declined significantly with increas-
ing wood density, although many taxa showed a low wood density and a low Ks (Figure 3-3 
a). This suggests that wood density is a weak proxy of Ks in neotropical tree taxa. Sapwood 
capacitance also declined with increasing wood density in both wet and dry taxa (Figure 3-3 
b). However, wet tree species show on average a higher capacitance (~100 kg m-3 MPa-1) for 
a given wood density compared to dry species. 
 The variability in Ks among tree taxa could partly be explained by the xylem volume 
allocation to axial parenchyma, as Ks increased with increasing axial parenchyma fraction 
(Figure 3-3 c). Furthermore, xylem traits related to hydraulic conductivity such as the length 
of the longest continuous vessel (Figure A3-3) and the mean vessel diameter (not shown, r = 
0.26, p < 0.001) also increased with increasing axial parenchyma fraction. These results sug-
gest that large xylem volume fractions of axial parenchyma are associated with the presence 
of wide and long xylem vessels.
 Sapwood capacitance was found to be most dependent on the fiber lumen fraction 
(Figure 3-3 c). As sapwood capacitance increased with increasing fiber lumen fraction, it 
declined with increasing fiber wall fraction (not shown, r = -0.33, p < 0.01). Furthermore, 
sapwood capacitance also declined with an increase of vessel wall fraction (not shown, r = 
-0.32, p < 0.05). There were no significant relationships between sapwood capacitance and 
other xylem volume fractions.
 

3.3.3. Xylem properties and traits related to hydraulic safety
Relationships between wood density and xylem embolism resistance differed between taxa of 
wet and dry environments (Figure 3-4). We find that the P50 (-MPa) increases with increasing 
wood density in both wet and dry taxa (Figure 3-4 a). This suggests that xylem embolism 
resistance generally increases with increasing wood density. However, both the slope and the 
intercept of this relationship differed significantly between wet and dry taxa (ANCOVA, p < 
0.001). The increase of embolism resistance with wood density is more than three times as 
steep in dry taxa (slope = 4.76) compared to wet taxa (slope = 1.51). Contrary to the relation-
ship between P50 and overall wood density, the increase of P50 with wood fiber density (grams 
fibers per cm-3 wood volume) is similar in species of both wet and dry environments (Figure 
3-4 b). Furthermore, we find that P50 does not increase with increasing wood parenchyma 
density (not shown) and even declines with increasing wood axial parenchyma density (Fig-



79How are wood traits and properties related to hydraulic behaviour and drought resistance in neotropical trees?

r =-0.39, p < 0.001

0

5

10

15

20

25

0.0 0.3 0.6 0.9 1.2

Wood density (g  cm−3)

M
ax

im
um

 sa
pw

oo
d 

ar
ea

 sp
ec

ifi
c

hy
dr

au
lic

 c
on

du
ct

iv
ity

 (k
g

 s
−1

 m
−1

 M
Pa

−1
)

a

r = -0.68, p < 0.001

r = -0.6, p < 0.001

0

200

400

600

800

0.0 0.3 0.6 0.9 1.2

Wood density (g  cm−3)

Sa
pw

oo
d 

ca
pa

ci
ta

nc
e 

(k
g

 m
−3

 M
Pa

−1
)

b

r =0.45, p < 0.001

0

5

10

15

20

25

0 10 20 30 40 50

Axial parenchyma fraction (%)

M
ax

im
um

 sa
pw

oo
d 

ar
ea

 sp
ec

ifi
c

hy
dr

au
lic

 c
on

du
ct

iv
ity

 (k
g

 s
−1

 m
−1

 M
Pa

−1
)

Dry taxa
Wet taxa

c

r =0.52, p < 0.001

0

200

400

600

800

0 10 20 30 40

Fiber lumen fraction (%)

Sa
pw

oo
d 

ca
pa

ci
ta

nc
e 

(k
g

 m
−3

 M
Pa

−1
)

d

Figure 3 3 Relationships between measures of hydraulic efficiency and xylem properties and traits. 

Different regression lines were fitted for species and genera affiliated to dry (red) and wet environments 

(blue) when the slope and/or intercept of the regression differed significantly (ANCOVA p < .05). Species 

averages are filled and genus averages are open circles.
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ure A3-4). This suggests that only wood mass invested in fiber walls contributes to hydraulic 
safety while wood mass invested in parenchyma does not, possibly explaining the weak 
relationship between wood density and P50 in wet tropical tree taxa. 
 We find that P50 increases with increasing vessel wall fraction to vessel lumen frac-
tion ratio, which is a measure of the vessel bending resistance (Figure 3-4 c). Furthermore,  
P50 increases with increasing fiber wall fraction (Figure 3-4 d), with increasing sum of the 
fiber wall and vessel wall volume fractions (not shown, r = 0.67, p < 0.001) and vessel wall 
fraction alone (not shown, r = 0.30, p < 0.05) and declines with fiber lumen fraction and axial 
parenchyma fraction (not shown, r = -0.32, p < 0.01 and r = -0.37, p < 0.01, respectively). 
There was no significant relationship between P50 and ray parenchyma fraction or vessel 
lumen fraction. These results suggest that compared to embolism vulnerable taxa, embolism 
resistant taxa are associated with higher fiber and vessel wall fractions and lower fiber lumen 
and axial parenchyma fractions.  
 

3.3.4. Wood density specific hydraulic safety and drought resistance
The variability in P50 for a given wood density was found to be an important indicator of 
hydraulic behavior and drought resistance. We used the ratio of P50 (-MPa) and wood density 
as a measure of wood density specific hydraulic safety (Figure 3-5). As the increase of wood 
density is associated with a decline in sapwood capacitance (Figure 3-3 b) and therefore a 
decline in the buffering of branch xylem water potential, the increase of wood density has 
to be compensated by an increase in embolism resistance to maintain a safe margin between 
xylem water potential and P50 (the hydraulic safety margin). Indeed, we find that wood densi-
ty specific hydraulic safety is strongly correlated to the hydraulic safety margin in evergreen 
tree taxa (Figure 3-5 a). Deciduous trees keep a more variable and sometimes negative safety 
margin (Figure 3-5, grey squares) as they can easily shed leaves when leaves and branches 
desiccate, according to the so-called hydraulic fuse hypothesis (Wolfe et al., 2016). 
 Both the safety margin and the wood density specific hydraulic safety could part-
ly explain the observed interspecific differences in drought resistance. The first measure of 
drought resistance, the water deficit affiliation (WDA) declined with increasing wood density 
specific hydraulic safety in evergreen tree taxa (Figure 3-5 b). Furthermore, drought-induced 
mortality increased with a declining safety margin and a decline of wood density specific 
hydraulic safety (Figure 3-5 c, d). Finally, drought-induced mortality was not significantly 
related to wood density alone but did decrease with P50 (r = -0.35, p < 0.01). This suggests 
that taxa with a high embolism resistance relative to their wood density are characterized by 
a wide safety margin, can survive in relatively dry environments and are highly resistant to 
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Figure 3 4 Relationships between xylem embolism resistance and xylem properties and traits. Different 

regression lines were fitted for species and genera affiliated to dry (red) and wet environments (blue) 

when the slope and/or intercept of the regression differed significantly (ANCOVA p < .05). Species 

averages are filled and genus averages are open circles. In panel (b), the fibre wall volume fraction was 

used to estimate the wood fibre density. Filled triangles indicate that for these species the fibre fraction 

was estimated from the parenchyma volume fraction. 
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drought-induced mortality. Inversely, this implies that taxa confined to wet environments are 
characterized by a low wood density specific hydraulic safety and a narrow safety margin, 
which makes them unable to survive in seasonally dry environments.

3.3.5. Wood volume allocation, embolism vulnerability and plant life-history 
To see how xylem volume allocation differs between embolism vulnerable and embolism 
resistant tree species, we separated the species into four categorical groups based on wood 
density and wood density specific hydraulic safety (Figure 3-5). Tree species were consid-
ered embolism resistant when the P50 : wood density was 4.0 -MPa g-1 cm-3 or higher and 
were otherwise considered embolism vulnerable. The value of 4.0 -MPa g-1 cm-3 was chosen 
because drought-induced mortality starts to increase exponentially when P50 : wood density 
becomes lower than 4.0 -MPa g-1 cm-3 (Figure 3-5 d). Subsequently, the median wood density 
(~0.65 g cm-3) was used to separate the groups again into a low and high wood density group. 
These groups differed significantly (Tukey HSD p < 0.05) in the xylem volume allocation to 
fiber lumen, fiber walls and axial parenchyma (Figure 3-5 a). We find that low wood density 
tree species invest a relatively large proportion of their xylem volume to fiber lumen, which 
in fact is the reason for their low wood density (Figure 3-2 c, d). High wood density embo-
lism resistant species invest a relatively large proportion of their xylem in fiber walls at the 
expense of fiber lumen and axial parenchyma. Embolism vulnerable tree species with high 
and low wood density invest a relatively large proportion of xylem volume to axial paren-
chyma (Figure 3-5 a).
 
We find that this investment of wood volume to axial parenchyma is associated with a low 
wood density specific hydraulic safety (Figure 3-6) resulting in a high drought-induced mor-
tality (Figure 3-7). Interestingly, embolism sensitive tree species experience a relatively low 
baseline mortality (Figure 3-7). Furthermore, tree transpiration, stomatal conductance, pho-
tosynthesis and stem growth all decline with increasing wood fiber density (Figure A3-5). 
This suggests that xylem volume investment in axial parenchyma might be related to tree 
longevity as a preferential allocation of volume to axial parenchyma seems to be associated 
with a low baseline mortality (Figure 3-7). Finally, we find that the estimated aboveground 
biomass and number of tree stems in the Amazon Basin from the RAINFOR plots (Fauset 
et al., 2015) are not evenly distributed over the four categorical groups (Figure A3-6). The 
summed above ground biomass from tree species in the high wood density embolism sensi-
tive group represents more than half of the total aboveground biomass in the Amazon Basin.
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Figure 3 5 Relationships between measures of drought resistance and xylem hydraulic properties. 

Different regression lines were fitted for species and genera affiliated to dry (red) and wet environments 

(blue) when the slope and/or intercept of the regression differed significantly (ANCOVA p < .05). 

Species averages of evergreen tree species are filled and genus averages are open circles. Grey squares 

represent drought deciduous taxa that allow a more variable and narrow safety margin without risking 

dangerous increases in embolism. Deciduous taxa were for this reason omitted from the regression 

analysis. Insets in (c) and (d) are the same data on a log–log scale. Taxa with a drought mortality index 

of zero were omitted from the log-log plots as they cannot be plotted on a logarithmic scale.
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Figure 3 6 The effects of wood volume allocation to fiber lumen and walls (Fl & Fw), axial and ray pa-

renchyma (Pa & Pr) and vessel walls and lumen (Vw & Vl) on tree drought resistance and life-history. 

Capital letters indicate a significant (Tuckey HSD p < .05) difference between the groups. 
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Figure 3 7 The effects of wood volume allocation to fiber lumen and walls (Fl & Fw), axial and ray pa-

renchyma (Pa & Pr) and vessel walls and lumen (Vw & Vl) on tree drought resistance and life-history. 

Capital letters indicate a significant (Tuckey HSD p < .05) difference between the groups. Species aver-

aged baseline mortality data was directly retrieved from the RAINFOR Amazon wide forest inventory 

dataset (Coelho de Souza et al., 2016). 
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3.4. Discussion

3.4.1. Is wood density driving hydraulic efficiency?
Xylem volume allocation trade-offs, mainly between fiber walls, fiber lumen and axial pa-
renchyma were found to drive interspecific variability in wood density and xylem properties 
related to hydraulic safety and efficiency. While wood density is often not directly related to 
the more fundamental hydraulic traits and properties, interacting xylem traits that influence 
both wood density and hydraulic properties can result in strong correlations between wood 
density, xylem embolism resistance (P50) and sapwood area specific hydraulic conductivity 
(Ks) (Figure 3-1). Wood density is therefore often used as a proxy for these hydraulic traits 
and properties (Christoffersen et al., 2016; Lachenbruch and Mcculloh, 2014). In this me-
ta-analysis we moved beyond wood density as a driver of hydraulic properties and identified 
the xylem traits that are behind the observed relationships. 
 We find that fiber wall and lumen fractions show the strongest correlations with 
wood density of all the tissue fractions (Figure 3-2 c, d). These results are in agreement with 
our hypothesis and confirm earlier findings from Australia and French Guiana that variations 
in fiber wall and lumen fractions drive observed variations in wood density across tropical 
trees (Fortunel et al., 2014; Ziemińska et al., 2013). Variations in axial parenchyma volume 
fractions have been found to explain radial changes in wood density within the trunk of indi-
vidual trees (McDonald et al., 1995). However, contrary to our expectations, we found that 
axial parenchyma volume fractions could not explain interspecific differences in wood densi-
ty. Furthermore, we confirm previous findings from neotropical rainforest (Christoffersen et 
al., 2016) and globally (Gleason et al., 2016), that wood density is a poor proxy of Ks across 
neotropical tree taxa (Figure 3-3 a). However, we should note that considerable uncertainty 
is introduced in the estimation of maximum Ks  in this meta-analysis which could explain 
the scatter in the relationship between wood density and Ks  (Figure 3-3 a). Nonetheless, our 
results and previous work suggest that specific conductivity, which is attributed to vessel 
properties (Hoeber et al., 2014; Markesteijn et al., 2011b; Méndez-Alonzo et al., 2012) is 
largely decoupled from the allocation of xylem volume to fiber walls and lumen that is driv-
ing interspecific differences in wood density.
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The results from our meta-analysis do suggest a positive association between Ks and axial pa-
renchyma (Figure 3-3 c). In addition, we confirm earlier findings that xylem volume allocat-
ed to axial parenchyma correlates positively with vessel diameter (Morris et al., 2018; Zheng 
and Martínez-Cabrera, 2013). However, to our knowledge the positive relationship between 
measured sapwood-area specific hydraulic conductivity and xylem axial parenchyma frac-
tion has not been described previously. Finally, we found a strong positive relationship be-
tween the length of the longest continuous vessel, which is found to be positively related to 
Ks  (Markesteijn et al., 2011b), and the xylem axial parenchyma fraction. Previous work on 
temperate angiosperms found that roughly half of the total resistivity in vessels originates 
from water that passes through the pit membrane pores that interconnect the vessels (Hacke 
et al., 2006). The passing of water between vessels can be expected to be considerably less 
in longer vessels, introducing less resistivity and thus a higher specific conductivity in xylem 
with long continuous vessels.
 The mechanisms behind the positive relationship between vessel bordering (par-
atracheal) axial parenchyma and Ks  are presently unclear. A role of paratracheal parenchyma 
cells in the refilling of embolized vessels has been suggested (Secchi et al., 2017; Tyree et 
al., 2002). Furthermore, paratracheal axial parenchyma cells are responsible for the loading 
of cations into the xylem vessels regulating the transpiration flow (de Boer and Wegner, 
1997). Additionally, a recent study found that paratracheal parenchyma cells load insoluble 
surfactants (phospholipids) into the transpiration flow, possibly to reduce the expansion of 
emboli in the vessels and prevent cavitation (Schenk et al., 2017). Further experimental re-
search is needed to identify the exact mechanisms that are driving the positive relationships 
between xylem volume allocated to axial parenchyma, vessel lumen diameter and length and 
sapwood area specific hydraulic conductivity.
 This meta-analysis shows for the first time that in neotropical trees, fiber lumen vol-
ume is the main contributor to sapwood capacitance (Figure 3-3 d), as was previously found 
in other environments (Jupa et al., 2016; Pratt et al., 2007). This mechanism explains the 
negative relationship between wood density and sapwood capacitance (Chave et al., 2009; 
Christoffersen et al., 2016; Meinzer et al., 2008b; Pratt et al., 2007). Contrary to our hypoth-
esis, we did not find a relationship between axial parenchyma volume fraction and sapwood 
capacitance. This suggests that across neotropical trees a high fraction of axial parenchyma 
is not always related to high capacitance as has been suggested previously (Borchert and 
Pockman, 2005). Sapwood capacitance is often estimated from the linear part of the moisture 
release curve. This represents the water that is released under low pressure, mainly from the 
vessel and fiber lumen and intercellular space (Jupa et al., 2016; Pratt and Jacobsen, 2017). 
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Water released from the living parenchyma cells (elastic storage) does not contribute to this 
initial water release (Jupa et al., 2016). This mechanism may explain why sapwood capac-
itance and axial and ray parenchyma fractions were not correlated. The ecological impor-
tance of capacitance from parenchyma tissue in neotropical trees remains unresolved. The 
separation of capacitance into “fast” and “slow” capacitance from moisture release curves in 
tropical species could provide more insight into the role of parenchyma tissue in driving stem 
water storage (Jupa et al., 2016).
        

3.4.2. Is wood density driving hydraulic safety?
The relationship between wood density and P50 was weak, especially in tree taxa from wet 
tropical forests (Figure 3-4 a). We find that the estimated wood fiber density, which is the 
product of the fiber wall volume fraction and wood density, shows a strong correlation with 
P50 across both wet and dry tropical tree taxa (Figure 3-4 b). Although the wood fiber density 
is a simplification of the actual amount of wood mass allocated to fiber walls, the strong 
relationship between P50 and the estimated wood fiber density suggest a possible important 
role of wood mass invested in fiber walls in determining xylem hydraulic safety (Hacke et 
al., 2001; Hacke and Sperry, 2001; Jacobsen et al., 2005; Pratt et al., 2007). Contrastingly, 
wood mass allocated to axial parenchyma was negatively related to P50 (Figure A3-4). This 
finding could explain why evergreen tree species with high wood density from wet tropical 
forests are not necessarily drought resistant (Christoffersen et al., 2016; De Guzman et al., 
2017; Poorter et al., 2010; Powell et al., 2017; Santiago et al., 2018).
 The mechanical support of the vessels can either originate from a high vessel bend-
ing resistance (Fig 4 c) or the presence of a strong fiber matrix supporting the vessels (Figure 
3-4 d). This implies that across neotropical tree taxa, xylem embolism resistance is related to 
the ability of the xylem vessels to resist hoop and bending stresses experienced during water 
transport. Recent evidence suggests that carbon starvation, induced by defoliation, can cause 
the development of fibers with thin walls which in turn results in irregular shaped vessels that 
are less resistant against embolism (Hillabrand et al., 2019).  These results suggest that fib-
ers with thick fiber walls can assist the bordering vessels to resist partial implosion, prevent 
stretching or rupture of the pit membranes and microfractures in the vessel walls, lowering 
the risk of embolism (Hillabrand et al., 2019; Jacobsen et al., 2005). The exact causal rela-
tionships between wood fibers, vessel bending resistance and xylem embolism resistance are 
not entirely clear but seem crucial in understanding embolism sensitivity in neotropical plant 
communities.
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3.4.3. What are the drivers of drought-induced mortality?
We find that the hydraulic safety margin is strongly related to the wood density specific 
hydraulic safety (the ratio between P50 and wood density) providing new insights into the 
interaction between wood density and embolism resistance in determining drought resistance 
(Figure 3-5). Species specific drought-induced mortality was best explained by the hydraulic 
safety margin, confirming earlier findings from global meta-analyses (Adams et al., 2017; 
Anderegg et al., 2016). Increasing wood density results in a decline of sapwood capacitance 
and therefore minimum branch xylem water potential. As a result, high wood density trees 
show a stronger desiccation of the leaves and stem during drought (Borchert, 1994b; De 
Guzman et al., 2017; Meinzer et al., 2008c; Sterck et al., 2014). For this reason, embolism 
resistance has to increase with increasing wood density to maintain a wide enough hydrau-
lic safety margin (Figure 3-5). However, many late-successional evergreen species of wet 
tropical forests (e.g. Eschweilera coriacea, Eschweilera sagotiana, Goupia glabra and Ep-
erua falcata) did not show an increase of embolism resistance with wood density as a large 
proportion of the wood mass is allocated to axial parenchyma (Figure 3-3 a, Figure A3-4). 
These species showed a low wood density specific hydraulic safety and high vulnerability 
to drought-induced mortality (Figure 3-5). Moreover, many of these high wood density em-
bolism sensitive tree species are considered hyperdominant species in the Amazon Basin 
(Fauset et al., 2015). The high wood density embolism sensitive group of tree species in this 
study represents four times as much aboveground biomass in the RAINFOR plots covering 
the Amazon Basin as the high wood density embolism resistant group (Figure A3-5).
 

3.4.4. What are the advantages of xylem volume allocation to axial    
 parenchyma?
Embolism sensitive tree species generally experience a lower baseline mortality (Figure 3-5 
d) and show a preferential allocation of wood volume to axial parenchyma at the expense of 
fiber walls (Figure 3-5 a). Therefore, we hypothesize that abundant axial parenchyma might 
promote tree longevity when seasonal drought is not a strong selection factor, as can be ex-
pected in ever wet tropical forests. Besides potential hydraulic benefits of axial parenchyma 
discussed previously, a high xylem volume fraction allocated to axial parenchyma might also 
be related to the storage of non-structural carbohydrates (NSCs). In temperate tree species, 
the ray and axial parenchyma volume fraction of the wood is directly proportional to the 
storage of NSCs (Plavcová et al., 2016). Furthermore, among tropical tree species in Bolivia, 
the storage of NSCs is on average lower in species of dry environments compared to species 
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of wet environments, that are expected to use these NSCs to survive in the deeply shaded 
understory (Poorter and Kitajima, 2007). Additionally, the high axial parenchyma fraction in 
shade-tolerant understory trees might aid a rapid recovery through effective wound closure 
(Romero and Bolker, 2008) and vegetative resprouting (Pratt et al., 2007) following mechan-
ical damage induced by falling debris or wind (Van Gelder et al., 2006). Finally, a high axial 
parenchyma fraction might prevent carbon starvation through the homeostatic maintenance 
of NSCs, as has been recently observed in tropical wet forest trees (Dickman et al., 2019). 
 If the high axial parenchyma fraction observed in many wet tropical tree taxa is 
indeed related to hydraulic efficiency and the storage and homeostatic maintenance of NSCs, 
we can assume that prioritizing axial parenchyma over fiber walls is an appropriate adapta-
tion in ever wet and shaded tropical forests. However, while this evolutionary strategy might 
have been beneficial under past climatic conditions, it can become unsuited in a warmer and 
dryer climate. Enhanced drought-induced mortality of high wood density embolism sensitive 
tree taxa might be driving observed compositional changes in neotropical forests (Esquiv-
el-Muelbert et al., 2019). Furthermore, increased drought-induced mortality might underly 
the observed trend of increased tree mortality observed in the Amazon Basin (McDowell 
et al., 2018) and the associated decline of the Amazon carbon sink strength (Brienen et al., 
2015). Given the high drought sensitivity of many neotropical tree species of wet forests, 
future warming and drying could lead to the sudden collapse of standing biomass and the 
reversal of the carbon sink function of neotropical forests into a carbon source, enhancing 
global climate warming.
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3.6. Appendices
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y = 0.33 +0.82 x
                                        

 r = 0.91 p < 0.001
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Figure A3-5: Relationships between wood fibre density and measures of plant performance.
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 Measure Units Species Genus Individuals Sites Sources 

X
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 tr
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ts

 

Vessel lumen diameter µm 1177 469 2210 75 132 
Vessel density # mm-2 1162 468 2005 72 127 
Vessel wall thickness µm 206 108 228 17 34 
Mean longest vessel cm 121 102 126 9 15 
Fiber lumen diameter µm 471 250 620 28 77 
Fiber wall thickness µm 601 297 841 34 84 
Fiber wall fraction % 246 173 261 12 41 
Fiber lumen fraction % 273 179 300 13 44 
Fiber fraction % 350 198 475 21 59 

135* 105* 162* 2* 11* 
Ray parenchyma fraction % 264 170 328 14 54 
Axial parenchyma fraction % 260 165 324 14 55 
Parenchyma fraction % 418 241 549 19 59 

69* 59* 89* 6* 11* 
Vessel wall fraction % 227 118 252 17 37 
Vessel lumen fraction % 227 118 252 17 37 
Vessel fraction % 453 261 859 33 93 

X
yl

em
 (h

yd
ra

ul
ic

) 
pr

op
er

tie
s 

Wood density g cm-3 2280 644 4027 74 118 
Xylem water potential at 50% 
loss of hydraulic conductance 
(P50) 

MPa 264 163 437 29 52 

Measured maximum sapwood 
area specific hydraulic 
conductivity 

kg m-1 s-1 
MPa-1 

168 126 278 19 29 
138* 103* 292* 13* 17* 

Sapwood specific hydraulic 
capacitance 

kg m-3 MPa-1  113 85 146 10 16 
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nt
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Minimum xylem water 
potential of terminal branches 

MPa 62 54 108 8 13 
329* 198* 614* 30* 64* 

Maximum leaf area specific 
stomatal conductance 

mol m-2 s-1 255 168 508 20 47 

Maximum leaf area specific 
photosynthesis 

µmol m-2 s-1  443 238 606 35 32 

Maximum stem diameter 
growth  

cm year-1 850 302 - - 1 

Sapwood area specific daily 
transpiration in the wet season 

Kg dm-2 d-1 91 73 161 13 25 

Drought-induced mortality 
index 

Index 350 194 587 8 8 

 

Table A3-1: Dataset overview. Number of unique species, genera, individuals, sites and sources for 

the different xylem traits, xylem (hydraulic) traits and measures of plant performance and hydraulic 

status included in the dataset. * denote the number of observations that were added by estimating the 

particular variable
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Drought effects on leaf fall, leaf flushing and 
stem growth in the Amazon forest

The effects of ongoing warming and drying on tree growth and carbon sequestration in trop-
ical forest is still highly uncertain. To reconcile data from field observations and remote 
sensing, in this chapter we collated in situ measurements of stem growth and leaf litterfall 
from inventory plots across the Amazon region and other Neotropical ecosystems. This data 
was used to train two machine learning models and to evaluate model performance on re-
producing stem growth and litterfall rates. The models utilized multiple climatological var-
iables and other geospatial datasets (terrain, soil and vegetation properties) as explanatory 
variables. The output consisted of monthly estimates of leaf litterfall (R2 = 0.71,  NRMSE 
= 9.4%) and stem growth (R2 = 0.54, NRMSE = 10.6%) across the neotropics from 1982 to 
2019 at a high spatial resolution (0.1°). Modelled time series allow to assess the impacts of 
the 2005 and 2015 droughts in the Amazon basin on regional scales. The more severe 2015 
drought was estimated to have caused widespread declines in stem growth (-1.8 σ), coincid-
ing with enhanced leaf fall (+1.4 σ), which were only locally apparent in 2005. Regions in 
the Amazon basin that flushed leaves at the onset of both droughts (+0.9 σ ~ +2.0 σ), showed 
positive anomalies in remotely sensed enhanced vegetation index, while sun-induced fluores-
cence and vegetation optical depth were reduced. The previously observed counterintuitive 
response of canopy green-up during drought in the Amazon basin detected by many remote 
sensing analyses can therefore be a result of  enhanced leaf flushing at the onset of a drought. 
The long-term estimates of leaf litterfall and stem growth point to a decline of stem growth 
and a simultaneous increase in leaf litterfall in the Amazon basin since 1982. These trends are 
associated with increased warming and drying of the Amazonian climate, and could point to 
a further decline in the Amazon carbon sink strength.

This chapter is based on: Janssen, T. A. J., Y. van der Velde, F. Hofhansl, S. Luyssaert, K. 
Naudts, B. Driessen, K. Fleischer and A. J. Dolman (2021), Drought effects on leaf fall, leaf 
flushing and stem growth in the Amazon forest; reconciling remote sensing data and field 
observations, Biogeosciences, 18(14), 4445–4472, doi:10.5194/bg-18-4445-2021

Chapter 4

4  
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4.1. Introduction
Tropical forests, in particular in the Amazon basin, contribute substantially (~25%) to the ter-
restrial carbon sink (Brienen et al., 2015; Pan et al., 2011). The Amazon forest alone currently 
stores an estimated 100 to 115 Pg of carbon in living biomass and intact forests have taken 
up an additional net 0.43 Pg of carbon each year through tree stem growth since the 1980’s 
(Feldpausch et al., 2012; Phillips and Brienen, 2017). It thereby acts to reduce the impact 
of deforestation and fossil fuel emissions on the atmospheric CO2 growth rate and mitigates 
global climate change (Phillips and Brienen, 2017). Most land surface models project that the 
Amazon carbon sink will be sustained throughout the 21st century, mainly driven by the pos-
itive effect of elevated atmospheric CO2 on plant growth (i.e. CO2 fertilization) (Holm et al., 
2020; Rammig et al., 2010). Also forest plot inventory data suggests a persistent carbon sink 
in intact Amazonian forests (Phillips et al., 2008) although the sink strength (i.e. the rate of 
net carbon uptake) has been declining since the start of the 21st century (Brienen et al., 2015; 
Hubau et al., 2020). The decline of the carbon sink strength is mainly driven by increased tree 
mortality while tree growth remained relatively stable (Brienen et al., 2015). This suggests 
that the positive effect of elevated atmospheric CO2 on plant photosynthesis and growth may 
increasingly be cancelled out by other limiting factors, such as nutrient availability (Fleischer 
et al., 2019; Hofhansl et al., 2016; Lapola et al., 2009). Additionally, the Amazon region is 
experiencing a change in the hydrological cycle with increasing wet season precipitation and 
flooding, a decline of dry season precipitation, more frequent episodic droughts and increas-
ing regional air temperatures (Cox et al., 2008; Fu et al., 2013; Gloor et al., 2013; Janssen 
et al., 2020a; Jiménez-Muñoz et al., 2016). In light of these observed changes in regional 
climate and forest functioning, it is highly uncertain whether intact Amazonian forest will 
continue to act as a carbon sink in the future or will become a net source of CO2 that could 
amplify global climate change (Boisier et al., 2015; Fu et al., 2013; Janssen et al., 2020a; 
Malhi et al., 2009b; Marengo et al., 2010).
 

4.1.1. How sensitive is tree growth to drought in Amazonian forests?
Past responses of the Amazon forest productivity to droughts have been studied using satellite 
remote sensing analyses and field observations but sometimes with conflicting results. For 
example, many field observations show clear reductions in tree stem growth during drought 
(Feldpausch et al., 2016; Hofhansl et al., 2014; Rifai et al., 2018) while others found no 
reductions in stem growth during a drought (Doughty et al., 2015a; Phillips et al., 2009). Re-
mote sensing studies complemented field observations and provided useful insights into the 
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responses of forest productivity and aboveground biomass to drought over time on regional 
and global scales (e.g. Liu et al., 2018b; Saleska et al., 2007). However, as remote sensing 
techniques measure electromagnetic radiation, it is notoriously difficult to interpret an ob-
served drought response in remote sensing data and translate this response into a quantifiable 
change in growth or ecosystem carbon uptake (Mitchard et al., 2009a, 2009b). Furthermore, 
different remote sensing sensors sometimes point to contrasting responses of forest produc-
tivity to drought and seem to be deviating from ground observations (Anderson et al., 2010).
 The discrepancy between drought responses observed in remote sensing products 
can partly be explained by the electromagnetic spectrum that the sensors utilize, so that the 
retrieved signal is sensitive to different vegetation properties. Vegetation indices derived from 
multispectral sensors that utilize red and near-infrared bands in the spectrum are sensitive to 
vegetation greenness and consistently show canopy green-up during and just after drought 
(Gonçalves et al., 2020; Lee et al., 2013; Saleska et al., 2007; Yang et al., 2018a). However, 
the apparent green-up during drought has been coined an artefact and has been attributed to 
changes in atmospheric properties during drought (Asner and Alencar, 2010; Samanta et al., 
2010), to changes in sun-sensor geometry (Morton et al., 2014), and to structural changes in 
the forest canopy (Anderson et al., 2010). Furthermore, other evidence from remote sensing 
analyses also seem to contradict the Amazon green-up during drought hypothesis (Anderson 
et al., 2018; Xu et al., 2011). Firstly, sun-induced fluorescence (SIF), measured with hyper-
spectral sensors and regarded a good proxy of canopy photosynthesis, is generally found to 
decrease during drought (Koren et al., 2018; Lee et al., 2013; Yang et al., 2018a). Secondly, 
remotely sensed passive and active microwave data show clear negative anomalies in vege-
tation optical depth (VOD) and radar backscatter in response to drought in the Amazon basin, 
both metrics are considered sensitive to vegetation water content and biomass (Frolking et 
al., 2011, 2017; Liu et al., 2018b; Saatchi et al., 2013). For example, monthly observations of 
remotely sensed radar backscatter showed clear negative anomalies during the 2015 drought 
in the central Amazon that were correlated to in situ observed declines of stem diameter 
growth (van Emmerik et al., 2017). There is currently a lack of understanding of how ob-
served remote sensing responses to drought translate into actual responses of aboveground 
forest growth and functioning in tropical forests.
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4.1.2. What is known about the drivers of stem and canopy growth?
Total plant growth or biomass production is commonly divided into leaf growth, stem and 
branch growth, fine and coarse root growth, as well as reproductive growth. Next to quanti-
fying total biomass production, it is relevant to know how biomass production is partitioned, 
because biomass in short-lived leaves and fine roots has a much shorter residence time com-
pared to biomass in stems, branches and coarse roots. In Neotropical forests, the relative 
allocation of carbohydrates to biomass production in the canopy, stem and roots varies both 
spatially with climate and differences in soil properties (Hofhansl et al., 2015, 2020) as well 
as over time with changes in water availability, air temperature and insolation (Doughty et 
al., 2014, 2015a; Girardin et al., 2016). Stem growth is mostly estimated using a combination 
of dendrometer measurements and allometric equations (e.g. Malhi et al., 2009b). Canopy 
growth is often determined by quantifying the amount of litterfall that is collected in so-
called litter traps (e.g. Chave et al., 2010). In Neotropical forest plots, stem growth increases 
with soil phosphorus availability, soil clay fraction and mean annual precipitation (Aragão et 
al., 2009; Banin et al., 2014; Hofhansl et al., 2015; Quesada et al., 2012; Soong et al., 2020). 
In contrast, the spatial variability in canopy production between sites is not explained by dif-
ferences in mean annual precipitation or soil properties (Chave et al., 2010). Therefore, the 
drivers of the spatial variability in canopy growth across Neotropical forests remain largely 
unknown.
 In humid Amazonian and other Neotropical forests, leaf flushing in the early dry 
season results in the increase of canopy growth and a simultaneous decline in stem growth 
(Doughty et al., 2014; Girardin et al., 2016; Hofhansl et al., 2014). The decline of stem 
growth during the dry season in humid forests is not related to a decline in overall biomass 
production but is related to a shift in carbohydrate allocation from the root and stem towards 
the canopy (Doughty et al., 2014, 2015b). In tropical dry forests, leaf litterfall increases in the 
dry season and leaf flushing is delayed until the start of the wet season when soil water is re-
plenished (Sanches et al., 2008; Selva et al., 2007). Furthermore, the rate of dry season litter-
fall is observed to be higher near to the forest edge compared to the interior, associated with 
drier and warmer microclimatic conditions near the forest edge (Schessl et al., 2008; Sizer et 
al., 2000). On more wind exposed sites in the neotropics, not seasonality but the sporadic oc-
currence of tropical storms is driving the temporal variability in litterfall and canopy growth 
(Heineman et al., 2015; Liu et al., 2018a; Veneklaas, 1991). Finally, hot and dry conditions 
associated with the warm phase (El Niño) of the El Niño Southern Oscillation (ENSO) and 
tropical North Atlantic sea surface temperature anomalies (Marengo et al., 2011) have been 
linked to periods of elevated litterfall (Detto et al., 2018; Thomas, 1999) and reduced stem 



103Drought effects on leaf fall, leaf flushing and stem growth in the Amazon forest

growth in Neotropical forests (Feldpausch et al., 2016; Rifai et al., 2018; Vasconcelos et al., 
2012). However, it is still uncertain whether drought-induced changes in biomass production 
that were observed in inventory plots across the Amazon basin, occurred on a larger regional 
scale in forests across the entire basin.
 The aims of this study are to develop a novel dataset of stem growth and leaf litter-
fall observations across the Amazon forest and other Neotropical ecosystems and examine 
how leaf litterfall, leaf flushing and stem growth change in response to drought in the Amazon 
forest. Furthermore, we aim to reconcile in situ measurements of leaf litterfall, leaf flushing 
and stem growth with remote sensing data, and use an empirical model to estimate the impact 
of historical droughts and long-term climate trends in the Amazon basin on aboveground 
biomass production.

4.2. Methods

4.2.1. Inventory data
We searched the available literature using the Google, Google Dataset Search and Google 
Scholar search engines for reported stem growth and litterfall data collected between 1981 
and 2019 at sites across tropical and sub-tropical South and Central America between 30º 
south and 30º north. The search timespan was chosen to match that of the ERA5-Land cli-
mate dataset that provided the explanatory variables in the empirical models (see section 
2.4). Search terms included: leaf litterfall, litterfall, litterfall production, stem growth, diame-
ter growth, tree growth. Also, the Spanish and Portuguese literature was searched for studies 
that reported litterfall production with the key words: producción de hojarasca and produção 
de serapilheira, respectively.
 Monthly values of stem growth and litterfall were extracted from existing datasets 
as well as published manuscripts and compiled into a new dataset together with the month 
and year of observation, site name, location and data source (see Data availability). The ma-
jority of monthly data was extracted from published figures in individual manuscripts using 
a publicly available digitizing tool (Rohatgi, 2018). When the measurement time spanned 
multiple months or years, for example tree census data (e.g. Brienen et al., 2015), instead of a 
well-defined year and month of observation, we included the start and end date of the census 
interval in the dataset. Total fine litterfall (including leaves, fruits, flowers and twigs) and leaf 
litterfall were, whenever possible, separately retrieved from the literature. When only leaf 
litterfall or total fine litterfall was provided in the original study, which was the case for 123 
out of 211 studies that reported litterfall data, the missing litterfall data was estimated from a 
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linear relationship between leaf litterfall and total fine litterfall (R2 = 0.93, p < 0.01, n = 3034, 
Figure S1). All litterfall and stem growth data was converted to Mg C ha-1 month-1 using 50% 
carbon content per unit of biomass. The dataset included 7228 individual observations of lit-
terfall and 2732 observations of stem growth that were retrieved from 246 studies conducted 
at 814 sites in the neotropics.
 Litterfall observations can be used to estimate canopy growth at a specific site on 
multi-year timescales. However, monthly litterfall cannot be directly used to estimate month-
ly canopy growth as shed leaves are not instantly replaced by the same amount of new-
ly flushed leaves. Therefore, we estimated monthly leaf flushing or leaf growth following 
Doughty & Goulden (2008) as:

where Leaf litterfall is the measured leaf litterfall (Mg C ha-1 month-1), SLA is the specific 
leaf area (m2  Mg-1 C) and ∆LAI the monthly change in leaf area index (m2 ha-1 month-1). Spe-
cific leaf area data was extracted from the global gridded plant traits product of Butler et al. 
(2017). Monthly LAI was extracted for each site from July 1981 until December 2018 from 
the Global Data Set of Vegetation Leaf Area Index (LAI3g) (Zhu et al., 2013). The LAI3g 
is a validated global product developed using multi-spectral remote sensing data in a neural 
network algorithm, showing reasonable accuracy (RMSE = 0.68 m2  m-2) at ground truthing 
sites in various biomes and no saturation of LAI in dense broadleaf tropical forests (Zhu et 
al., 2013).

In addition to leaf flushing, we estimated the proportion of mature leaf area as:

In Neotropical humid forests, newly flushed leaves take approximately two months to fully 
mature and reach their optimal photosynthetic capacity about 2-5 months after leaf flushing 
(Albert et al., 2018). Therefore, the sum of leaf area flushed between 2 and 5 months in the 
past, here termed the mature leaf area, was thought to be a proxy of canopy photosynthetic 
capacity and canopy greenness.
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4.2.2. Geospatial data and derived features
Properties that were not observed at the field plots included in the dataset (see section 4.2.1) 
were extracted from multiple gridded geospatial datasets, including soil properties, plant 
traits standing biomass and climate data (Table 4-1). We included a broad range of geospa-
tial variables that could possibly be used to predict the spatial and temporal variability in 
stem growth and leaf litterfall. However, the remote sensing products that were used in the 
comparison with the model output, the MODIS EVI, the vegetation optical depth and sun-in-
duced fluorescence (see section 4.2.3), were not used as explanatory variables in the model 
to prevent interdependencies to occur between the model output and the remote sensing data.   
 Climate variables were retrieved as monthly averages from January 1981 to Sep-
tember 2019 at a 0.1° horizontal resolution from the ERA5-Land reanalysis dataset (Hers-
bach et al., 2020). In addition, hourly averages of instantaneous 10-meter wind gust were re-
trieved from January 1979 to September 2019 at a 0.25° horizontal resolution from the ERA5 
dataset. From the hourly averages of wind gust, the maximum wind gust in each month was 
calculated, which is expected to be a good indicator of sporadic high litterfall following trop-
ical cyclones (e.g. Whigham et al., 1991). 
 The number of explanatory variables, from here on called features, was further ex-
panded by calculating derived features from the aforementioned datasets. Providing the em-
pirical model with a large variety of often related features helps building performant models 
with a relatively low number of dependent variables (Guyon and Elisseeff, 2003). The soil 
C:N ratio was calculated by dividing soil organic carbon content (g kg-1) by soil total nitro-
gen content (g kg-1) from the SoilGrids dataset (Hengl et al., 2017). Furthermore, the leaf 
N:P ratio was calculated from the leaf nitrogen (mg g-1) and leaf phosphorus content (mg g-1) 
present in the global gridded plant trait dataset (Butler et al., 2017). The gridded leaf N:P ratio 
was included into the empirical model as the gradient in plant available phosphorus is a key 
driver of forest structure and productivity across the Amazon basin (Quesada et al., 2012). 
Finally, the distance to the forest edge was calculated from the 500-meter horizontal resolu-
tion aboveground biomass map as the Euclidean distance between every cell and the nearest 
cell with an aboveground biomass value below an arbitrary threshold of 50 Mg biomass ha-1 
(considered not forest). Because of the relatively high horizontal resolution (500 m) of the 
aboveground biomass map, the distance to the forest edge could not only identify the distance 
to large clearings and transitions to more open biomes but also the distance to smaller clear-
ings and rivers.
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To further expand the number of features available to train the model and to include historical 
climate data to the model, all monthly climate data up to 1 year in the past were separately 
added to the model. In this way, the model cannot only choose to use, for example, total 
precipitation in the present month but also the total precipitation in the previous month and 
the total presentation in the same month one year in the past to model stem growth and leaf 
litterfall in that particular month.

Product name Variables Horizontal 
resolution 

Temporal 
coverage  

Data source 

Plant traits Specific leaf area (m2 kg-1) 0.5° ~56 km - (Butler et al., 2017) 
 Leaf nitrogen (mg g-1) 

Leaf phosphorous (mg g-1) 
 

ESA CCI 
Aboveground 
biomass 
 

Aboveground biomass (Mg ha-1) 500 m (100 m) 2017 ESA Climate Change 
Initiative 
(Santoro and Cartus, 2019)  

NASA Vegetation 
Continuous Field v1 
(VCF5KYR) 
 

Percentage tree cover (%) 0.05° ~5.6 km 1982-2016 (Hansen and Song, 2018) 

ALOS elevation and 
terrain 

Elevation (m above sea level) 1 km (90 m) 2006-2011 (Tadono et al., 2014) 
Slope (°) 
Aspect (°) 
 

SoilGrids - global 
gridded soil data, 
second version 
(2017) 

Available soil water capacity (%)  1 km (250 m) - (Hengl et al., 2015, 2017) 
Cation exchange capacity (cmol kg-1) 
Bedrock depth (cm) 
Clay, sand and silt fractions (%) 
pH measured in water (index)  
Organic carbon content (g kg-1) 
Total nitrogen (g kg-1) 

GFPLAIN250m 
 

Floodplain presence 250 m - (Nardi et al., 2019) 

ERA5 hourly 
averaged data from 
1979 to present 
 

Instantaneous 10 meter wind gust (m s-1) 0.25° ~28 km 01-01-1979 
01-09-2019 
 

(Hersbach et al., 2020) 

ERA5-Land 
monthly averaged 
data from 1981 to 
present 

10 meter  windspeed (m s-1)* 0.1°  ~11 km  01-01-1981 
01-09-2019 

(Hersbach et al., 2020) 
Dewpoint temperature at 2m (K) 
Temperature at 2m (K) 
Evaporation (m of water equivalent) 
Leaf area index high vegetation (m2 m-2) 
Surface latent heat flux (J m-2) 
Surface net solar radiation (J m-2) 
Surface sensible heat flux (J m-2) 
Total precipitation (m) 
Volumetric soil water in four layers (m3 m-3) 
Skin reservoir content (m) 

 

Table 4-1 Geospatial datasets used as explanatory variables in the XGBoost models. In brackets the 

native horizontal resolution of the dataset if a spatially aggregated product was used. The SoilGrids 

dataset (Hengl et al., 2017) contains data from seven soil layers at different depths below the surface. 

For this study, these layers were merged into two layers with a shallow soil layer (L1-L3) and a deep 

soil layer (L4-L7).   
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4.2.3. Remote sensing data
Reconciling differences between remote sensing observations from different sensors, as well 
as reconciling field and remote sensing observations required long-term records of remote 
sensing products from different sensors. The enhanced vegetation index (EVI) from the mod-
erate resolution imaging spectroradiometer (MODIS) vegetation index product (MOD13C2 
version 6) was used as an indicator of vegetation greenness (Gao et al., 2000). EVI is re-
garded as an improved vegetation index compared to the normalized difference vegetation 
index (NDVI), as it relies on the blue band next to the red and near infrared bands and uses 
aerosol resistance coefficients in its formulation (Huete et al., 2000). The data were acquired 
from the website of the United States Geological Survey on a 0.05° grid with a 16 day tem-
poral resolution from February 2000 up to April 2020. The pixel reliability layer that comes 
with MOD13C2 product was used to mask out all EVI pixels with unreliable data, keeping 
only the most reliable data (pixel reliability = 0) (Didan, 2015). Hereafter, the images were 
averaged to monthly values to be able to compare the EVI to the empirically modelled stem 
growth, leaf litterfall and leaf flushing data.
 In addition, we used remotely sensed sun-induced fluorescence (SIF) data as a proxy 
of canopy photosynthesis. The SIF data used was retrieved from the recent Sun-Induced 
Fluorescence of Terrestrial Ecosystems Retrieval version 2 dataset (SIFTER v2). The SIF 
measurements are derived from hyperspectral observations of the GOME-2 sensor onboard 
the Metop-A satellite (Schaik et al., 2020). Monthly point observations of SIF (January 2007 
- December 2016) were projected on a 0.5° global grid and spatially aggregated to monthly 
averages for comparison with the field data and other remote sensing datasets.
 Finally, monthly data was also available for vegetation optical depth (VOD), a pas-
sive microwave product (Liu et al., 2013; Meesters et al., 2005). VOD is directly propor-
tional to the vegetation water content, and therefore sensitive to canopy density and biomass 
(Jackson and Schmugge, 1991; Meesters et al., 2005; Owe et al., 2001). Furthermore, the 
advantage of also using VOD compared to the MODIS EVI is that VOD is unaffected by 
cloud cover. VOD has been used to study vegetation phenology (Jones et al., 2011, 2014) and 
to monitor global vegetation dynamics (Andela et al., 2013; Liu et al., 2007, 2013, 2015) and 
deforestation (van Marle et al., 2016). We used C band (June 2002 – December 2018) and X 
band (December 1997 – December 2018) VOD data from the global long-term Vegetation 
Optical Depth Climate Archive (Moesinger et al., 2020).
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4.2.4. Data analysis
Machine learning enables integrating the different spatial and temporal scales inherent to the 
field observations in a single method and making predictions based on the trends identified 
in the data.  Extreme gradient boosting (XGBoost), a machine learning method for classifica-
tion and regression (Chen and Guestrin, 2016) was used to upscale in situ measurements to 
estimate monthly leaf litterfall and stem growth rates for the neotropics from 1982 to 2019.
 The XGBoost algorithm was selected for its demonstrated performance when ap-
plied to similar environmental science problems such as soil mapping (Hengl et al., 2017) 
and estimating evapotranspiration (Fan et al., 2018). Like other boosting algorithms, XG-
Boost uses an ensemble of weak prediction models, iteratively building each new model to 
improve the prediction of the ensemble of previous models. In essence, XGBoost constructs 
a series of relatively shallow regression trees that provide a continuous output value at each 
leaf, these output values are summed over all regression trees to derive the final prediction. 
The output value of each regression tree is scaled by a predetermined factor η (learning rate) 
which reduces the weight of the individual tree. Adjusting this factor vigilantly ensures a 
smooth descent of the loss function (Chen and Guestrin, 2016). Besides the learning rate, 
XGBoost enables the use of multiple other regularization options. The parameters modulat-
ing the regularization options in the model (so-called hyperparameters) are tuned to make 
the final model more robust and prevent overfitting on the training data. Here, we use the R 
package xgboost (Chen et al., 2020a) to construct the model and the R package mlr (Bischl 
et al., 2020) to tune hyperparameters and select the final features used in the model.
 Two XGBoost models were constructed, to estimate monthly leaf litterfall and 
stem growth separately. Before setting up the models, the stochastic behaviour present in the 
monthly timeseries of leaf litterfall and stem growth was reduced by using a moving average 
filter with a window size of 3 months. The 3-month window size, the lowest possible window 
size, was chosen to reduce the sometimes large month to month variation in leaf litterfall and 
stem growth while maintaining sufficient variation between consecutive months to identify 
extremes. Furthermore, positive outliers, defined as values higher than 3 times the standard 
deviation above the mean, were omitted. 
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The monthly climate data linked to the stem growth and leaf litterfall observations spanning 
multiple months to years was averaged using the start date and end date of the observation 
interval. To account for the difference in observation timespan, weights were assigned to the 
observations in the model as following:

where  is the length of the time interval in months. By using the natural logarithm to 
assign weights, observations covering multiple months to years were assigned 2 to 5 times 
the weight of a monthly observation. This was preferred in contrast to assigning weights di-
rectly proportional to the length of the time interval as this would inflate the importance of a 
few sites with very long observation time intervals in the model.
 Model performance was evaluated by dividing all leaf litterfall and stem growth 
data into a training dataset containing 60% of all observations at each site and a test dataset 
containing the remaining 40% of the observations. The initial XGBoost model was construct-
ed using the default learning rate (0.3) and the best model iteration was estimated using a 
10-fold cross-validation of the training data, selecting the iteration with the lowest root mean 
squared error (RMSE) on the cross-validated data. Next, we filtered out 80% of the initial 
235 features with the lowest feature importance (gain) to reduce the dimensionality of the 
data and speedup subsequent tuning. Hyperparameter tuning of all the model parameters was 
done by random search using 1000 iterations and 10-fold cross-validation. Subsequently, 
feature selection was done to select a maximum of 20 features for each model with the up-
dated hyperparameters and random search using 1000 iterations and 10-fold cross-validation. 
Furthermore, to derive an estimate of model uncertainty, two additional XGBoost models 
were trained and similarly tuned to estimate the model error, which is defined as the squared 
difference between the observed value and the predicted value in the test dataset. The final 
models with the tuned hyperparameters and the 20 selected features were also trained on a 
separate training dataset containing data from 60% of the sites (instead of 60% of the data 
from each site) to validate model performance for between site variation. In this second 
validation procedure, complete time series of 60% of the sites were used as training data to 
estimate complete time series for 40% of the remaining sites (Figure S2).
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To evaluate the drought responses of modelled stem growth, leaf litterfall and leaf flushing, 
two rectangular drought areas were delineated within the Amazon basin for the 2005 and the 
2015 drought period. First, the drought period was identified for both droughts using the av-
erage ERA5 topsoil moisture content for the entire Amazon basin. For each month in the time 
series, the seasonally detrended topsoil moisture content was calculated by subtracting the 
monthly average and dividing by the standard deviation of that month. The drought period 
was defined as the consecutive months with a topsoil moisture content below one standard 
deviation (σ) compared to its monthly average. Subsequently, a rectangular area was delin-
eated that overlapped those areas within the Amazon basin that showed a topsoil moisture 
content < 1.5 σ averaged over the entire drought period.

4.3. Results

4.3.1. Model evaluation and feature importance
The two XGBoost models, one for stem growth (NRSME = 10.6%) and one for leaf lit-
terfall (NRMSE = 9.4%), showed a comparable accuracy across the 40% of the data that 
were used to evaluate the models (Figure 4-1a & 4-1c). The model predicting stem growth 
showed less uncertainty in absolute metrics (RMSE = 0.06 Mg C ha-1 month-1) compared to 
the model predicting leaf litterfall (RMSE = 0.08 Mg C ha-1 month-1). However, the range 
in observed values and the explained variation was smaller for the stem growth model (R2 = 
0.54) compared to the leaf litterfall model (R2 = 0. 71). The XGBoost models validated for 
estimating between site variation, in which the test data did not include the same sites as the 
training data, showed lower performance in estimating stem growth (RMSE = 0.06 Mg C ha-1 
month-1, R2 = 0.41, Figure A4-2a) and especially leaf litterfall rates (RMSE = 0.12 Mg C ha-1 
month-1, R2 = 0.4, Figure A4-2 b). This additional model validation reveals that the two mod-
els perform better when trained on incomplete time series from all available sites compared 
to complete time series from a selection of sites. This in turn suggests that the drivers of the 
temporal variation in stem growth and especially leaf litterfall are well represented by the set 
of features used in the models while the drivers of the spatial variation are not fully included.          
 In both models, high rates of stem growth and leaf litterfall were consistently un-
derestimated while relatively low values were overestimated (Figure 4-1a, 4-1c). This is a 
common problem in machine learning as the variance of the model estimates is always lower 
(unless the fit is perfect) compared to the variance of the observations resulting in the mod-
el estimates moving closer to the observed mean. The underestimation of high values and 
overestimation of low values of stem growth and leaf litterfall is a limitation of this method 
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R2 =  0.54  p < 0.001,  N =  879
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Figure 4 1 Model evaluation and feature importance. The scatterplots on the left side of the figure (a, 

c) show the predicted biomass production versus the measured biomass production of the test data that 

was used to validate the stem growth (a) and leaf litterfall (b) models. The dashed black line is the 1:1 

line and the solid black line the least squares linear regression fit. The bar graphs on the right side of 

the figure (b, d) show the feature importance (gain) of the top 10 features selected for the final models. 

Feature names are detailed in Table 4-1. Features with lags indicate the value of that climate variable 

a given number of months in the past (e.g. precipitation lag 11 is the monthly precipitation 11 months 

in the past).
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when using it to study extreme events like droughts, when extreme responses of stem growth 
and leaf litterfall are expected. Therefore, the results presented here should be considered a 
conservative or lower bound estimate of the actual responses of leaf litterfall and stem growth 
to drought that are observed.
 The number of observations of leaf litterfall and stem growth per year are not evenly 
distributed over time in the dataset (Figure A4-3 a). The frequency of leaf litterfall and stem 
growth measurements in the dataset increased in the 1980’s and the 1990’s to a maximum 
in the first decade of the 21st century and has since steadily declined (Figure A4-3 a), pre-
sumably as a proportion of the more recent data has not yet been published or is still under 
embargo. Despite the increase in observation frequency over time, the model uncertainty, 
expressed as the NRMSE, has significantly increased over time since the 1980’s, both for leaf 
litterfall (r = 0.6, p < 0.001) and stem growth (r = 0.4, p < 0.05, Figure S3 b). Suggesting that 
the model estimates of leaf litterfall and stem growth are relatively more uncertain in recent 
years compared to the 1980’s and 1990’s.  
 Of the 235 features that were used in the first XGBoost models, only 20 features 
were used in the two final models. These features have been ranked based on their importance 
(gain) in these final models and the top tens of most important features in both models are 
shown (Figure 4-1b, 4-1d). The most important features explaining the spatial and temporal 
variability in stem growth and leaf litterfall that were used in both models included terrain 
elevation, soil moisture content, vapour pressure deficit, sensible heat flux, solar radiation,  
leaf nitrogen : phosphorus ratio, and percentage tree cover. Additional features explaining 
stem growth included precipitation and evaporation, terrain aspect, bedrock depth and soil 
pH (Figure 4-1b). The spatial and temporal variability in leaf litterfall was further explained 
by features including aboveground biomass, meteorological variables such as dewpoint and 
air temperature and wind speed and soil properties such as soil nitrogen content and soil 
clay fraction (Figure 4-1d). Although the importance of some of these features in the models 
might represent a causal link with either stem growth or leaf litterfall, we cannot conclude 
from this empirical analysis that this is the case.

4.3.2. Long-term stem growth and leaf litterfall rates across the neotropics
Distinct spatial patterns in stem growth and leaf litterfall rates across the neotropics arose in 
the long-term (1982-2019) model estimates (Figure 4-2). The range of predicted leaf litterfall 
rates (0.8 ~ 5.9 Mg C ha-1 year-1) across the Neotropics was almost  two times as large as the 
range of predicted stem growth (1.0 ~ 3.6 Mg C ha-1 year-1), in accordance with the observed 
difference in the range of the field data (Figure 4-1a, 4-1b). Although the spatial patterns in 
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Figure 4 2 Predicted stem growth (a), leaf litterfall (b) and total aboveground biomass production (c) 

and the contribution of stem growth to the aboveground biomass production (d) across the neotropics 

from 1982 to 2019. Site locations where stem growth (n = 458) (a) and leaf litterfall (n = 377) (b) were 

measured are depicted as solid black circles. Country borders and the extent of the Amazon basin are 

marked by thin and thick black lines, respectively.
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stem growth and litterfall rates differed, some general trends can be identified. Relatively low 
rates of predicted stem growth and leaf litterfall are observed in the open savanna and xeric 
shrub ecosystems of the Neotropics such as the Cerrado and Caatinga in Brazil, the Llanos 
savanna in Venezuela and the Beni savanna in Bolivia (Figure 4-2a , 4-2b). Furthermore, low 
stem growth and leaf litterfall rates are also observed in the montane environments of the An-
des (Figure 4-2a, 4-2b). Relatively high rates of predicted stem growth are found in Central 
America, along the Pacific coast of Colombia and in the northern and western Amazon basin 
(Figure 4-2a). Leaf litterfall showed relatively high rates in the remaining Atlantic forest 
fragments of south-eastern Brazil, in Central America and across the forest covered Amazon 
basin (Figure 4-2b).
 As the range in predicted leaf litterfall rates was much larger than the range in 
predicted stem growth rates, the spatial variability in leaf litterfall rates largely drives the 
spatial variability in aboveground biomass production (defined as the long-term sum of leaf 
litterfall and stem growth) across the Neotropical ecosystems (Figure 4-2c). Furthermore, 
the predicted stem growth and leaf litterfall data shows that in areas with a relatively low 
aboveground biomass production, for example in the Cerrado region and the Andes, the con-
tribution of stem growth to the total aboveground biomass production is relatively large (> 
0.45). In contrast, in areas where aboveground biomass production is relatively high, for 
example in the Amazon basin and Central America, the contribution of stem growth to the 
total aboveground growth is relatively low (< 0.45, Figure 4-2d). These results suggest that 
as productivity increases in these Neotropical ecosystems, an increasingly larger proportion 
of available carbohydrates is allocated to the production of leaves. 
 The estimated model uncertainty (RMSE) of the stem growth and leaf litterfall mod-
els showed similar spatial patterns as the long-term averages with a high RMSE in highly 
productive regions and low RMSE in less productive regions (Figure A4-4a, A4-4b). How-
ever, after adjusting the RMSE for the average seasonal range in values observed (the an-
nual amplitude), it becomes clear that the relative error (NRMSE) is actually higher in the 
unproductive regions, especially in the Andes (Figure A4-4c, A4-4d). While the leaf litterfall 
and stem growth models show good performance in the majority of pixels in the study area 
(NRMSE < 15%), some high altitude areas within the Andes show a relatively low perfor-
mance (NRMSE > 50%). For the Amazon basin (black contour) the average estimated NRM-
SE is 12.5% for the leaf litterfall model and 16.4% for the stem growth model. This means 
that on average, the error of the model estimates across the Amazon basin is less than 20% of 
the average seasonal variability in leaf litterfall and stem growth.
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Figure 4 3 Average anomalies in leaf fall, leaf flushing, stem growth and mature leaf area during the 

2015 drought (August 2015 – January 2016) compared to their long-term averages (1982-2019). Leaf 

fall (a) and stem growth (c) were directly retrieved from the long-term monthly model estimates. Leaf 

flush (b) was calculated from monthly predicted leaf fall (a) and changes in LAI (Eq. 1). Mature leaf 

area (d) is the sum of new leaf area flushed in the previous 2 to 5 months (Eq. 2). Country borders and 

the extent of the Amazon basin are marked by thin and thick black lines, respectively. The red rectangle 

delineates the drought area for which further results are reported.  
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4.3.3. Aboveground growth responses to the drought of 2015
The predicted monthly stem growth and leaf litterfall data were used to estimate the impact 
of the 2015 drought in the Amazon region. Across the entire Amazon basin, leaf fall generally 
showed positive anomalies while stem growth showed negative anomalies during the 2015 
drought (August 2015 to January 2016, Figure 4-3a & 4-3c). However, significant regional 
differences in the responses of leaf fall, leaf flushing and stem growth to the 2015 drought 
were observed within the Amazon basin (Figure 4-3). A combination of positive seasonal 
anomalies in leaf fall and negative anomalies in stem growth during the 2015 drought were 
mainly observed in the eastern Amazon that was delineated as the drought area (red rectan-
gle in Figure 4-4). This area experienced the most significant negative anomalies in top-soil 
volumetric moisture content and positive anomalies in net solar radiation (Figure 4-4a, 4-4b). 
During the height of the drought in November 2015, precipitation (-1.7 σ) and soil moisture 
(-2.6 σ) were significantly lower in the drought area compared to their monthly average, 
while air temperature (+2.7 σ), vapor pressure deficit (+2.8 σ) and solar radiation (+2.1 σ) 
were all significantly higher compared to their monthly average (Figure 4-5c). 
 From August 2015 to January 2016 stem growth was on average significantly lower 
(-1.8 σ) in the drought area while leaf fall was higher (+1.4 σ) compared to the long-term 
averages for these months (Figure 4-5a). In the dry season following the 2015 drought, from 
July 2016 to December 2016, stem growth was also significantly reduced in the area affected 
by drought (-2.1 σ) while leaf fall was again elevated (+1.7 σ) compared to their long-term 
averages. These results point to a lagged effect of the 2015 drought on leaf fall and stem 
growth. Leaf flushing was higher than the monthly average at the onset (+2.0 σ in August 
2015) and end of the drought (+1.0 σ in January 2016) following the first rain events (Figure 
A4-5). During the height of the drought leaf flushing was lower than the monthly average 
(-1.1 σ in November 2015, Figure 4-5).
 In the drought area, anomalously high leaf flushing at the onset of the 2015 drought 
resulted in an above average mature leaf area (i.e. the sum of leaf area flushed in the past 
2-5 months), in the second half of the drought (+1.8 σ in September 2015 - January 2016, 
Figure 4-5a). The spatial pattern of the positive anomalies in mature leaf area coincided with 
positive anomalies in MODIS EVI (Figure 4-3d & 4c). Green-up during drought was visible 
as positive anomalies in predicted mature leaf area and EVI in eastern Colombia and in the 
central Brazilian Amazon, roughly the west half of the delineated drought area (Figure 4-3d 
& 4-4c). However, in the east half of the drought area, mainly negative anomalies in EVI, leaf 
flushing and mature leaf area were visible (Figure 4-3b, 4-3d & 4-4c). This area experiences 
a relatively long dry season (≥ 4 months) compared to the forest in the west (< 3 months) 
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Figure 4 4 Standardized anomalies in net solar radiation (a), soil moisture (b), enhanced vegetation 

index (c) and X band vegetation optical depth (d) during the 2015 drought (August 2015 – January 

2016) compared to their long-term monthly averages. Soil moisture anomalies are calculated from 

the ERA-5 volumetric soil moisture in the first soil layer (L1). Country borders and the extent of the 

Amazon basin are marked by thin and thick black lines, respectively. The red rectangle delineates the 

drought area for which further results are reported. 
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(Sombroek, 2001), suggesting that forests experiencing a short dry season green-up during 
drought while forests experiencing a longer dry season generally show browning in response 
to drought.
 The X band vegetation optical depth (VOD) and sun-induced fluorescence (SIF) 
showed widespread negative anomalies in the drought area (-0.8 σ and -2.4 σ in September 
- November, respectively) during the height of the 2015 drought (Figure 4-4c & 4-5b). Note 
the contrast in the observed responses between the moist tropical forest of the Amazon basin 
(inside the black contour line) with the Cerrado and Caatinga regions, located to the south 
and south-east of the Amazon basin in eastern Brazil. In the drier Cerrado and Caatinga re-
gions, both VOD and EVI show clear negative anomalies during the 2015 drought (Figure 
4-3 & 4-4).
 

4.3.4. Aboveground growth responses to the drought of 2005
The long-term records of predicted leaf litterfall, leaf flushing and stem growth enable look-
ing back at changes in estimated growth that occurred in response to other historic droughts. 
The drought of 2005 is considered a particularly severe drought in the western Amazon and 
was the first major drought captured by the MODIS sensors which led to the first observa-
tions of Amazon forest green-up during drought (Saleska et al., 2007).
 Similar to the 2015 drought, the estimated leaf litterfall showed widespread posi-
tive anomalies in the 2005 drought area (Figure 4-6 a). However, in contrast to 2015, stem 
growth does not show consistent negative anomalies across the drought area (Figure 4-6 c). 
Leaf flushing shows mainly positive anomalies in the west of the drought area and negative 
anomalies in the east (Figure 4-6 b) while mature leaf area shows positive anomalies in south 
of the study area and negative anomalies in the north (Figure 4-6 d).
 The new generation of algorithms and the longer time-series of MODIS EVI data 
confirm the findings of Saleska et al. (2007), i.e., that EVI was significantly and consistently 
higher during the 2005 drought, compared to the long-term average (Figure 4-7c). EVI was 
significantly elevated before and at the onset of the 2005 drought (+1.9 σ) in March to May 
2005 and remained higher during the height of the 2005 drought (+1.3 σ) in June to August 
2005 (Figure 4-8b). Similar to 2015, we find that X band VOD was significantly lower in the 
drought area during the height of the 2005 drought (-1.2 σ) in June to August 2005 while C 
band VOD did not show a clear effect of the 2005 drought (Figure 4-8b).
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Figure 4 5 Responses of aboveground growth and remotely sensed vegetation properties to the 2015 

El Niño drought and key climatic variables. All graphs show the trend in the standardized seasonal 
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fall and stem growth (a) are derived from the two separate XGBoost models providing monthly values 

from January 1982 until September 2019. Mature leaf area (a) is the sum of flushed leaves from 2 to 5 
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Figure 4 6 Average anomalies in leaf fall, leaf flushing and stem growth and mature leaf area during 

the 2005 drought (June – September 2005) compared to their long-term monthly averages (1982-2019). 

Leaf fall (a) and stem growth (c) were directly retrieved from the long-term monthly model estimates. 

Leaf flush (b) was calculated from monthly predicted leaf fall (a) and changes in LAI. Mature leaf area 

(d) is the sum of new leaf area flushed in the previous 2 to 5 months. Country borders and the extent of 

the Amazon basin are marked by thin and thick black lines, respectively. The red rectangle delineates 

the drought area for which further results are reported.
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Figure 4 7 Seasonal anomalies in net solar radiation (a), soil moisture (b), enhanced vegetation 

index (c) and X band vegetation optical depth (d) during the 2005 drought (June  – September 2005) 

compared to their long-term monthly averages (1982-2019). Soil moisture anomalies are calculated 

from the ERA-5 volumetric soil moisture in the first soil layer (L1). Country borders and the extent of 

the Amazon basin are marked by thin and thick black lines, respectively. The red rectangle delineates 

the drought area for which further results are reported. 
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During the 2005 drought (June-September), precipitation (-1.5 σ) and soil moisture (-1.3 σ) 
were lower compared to their monthly averages in the drought area (Figure 4-7b & 4-8c). 
Air temperature (+0.9 σ), vapour pressure deficit (+1.4 σ) and solar radiation (+1.3 σ) were 
all higher during the 2005 drought compared to their monthly averages (Figure 4-7a & 
4-8c). The duration of the 2005 drought (4 months) was shorter compared to the 2015-2016 
drought (6 months) and when comparing the seasonal anomalies of the climatic variables in 
the drought areas, the 2015 drought was clearly more severe and more anomalous compared 
to the 2005 drought (Figure 4-5c & 4-8c). Approximately one year after the 2005 drought, 
another short drought hit this part of the Amazon basin, with significant negative anomalies 
in top-soil moisture content (-2.3 σ) and precipitation (-1.3 σ) and positive anomalies in VPD 
(+1.9 σ) between May and July 2006. 
 In the entire drought area, leaf flushing was higher at the onset (+0.9 σ in June 2005) 
and at the end of the drought (+0.8 σ in August - September  2005) and lower at the height of 
the drought (-1.3 σ in July 2005) compared to the long-term monthly average (Figure 4-8a). 
Enhanced leaf flushing at the onset of the 2005 drought resulted in a higher mature leaf area 
(+1.0 σ in August 2005) at the end of the drought (Figure 4-6b & 4-8a). 
Compared to 2005, the above-ground growth responses were more pronounced during the 
short 2006 drought following the drought of 2005, with significant positive anomalies in 
leaf fall (+1.2 σ) and leaf flushing (+1.0 σ) and negative anomalies in stem growth (-1.2 σ) 
and X band VOD (-1.6 σ) in May to July 2006 (Figure 4-8a). Enhanced leaf flushing during 
and following this short 2006 drought resulted in higher than average mature leaf area (+1.5 
σ) and EVI (+0.8 σ) in the months following the drought from August to November 2006 
(Figure 4-8).
 

4.3.5. Long-term trends and ENSO effects on aboveground growth
The long-term monthly estimates of stem growth and leaf litterfall were seasonally detrend-
ed (i.e. subtracting the monthly average to omit seasonality) to identify long-term trends 
and multi-year fluctuations in aboveground biomass production (Figure 4-9). The following 
statistics are derived from the timeseries that have been seasonally detrended and which 
have been smoothened using a moving average (Figure 4-9, black line). The seasonally de-
trended data suggests a significant increase of leaf production (r = 0.61, p < 0.001, 5.96∙10-3 
±0.37∙10-3 Mg C ha-1 yr-2) in the Amazon basin between 1982 and 2019 (Figure 4-9a). How-
ever, this increase in leaf litterfall is partly offset by a decline in stem growth in the same 
period (r = -0.52, p < 0.001, -1.96∙10-3 ±0.15∙10-3 Mg C ha-1 yr-2, Figure 4-9b). 
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Figure 4 8 Responses of aboveground growth and remotely sensed vegetation properties to the 

2005 drought (June – September 2005) and key climatic variables. All graphs show the trend in the 
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of that month. Leaf fall and stem growth (a) are derived from the two separate XGBoost models 
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To more appropriately compare the empirically modelled trends in stem growth change to 
the trends in stem growth found in a network of forest plots across the Amazon basin (e.g. 
Brienen et al., 2015; Hubau et al., 2020), the modelled monthly stem growth values were 
also extracted for the locations of these inventory plots (Figure A4-6). Also at the locations 
of the inventory plots, the long-term model estimates show a significant decline in stem 
growth, very similar to the trend for the entire Amazon basin (r = -0.58, p < 0.001, -2.26∙10-3 
±0.15∙10-3 Mg C ha-1 yr-2). 
 The significant decline of stem growth and increase of leaf litterfall over time in 
the Amazon basin is possibly driven by the warming and drying of the Amazonian climate. 
While surface air temperature was found to have increased between 1982 and 2019 (r = 0.58, 
p < 0.001, 1.97∙10-2  ±0.13∙10-2 °C year-1) top-soil volumetric moisture content declined (r = 
-0.52, p < 0.001, -3.35∙10-4 ±0.26∙10-4 m3 m-3 year-1, Figure 4-9d). However, distinct regional 
differences are visible in the trends of leaf litterfall, stem growth, top-soil volumetric mois-
ture content and vapour pressure deficit (Figure A4-7). While the central Brazilian Amazon 
shows a significant (p < 0.05) drying trend coinciding with a clear positive trend in leaf lit-
terfall and a negative trend in stem growth, large areas within Suriname, Guyana and eastern 
Venezuela show regional wetting and also a significant increasing trend of stem growth.
 Superimposed on the long-term trends is the short-term variability in leaf litter-
fall, stem growth and aboveground biomass production that seem strongly related to ENSO 
(Figure 4-9d). Here, the multi-variate ENSO index is used as a measure of ENSO phase and 
intensity (Wolter and Timlin, 2011). The strong coupling between ENSO and the empirically 
modelled leaf litterfall and stem growth rates is to be expected as the climate variables used 
to estimate leaf litterfall and stem growth are also strongly impacted by ENSO. Nonetheless, 
it is noteworthy that three major El Niño related droughts in 1997, 2010 and 2015 can be 
identified as periods with high temperatures, relatively low soil moisture, high leaf litterfall 
and low stem growth (Figure 4-9).
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Figure 4 9 Long-term predictions of seasonally detrended anomalies in aboveground growth, 

temperature and soil moisture across the Amazon basin and the multivariate ENSO index (Wolter 
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4.4. Discussion

4.4.1. Drought effects on leaf phenology and canopy productivity in    
 Neotropical forests
This study aimed to investigate how leaf litterfall, leaf flushing and stem growth change in 
response to drought in Amazonian forests. The long-term empirically modelled estimates of 
leaf fall showed that during the peak of the 2005 and 2015 droughts in the Amazon basin, leaf 
fall was significantly higher compared to its monthly averages in these months. Furthermore, 
estimated leaf fall was also elevated during other historical droughts in 1987, 1997 and 2009-
2010 across the Amazon basin (Figure 4-9). These results confirm earlier site specific studies 
that reported elevated leaf litterfall during drought (Bonal et al., 2008; Rice et al., 2008; Rob-
erts et al., 1990; Wieder and Wright, 2001) and during periods of warm and dry conditions 
associated with a strong El Niño event (Detto et al., 2018; Thomas, 1999). A straightforward 
explanation of the observed increase in leaf litterfall during drought is that leaf shedding 
directly reduces tree water use. Next to a progressive closure of the leaf stomata to limit 
transpiration, many tropical tree species are found to shed their leaves and thereby reduce the 
demand of water during drought (Wolfe et al., 2016). Therefore, leaf shedding in trees helps 
to limit transpiration during drought and maintain the hydraulic integrity of the water trans-
porting tissue (Janssen et al., 2020a; Wolfe et al., 2016). Although there is a large variability 
of drought avoidance and drought tolerance strategies within Amazonian tree species, with 
some trees maintaining transpiration and leaf area during drought (Bonal et al., 2000a; Brum 
et al., 2018, 2019; Janssen et al., 2020a, 2020b; Maréchaux et al., 2018; Oliveira et al., 2019), 
if a proportion of trees shed their leaves to avoid dehydration, all other things being equal, 
this will show up as increased leaf litterfall on the stand scale.
 In contrast to leaf litterfall, the estimated seasonally detrended timeseries of leaf 
flushing showed positive anomalies in the early and final months of the 2005 and 2015 
droughts (Figure 4-4a, 4-8a). Especially the pulse of newly flushed leaves in the early months 
of the 2015 drought resulted in above-average mature leaf area (i.e. the sum of leaf area 
flushed in the past 2-5 months) during the peak of the drought. A similar response of leaf 
flushing was observed during the short drought of 2006 (Figure 4-8). Leaf flushing at the 
onset of a drought is in apparent contradiction with the observed enhanced leaf shedding, 
which is presumably drought-induced to limit transpiration. However, these results can be 
reconciled as 1) the timing of enhanced leaf flushing at the onset and end of the drought was 
different from the peak in enhanced leaf litterfall during the height of the drought, and 2) leaf 
litterfall and leaf flushing often simultaneously occur in wet tropical forests, sometimes on 



127Drought effects on leaf fall, leaf flushing and stem growth in the Amazon forest

the same tree or even the same branch (Borchert, 1994c). Enhanced leaf flushing at the onset 
of a drought in wet forests can be explained by maintained water uptake through deep soil 
water access in the early months of a drought (Bonal et al., 2000c; Brum et al., 2019; Meinzer 
et al., 1999; Nepstad et al., 1994). Furthermore, leaf photosynthetic capacity declines with 
leaf age (Albert et al., 2018; Kitajima et al., 2002; Menezes et al., 2021) and the capacity 
of stomates to close under dry conditions also declines with leaf age (Reich and Borchert, 
1988). Therefore, the shedding of old leaves and flushing of new leaves with high photosyn-
thetic capacity and highly responsive stomates might be a suitable strategy for tropical trees 
to adopt during drought. 
 Those areas in the Amazon basin that experienced increased leaf flushing and 
showed a higher mature leaf area in 2005 and 2015 also showed higher values of the MODIS 
enhanced vegetation index (EVI). These results therefore corroborate the finding that dur-
ing the 2005 and 2015 droughts, large areas within the Amazon basin showed a green-up, 
visible as positive anomalies in the MODIS EVI (Saleska et al., 2007; Yang et al., 2018a). 
Furthermore, these findings support in situ observations that showed that leaf flushing was 
significantly enhanced at the end of the 2015 drought in the central Amazon, resulting in 
higher mature leaf area, associated with positive EVI anomalies in the year following the 
drought (Gonçalves et al., 2020). However, enhanced leaf flushing, higher mature leaf area 
and positive anomalies in the MODIS EVI during the 2015 drought occurred mainly in ever 
wet forest of the central Amazon experiencing a short dry season (< 3 months). The eastern 
part of the basin that experiences a moderate to long dry season (> 3 months) (Sombroek, 
2001), actually showed negative anomalies or no change in leaf flushing, mature leaf area and 
EVI (Figure 4-3a, 4-3d & 4-4c). These results suggest that leaf flushing and canopy green-up 
in response to drought only occurs in ever wet forests which do not experience a regular dry 
season.  
 Vegetation indices, such as the EVI and the normalized difference vegetation index 
(NDVI) are sensitive to vegetation chlorophyll content or “greenness” and have often been 
used to assess the effect of drought on the Amazon forest canopy. The earliest effects of 
droughts observed with satellites occurred during the 1983 and 1987 El Niño events, which 
caused negative anomalies in the NDVI from the NOAA Advanced Very High Resolution 
Radiometer (AVHRR) (Asner et al., 2000; Batista et al., 1997). However, a later El Niño re-
lated drought in 1997 resulted in positive AVHRR NDVI anomalies across the Amazon basin 
(Dessay et al., 2004). Furthermore, during the 2005 drought, positive anomalies in MODIS 
EVI were visible across the south-western Amazon, suggesting that the forest canopy greens-
up in response to drought (Liu et al., 2018b; Saleska et al., 2007). This finding has been 
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disputed and was attributed to insufficient atmospheric correction (Asner and Alencar, 2010; 
Samanta et al., 2010), sun-sensor geometry (Morton et al., 2014) and structural changes in 
the forest canopy (Anderson et al., 2010). However, our results suggest that the observed 
green-up during 2005 and especially the later 2015 drought might not be an artefact in the 
remote sensing data but an actual result of increased leaf flushing at the onset of drought. 
It is noteworthy that droughts in which green-up has been observed (1997, 2005, 2006, and 
2015) occurred during the second half of the year (June – December), which encompasses 
the dry season and early wet season in the eastern Amazon (Sombroek, 2001). Contrastingly, 
droughts in which no green-up was observed (1983, 1987, 2010) occurred predominantly 
in the first half of the year and therefore in the wet season. As leaf exchange in the Amazon 
basin occurs in the dry season, drought conditions might accelerate leaf flushing synchro-
nous to the general phenology in the dry season but not in the wet season. That green-up 
during drought occurs despite the observed positive anomalies in leaf litterfall suggests that 
during drought, older leaves with lower photosynthetic capacity and higher near-infrared ab-
sorptance (Doughty and Goulden, 2008; Kitajima et al., 2002; Roberts et al., 1998) are shed, 
while newly flushed leaves are maintained. When taking into account the time that newly 
flushed leaves need to fully expand and attain their highest photosynthetic capacity, which is 
2-5 months (Albert et al., 2018; Gonçalves et al., 2020; Restrepo-Coupe et al., 2013), it can 
be argued that the observed green-up is not a direct effect of drought but rather a consequence 
of the environmental conditions at the onset of the drought.
 Earlier studies hypothesized that increased incoming solar radiation during drought, 
as a result of a decline in cloud cover, might be driving the observed green-up (Saleska et al., 
2007). Indeed, both spatial as well as temporal correlations between photosynthetic active 
radiation (PAR) and EVI were found in response to the 2015 drought (Yang et al., 2018a). 
Lengthening of the photoperiod has been recognized as a key environmental cue for leaf ab-
scission and flushing across evergreen tropical forests (Borchert et al., 2002, 2015; Elliott et 
al., 2006). Reduced cloud cover and increased direct solar radiation reaching the forest can-
opy at the onset of an atmospheric drought, when soil water is still readily available, might 
therefore present an environmental cue for leaf flushing. This mechanism might explain the 
positive anomalies in leaf flushing observed at the onset of the 2005 and 2015 droughts (Fig-
ure 4-4a, 4-8a). Next to insolation, trees need to be well hydrated to enable cell expansion, 
bud break and consequently leaf flushing (Borchert et al., 2002). Also the presence of older 
leaves in the canopy can inhibit leaf flushing (Borchert et al., 2002). Therefore, the excessive 
shedding of older leaves during the height of the 2005 and 2015 droughts and tree rehydra-
tion following the first rain events (Figure A4-5) could have acted as a strong environmental 
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cue for the second leaf flushing event that was observed at the end of the 2015 drought (Fig-
ure 4-4a & 4-8a) (Gonçalves et al., 2020).

4.4.2. Drought effects on stem growth in Neotropical forests
In contrast to the observed leaf flushing and leaf fall responses to drought, stem growth is sig-
nificantly reduced in the drought areas of the Amazon basin during the 2015 drought and to a 
lesser extent in 2005 and 2006 (Figure 4-3c & 4-6c). Other historical droughts in the Amazon 
basin in 1987, 1997 and 2009-2010 are clearly visible in the long-term estimates as periods of 
reduced soil moisture and reduced stem growth across the Amazon basin (Figure 4-9). These 
results generally confirm site specific studies that found significant stem growth reductions in 
Neotropical forests in response to drought. These include the 1997 and 2010 droughts in Cos-
ta Rica (Clark et al., 2003; Hofhansl et al., 2014), the 2008 drought in French Guiana (Stahl 
et al., 2010; Wagner et al., 2013), and the 2010 and 2015 droughts across the Amazon basin 
(van Emmerik et al., 2017; Feldpausch et al., 2016; Rifai et al., 2018). The lack of a clear 
negative and long-term impact of the relatively short 2005 drought on estimated stem growth 
in the Amazon basin might explain why field observations failed to observed significant de-
clines in stem growth during the 2005 drought (Phillips et al., 2009). The relative importance 
of drought duration, intensity and timing (wet season or dry season) in limiting stem growth 
in tropical forests remains unclear and the interactions between drought and local conditions 
(e.g. topography, water table depth, soil water holding capacity) still need to be disentangled.  
 Stem growth reductions in response to drought can be expected as tree water sta-
tus and stem growth are tightly coupled. Firstly, stem wood and bark can store substantial 
amounts of water, which contribute 5-30% to daily water use in Neotropical tree species 
(Meinzer et al., 2003; Oliva Carrasco et al., 2015). About 50% of stem wood and bark vol-
ume consists of water which can in part be withdrawn during drought (Dias and Marenco, 
2016; Poorter, 2008). The loss of water from elastic tissue can result in a decline of stem 
growth or even a decline of stem girth (Baker et al., 2002; van Emmerik et al., 2017; Reich 
and Borchert, 1982; Stahl et al., 2010). These elastic changes in stem volume arising from 
changes in stem wood and bark water content do not represent actual changes in second-
ary growth. However, these elastic changes are often unintentionally present in dendrometer 
measurements and therefore also in our dataset. Secondly, tissue dehydration during drought 
can cause cell turgor loss in the vascular cambium, limiting cell division and therefore actual 
secondary growth (Borchert, 1994c; Körner, 2013; Muller et al., 2011; Worbes, 1999). There-
fore, it is reasonable to assume that water availability directly reduced stem growth during 
drought.
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The long-term estimates of stem growth in this study point to a significant negative trend 
in stem growth in the Amazon basin between 1982 and 2019 (Figure 4-9b), which was not 
found in a basin-wide network of inventory plots for a similar timespan (1983-2011) (Brie-
nen et al., 2015; Hubau et al., 2020). This is surprising as 60% of the data from these same 
inventory plots are used to train the stem growth model and were therefore expected to show 
similar long-term trends. As the plot scale data is very similar, this discrepancy has to be ex-
plained by the method of upscaling these plot scale observations. Firstly, the model provides 
stem growth estimates for more than 54 thousand grid cells covering the entire Amazon basin 
whereas the measured stem growth rates are measured at around 320 inventory plots scat-
tered across the basin (Brienen et al., 2015). However, a spatial bias alone does not seem to 
be causing the discrepancy as a similar negative trend in estimated stem growth was visible 
at the locations of the inventory plots (Figure A4-6). Secondly, the majority of stem growth 
observations from inventory plots are from the 2000’s and 2010’s (Figure A4-3) while the 
model estimates go back to 1982. If this temporal bias is a factor causing the discrepancy, it 
suggests that stem growth in the inventory plots was underestimated in the 1980’s and 1990’s 
or that more productive plots were included in recent years. However, this temporal bias 
should have been corrected for in the trend analyses of Brienen et al. (2015) (see also Brienen 
et al,. 2015 Extended data Figure 4-3). Finally, as the model uses the ERA5 long-term reanal-
ysis data of surface air temperature, precipitation and soil moisture to estimate stem growth, 
trends in the stem growth estimates are therefore reflecting the trends in the climate data 
(Figure 4-9). As stem growth in the Amazon basin generally declines in the dry season when 
soil moisture is low and air temperatures are high (e.g. Doughty et al., 2014; Girardin et al., 
2016; Janssen et al., 2020a) a trend in soil moisture and temperature might therefore result 
in a predicted trend in stem growth which might not necessarily be reflecting the actual trend 
in stem growth. This would mean that the XGBoost models exaggerate the contribution of 
the changing climate variables on the long-term trends in stem growth. Therefore, data from 
tree census data from permanent inventory plots (Brienen et al., 2015; Hubau et al., 2020) is 
essential to be able to accurately model and upscale stem growth at multi-decal timescales.

4.4.3. What are satellite sensors actually sensing? 
The controversy surrounding the observation of Amazon canopy green-up during drought 
is mainly caused by differences in sensor sensitivity and the interpretation of the retrieved 
signals. Generally, canopy green-up is observed in multi-spectral remote sensing data during 
or following major droughts in the Amazon forest that are timed in or at the end of the regular 
dry season (Gonçalves et al., 2020; Lee et al., 2013; Liu et al., 2018b; Saleska et al., 2007; 
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Yang et al., 2018a). Our results support this canopy green-up and attribute it to enhanced leaf 
flushing at the onset of a drought and subsequent leaf maturation in the following months 
(Figure 5-4a & 8a). However, canopy green-up does not necessarily have to result in, or 
be a consequence of, an increase in canopy photosynthesis or gross primary productivity. 
Indeed, in situ leaf scale photosynthesis is generally observed to decline during drought in 
Neotropical forests (Bonal et al., 2000b; Doughty et al., 2014; Janssen et al., 2020a; Stahl et 
al., 2013b). This is confirmed by satellite observations of  negative anomalies in sun-induced 
fluorescence during drought (see also Figure 4-4b), which is considered a proxy of canopy 
photosynthesis (Koren et al., 2018; Lee et al., 2013; Yang et al., 2018a). The observed de-
cline in leaf-level photosynthesis during the 2015 drought in the central Amazon has been 
attributed to progressive stomatal closure and not to changes in leaf chemistry (Santos et 
al., 2018). These results suggest that despite canopy green-up, photosynthesis might well be 
downregulated during drought because of stomatal limitations (Janssen et al., 2020a; Santos 
et al., 2018).
 The analysis of changes in X band vegetation optical depth (VOD) in the area affect-
ed by drought in 2005, 2006 and 2015 (Figure 4-4d & 4-7d) confirms earlier results from pas-
sive and active microwave remote sensing studies that showed negative anomalies of VOD 
and radar backscatter in response to historical droughts in the Amazon basin (van Emmerik et 
al., 2017; Frolking et al., 2011, 2017; Lee et al., 2013; Liu et al., 2013, 2018b; Saatchi et al., 
2013). During the 2015 drought in the central Amazon, van Emmerik et al. (2017) found that 
remotely sensed Ku band radar backscatter declined during the drought which was strongly 
correlated to in situ observed declines in stem girth. In contrast to vegetation indices from 
multi-spectral remote sensing, passive and active microwave remote sensing is generally sen-
sitive to vegetation biomass and water content and not vegetation greenness (Frappart et al., 
2020; Liu et al., 2013; Meesters et al., 2005). Furthermore, X band VOD has been found to 
be strongly dependent on leaf water potential in temperate forests in North America (Momen 
et al., 2017). Therefore, the negative anomalies in VOD and radar backscatter in response to 
drought are likely signalling a decline in vegetation water content during drought (Momen et 
al., 2017) and can therefore be used as a rough proxy of tree water status and stem growth. 
Remotely sensed data can be extremely useful in identifying vegetation responses to extreme 
events like droughts on large spatial scales. However, as sensors are sensitive to different 
vegetation properties, the interpretation of observed responses should always be done with 
utmost care and preferably in a multi-sensor comparison.
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Figure A4-1: Relationship between monthly leaf litterfall and total fine litterfall. The solid black line 

represents a linear regression fit that is forced through the origin, which is used to estimate monthly 

leaf litterfall from studies that only reported total litterfall. The dashed black line represents the 0:0 line 

where total litterfall is equal to leaf litterfall.
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Figure A4-2: Model evaluation of 

the XGBoost models trained on 

complete time series from 60% of 

the sites. The scatterplots show the 

predicted biomass production versus 

the measured biomass production of 

the test data that was used to validate 

the stem growth (a) and leaf litterfall 

(b) models. The dashed black line is 

the 1:1 line and the solid black line 

the least squares linear regression 

fit.
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Figure A4-4: Spatial trends in estimated model uncertainty. The top two panels show the 
average absolute model error, or the root mean squared error (RMSE) for the stem growth (a) 
and leaf litterfall (b) models. In the bottom two panels the normalized RMSE is shown, which 
is the RMSE of the stem growth (c) and leaf litterfall (d) models divided by the average sea-
sonal range in values in each pixel.
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Figure A4 3 Temporal trends in observation frequency and estimated model uncertainty. The relative 

model error (b) is expressed as the normalized root mean squared error (RMSE) which is the RMSE of 

the model scaled by the leaf litterfall and stem growth values for that month. The RMSE (c) is used to 

show the development of the absolute model error over time.
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Figure A4-4: Spatial trends in estimated model uncertainty. The top two panels show the average 

absolute model error, or the root mean squared error (RMSE) for the stem growth (a) and leaf litterfall 

(b) models. In the bottom two panels the normalized RMSE is shown, which is the RMSE of the stem 

growth (c) and leaf litterfall (d) models divided by the average seasonal range in values in each pixel.
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Figure A4-5: Temporal trends in modelled leaf flushing, precipitation and top-soil volumetric moisture 

during the 2015-2016 drought in the eastern Amazon. The seasonal anomaly in leaf flushing (a) is the 

difference in leaf flushing compared to the average leaf flushing in that month divided by the standard 

deviation of leaf flushing in that month. Precipitation and soil moisture content were both derived from 

the ERA5-Land reanalysis product.  
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Figure A4-6: Long-term predictions of seasonally detrended anomalies in stem growth. In the top panel 

(a) the long-term trend in modelled stem growth is averaged for the entire Amazon basin while in the 

bottom panel (b) the long-term trend from the 190 Amazon forest inventory plot locations (Brienen et 

al., 2015; Hubau et al., 2020) is shown. Black lines are the 9 month moving average of the anomalies 

and the dark grey uncertainty bands show the moving standard deviation of the same data. Red dashed 

lines represent the least squares linear regression fit through the averaged time-series. Test statistics 

are provided for both the linear regression of the moving average (black) and the original monthly data 

(grey).
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Figure A4-7: Long-term trends in modelled leaf litterfall and stem growth (1982-2019) and ERA5 

topsoil volumetric moisture content and vapour pressure deficit (1981-2019). Only significant trends (p 

< 0.05) are shown. Country borders and the extent of the Amazon basin are marked by thin and thick 

black lines, respectively.
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Amazon forest green-up following drought can 
be explained by delayed leaf flushing caused by 
turgor loss

In many tropical humid forests, trees shed old and flush new leaves in the dry season. The 
flush of new leaves results in the green-up of the forests canopy in the dry season, visible 
from satellite remote sensing images. Moreover, in some areas in the Amazon basin, forests 
have shown additional canopy green-up in response to extreme drought. Because the growth 
of new plant tissue and therefore the development of new leaves is very sensitive to a decline 
in turgor pressure, which is expected to occur during drought, leaf flushing in response to 
drought is counterintuitive and in apparent contradiction to plant physiology. In this chapter, 
we review the physiological mechanisms that are underlying the observed responses of stem 
growth and leaf flushing to drought in Neotropical forests and develop a new quantitative 
model to test whether our understanding of these physiological mechanisms can reproduce 
the observations. The model simulates a single vertically segmented tree growing in the 
central Amazon and is forced with local meteorological observations at a 10 minute time 
step, spanning 2015 and 2016. The model results indicate that the loading of leaf buds when 
daily insolation increases results in a high turgor pressure in the leaf buds and subsequent leaf 
flushing in the dry season. On the other hand, the temporary loss of leaf area and the loading 
of sugars into the xylem stream up to the canopy (i.e. water shifting) results in a dry season 
decline in tree stem growth. The modelled dry season rejuvenation of the canopy results in 
the increase of leaf photosynthetic capacity in the dry season, which closely resembles the 
simultaneous increase of the remotely sensed MODIS enhanced vegetation index. During 
the extreme drought of 2015-2016, modelled leaf flushing and stem growth were temporary 
impaired by drought-induced turgor loss resulting in the build-up of sugars in the canopy. 
Modelled leaf flushing resumed in response to short periods of rainfall during the 2015-2016 
drought, resulting in a relatively young and therefore green canopy following the drought, 
confirming local observations and remote sensing analyses. We conclude that Amazon 
canopy green-up following drought can be physiologically explained by temporary turgor 
loss, osmotic adjustments in the canopy and water shifting.

Chapter 5

, a proof of concept.

5  
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5.1. Introduction

5.1.1. Tree growth responses to drought
The Amazon forest has experienced severe episodic droughts in the past four decades, most 
notably in 1997, 2005, 2010 and 2015 (Doughty et al., 2015a; Feldpausch et al., 2016; Phil-
lips et al., 2009). These droughts have resulted in a temporary reduction of the Amazon 
carbon sink caused by widespread declines in tree stem growth, enhanced tree mortality and 
higher leaf litterfall rates (Feldpausch et al., 2016; Janssen et al., 2021; Phillips et al., 2009; 
Rifai et al., 2018). However, the analysis of remote sensing data has revealed that during 
and directly following some of these droughts, the greenness of the vegetation in large parts 
of the Amazon basin actually increased, which can be interpreted as enhanced leaf flushing 
and canopy growth (Anderson et al., 2010; Saleska et al., 2007; Yang et al., 2018a). This 
counterintuitive finding is disputed and the apparent canopy green-up during drought has 
been attributed to insufficient atmospheric correction of remotely sensed images (Asner and 
Alencar, 2010; Samanta et al., 2010) and structural changes in the forest canopy (Anderson 
et al., 2010). However, field evidence also suggests that leaf flushing is not changed during 
drought and can even increase preceding and directly following a drought (Doughty et al., 
2014, 2015a; Gonçalves et al., 2020; Janssen et al., 2021).
 Elevated leaf litterfall has also been observed during past droughts, pointing to a 
possible increase in canopy turnover during drought (Detto et al., 2018; Janssen et al., 2021; 
Thomas, 1999). Conversely, stem growth and root growth are found to be widely and consist-
ently reduced in response to drought (Doughty et al., 2014, 2015a; Feldpausch et al., 2016; 
Hofhansl et al., 2014; Janssen et al., 2021; Rifai et al., 2018). These observations suggest 
that in neotropical forest ecosystems, drought impacts stem and root growth differently than 
canopy growth, a phenomenon that has not yet been properly physiologically explained. 
The understanding of physiological processes underlying tropical forest growth responses 
to drought is, however, a prerequisite for the development of skilled models to project forest 
growth in a warmer and dryer Amazon basin.
   

5.1.2. Dry season leaf flushing in the tropics
The growth responses observed in neotropical forest during drought are in essence a continu-
ation of the growth responses observed in a regular dry season (Janssen et al., 2020a). In most 
tree species, leaf shedding and subsequent flushing occur during the early dry season (Brad-
ley et al., 2011; Brando et al., 2010; Jones et al., 2014; Wagner et al., 2016; Wright and van 
Schaik, 1994) while stem growth and root growth decline (Doughty et al., 2014; Metcalfe et 
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al., 2008; Nepstad, 2002; Rowland et al., 2014; Vieira et al., 2004). Interestingly, stem growth 
declines and leaf shedding increases before the onset of the dry season, suggesting that these 
growth responses are not a direct consequence of soil drought but rather an evolutionary 
adaptation to the recurring dry season (Goulden et al., 2004). Stem growth generally resumes 
in response to rehydration after the first rains at the beginning of the wet season (Borchert, 
1994c; Vieira et al., 2004). Because of its counterintuitive nature, the timing of canopy leaf 
renewal in the dry season has been coined a paradox (Elliott et al., 2006) and “in apparent 
violation of physiological theory” (Borchert, 1994c). Pre-rain green up has, however, been 
widely observed across neotropical humid forests, in southern Africa (Ryan et al., 2017) and 
South-East Asia (Elliott et al., 2006; Iida et al., 2016) suggesting that dry season leaf flushing 
is a pan-tropical phenomenon in wet and mesic environments. 
 In wet and seasonally dry tropical forests, dry season leaf flushing has been linked 
to a phenological synchronization to maximum daily insolation (Bradley et al., 2011; Brando 
et al., 2010; Graham et al., 2003; Wagner et al., 2016; Wright and van Schaik, 1994). Near 
the equator, daily insolation increases after the summer and winter equinox, which is also 
the time that most trees flush new leaves in these regions (Borchert et al., 2015). This timing 
results in that the newly flushed leaves have fully matured and attain their highest photo-
synthetic capacity when daily insolation reaches its zenith, which is in the dry season in the 
central and eastern Amazon (Albert et al., 2018; Wu et al., 2016). The accessibility of soil 
moisture, mostly from relatively deep soil layers, has been reported as a prerequisite for dry 
season leaf flushing (Borchert, 1994b; Iida et al., 2016). 
 Modelling studies have shown that dry season leaf flushing in Amazonian forests 
can be accurately simulated, for example by using daily insolation and canopy leaf age as 
drivers of new leaf production (Manoli et al., 2018; De Weirdt et al., 2012). However, these 
models are often forced with site observed phenological data (e.g. Manoli et al., 2018) and 
do not simulate carbohydrate transport within the tree nor include a mechanistic link between 
turgor pressure and growth. Because tissue growth is very sensitive to changes in water status 
and can halt instantly in response to a decline in cell turgor pressure, dry season leaf flushing 
is in apparent contradiction with our basic understanding of plant growth and plant physi-
ological theory (Borchert, 1994c). However, surprisingly little studies have examined the 
physiological mechanisms underlying dry season leaf flushing in tropical forests in sufficient 
detail  (but see Borchert, 1994c, 1994a; Elliott et al., 2006; Rivera et al., 2002) and to our 
knowledge no modelling attempts have been made to simulate these mechanisms. 
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The aims of this study are to 1) review the physiological mechanisms underlying stem growth 
and leaf flushing in neotropical trees and their responses to seasonal and episodic drought and 
2) to develop a quantitative model to test whether tree water and carbon status can explain 
tree phenology and growth responses to drought. The focus of the study is primarily on the 
dynamics of phloem and xylem transport, leaf gas exchange and stem and leaf growth. We 
compare our model results with to in situ observations of tree stem growth and carbon and 
water fluxes and to satellite remote sensing data.

5.2. Methods

5.2.1. Environmental drivers
The main meteorological drivers of the model, air temperature, vapor pressure deficit (VPD) 
and photosynthetically active radiation (PAR), were measured at a 30 minute time interval 
at the K34 meteorological and eddy covariance tower north of Manaus, Brazil (2° 38’ 19” S, 
60° 09’ 25” W). To fill some of the gaps present in these meteorological measurements, ad-
ditional climate variables were retrieved at an hourly timestep from January 2015 to January 
2017 at a 0.1° horizontal resolution from the ERA5-Land reanalysis dataset (Hersbach et al., 
2020). These variables included surface air temperature, surface dewpoint air temperature, 
surface air pressure and volumetric soil moisture content in four layers. Subsequently, a set 
of environmental drivers used as input in the model was derived from these four climate 
variables.
 First, Tetens equation was used to calculate the saturated vapor pressure using sur-
face air temperature: 

where  is the saturated vapor pressure (kPa) and  is the ambient surface air tempera-
ture (ºC). The actual vapor pressure ( ) was also calculated using Tetens equation with the 
dewpoint temperature rather than the ambient temperature. The vapor pressure deficit (VPD, 
kPa) is the difference between the actual and saturated vapor pressure:

or in water vapour mole fractions: 



145Amazon forest green-up following drought can be explained by delayed leaf flushing caused by turgor loss

where  is the deficit of water vapour mole fractions in air (mol mol-1) and  is the surface 
air pressure (kPa). The psychrometric constant was calculated from:

where  is the latent heat of vaporization for water (~2429.8 kJ kg-1),   is the molar 
mass of water (~18.02 kg m3), M_a is the average molar mass of air (~28.97 kg m-3) and  
is the specific heat capacity of humid air (J kg-1 K-1), which is given by:

where  is the specific heat capacity of dry air (J kg-1 K-1) and  is the absolute air hu-
midity (kg kg-1). The absolute humidity is given by:

The density of humid air (kg m-3) was calculated for each timestep as:

where  is the universal gas constant (~8.31 m3 Pa K-1 mol-1) and  is the ambient air 
temperature (K). The density of water (kg m-3) was calculated in each timestep as:

where  is the ambient air temperature (ºC) and  is the volumetric temperature expan-
sion coefficient for water (m3 m-3 ºC-1).
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Soil suction head and hydraulic conductivity in unsaturated soil were estimated as a function 
of effective saturation of the soil using the Van Genuchten-Mualem (van Genuchten, 1980; 
Mualem, 1976) model:

where  is the soil suction head (m),  is the effective saturation of the soil (unitless),  is an 
empirical parameter related to pore size distribution of the soil,  =  1-1/  and  is a param-
eter related to the inverse of the air entry point (m-1). The effective saturation was calculated 
from the ERA5 volumetric soil moisture data as:

where ,  and  are the actual, residual and saturated soil volumetric moisture content 
(m3 m-3), respectively. Finally, the soil suction head was converted to the soil matric potential:

where  is the soil matric potential (Pa),  is the gravitational constant (9.81 m s-2) and 
 is the density of water (Eq. 8).

5.2.2. Processes included in the physiological model
Most Amazonian trees do not experience severe water stress during a regular dry season 
(Goulden et al., 2004; Janssen et al., 2020a). The absence of water stress has been attributed 
to the presence of deep soils and deep soil water accessibility via taproots in large areas of 
the Amazon basin (Bonal et al., 2000b; Brum et al., 2019; Nepstad et al., 1994; Stahl et al., 
2013a, 2013b). Dry season water availability allows for that most Amazonian tree species 
can be characterised as leaf-exchanging species that shed old leaves and almost instantly 
flush new leaves during the dry season (Borchert, 2003; Elliott et al., 2006). Bud-break dur-
ing the dry season often co-occurs with a decline in stem growth or even stem shrinkage, 
indicating that water is drawn from the stem xylem and bark (i.e. phloem) to enable but-break 
(Borchert, 1994c). Stem water loss can hamper stem growth in the dry season as a result of 
cell turgor loss in the vascular cambium, which limits cell formation and thus the formation 
of new tissue in the stem (Körner, 2013; Krepkowski et al., 2011; Muller et al., 2011). In ad-
dition, water extraction from stem tissue can result in an elastic decline in stem girth (Reich 
and Borchert, 1982; Stahl et al., 2010). The dry season water shifting from the stem to the 
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canopy has been attributed to increasing solute content (i.e. osmotic adjustment) of parenchy-
matic phloem tissue in terminal branches, which causes an increase in cell water content and 
turgor pressure, inducing bud break (Figure 5-1, Borchert, 1994c). 
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Figure 5 1 A conceptual representation of a hypothesized change in xylem and phloem sap flows from the 

wet to the dry season in neotropical leaf-exchanging trees. A classic pressure flow (Münch hypothesis) 

occurs in the wet season, when a relatively high turgor pressure in the phloem at the source drives a 

downward flow of water and dissolved sugars to the sinks in the vascular cambium (stem secondary 

growth) and at the root. In the dry season, sugars are unloaded into the xylem and transported to the 

terminal branches increasing the turgor pressure in the phloem at the source and enabling bud break. 

As a consequence, the sink locations in the stem and roots are largely deprived from sugars as well as 

lacking sufficient turgor pressure for cell enlargement and division.
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While relatively little is known about dry season water shifting in tropical trees, vessel bor-
dering (i.e. paratracheal) parenchyma cells have been observed to actively load sugars into 
the xylem transpiration stream just before bud break in temperate and tropical trees (Braun, 
1984). Sugars are in this way transported in the xylem upward to the canopy, analogous to 
what happens in leafless temperate trees in spring (Hölttä et al., 2018). Possibly in combina-
tion with the degradation of stored starch, the osmotic potential of the tissues in the terminal 
branches is lowered, drawing water from the surrounding tissues into the terminal branches 
and buds. The resulting high turgor pressure and sugar concentration in the phloem of the 
terminal branches is a prerequisite for subsequent bud break and leaf flushing (Borchert, 
1994c).

5.2.3. The physiological model

5.2.3.1. General model description
A new physiological model was developed to increase our understanding of the physiolog-
ical processes underlying leaf flushing and stem growth responses to seasonal and episodic 
drought in the Amazonian tree species. The model combines the architecture and descrip-
tions of physiological processes from earlier work by Hölttä et al. (2006, 2010, 2017) and 
Nikinmaa et al. (2014) on Scots pine in boreal forest. We use adapted parameters and local 
meteorological data to simulate water and carbon fluxes in a hypothetical tropical broadleaf 
tree growing in the central Amazon. Furthermore, a representation of leaf shedding and leaf 
flushing has been included to simulate drought responses of leaf litterfall, leaf flushing and 
canopy leaf area. The spatial scale of the model is a single tree and the model timestep is 10 
minutes.  
 The model we use consists of a three dimensional segmented cylinder with six axial 
segments, the lowest segment representing the roots and the top three segments the canopy 
(sensu Hölttä et al., 2006; Nikinmaa et al., 2013). Water and sugars can flow axially through 
the xylem and phloem as well as radially from the xylem to the phloem and vice versa. In 
addition, in the top three segments, leaf buds are modelled which can be loaded with soluble 
sugars from the phloem and budbreak is simulated when a critical turgor threshold is reached 
after which leaves are flushed (Figure 5-1). Finally, stem diameter changes are simulated as 
the combined effect of elastic changes, originating from tension and pressure changes in the 
xylem and phloem, and plastic changes as a result of secondary growth.
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5.2.3.2. Transpiration and photosynthesis
Modelled water flow is driven by water loss or transpiration in the top segment of the model. 
The transpiration rate (E, kg H2O s-1) is given by:

where  is the total leaf-area specific conductance to water vapour (mol m-2 s-1),  is 
the molar mass of water (kg mol-1),  is the tree leaf area (m2 ),  is the water vapour 
mole fractions deficit of the atmosphere (mol mol-1),  is the slope of the relationship 
between saturated water vapour mole fraction and air temperature (mol mol-1 ºC-1),  is 
the leaf temperature (ºC) and  is the ambient air temperature (ºC). By adding the leaf 
temperature dependent vapour mole fraction deficit to the vapour mole fraction deficit of the 
atmosphere ( ), transpiration is corrected for the effect of leaf boundary 
layer temperature and vapour mole fraction which, during the day, is higher than the vapour 
mole fraction of the atmosphere.

   

Symbol Description Units 

 Ambient air temperature ºC, K 

 Vapor pressure deficit Pa 

 Deficit of water vapour mole fractions in air mol mol-1 

 Slope of vapour pressure - air temperature curve Pa ºC-1 

 Slope of vapour mole fraction - air temperature curve mol mol-1 ºC-1 

 Photosynthetically active radiation W m-2, mol m-2 s-1 

 Net isothermal radiation J / s m-2 

 Surface air pressure  Pa 

 Specific heat capacity of humid air kJ kg ºC-1 

 Absolute air humidity kg kg-1 

 Psychrometric constant Pa ºC-1 

 Density of humid air kg m-3 

 Density of water kg m-3 

 Soil matric potential Pa 

 

Table 5 1 Environmental drivers calculated and used in the model.
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The total leaf-area specific conductance to water vapour (mol m-2 s-1) is given by:

where  is the density of water,  is the boundary layer resistance to water vapour (s m-1) 
and  the stomatal resistance to water vapour (s m-1) which is given by:

where  is the leaf area specific stomatal conductance to water vapour (mol m-2 s-1). 

Stomatal conductance for the next time step was calculated following the optimal stomatal 
conductance model (Medlyn et al., 2011) and including non-linear stomatal closure as a 
function of leaf water potential: 

where  is a fitted parameter,  is the ambient CO2 concentration (mol mol-1),  is the leaf 
area specific photosynthesis rate (mol m-2 s-1) and  is the loss of stomatal conductance 
(unitless). The factor 1.6 corrects for the difference in diffusivity between water vapor and 
CO2, where the conductance of water vapor is 1.6 times larger compared to CO2. The rate 
of stomatal closure in response to a decline in leaf water potential is very similar to the rate 
of xylem hydraulic conductance loss in response to a decline in xylem water potential (e.g. 
Brodribb et al., 2003). Therefore, the loss of stomatal conductance due to a decline in leaf 
water potential was modelled similar to a loss in xylem hydraulic conductance (Eq. 30) using 
a Weibull function:  

where  is the leaf water potential (MPa) which is the same as the xylem water potential 
in the topmost segment,  is the slope of the relationship between leaf water potential and 
stomatal closure and  is the leaf water potential at which stomatal conductance is 50% 
of its maximum value (MPa).
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Leaf temperature (ºC) was calculated following the equation of Jones (1992) as:

where  is the convective heat transfer resistance from the leaf (s m-1),  is the psychro-
metric constant (Pa ºC-1),  is net isothermal radiation (J / s m-2),  is the density of air 
(kg m-3), and  is the specific heat capacity of humid air (J kg-1 ºC-1).

The leaf area specific photosynthesis rate (mol m-2 s-1) was calculated using the Farquhar 
model (Farquhar et al., 1980) adapted by Hölttä et al. (2017):

where  and  are the leaf area specific photosynthesis rates (mol m-2 s-1) constrained by 
the rate of carboxylation and electron transport, respectively. For the detailed description of 
the photosynthesis formulation see Hölttä et al. (2017). The unitless factor \phi represents the 
non-stomatal downregulation of photosynthesis and is calculated as a function of leaf sugar 
concentration following a simple equation e.g., Hölttä et al. (2017):

where  is the leaf sugar concentration (mol m-3) and  is the maximum leaf sugar 
concentration (mol m-3) at which photosynthesis is zero.

Symbol Description Value Unit 

 Universal gas constant 8.314 m3 Pa K-1 mol-1 

 Gravitational constant 9.807 m s-2 

 Dynamic viscosity of water  0.001 kg m-1 s-1, Pa s 

 Molar mass of water 18.015 g mol-1 

 Molar mass of carbon 12.011 g mol-1 

 Molar mass of sucrose 342.3 g mol-1 

 Average molar mass of air 28.97 g mol-1 

∆  Latent heat of vaporization for water 2429.8 kJ kg-1 

 

Table 5 2 Physical parameters used in the model
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5.2.3.3. Xylem and phloem hydraulics
Leaf transpiration (i.e. water leaving the top segment) is driving the flow of water through the 
modelled xylem in each segment (i):

where  is the transpiration rate (kg s-1, Eq. 14) and  is the xylem inflow of water 
from the segment above (kg s-1), which is given by Darcy’s law:

where  is the xylem axial permeability of the segment (m2 ),  is the soil matric poten-
tial (Pa) and  the xylem water potential of the segment (Pa),  is the dynamic viscosity 
of pure water (Pa s),  is the length of the segment (m),  is the xylem axial surface area 
of the segment (m2) and  is the density of water (kg m-3).
 The phloem flow out of the segments was calculated as:

where  is the phloem inflow of water (kg s-1) in the segment below and phloem out-
flow is zero in the lowest segment. The phloem flow into the segments was calculated similar 
to the xylem inflow:

where  is the phloem axial permeability of the segment (m2 ),  is the phloem turgor 
pressure of the segment (Pa),  is the dynamic viscosity of the phloem sap (Pa s) and  
is the phloem axial surface area of the segment (m2 ).
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153Amazon forest green-up following drought can be explained by delayed leaf flushing caused by turgor loss

Besides the axial flow through the xylem and phloem, the radial flow from the phloem to the 
xylem (kg s-1) was calculated in each segment as:

where  is the molar concentration of sugars in the segment (mol m-3),  is the universal 
gas constant (~8.31 m3 Pa K-1 mol-1),  is the ambient air temperature (K),  is the 
radial hydraulic conductance of the xylem and phloem interface (kg m-2 Pa-1 s-1) and  is 
the radial surface area of the xylem and phloem interface (m2). This equation prescribes that 
when the water potential of the xylem  is lower than the turgor pressure in the phloem 

 minus the osmotic potential of the phloem (i.e. ), there is a positive radial 
flow of water from the phloem into the xylem.

The outflow of sugars for every phloem segment was calculated as:

where  is the phloem inflow of sugars (mol s-1) in the segment below and phloem 
outflow is zero in the lowest segment. The inflow of sugars into each phloem segment was 
given by:

where  is the molar concentration of sugars in the segment above (mol m-3) which is 
given in every segment by:

where  is the amount of sugar in the segment (mol) and  is the phloem mass of the 
segment.
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The radial inflow of sugars into the xylem in the bottom 3 segments as well as the radial 
inflow of sugars into the buds in the top 3 segments were calculated as: 

where  is the tree leaf area (m2 ),  is the maximum tree leaf area (m2) and  is 
the daily insolation dependent loading parameter. By scaling the bud and xylem loading rate 
by the leaf area, the effect of buds available for flushing is simulated. The daily insolation 
dependent loading parameter is given by:

where  is the increase of daily insolation (W d-1) in the current time step and  is a sugar 
loading parameter. The increase of daily insolation (I) is only positive when daily insolation 
increases and otherwise zero. This means that the loading of sugars into the xylem and into 
the buds on terminal branches only occurs when daily insolation, or daylength, increases, 
which is in our study area roughly between the 10th of June until the 21st of February the next 
year with a peak of daily insolation increase around the 21st of August. 
 The unloading of sugars from the xylem in the canopy depends on the segment po-
sition with the 4th segment (first canopy segment) unloading one third of the incoming sugars 
from the segment below, the 5th segment unloading half of the remaining sugars and the 6th 
(top) segment unloading all the remaining sugars from the xylem into the phloem. The inflow 
of sugars from the lower segment is given by: 

And the outflow of sugars from the xylem is calculated as:
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Modelled variable Description Units 

𝐸𝐸𝐸𝐸 Transpiration rate kg s-1 

𝑔𝑔𝑔𝑔𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 Total conductance to water vapour mol m-2 s-1 

𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠 Stomatal conductance to water vapour mol m-2 s-1 

𝑇𝑇𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Leaf temperature  ºC, K 

𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Stomatal resistance to water vapour s m-1 

𝐴𝐴𝐴𝐴 Leaf-area specific photosynthesis rate mol m-2 s-1 

𝐴𝐴𝐴𝐴𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 Leaf-area specific photosynthesis rate limited by 

carboxylation rate 

mol m-2 s-1 

𝐴𝐴𝐴𝐴𝐽𝐽𝐽𝐽 Leaf-area specific photosynthesis rate limited by 

electron transport rate 

mol m-2 s-1 

𝑀𝑀𝑀𝑀𝑥𝑥𝑥𝑥,𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝,𝑀𝑀𝑀𝑀𝑏𝑏𝑏𝑏  Xylem, phloem and leaf bud mass kg 

𝑉𝑉𝑉𝑉𝑥𝑥𝑥𝑥 ,𝑉𝑉𝑉𝑉𝑝𝑝𝑝𝑝,𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏 Xylem, phloem and leaf bud volume m3 

𝜙𝜙𝜙𝜙 Sugar-induced downregulation of photosynthesis - 

𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Leaf sugar concentration mol m-3 

𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠 Segment sugar concentration mol m-3 

𝑄𝑄𝑄𝑄𝑥𝑥𝑥𝑥, 𝑄𝑄𝑄𝑄𝑝𝑝𝑝𝑝 Axial xylem and phloem sap flow kg s-1 

𝑄𝑄𝑄𝑄𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟 Radial sap flow from the xylem to the phloem kg s-1 

𝐽𝐽𝐽𝐽𝑥𝑥𝑥𝑥 , 𝐽𝐽𝐽𝐽𝑝𝑝𝑝𝑝 Axial transport of sugars in the xylem and phloem mol s-1 

𝐽𝐽𝐽𝐽𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟 , 𝐽𝐽𝐽𝐽𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑟𝑟 Radial transport of sugars to the xylem and bud mol s-1 

𝑘𝑘𝑘𝑘𝑥𝑥𝑥𝑥, 𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝 Xylem and phloem axial permeability m2 

𝐴𝐴𝐴𝐴𝑥𝑥𝑥𝑥,,𝐴𝐴𝐴𝐴𝑝𝑝𝑝𝑝 Xylem and phloem axial cross-area  m2 

𝜓𝜓𝜓𝜓𝑥𝑥𝑥𝑥 Xylem water potential Pa 

𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝,𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏 Phloem and leaf bud turgor pressure Pa 

𝐿𝐿𝐿𝐿𝑠𝑠𝑠𝑠 Loss of stomatal conductance - 

𝑆𝑆𝑆𝑆 Sugars in the segment mol 

𝐶𝐶𝐶𝐶 Viscosity variable - 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 Mass fraction of sucrose in the phloem sap kg kg-1 

𝜌𝜌𝜌𝜌𝑝𝑝𝑝𝑝 Density of the phloem sap kg m-3 

𝑈𝑈𝑈𝑈,𝑈𝑈𝑈𝑈𝑏𝑏𝑏𝑏 Sugar unloading rate from phloem and leaf bud mol s-1 

𝐺𝐺𝐺𝐺𝑉𝑉𝑉𝑉 Carbon mass growth rate  kg C s-1 

𝐺𝐺𝐺𝐺𝑣𝑣𝑣𝑣 Volume growth rate m3 s-1 

𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡 Total tree diameter m 

𝐷𝐷𝐷𝐷𝑥𝑥𝑥𝑥 Xylem diameter m 

 

Table 5 3 Modelled variables
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Finally, the conversion of sugars to starch, or storage loading in each segment was calculated 
following Escobar-Gutiérrez et al., (1998) as:

where  is the molar concentration of sugars in the segment (mol m-3) and  and  are 
storage loading parameters. Storage unloading is given by: 

where  is a storage unloading parameter and  is the sucrose equivalent of starch in 
storage (mol).

5.2.3.4. Loss of xylem and phloem conductance
The permeabilities of both the xylem and the phloem were modelled so that they could de-
cline, either through simulated embolism in case of the xylem or increased viscosity in case 
of the phloem. For each xylem segment, the axial hydraulic permeability (m2) was modelled 
as:

where  is the maximum hydraulic permeability when no embolism occurs (m2),  is 
the slope of the relationship between xylem water potential and loss of permeability and  
is the xylem water potential at which 50% of the permeability is lost resulting from embo-
lism. Phloem hydraulic conductance can decline as a result of an increase in the phloem sap 
viscosity (Eq. 25) which was calculated as: 

where  is the dynamic viscosity of pure water (Pa s) and  is the volume fraction of 
sucrose in the phloem, which is given by:

where  is the amount of sucrose in the phloem (mol),  is the molar mass of sucrose 
(0.3423 kg mol-1),  the density of sucrose (1586.2 kg m3) and  the phloem volume (m3). 
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5.2.3.5. Sugar unloading, growth and stem diameter changes
The sugar unloading rate in each segment (mol s-1) is described as a function of phloem turgor 
pressure with a Michaelis–Menten type function following Hölttä et al. (2017): 

where  is the turgor pressure in the phloem segment (Pa) and  (mol s-1) and  (Pa) are 
two empirical sink parameters. 
 Using the unloading rate, the carbon growth rate of woody stem tissue (g C s-1) in 
each segment was calculated as:

where  is the sucrose unloading rate at the segment (mol s-1),  is the growth fraction of the 
sucrose that is used in the growth of new plant tissue, the factor 1/12 is the conversion factor 
to obtain mole carbon from sucrose (C12H22O11) and  is the molar mass of carbon (~12.01 g 
mol-1). Because the growth of new tissue is non-linearly dependent on cell turgor pressure 
and can only occur after a certain turgor pressure is reached, the so-called yield threshold 
(Hölttä et al., 2010; Lockhart, 1965; Meinzer et al., 2008a), the growth fraction was estimated 
using a logistic function: 

where  is the yield threshold (Pa).

The carbon growth rate originating from leaf buds in the canopy was separately calculated as: 

where  is the leaf bud sink unloading rate (mol s-1) which was calculated as:

where  is the leaf bud turgor pressure (Pa). The conditional formulation ensures that no 
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sink unloading takes place when the turgor pressure in the leaf buds is lower than or equal to 
the yield threshold.

As all the unloaded sugars from the buds are converted to biomass, the maintenance and 
growth respiration in each segment of the modelled tree was calculated as: 

For the lower segments representing the stem of the tree, it is also relevant to know the wood 
volume growth which can then easily be compared to the dendrometer measurements. The 
volume growth (m3 s-1) was calculated as: 

where  is the carbon content of biomass (~0.48 g C g-1) and  is the dry wood density 
(g m-3), i.e. the amount of dry biomass per unit volume of wood. 
 The total stem diameter was calculated as the sum of the previous time step stem 
diameter, the elastic changes in xylem and phloem diameter and a growth component:

where  is the total stem diameter (m) from the previous timestep,  and  are 
the elastic changes in xylem and phloem diameter in the current timestep (m), respectively, 
and  is the diameter growth (m) which is given by:

where  is the volume growth rate (m3 s-1),  is the timestep length (s) and  the length of 
the segment (m).
 
Xylem diameter (m) was calculated as the sum of the previous time step diameter and the 
elastic change in diameter:

where  is the xylem diameter in the previous time step (m),  is the elastic diame-



159Amazon forest green-up following drought can be explained by delayed leaf flushing caused by turgor loss

ter change in the current timestep (m). The elastic change in xylem diameter (m) is given by:

where  is the change in xylem water potential (Pa),  is the elastic modulus of the xy-
lem (Pa) and  is the initial xylem diameter (m). Similarly the elastic change in phloem 
diameter (m) is given by: 

where  is the change in phloem turgor pressure (Pa),  is the elastic modulus of the phlo-
em (Pa) and  is the initial phloem diameter (m).

5.2.3.6. Leaf phenology
Leaf area was calculated in each timestep as:

where  is the leaf area in the previous timestep,  is the increase in leaf area 
due to new leaf growth,  is the decline in leaf area due to leaf age related shedding 
and  is the decline in leaf area due to drought stress related shedding.

Leaf area growth was calculated as the sum of new growth in the top half of the modelled 
tree:

where  is the carbon growth rate from buds (g C s-1, Eq. 38),  is the carbon content of 
biomass (~0.48 g C g-1), SLA is the specific leaf area (m2 leaf area / kg leaf biomass) and this 
is multiplied by a factor 0.7 which is the estimated fraction of new canopy biomass allocated 
to leaves based on data from a network of forest inventory plots across lowland neotropical 
forests (Doughty et al., 2017).  
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Leaves tend to be shed when leaf age increases, among others because photosynthesis dimin-
ishes with age and leaves tend to get colonized by epiphylls (Albert et al., 2018; Doughty and 
Goulden, 2008). Therefore, leaf shedding originating from increasing leaf age was calculated 
as:

where the highest possible leaf shedding rate is the total leaf area in that timestep divided by 
30 days so that that the entire canopy can be shed in about one month. The average leaf age 
was calculated in each timestep. Similarly, leaf shedding originating from drought stress was 
calculated as:

where  is the loss of hydraulic permeability in the topmost segment as calculated in Equa-
tion 36 which means that when drought stress increases and the loss of hydraulic permeabil-
ity from xylem embolism increases, drought induced leaf shedding increases.  

After leaf flushing, the photosynthetic capacity of leaves initially increases rapidly as leaves 
mature and declines again after leaves grow older, on average after about 50 days (Albert et 
al., 2018; Menezes et al., 2021). Here, we use the empirical relationship found at the K34 
site by Menezes et al. (2021) between leaf age and the maximum velocity of carboxylation 
capacity at 25 ºC which is a measure of leaf photosynthetic capacity: 

Subsequently, the maximum rate of electron transport at 25 ºC was calculated as a fixed frac-
tion of the  as was found by Mercado et al. (2009) also at the K34 site:

The  and  were both used in the photosynthesis sub-model.
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Symbol Description (Initial) value Source 

𝐻𝐻𝐻𝐻 Tree height 30 m Measured 

𝐿𝐿𝐿𝐿 Segment length 6 m - 

𝐴𝐴𝐴𝐴𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Tree leaf area 120 m2 Estimated 

𝐷𝐷𝐷𝐷𝑥𝑥𝑥𝑥 Initial xylem sapwood diameter 0.668 m Measured 

𝐷𝐷𝐷𝐷𝑥𝑥𝑥𝑥ℎ Xylem heartwood diameter 0.3 m Estimated 

𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝 Initial phloem thickness 12.25 . 10-3 m Measured 

𝑒𝑒𝑒𝑒𝑥𝑥𝑥𝑥 Elastic modulus of the xylem 1.0 ∙ 109 Pa (Hölttä et al., 2017) 

𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 Elastic modulus of the phloem 20  ∙  106 Pa (Hölttä et al., 2017) 

𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐,𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑥𝑥𝑥𝑥 Maximum velocity of carboxylation 10 μmol m-2 s-1 (Verryckt et al., 2020) 

𝐽𝐽𝐽𝐽𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑥𝑥𝑥𝑥 Maximum electron transport rate 15 μmol m-2 s-1 (Verryckt et al., 2020) 

𝐶𝐶𝐶𝐶𝑙𝑙𝑙𝑙 Ambient CO2 concentration 400 ppm - 

𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎 Boundary layer resistance to water vapour 13 s m-1 Estimated 

𝑟𝑟𝑟𝑟𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 Convective heat resistance from the leaf 13 s m-1 Estimated 

𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑥𝑥𝑥𝑥 Maximum leaf sugar concentration 2500 mol m-3 Estimated 

𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟 Radial xylem-phloem hydraulic conductivity 2 ∙ 1012 m3 m-2 Pa-1 s-1 (Hölttä et al., 2010) 

𝐴𝐴𝐴𝐴𝑟𝑟𝑟𝑟𝑙𝑙𝑙𝑙𝑟𝑟𝑟𝑟 Segment radial xylem-phloem area ~6.3 m2 Calculated 

𝑘𝑘𝑘𝑘𝑥𝑥𝑥𝑥,𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑥𝑥𝑥𝑥 Maximum xylem axial permeability 0.5 ∙ 1012 m-2 Estimated 

𝑘𝑘𝑘𝑘𝑝𝑝𝑝𝑝,𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑥𝑥𝑥𝑥 Maximum phloem axial permeability 1.0 ∙ 1012 m-2 Estimated 

𝜓𝜓𝜓𝜓50 Xylem water potential at 50% loss of hydraulic 

conductivity 

-2.34 MPa (Barros et al., 2019) 

𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝 Slope of conductivity loss curve 25 Estimated 

 

Table 5 4 Fixed model parameters
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5.2.4. Carbon and water fluxes and dendrometer measurements
Dendrometer data from a previous study (van Emmerik et al., 2017) was used to benchmark 
the model. Briefly, dendrometers (ZN12-T-2IP, Natkon.ch, Switzerland) were installed at 
DBH, 1.5 meters above ground level. Two potentiometers measured the thickness of the bark 
and the xylem every 10 minutes. For more details about the measurement campaign see van 
Emmerik et al. (2017). The dendrometer measurements from five individuals of two differ-
ent tree species (Goupia glabra and Dypterix odorata) were harmonized by using a simple 
average.

5.2.5. Remote sensing data
The enhanced vegetation index (EVI) from the moderate resolution imaging spectroradiome-
ter (MODIS) vegetation index product (MOD13C2 version 6) was used as an indicator of leaf 
photosynthetic capacity and greenness (Gao et al., 2000). The EVI is an improved vegetation 
index compared to the normalized difference vegetation index (NDVI), as it employs a blue 
spectral band next to the red and near infrared bands and uses aerosol resistance coefficients 
in its formulation (Huete et al., 2000). The EVI data were acquired from the website of the 
United States Geological Survey on a 0.05° grid with a 16 day temporal resolution from Jan-
uary 2014 up to January 2017. The pixel reliability layer that is included in the MOD13C2 
product was used to mask out all EVI pixels with unreliable data, keeping only the most 
reliable data (pixel reliability = 0) (Didan, 2015).

5.3. Results

5.3.1. Leaf gas exchange and diurnal xylem and phloem dynamics 
The model was able to capture the diurnal dynamics of leaf gas exchange and changes in 
xylem water potential and phloem turgor pressure (Figure 5-2). To examine the diurnal dy-
namics in the wet season, the first week of March was chosen as this week included three 
consecutive cloudless days (3rd, 4th and 5th of March). At this time the soil water potential was 
high (> -0.075 MPa, not shown) but the water demand from the atmosphere was also high on 
cloudless afternoons, with a midday VPD up to 2.0 kPa (Figure 5-2a). As water transpired 
from the leaves, the xylem water potential declined during the day up until a minimum of 
about -2.5 MPa in the leaves (Figure 5-2b). This in turn resulted in progressive stomatal clo-
sure and a decline of leaf stomatal conductance to water vapour to keep a favourable water 
status (Figure 5-2c). Stomatal closure also resulted in a decline of modelled leaf intercellular 
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of the stem) and going to 6 (top of the canopy).



164 Chapter 5 

CO2 concentration, from 400 ppm in the early morning to about 100 ppm on midday (not 
shown) and consequently a decline in leaf photosynthesis (Figure 5-2c). Leaf transpiration 
prevented sufficient evaporative cooling of the leaf surface and in combination with a high 
radiative heating at midday (Figure 5-2a), this resulted in modelled leaf temperatures being 
up to ~10 ºC higher than the ambient air temperature at midday (Figure 5-2e). The modelled 
leaf temperatures of 38 to 42 ºC on the cloudless afternoons were higher than the optimum 
temperatures for the modelled  (36.0 ºC) and  (34.0 ºC) resulting in a further 
non-stomatal constraint on leaf photosynthesis (Figure 5-2).    
 The loading of sugars into the phloem at the leaves (segment 6) when photosynthe-
sis was high (Figure 5-2c) resulted in a high concentration of sugars in the leaves at midday. 
The loading of sugars at the leaves consequently resulted in a decline of the phloem osmotic 
potential in this segment, up to -2.9 MPa on cloudless afternoons (Figure 5-2d). This partly 
compensated for the effect of a decline in xylem water potential during the day (Figure 5-2b) 
which draws water from the phloem to the xylem and causes a decline in phloem turgor 
pressure (Figure 5-2f). The turgor pressure at the leaves (segment 6) declined from about 2.0 
MPa in the early morning to about 0.2 MPa in the hot and dry afternoons (Figure 5-2f). Also 
in the higher stem segments (segment 2 and 3) the turgor pressure declined below the yield 
threshold of 0.9 MPa on these afternoons (Equation 40, Figure 5-2f), resulting in a temporary 
halt of stem growth. 
 When scaled up, the modelled total ecosystem photosynthesis or gross primary pro-
ductivity (GPP) showed a similar diurnal trend as the GPP that was estimated from eddy co-
variance measurements (Figure 5-3a). On cloudless days, GPP rapidly increases in the morn-
ing to a maximum of about 35 g C ha-1 day-1 at 10:00 and then declines at midday because of 
stomatal and non-stomatal limitations on photosynthesis (Figure 5-2c & 3a). In the afternoon, 
around 15:00, stomatal conductance, leaf photosynthesis and GPP stabilize again or even 
increase as atmospheric vapour pressure deficit declines (Figure 5-2a & 5-3a). On the first 
day of March, which was a cloudy day (Figure 5-2a), the modelled GPP was overestimated 
while on the sunny days of the same week, modelled GPP was generally underestimated 
(Figure 5-3a). The same trend is observed when comparing the modelled tree transpiration 
and the measured ecosystem evaporation (Figure 5-3b). Transpiration from the modelled tree 
is higher than the measured total ecosystem evaporation on the first day of March, which 
is impossible (Figure 5-3b). On sunny afternoons, tree transpiration is lower than the total 
ecosystem evaporation, which is expected (Figure 5-3b). Modelled stem diameter changes 
showed roughly the same diurnal dynamics as the measured stem diameter changes with a 
clear depression during midday as water is drawn from the phloem and xylem (Figure 5-3c). 
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However, the transient stem diameter growth rate was overestimated in the model (Figure 
5-3c). 
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5.3.2. Seasonal dynamics in leaf gas exchange and xylem and phloem flow
The 2015-2016 drought, that extended from roughly August 2015 until February 2016, was 
clearly visible in the ERA5 climate dataset as a period of anomalously high air temperatures, 
high VPD and low soil matric potential (Figure A5-1). Elevated VPD and a decline in soil 
matric potential during the 2015 drought resulted in an approximate 50% reduction of daily 
maximum stomatal conductance compared to the 2015 wet season (Figure 5-4a). There was 
a similar but lower magnitude decline in modelled leaf-area specific photosynthesis observed 
during the 2015 drought compared to the preceding 2015 wet season (Figure 5-4a). The larg-
er magnitude decline in daily maximum stomatal conductance compared to photosynthesis 
resulted in the increase of intrinsic water use efficiency ( ) from approximately 40.0 
μmol mol-1 in the 2015 wet season to 80 μmol mol-1 during the 2015 drought (not shown). 
During the peak of the drought in October 2015, daily maximum air temperature reached 
values up to 36 ºC and daily maximum leaf temperature reached values up to 45 ºC (Figure 
5-4b). The modelled leaf temperatures during the drought were significantly higher than the 
optimum temperatures for the modelled  (36.0 ºC) and  (34.0 ºC) resulting in 
declines of modelled photosynthesis.       
 The decline of soil matric potential during the 2015 drought (Figure S2, Figure 
5-4c) resulted in a clear decline in the modelled daily minimum xylem water potential dur-
ing the drought in the lower stem segments (Figure 5-4c). This decline was, however, not 
observed in the higher leaf segments (Figure 5-4c). The daily minimum leaf water potential 
(xylem water potential of segment 6) was relatively stable, around -2.5 MPa, in both the wet 
and dry season. This suggests that the modelled tree showed strict isohydric behaviour (sen-
su Martínez-Vilalta et al. (2014)), meaning that the minimum leaf water potential does not 
decline with a decline in soil matric or pre-dawn leaf water potential.    
 With the progressive decline in tree leaf area during the 2015 and 2016 wet sea-
sons and concurrent decline in transpiration, daily minimum leaf water potential initially 
increased before the onset of the 2015 and 2016 dry seasons in May and June (Figure 5-4c). 
Furthermore, the temporary decline in tree leaf area resulted in a decline of available sugars 
and therefore a decline in daily maximum stem phloem turgor pressure (Figure 5-5a) and 
an increase of stem phloem osmotic potential (Figure 5-5b) in the same period. However, 
in contrast to the 2016 dry season, the more severe 2015 dry season showed another soil 
drought-induced decline in stem turgor pressure at the end of the 2015 dry season (Figure 
5-5a). The maximum stem phloem turgor pressure declined to 0.65 MPa in October 2015, 
decreasing below the turgor yield threshold of 0.9 MPa (Figure 5-5a) causing a temporary 
halt in stem growth.
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Figure 5 4 Seasonal trends in daily maximum stomatal conductance and photosynthesis (a), daily 
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The decline in daily maximum stem turgor pressure and increase of stem osmotic potential 
in June, July and August (Figure 5-5a & 5-5b) was also caused by the loading of sugars into 
the xylem in the lower segments during this period of leaf renewal (Figure 5-5c). The mod-
elled loading of soluble sugars into the xylem and leaf buds during the period of increased 
daily insolation (Figure 5-5d) resulted in a decline of the osmotic potential in the leaf buds 
(Figure 5-5b) and an increase of the osmotic potential in the stem during the 2015 and 2016 
dry season (Figure 5-5c). The decline of the osmotic potential in the leaf buds in turn resulted 
in the net inflow of water to the leaf buds and the increase of daily maximum leaf bud turgor 
pressure in the early dry season (Figure 5-5b). However, during the 2015-2016 drought, the 
temporary loss of turgor in the leaf buds (Figure 5-5a), resulted in reduced leaf flushing and 
consequently the accumulation of sugars in the leaf buds (Figure 5-5b). 

5.3.3. Seasonal dynamics in leaf and stem growth
The loading of sugars into the xylem and leaf buds in periods of increasing daily insolation 
(Figure 5-5c) resulted in a pronounced seasonality of starch storage and stem and canopy 
productivity (Figure 5-6). In both 2015 and 2016, starch storage declined (Figure 5-6a) and 
leaf fall increased before the onset of the dry season (Figure 5-6b) as the average leaf age in 
the canopy approached 365 days (Figure 5-6c). The peak in modelled leaf fall is immediate-
ly followed by leaf flushing in the early dry season, resulting in an initial decline which is 
followed by a progressive increase of starch storage and leaf area in the dry season (Figure 
5-6a & 5-6c). Furthermore, the shedding of old and flushing of new leaves results in a sharp 
decline of modelled leaf age in the early dry season (Figure 5-6c). The loading of sugars from 
the phloem into the xylem in the lower stem segments, in combination with a temporary loss 
of leaf area, results in the increase of the osmotic potential and consequently a decline of 
phloem turgor pressure in the lower stem segments (Figure 5-5a & 5-5c). This in turn con-
tributes to a dry season decline of modelled stem growth (Figure 5-6d).
 Anomalously dry soil conditions during the 2015-2016 drought caused a clear re-
duction of stem water storage (Figure 5-6a) and more than four months of significantly re-
duced stem growth during the 2015 dry season (Figure 5-6d). The period of reduced stem 
growth covered only about two months in the more regular dry season of 2016 (Figure 5-6d). 
Also leaf growth in the early dry season of 2015 was negatively impacted by the reduced leaf 
bud turgor pressure compared to the dry season of 2016 (Figure 5-5a & 5-6d). However, as 
sugars in the leaf buds accumulated during the 2015 drought, short pulses of leaf flushing oc-
curred in periods when soil matric potential temporarily increased (Figure A5-1, Figure 5-6b 
& 5-6d). Therefore, the period of modelled leaf flushing was significantly extended into the 
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Figure 5 5 Seasonal changes in phloem and leaf bud turgor and osmotic potential, xylem and leaf bud 

sugar loading and daily insolation. The typical dry season period for the K34 site ranging from mid-

July to November, sensu Araújo et al. (2002), is indicated in grey.
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final months of the 2015-2016 drought (Figure 5-6b & 5-6d). The temporary decline in stem 
phloem turgor pressure and stem water storage during the 2015 drought also caused a decline 
in stem girth, which was accurately captured by the model (Figure 5-7). Both measured and 
modelled stem girth increase due to stem secondary growth resumed in October 2016 but was 
frequently interrupted by dry conditions until February 2016 (Figure 5-7). The model was 
also able to capture the magnitude of diameter increase due to stem secondary growth after 
the 2015-2016 drought (Figure 5-7).

Leaf phenology also results in the progressive decline of leaf area and leaf photosynthetic 
capacity (e.g. ) with increasing leaf age in the wet season (Figure 5-8a & 5-8b). As 
old leaves are shed and new leaves flush in the early dry season (Figure 5-6b), average leaf 
age declines (Figure 5-6c) and  increases progressively during the dry season (Figure 
5-8b). The temporal trend in modelled leaf area and specifically in  are similar to the 
satellite derived MODIS enhanced vegetation index (EVI) (Figure 5-8c). The EVI is posi-
tively linearly related to both the total modelled leaf area (R2 = 0.12, p < 0.001) and the mod-
elled  (R2 = 0.21, p < 0.001). These results suggest that the model is to some extent 
capable of reproducing the temporal trends in leaf area and photosynthetic capacity that are 
observed with satellite remote sensing.
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Figure 5 7 Measured and modelled stem diameter changes since the start of diameter measurements on 

the first of August 2015. 



172 Chapter 5 

100

150

200

250

2015-01 2015-07 2016-01 2016-07 2017-01

Tr
ee

 le
af

 a
re

a 
(m

2 )

a

50

60

2015-01 2015-07 2016-01 2016-07 2017-01

V
cm

ax
 (µ

m
ol

 m
-2
 s-1

)

b

0.45

0.50

0.55

0.60

2015-01 2015-07 2016-01 2016-07 2017-01

En
ha

nc
ed

 v
eg

et
at

io
n 

in
de

x

c

Figure 5 8 Modelled tree leaf area (a) and maximum velocity of carboxylation (Vc,max ) (b), and MODIS 

derived enhanced vegetation index (c). The typical dry season period for the K34 site ranging from 

mid-July to November, sensu Araújo et al. (2002), is indicated in grey.



173Amazon forest green-up following drought can be explained by delayed leaf flushing caused by turgor loss

5.4. Discussion

5.4.1. Water shifting and tropical tree phenology
Dry season leaf flushing and enhanced leaf flushing preceding and following episodic 
drought have been widely observed across neotropical rainforests, including in the Ama-
zon basin (e.g. Gonçalves et al., 2020; Huete et al., 2006; Saleska et al., 2007; Wright and 
van Schaik, 1994; Wu et al., 2016). It is generally established that dry season leaf flushing 
in humid tropical forests is a consequence of tree phenology being synchronised to daily 
insolation (Albert et al., 2018; Borchert et al., 2015; Wu et al., 2016). In the Amazon basin, 
located largely in the southern hemisphere, major leaf flushing is timed following the aus-
tral winter solstice (June – August) when daily insolation is rapidly increasing (Borchert et 
al., 2015). This results in trees with a fully rejuvenated canopy in the following period with 
high daily insolation (Albert et al., 2018). Successful modelling attempts have been made to 
simulate leaf phenology in the Amazon basin using daily insolation, leaf age demography 
and prescribed leaf area changes (Chen et al., 2020b; Manoli et al., 2018; De Weirdt et al., 
2012). However, to our knowledge, this study is the first attempt to provide a physiological 
basis for dry season leaf flushing in the Amazon basin by mechanistically linking water and 
carbohydrate status to tree growth.
 In this study, water shifting (sensu Borchert, 1994c; Braun, 1984) was simulated as 
the loading of sugars into the xylem in the lower segments of the modelled tree, the transport 
of these sugars in the transpiration stream and the unloading in the top segments representing 
the tree canopy. The loading of sugars into the xylem and into the modelled leaf buds was 
made dependent on the local phloem sugar concentration and the rate of daily insolation 
increase (Equation 30, Figure 5-5d). This resulted in a temporary decline/increase of the 
phloem osmotic potential in the upper/lower segments of the modelled tree in periods of 
increasing daily insolation (Figure 5-5c). Modelled bud break occurred after the bud turgor 
pressure reached the yield threshold, after which leaf flushing occurred in July and August, 
in agreement with local phenological observations (Aleixo, 2019; Alencar, 1990; Alencar et 
al., 1979; Borchert et al., 2015).
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5.4.2. Drought effects on modelled leaf flushing and stem growth
Despite the modelled leaf buds being actively loaded with sugars from the phloem during 
the driest periods of the 2015-2016 drought, increasing the osmotic potential of the leaf buds 
(Figure 5-5c & 5d), a drought induced reduction of turgor pressure in the leaf buds prevented 
leaf flushing during these dry periods (Figure 5-5b & 5-6a). This resulted in a higher osmotic 
potential in the leaf buds and, when turgor pressure increased again, in excessive leaf flushing 
in the first months of 2016. These findings are in agreement with in situ and satellite obser-
vations of increased leaf flushing directly following the 2015-2016 drought in the central 
Amazon (Gonçalves et al., 2020; Yang et al., 2018a) and generally with increased canopy 
production following major droughts in the Amazon basin (Doughty et al., 2015a; Janssen 
et al., 2021). Indeed, leaf rejuvenation after the 2015 drought resulted in a young modelled 
canopy with a high photosynthetic capacity ( ) in the early wet season of 2016, which 
seems to have been captured by the MODIS sensor as an increase of the enhanced vegetation 
index (Figure 5-8). 
 Gonçalves et al. (2020) suggested that the second leaf flush following drought was 
the result of a replacement of older leaves that were physiologically damaged due to heat 
stress or dehydration experienced during the drought. This might well be a factor involved 
in the observed second leaf flush following drought but the modelling results suggest that 
simply the loss of turgor pressure in the canopy terminal branches and apical meristems in the 
canopy in combination with a high sugar concentration resulting from a supressed leaf flush 
early in the drought can already induce post-drought leaf flushing. While in situ observations 
of leaf osmotic potential or tissue sugar status during drought in the Amazon are extremely 
rare, the few studies that have measured the development of non-structural carbohydrate 
concentration over time seem to agree with our modelling results. Generally, soluble sugars 
have been found to accumulate in terminal branches and leaves in the canopy during drought 
(Brum et al., 2021; Würth et al., 2005). More experimental evidence is certainly needed to 
elucidate the phenomenon of post-drought leaf flushing.
 During the 2015 drought, declines in modelled stem turgor and stem water stor-
age also reduced growth in the lower model segments, representing the stem. Stem growth 
declined or even completely halted during the 2015 drought as stem turgor declined below 
the yield threshold, set at 0.9 MPa (Figure 5-5a & 5-6d). Cell turgor loss in the vascular 
cambium of the stem can directly limit cell division and tissue formation in the cambium 
(Körner, 2013; Krepkowski et al., 2011; Muller et al., 2011). Furthermore, water loss can also 
result in elastic declines in stem girth and therefore in apparent loss in stem growth (Reich 
and Borchert, 1982; Stahl et al., 2010). The model results show that both a turgor induced 
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decline of stem growth and stem girth, as well as a decline in stem girth because of water 
withdrawal from storage contributed to reductions in stem growth and stem girth during the 
2015 drought (Figure 5-6a & 5-7). The changes in stem diameter also closely resembled the 
in situ measured changes in stem diameter (Figure 5-7). Furthermore, the modelled declines 
in stem growth in the regular 2016 dry season and the even more so during the 2015 drought 
are in line with local observations of reduced stem growth during drought in the Amazon 
basin (Feldpausch et al., 2016; Janssen et al., 2021; Rifai et al., 2018).
 Turgor collapse has also been coined as a possible important cause of tree mortal-
ity during drought by preventing access to sufficient carbohydrate reserves (Sevanto, 2014; 
Sevanto et al., 2014). Furthermore, the refilling of xylem vessels after cavitation will likely 
be hampered when tissues are locally depleted from sugars, as it is hypothesized and shown 
that the refilling of embolized vessels is dependent on the local availability of sugars (Nardini 
et al., 2011; Tomasella et al., 2017). It has been shown that mortality resulting from phloem 
turgor collapse can even occur without the depletion of NSCs in the tree (Sevanto et al., 
2014). This is in agreement with observations in the Amazon basin that there was no ob-
servable decline in NSCs before death in severely droughted trees (Rowland et al., 2015b). 
Furthermore, sugar accumulation in the canopy and simultaneous turgor collapse can explain 
the counterintuitive finding that areas in the Amazon basin that showed the strongest canopy 
green-up response to the 2005 drought also experienced the highest tree mortality rates (An-
derson et al., 2010). These results suggest that post-drought leaf flushing, drought induced 
canopy sugar accumulation, turgor collapse and tree mortality might be mechanistically 
linked and could provide an explanation for the counterintuitive canopy green-up in response 
to drought observed in the Amazon forest. Understanding the mechanisms and drivers under-
lying observed drought responses of stem and canopy growth is of critical importance for our 
ability to assess the future carbon sink strength and the existence of the Amazon forest.
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Figure A5-1 Climate and soil data for the studied time period at the K34 site in the central Amazon. In 
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Chapter 6

Summary and synthesis

In this thesis, the different leaf, tree and ecosystem scale responses to drought in the Amazon 
basin have been investigated, with a focus on their effects on the carbon and water cycle. In 
this concluding chapter, the different studies are summarized and synthesized in chronological 
order. 

6  
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6.1. Can we explain the variability in observed drought responses?
In the second chapter, a novel dataset containing published results of Amazon forest drought 
responses was created and analysed using standardized meta-analytic statistics. This me-
ta-analysis enabled the synthesis of historical observations and the identification of general 
trends in leaf, tree and ecosystem scale responses to recurring seasonal and anomalous ep-
isodic drought. This chapter concludes that the observed leaf-scale responses to episodic 
drought are in essence a continuation of the responses observed during seasonal drought: a 
decline in leaf water potential, stomatal conductance and photosynthesis. Furthermore, the 
analysis suggests that the observed dry season decline in stem growth and increases of leaf 
flushing and litter fall are unrelated to water stress. Rather, the seasonal oscillation of growth 
allocation between stem and canopy are likely driven by tree phenology, which in most tree 
species is synchronised to maximum daily insolation in the dry season.
 Drought responses related to stomatal and hydraulic conductance, transpiration and 
photosynthesis are adequately captured by our approach because these responses occur on 
relatively short time-scales of hours and weeks with the opening and closure of leaf stomates, 
the occurrence of xylem embolism and the shedding of old and flushing of new leaves. How-
ever, tree and ecosystem scale responses related to productivity and respiration depend also, 
among others, on the tree carbohydrate status, the decomposition of woody debris, leaf litter 
and soil organic matter, and tree demographic factors (e.g. recruitment, mortality) which 
operate on seasonal to multi-annual timescales. These long-term and lagged responses to 
drought were not captured by our approach and require a different methodology to identify, 
quantify and disentangle. 
 Our study also showed that wood density, via its direct relationship with sapwood 
capacitance, acts as a good proxy of hydraulic behaviour and largely explains the magni-
tude of stomatal and transpiration responses to seasonal and episodic drought. Compared 
to high wood density trees, trees with a relatively low wood density are characterised by 
high xylem water storage and hydraulic conductance, and show high stomatal conductance, 
leaf-area specific photosynthesis and transpiration rates in relatively humid conditions. How-
ever, when atmospheric vapour pressure deficit (VPD) increases during drought, the low 
wood density trees show a relatively strong decline in stomatal conductance, transpiration 
and photosynthesis while high wood density trees sometimes show virtually no response to 
increasing VPD. 
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This difference in hydraulic behaviour can also be related to differences in life-history strat-
egy between high and low wood density tree species. Low wood density species are fast 
growing pioneer trees that occupy canopy gaps. Canopy gaps can experience rapidly chang-
ing microclimatic conditions in which high photosynthesis rates and strong stomatal control 
on transpiration are desired traits. On the other hand, high wood density tree species are often 
slow growing late-stage trees with very tough wood that can survive in the deeply shaded 
understory. In the understory, air humidity is relatively high and constant over time so it can 
be desirable to keep a low but constant stomatal conductance to maintain photosynthesis in 
short periods of elevated light conditions (i.e. sun flecks).
 In this chapter, we conclude that from the plant hydraulic viewpoint, low wood den-
sity trees can be considered drought avoiders and high wood density trees are drought toler-
ant. Drought avoiders are characterised by relatively high leaf water potential, high sapwood 
capacitance and strong stomatal control on transpiration whereas drought tolerating trees 
can tolerate relatively low leaf and xylem water potentials and show virtually no stomatal 
control on transpiration. Whether this conclusion holds for all neotropical tree species was 
the question that fuelled the next study about the drivers of drought sensitivity in neotropical 
tree species (Chapter 3).

6.2. What makes a tree sensitive to drought?
Wood density is an easily interpretable and widely available and used plant trait, often used to 
characterise a tree’s life history strategy (pioneer versus late-stage) and hydraulic behaviour. 
In chapter 2, we used wood density as a proxy of hydraulic behaviour and found surprisingly 
strong correlations between study-averaged wood density and study-averaged leaf and tree 
scale responses to drought. However, wood density is often not functionally related to the 
specific hydraulic properties (hydraulic conductance, capacitance and embolism resistance) 
that are actually driving hydraulic behaviour. Furthermore, the expected positive relationship 
between wood density and embolism resistance has been shown to be ambiguous and weak 
in humid neotropical tree communities (e.g. Powell et al., 2017; Santiago et al., 2018). There-
fore, in chapter 3 we moved beyond wood density as a driver of hydraulic behaviour and in-
vestigated the underlying xylem anatomical traits and properties that are driving the apparent 
relationships between wood density and measures of hydraulic safety and efficiency. 
 In the third chapter, a second extensive dataset and meta-analysis of previously pub-
lished results was presented. This second dataset contained xylem traits, hydraulic properties 
and measures of hydraulic safety and efficiency across neotropical tree species. In contrast 
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to the previous study, where drought responses were averaged by study, in this meta-analysis 
the variables of interest were averaged by tree species and genus to unravel the variability 
between taxa and not the variability between studies. Our meta-analysis showed that xylem 
volume allocation to fibers, parenchyma and vessels are important drivers of hydraulic safety 
and efficiency that are often overlooked in hydraulic and life-history studies in the tropics. 
One reason for the lack of previous recognition of xylem volume allocation as a key driver of 
plant hydraulic behavior in neotropical tree species, appears that the two fields of study, wood 
anatomy and plant hydraulics, have not been well connected. As our meta-analysis combined 
published results from both wood anatomical and plant hydraulic studies, we showed for the 
first time the important functional relationships between xylem volume allocation and other 
tissue level traits and hydraulic properties in neotropical tree species.
 The xylem sapwood of Angiosperm trees is generally divided into four fractions: 
fiber, vessel, axial parenchyma and ray parenchyma tissue. Traditionally, the main function 
of fiber cells is considered to be the provision of mechanical strength and support while the 
function of vessels is the transport of water through the xylem. Axial and ray parenchyma, 
in contrast to vessel and fiber tissue, consist of living cells that are used for the storage and 
transport of non-structural carbohydrates in the xylem. In addition to these functions, our 
meta-analysis suggests that there are also direct hydraulic functions of the different tissue 
types. First, the analysis shows that xylem volume allocated to fiber walls increases with 
increasing embolism resistance, suggesting that thick fiber walls help to resists very low ten-
sion in the xylem vessels. Secondly, xylem volume investment in fiber lumen increases sap-
wood capacitance, thereby buffering the daily decline in xylem water potential and benefiting 
drought avoidance. Thirdly, xylem volume investment in axial parenchyma is associated with 
higher specific hydraulic conductivity but not sapwood capacitance. As the four fractions of 
different tissue types always need to add up to one, there exist strong packing space related 
trade-offs between the different tissue types that are closely related to life-history strategies 
and hydraulic behavior. 
 The results of this meta-analysis also offer an explanation for the often weak corre-
lations between wood density and embolism resistance such as observed in many neotropical 
tree communities of humid forests (e.g. Powell et al., 2017; Santiago et al., 2018). With in-
creasing wood density some taxa invest this additional wood mass into fiber walls resulting in 
the increase of embolism resistance while other taxa invest wood mass into axial parenchyma 
tissue that does not benefit embolism resistance. The strategy of prioritizing investment of 
wood mass and volume into axial parenchyma over fiber walls likely benefits survival in 
always wet and shady tropical forests, possibly by increasing the storage of non-structural 
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carbohydrates. However, prioritizing xylem volume and mass allocation to axial parenchyma 
results in the increase of wood density and consequently a decline in sapwood capacitance 
without assuring a simultaneous increase in xylem embolism resistance. In other words, this 
strategy results in a decline of drought avoidance capabilities without the increase of drought 
resistance. Our study shows that many dominant tree taxa of wet forests, representing a 
majority of the trees and the largest share of standing biomass in the Amazon basin, have 
adopted this evolutionary strategy, resulting in a low embolism resistance for a given wood 
density and a high vulnerability to drought-induced mortality. We can conclude that from the 
wood anatomical perspective, a significant majority of Amazon tree taxa are very sensitive to 
drought-induced mortality, which poses a threat for the survival of these sensitive tree species 
and the existence of the forest itself.

6.3. How does tree growth respond to drought in the Amazon 
forest?
The fourth chapter is built upon the general drought responses presented in chapter 2 and 
focused specifically on the responses of above-ground growth to historical episodic droughts 
in the Amazon basin. The principle aim of this study was to predict how leaf litterfall, leaf 
flushing and stem growth change in response to drought across the Amazon basin, there-
by reconciling ground-based measurements of stem growth and leaf litterfall with remote 
sensing data. To achieve this aim, we developed a novel dataset of published results of stem 
growth and leaf litterfall observations from inventory plots across the Amazon forest and oth-
er Neotropical ecosystems. Two XGBoost machine learning models were used to upscale the 
monthly stem growth and litterfall rates across the Neotropics. The models utilized a variety 
of climatological variables and other geospatial datasets, including terrain, soil and vegeta-
tion properties, as explanatory variables to provide predictions of monthly leaf litterfall and 
stem growth from 1982 to 2019 on a 0.1º rectangular grid. To my knowledge, this study was 
the first attempt to upscale plot inventory measurements of tree growth on this high spatial 
and temporal resolution and for such a long time period.
 The modelled time series allowed to investigate the spatial and temporal trends of 
leaf litterfall and stem growth across the Neotropical ecosystems. First, the results showed 
that the range of predicted leaf litterfall (0.8 ~ 5.9 Mg C ha-1 year-1) across the Neotropics 
was almost two times as large as the range of predicted stem growth (1.0 ~ 3.6 Mg C ha-1 
year-1), which also implies that the spatial variability in leaf litterfall rates largely drive the 
spatial variability in above-ground net primary production (ANPP). The most productive 
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ecosystems, showing the highest rates in predicted leaf litterfall and stem growth, were found 
in intact Amazon forest, along the Pacific coast of Colombia and in Central America. Further-
more, the predicted stem growth and leaf litterfall data indicated that in areas that showed a 
relatively low ANPP, for example in the Cerrado region and the Andes, the contribution of 
stem growth to ANPP is relatively large (> 0.45). In contrast, in areas where ANPP is rela-
tively high, the contribution of stem growth to ANPP is relatively low (< 0.45). These results 
suggest that as productivity increases, an increasingly larger proportion of growth is allocated 
to the production of leaves. 
 The predicted leaf litterfall, leaf flushing and stem growth data also enabled looking 
back at changes in estimated growth that occurred in response to historical droughts in the 
Amazon basin, such as in 2005 and 2015. During the most recent and more severe drought 
in 2015, the results indicate that stem growth widely declined while leaf litterfall increased 
across the drought affected Amazon forest. Furthermore, the more humid regions in the Am-
azon basin such as the central Amazon showed enhanced leaf flushing at the onset and end of 
the 2015 drought, which overlapped with areas that experienced canopy greening as shown 
by the MODIS enhanced vegetation index (EVI). In contrast to the EVI, the satellite derived 
sun-induced fluorescence and vegetation optical depth (VOD) were widely and consistently 
reduced in these same areas during the 2015 drought. This study therefore concluded that the 
observed canopy greening in response to drought in the Amazon basin might be the result of 
enhanced leaf flushing at the onset of drought, resulting in a green canopy during the drought. 
Furthermore, stomatal downregulation might have resulted in reduced canopy photosynthe-
sis during drought despite a greener canopy while a decline in VOD likely indicates a decline 
in vegetation water content which is also likely driving the decline in tree stem growth. 
These results suggest that the EVI is not a good proxy of forest productivity or health during 
drought in tropical humid forests as green up might be visible while trees are severely water 
stressed and photosynthesis is downregulated.      
 The long-term model estimates pointed to a decline of stem growth and a simul-
taneous increase in leaf litterfall in the Amazon basin since 1982. These trends were close-
ly related with climate trends, most notably with the steady decline in top-soil volumetric 
moisture content and the increase of air temperature and VPD. As the climate of the Amazon 
basin warmed up and simultaneously became drier, our study indicates that growth alloca-
tion to woody stem tissue with a relatively long residence time declined while leaf litterfall 
increased. From our study we could not conclude whether the observed long-term increase 
in leaf litterfall was compensated for of offset by increased leaf flushing, so that canopy leaf 
area on average stayed the same or increased, or that the observed increase in leaf litterfall 
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actually reduced the overall canopy leaf area in the Amazon. Because canopy leaf area is 
notoriously difficult to accurately measure in the field and with satellite remote sensing, fu-
ture modelling studies could potentially use our model outputs as benchmark datasets and 
provide more insights into the historical changes in growth allocation and canopy leaf area 
that occurred in the Amazon basin. If indeed the increased leaf litterfall was not compensated 
for by increased leaf flushing, the decline in the Amazon carbon sink strength has potentially 
been underestimated in previous studies (e.g. Brienen et al., 2015). Taking into account the 
observed increase in tree mortality in permanent inventory plots across the Amazon (Brienen 
et al., 2015; Hubau et al., 2020) and with the projected further drying and warming of the 
Amazonian climate in the future, intact Amazonian forest will likely turn from a net sink of 
carbon into a net source in the coming century.

6.4. Can we physiologically explain canopy green up during 
drought?
In the fifth chapter, we aimed to explain the physiological mechanisms that contributed to the 
observed dry season leaf flushing and Amazon canopy green up following episodic drought 
reported in the previous chapters and in other studies. First, we reviewed the possible physi-
ological mechanisms that are underlying stem growth and leaf flushing responses to seasonal 
and episodic drought. This review concluded that dry season leaf flushing and simultaneous 
decline in stem growth can be explained by osmotic adjustment and water shifting from the 
stem to the canopy when daily insolation increases. Osmotic adjustment in the canopy causes 
an increase in cell water content and turgor pressure, inducing bud break. It is hypothesized 
that leaf renewal occurs as daily insolation increases so that the canopy is fully rejuvenated 
and attains its highest photosynthetic capacity when daily insolation reaches its zenith.
 Subsequently, I modelled these processes in a three dimensional model of a sin-
gle tree growing in the central Amazon using an existing model framework while also in-
cluding several new processes. Two key processes that were included are the loading of 
carbohydrates into the xylem to be transported upward to the canopy and the loading of 
carbohydrates into the modelled leaf buds. Also stem diameter changes were simulated as a 
function of elastic changes, originating from tension and pressure changes in the xylem and 
phloem, and plastic changes as a result of secondary growth. The modelled stem diameter 
changes were compared to in situ observations of stem diameter from a previous study. We 
used adapted parameters and local meteorological data from the K34 flux tower site in the 
central Amazon to force the model. Two consecutive years (2015-2016) were modelled on a 
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10-minute temporal resolution. This period overlapped with a severe drought that occurred 
in the dry season of 2015 and early wet season of 2016 in this region, which was described in 
the previous chapter.  
 The modelled loading of leaf buds when daily insolation increased, resulted in a 
high turgor pressure in the leaf buds in the dry season, which was sufficient to induce subse-
quent leaf flushing. Contrastingly, the temporary loss of leaf area in the early dry season, as a 
result of the shedding of older leaves, and the loading of sugars into the xylem stream up to 
the canopy resulted in decline of tree stem growth in the late wet season and early dry season. 
The modelled seasonal trend in leaf photosynthetic capacity was also found to closely follow 
the seasonal trend from remotely sensed MODIS enhanced vegetation index, suggesting that 
dry season green up visible in satellite observations could be accurately captured by the mod-
el.
 In response to the extreme drought of 2015-2016, modelled leaf flushing and stem 
growth were temporary impaired by drought-induced turgor loss. As turgor loss prevented 
leaf flushing, reduced sugar utilization and the maintained upward transport of sugars re-
sulted in the build-up of sugars in the canopy. During short periods of rainfall, leaf flushing 
resumed, resulting in a delayed canopy leaf renewal and a relatively young and therefore 
green canopy following the drought. These results confirmed local observations of ecosys-
tem productivity and stem diameter changes and remotely sensed vegetation indices. In this 
chapter we therefore propose the hypothesis that Amazon canopy green up following drought 
can be explained by temporary turgor loss and the build-up of carbohydrates in the canopy, 
which contribute to delayed leaf flushing.
 

6.5. General conclusions, recommendations and outlook
In this thesis, I have created and analysed three new datasets, providing information about 
leaf, tree and ecosystem responses to drought (Chapter 2), wood properties and traits in rela-
tion to drought sensitivity (Chapter 3) and above-ground growth responses to drought (Chap-
ter 4 & 5) in the Amazon forest. Despite that no new data was added to the existing literature, 
I believe that the various presented analyses using previously published data have merit and 
contribute to the understanding of complex drought responses in humid neotropical forests.
In the first study (Chapter 2), the direction and magnitude of direct drought-induced changes 
in various performance metrics (e.g. leaf transpiration, photosynthesis) were assessed using 
a standardized methodology. The results from this meta-analysis can assist the benchmark-
ing of ecosystem and land surface models by providing a general response direction and a 
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magnitude that can be expected across the Amazon basin. Despite the tremendous variability 
among sites and tree species in the Amazon, there are still some general drought respons-
es that can be identified, which in turn increase our understanding of how these ecosys-
tems overall respond to seasonal and episodic drought. Furthermore, this first study offers 
an explanation for the large variability in the drought responses observed in the literature, 
namely that hydraulic behaviour of the species measured in a particular study is driving the 
magnitude and direction of some leaf- and tree-scale responses. This result can inform the 
parametrization and development of new ecosystem and land surface models, using wood 
density as a rough proxy of hydraulic behaviour (Christoffersen et al., 2016; Powell et al., 
2018; Sakschewski et al., 2016). Furthermore, based on the findings in this study, I would 
recommend that future field studies measuring leaf gas-exchange rates, above-ground growth 
and phenology of tropical trees always take into account the differences in hydraulic behav-
iour between trees and preferably also measure hydraulic conductivity, sapwood capacitance 
and resistance to embolism. Next to increasing the number of measurements, more advanced 
meta-analytic statistics or other novel methods would be much welcome to fully capture the 
long-term and short-term responses to drought in the Amazon forest on different levels of 
biological organisation (tissue, organ, individual, population, community, ecosystem).
 In the second study (Chapter 3), I aimed to (re)connect two fields of study that have 
been relatively separated in the past decades, especially in tropical ecosystems, namely wood 
anatomy and plant hydraulic behaviour. By combining published measurements of wood 
traits and wood volume allocation to different tissues with measurements of plant hydraulic 
properties, I confirmed previously reported relationships found in other ecosystems as well 
as completely new relationships. For example, the positive relationship between fiber wall 
fraction and embolism resistance and the positive relationship between fiber lumen fraction 
and sapwood capacitance have been previously reported in Mediterranean climate shrub eco-
systems (Jacobsen et al., 2005, 2009; Pratt et al., 2007) but never in the tropics. Furthermore, 
to my knowledge, the positive relationship between measured sapwood-area specific hydrau-
lic conductivity and xylem axial parenchyma fraction has not been described previously. 
Whether this finding actually represents a causal relationship or merely a correlation between 
two unrelated properties remains uncertain. The data, relationships and hypotheses presented 
in this second study can inform future field campaigns and improve the development and 
parametrization of ecosystem and land surface models.  
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Plant hydraulic functioning and tree sensitivity to drought are a hot topics, especially in the 
Amazon forest and other neotropical forest (Bretfeld et al., 2018; Brum et al., 2019; Es-
quivel-Muelbert et al., 2019; Fontes et al., 2018; Rowland et al., 2015a). However, it would 
greatly benefit progress in these fields if more wood anatomical measurements were made 
in conjunction with plant hydraulic measurements. Furthermore, during this second study I 
noticed that it is often assumed in the literature that when a tree is not avoiding drought (e.g. 
through progressive stomatal closure) it has to be drought tolerant. However, this is not con-
firmed by our analyses. Many dominant tree species in the Amazon show both a low resist-
ance to embolism as well as a low drought avoidance, presumably because these taxa spend 
most of their evolutionary history in permanently wet environments. Future warming and 
drying of the Amazonian climate might pose a serious threat to the survival of these taxa as 
demographic shifts are already becoming visible (Esquivel-Muelbert et al., 2019). Enhanced 
drought-induced mortality of drought sensitive but dominant tree taxa might further reduce 
the Amazon carbon sink strength or even result in a shift to a carbon source to the atmosphere 
in the future (Brienen et al., 2015; Esquivel-Muelbert et al., 2017a; Feldpausch et al., 2016; 
Hubau et al., 2020). It would be a great challenge for future research to incorporate wood 
anatomical properties and their relationships with plant hydraulic architecture in ecosystem 
and land surface models. These models could then be used to more accurately estimate com-
positional and demographic shifts as well as the future carbon budget of the Amazon forest. 
 In the final two chapters (Chapter 4 and 5), I investigated above-ground growth 
responses to drought and focused on elucidating the canopy green-up response to drought 
observed in satellite imagery. The analyses found one general response to drought that seem 
to occur during every drought, namely that leaf litterfall is significantly elevated during 
drought. While this response has been previously described (e.g. Detto et al., 2018; Thom-
as, 1999), this study for the first time shows that the drought-induced increase in leaf fall is 
widespread across the neotropics and that it represents a significant carbon flux. The response 
of stem growth and leaf flushing were found to be less straightforward and were not consist-
ently observed during every drought. I assume that this has to do with the length, severity and 
timing of the drought which deserve to be examined in future research. The gridded above-
ground growth estimates presented in this study can easily be used to benchmark ecosystem 
and land surface models and to identify data scares regions in the Neotropics. Increasing data 
availability and promoting long-term monitoring of monthly leaf litterfall, leaf flushing and 
stem growth is essential for reducing the uncertainties in the upscaled estimates and improve 
the usability of these estimates in benchmarking models and identifying regional trends.  
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The analyses presented in this thesis largely confirm the observed canopy green-up during 
and following drought in the Amazon forest (Gonçalves et al., 2020; Saleska et al., 2007). 
However, I also found that green-up does not occur during every drought and not every-
where. Generally, green-up was found during droughts that occurred in the second half of the 
year (July-December) which is in the dry season in the eastern and central Amazon (Som-
broek, 2001). Furthermore, when the drought was timed in the dry season, green-up was 
only found to occur in regions experiencing a regular short (<3 months) dry season. These 
results suggest that green-up only occurs when a drought is timed in the season of leaf-ex-
change, so synchronous to the general phenology of trees, and only in areas that are regularly 
humid. The model results presented in Chapter 5 offer a physiological explanation for the 
observed green-up after drought, namely that turgor loss in the canopy during drought limits 
leaf flushing and results in the buildup of carbohydrates in the canopy. When trees rehydrate, 
the turgor pressure increases and leaves are flushed directly following a drought, which is 
observed as enhanced leaf flushing. Therefore, green-up following drought can be considered 
a drought-induced stress reaction, which also agrees with the positive relationship between 
green-up and tree mortality that was previously observed (Anderson et al., 2010). The ob-
servation that green-up does not occur despite drought stress but because of drought stress 
should change the way in which we tend to interpret remotely sensed vegetation indices. It 
appears that in neotropical humid forests, vegetation greenness is not synonymous to veg-
etation health and green-up is not a sign that the forest trees are healthy and thriving. The 
analysis of data from not one but multiple remote sensing sensors and products, utilizing dif-
ferent spectra of electromagnetic radiation, should improve our understanding of vegetation 
responses to drought and paint a more nuanced picture.
 Overall, this thesis shows that the analysis of new datasets consisting of existing 
data and improved model representations can significantly improve our understanding of 
leaf, tree and ecosystem scale responses to drought in the Amazon forest. While I offer some 
first attempts to systematically analyse drought responses, to link wood anatomy to tree hy-
draulic architecture and drought sensitivity, and to upscale and model above-ground growth 
responses to drought in the Amazon, shortcomings and major uncertainties clearly remain. 
New field campaigns, improved data sharing, novel remote sensing products and new experi-
mental work on the processes examined in this thesis could greatly benefit our understanding 
of drought responses in the Amazon and help to closely monitor the expected response of 
Amazon forest functioning to climate change.          
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