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Summary

Trees use nonstructural carbon (NSC) to run their metabolism. They absorb carbon
through photosynthesis and store it as NSC. Storage of nonstructural carbon (NSC)
in different organs buffer metabolic demands when photosynthesis is limited, which
helps trees to cope with these stressful conditions. These conditions are recurrent
throughout trees lifetime and they can reduce photosynthesis. These stressful con-
ditions are increasing with climate change, which impose risks of widespread loss
of trees and ecosystem functions around the world. Therefore, it is essential to un-
derstand how the storage of NSC in trees contributes to trees’ survival to stressful
conditions.

Nevertheless, for tropical trees it is unknown how they would respond to an in-
crease in stressful conditions and how storage of NSC would contribute to tree sur-
vival and resilience. For instance, NSC storage capacity and its spatial distribution
in wood may be related with the accessibility and cycling of this carbon reserves, they
may impact the time that carbon resides in trees and they may vary between tropi-
cal trees with different functional traits. To test this assumption, here we wanted to
evaluate the storage capacity, and the spatial and temporal distribution of NSC in
tropical trees from a seasonally dry forest in the Amazon in relation to their wood
anatomical traits, leaf habit (evergreen and semi deciduous) and life history traits
(growth and mortality rates).

This dissertation addresses the following question: what are the principal factors
that influence the dynamics of allocation and use of NSC storage in the stem wood
of some tropical tree species, and how to model these NSC dynamics in order to
predict NSC ages and transit times under stressful conditions. These questions were
addressed within the three main chapters of this thesis, which are described below.

The first main chapter (Chapter 2) focuses on identifying the wood anatomical
features that determine the dynamics of NSC and the quantity of starch content in
tropical trees with contrasting life history traits and leaf habit. NSC content and
distribution in woody organs may play an important role in the NSC dynamics in
adult trees, and they may be determined by the physical constraints imposed by
wood anatomical traits.

In this chapter we presented a histological method, based on starch staining using
Lugol’s iodine directly on wood, to quantify the starch distribution, identify the
wood structures associated with starch storage and relate them with life history
traits such as growth and mortality rates.

With this method we identified two main storage strategies between the evaluated
trees. Trees that store starch only in parenchyma cells and trees that store starch in
living fibers. These wood anatomical traits had implications for the amount of starch
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Summary

that trees store. Thus, fiber storing species had generally higher NSC concentrations
and more disperse starch in wood than parenchyma storing species. Additionally,
these storage strategies were related to growth and mortality, reflecting a possible
connection with the fast-slow plant economic spectrum: fiber storing species grow
slower and had lower mortality rates than parenchyma storing species. We also
identified species with lipid storage (neutral lipids). Lipid storage only happened in
parenchyma cells and was also related to mortality rates, trees that had consistent
lipid storage over the wood had lower mortality rates than trees that did not have
lipid storage.

The second main chapter (Chapter 3) focuses on describing the principal factors
that drive the variability of the NSC content in stem wood and its availability to
support metabolic processes in tropical trees with contrasting wood storage strate-
gies and life history traits in a seasonal basis. Seasonal variations in the NSC content
may reflect changes in the imbalances between carbon sources and sinks, which can
be caused by environmental changes. This seasonal variability of NSC results in
radial movements of NSC in wood, inward toward the pith and outward toward
the phloem.The strength and frequency of these movements may determine the age
composition of the stored carbon.

To better understand this NSC dynamics and its relation to trees storage strategies
and functional traits we measured the seasonal variability of NSC at different wood
depths, the age of the stored NSC and the age of the respired CO2 from wood cores.

NSC concentrations decreased radially towards the pith for all trees evaluated,
and they varied seasonally at all wood depths where NSC was stored. This suggests
that stored carbon may reduce the imbalances between carbon sources and sinks,
acting as carbon source when the carbon assimilation is low. Generally, trees with
NSC storage in living fibers were highly conservative in the use of carbon and stored
NSC for very long periods of time. Nevertheless, carbon in these trees remained
very mobile, which was reflected in the seasonal variation of the NSC content at all
wood depths and the strong outward mixing of NSC during the low productivity
season that resulted in a composition of ages of NSC older than the composition
of ages of the structural carbon where it was stored. Despite this old NSC store
in the wood, we observed that trees mostly respired relatively young NSC (around
5 years old), but there was a contribution of older carbon when trees’ reserves got
slightly reduced. This relationship between age of the stored NSC and the age of
the respired CO2 provided insights about the reliance on NSC storage of the studied
trees.

The third main chapter (Chapter 4) focuses on estimating the mean age and
transit time of the NSC at the whole tree level and its changes under extreme
starvation for trees with contrasting life history traits. The NSC age and mean
transit time (age of the stored NSC and the respired CO2, respectively) reflect the
seasonal activity of NSC in trees, and therefore they give important insights about
NSC dynamics.

Here we used two carbon allocation models obtained from the literature to esti-
mate the age and transit time of the NSC at the whole tree level.
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The model estimates showed that each NSC pool comprises an asymmetrical mix-
ture of carbon of different ages, and that there are big differences in the composition
of carbon ages between different pools and between tree species. Our models sug-
gested that the NSC is generally stored for longer time in the stem wood and coarse
roots. We also observed in the model results that when trees are in healthy condi-
tions they respired younger C than the stored NSC, but this age increases when trees
face starvation and have to use their reserves. We hypothesized that this may be
explained mainly by the stochasticity in the movement of carbon particles between
several NSC pools, the asymmetry in the carbon age composition of the different
pools, and the balance between the input of new assimilates and the usage of NSC
from storage pools. This change in the transit time ws used to estimate the age
of the NSC available and the time it took for the simulated trees to exhaust the
reserves.

These results show how trees with different storage traits are expected to react
differently to starvation, and they also provide a probabilistic explanation for the
”last-in, first-out” pattern of NSC mobilization from well-mixed C pools.

In conclusion, this dissertation highlights the importance of NSC storage for trop-
ical trees and the high diversity of storage strategies between tropical tree species.
Here, I also highlight the importance of quantifying the spatial distribution of NSC
in wood to understand NSC dynamics in trees, which can be linked to different
storage strategies.

Our results suggested that wood traits such as the formation of living fibers are
very determinant in the storage capacity and distribution of NSC in wood, which
affects the NSC dynamics in trees and the timescales at which NSC is cycled. This
ultimately may have an important impact in the survival and resiliences of trees to
stressful conditions. For instances, adult trees that store large amounts of starch in
living fibers such as D. microcarpa and A. rubrum had very conservative strategies
in the use of stored carbon, they stored the carbon for longer periods of time,
grew slower and had lower mortality rates and probably higher resilience to climatic
changes than trees that store starch in parenchyma cells.

These results open the door to new research on storage dynamics of NSC. Par-
ticularly, it opens the possibility to use histological methods in wood anatomy to
quantify and identify storage and distribution not only of starch, but also of other
compounds such as neutral lipids. It also evidence the importance of estimating NSC
ages and transit times using radiocarbon or compartmental models to understand
NSC dynamics in mature trees and their possible resilience to stressful conditions.

Further research in NSC spatial distribution, ages and dynamics using these meth-
ods will improve our understanding about the variation in the imbalances between
carbon sources and sinks in tropical trees and its relationship with the climatic sea-
sonality, and trees’ resilience and survival to climate change or natural disturbances.
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Zusammenfassung

Bäume brauchen Kohlenstoff, um zu wachsen und ihren Stoffwechsel zu betreiben.
Diesen Kohlenstoff nehmen sie durch Photosynthese auf, die allerdings stressbe-
dingt (oder saisonal) reduziert werden kann. Um selbst unter Kohlenstofflimitierung
das Funktionieren des Stoffwechsels und damit das Überleben zu sichern, speichern
Bäume Kohlenstoff in Form von nichtstrukturellem Kohlenstoff (nonstructural car-
bon, NSC) in verschiedenen Organen. NSC ist daher essentiell wichtig für den
weltweiten Erhalt von Wäldern und deren Ok̈osystem-funktionen.

Bisher ist jedoch weitgehend unbekannt, wie insbesondere bei tropischen Bäumen
die Speicherung von NSC zum Überleben und zur Widerstandsfähigkeit beiträgt,
und wie tropische Bäumen auf die Zunahme von Stressbedingungen, beispielsweise
im Zusammenhang mit dem Klimawandel, reagieren. Speziell die baumartenspezifi-
sche NSC-Speicherkapazität und die räumliche Verteilung des NSC im Holz können
die Zugänglichkeit und somit den Kreislauf dieser Kohlenstoffreserven bestimmen
und daher die Zeit beeinflussen, die der Kohlenstoff in den Bäumen verbleibt.

Um diese Annahme zu testen, untersuchten wir die generelle NSC- Speicherkapazi-
tät, sowie die räumliche und zeitliche Verteilung von NSC in tropischen Bäumen aus
einem saisonal trockenen Wald im Amazonasbecken, Brasilien. Unsere Ergebnisse
setzten wir in Bezug zu den jeweiligen holzanatomischen Merkmalen, Blatthabitus
(immergrün und halbsommergrün) und lebensgeschichtliche Merkmalen (Wachstum
und Sterblichkeitsrate).

Grundsätzlich befasst sich diese Dissertation daher mit folgenden Fragen: Wel-
ches sind die Hauptfaktoren, die die Dynamik der Allokation und Nutzung der NSC-
Speicherung im Stammholz spezieller tropischer Baumarten beeinflussen? Wie lässt
sich diese NSC-Dynamiken modellieren, um das Alter und die Transitzeiten des
NSC unter Stressbedingungen zu prognostizieren? Beiden Fragen wurde innerhalb
der drei Hauptkapitel dieser Arbeit nachgegangen, die im Folgenden beschrieben
werden.

Das erste Hauptkapitel (Kapitel 2 der Dissertation) konzentriert sich auf die Iden-
tifizierung der holzanatomischen Merkmale, die die Dynamik des NSC und die Menge
des Stärkegehalts in tropischen Bäumen mit unterschiedlichen lebensgeschichtlichen
Merkmalen und Blatthabitus bestimmen. Insbesondere bei erwachsenen Bäumen
können der NSC-Gehalt und seine Verteilung in den holzigen Organen eine wichtige
Rolle bei der NSC-Dynamik spielen und durch die physikalischen Beschränkungen
bestimmt werden, die durch die anatomischen Merkmale des Holzes auferlegt wer-
den.

In diesem Kapitel stellen wir eine histologische Methode vor, die auf der Stärke-
färbung mit Lugol’schem Jod direkt am Holz basiert, um die Stärkever-teilung zu
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Zusammenfassung

quantifizieren, die mit der Stärkespeicherung verbundenen Holzstrukturen zu iden-
tifizieren und sie mit lebensgeschichtlichen Merkmalen wie Wachstum und Mortali-
tätsrate in Beziehung zu setzen.

Mit dieser Methode konnten wir zwei Hauptspeicherstrategien bei den untersuch-
ten Bäumen identifizieren: Bäume, die Stärke nur in den Parenchymzellen speichern,
und Bäume, die Stärke in lebenden Fasern speichern. Diese holz-anatomischen Merk-
male hatten Auswirkungen auf die Stärkemenge, die die Bäume speichern. So wiesen
in Fasern lagernde Arten generell höhere NSC-Konzentrationen und eine stärkere
Verteilung der Stärke im Holz auf als parenchymspeichernde Arten. Zusätzlich wa-
ren diese Speicherstrategien mit Wachstum und Sterblichkeit verbunden, was einen
Zusammenhang mit der generellen Wachstumsstrategie der Bäume andeutet: Faser-
speichernde Arten wachsen langsamer und hatten eine geringere Sterblichkeitsrate
als parenchym-speichernde Arten. Wir identifizierten außerdem Arten mit Lipid-
speicherung (Neutrale Lipide). Die Lipidspeicherung fand nur in Parenchymzellen
statt und stand ebenfalls im Zusammenhang mit der Mortalitätsrate: Bäume mit
konsistenter Lipidspeicherung hatten eine niedrigere Mortalitätsrate als Bäume ohne
Lipidspeicherung.

Das zweite Hauptkapitel (Kapitel 3 der Dissertation) konzentriert sich auf die
Beschreibung der Hauptfaktoren, die die Variabilität des NSC-Gehalts im Stamm-
holz und seine Verfügbarkeit zur Unterstützung von Stoffwechselprozessen in tro-
pischen Bäumen mit unterschiedlichen Holzspeicherstrategien und lebensgeschicht-
lichen Merkmalen auf einer saisonalen Basis antreiben. Saisonale Variationen im
NSC-Gehalt können dabei Veränderungen im Ungleichgewicht zwischen Kohlen-
stoffquellen und -senken widerspiegeln, die durch Umweltveränder-ungen verursacht
werden. Diese saisonale Variabilität von NSC führt zu radialen Bewegungen von
NSC im Holz nach außen und nach innen, wobei die Stärke und Häufigkeit dieser
Bewegungen die Alterszusammensetzung des gespeicherten Kohlenstoffs bestimmen
kann.

Um diese NSC-Dynamik und ihre Beziehung zu den Speicherstrategien und funk-
tionellen Merkmalen der Bäume besser zu verstehen, haben wir die saisonale Varia-
bilität von NSC in verschiedenen Holztiefen, das Alter des gespeicherten NSC und
das Alter des veratmeten CO2 aus Holzkernen gemessen.

Die NSC-Konzentrationen nahmen bei allen untersuchten Bäumen radial zum
Mark hin ab und variierten saisonal in allen Holztiefen. Dies zeigt, dass Bäume
aktiv NSC nutzen, wenn der aktuell photosynthetisch assimilierte Kohlenstoff nicht
ausreicht, um die metabolischen Anforderungen zu erfüllen. Dabei sind Bäume mit
NSC-Speicherung in lebenden Fasern sehr konservativ in der Nutzung des Kohlen-
stoffs und speichern NSC für sehr lange Zeiträume. Dennoch blieb der Kohlenstoff
in diesen Bäumen sehr mobil, was sich in der Variation des NSC-Gehalts in allen
Holztiefen und der starken Durchmischung von NSC nach außen während Jahreszei-
ten mit geringer Produktivität widerspiegelte. Das führte zu Unterschieden in der
Alterszusammensetzung zwischen dem untersuchten NSC und dem Strukturkohlen-
stoffs des speichernden Organs, wobei der NSC älter war. Trotz dieses gespeichterten
NSC im Holz beobachteten wir, dass die Bäume hauptsächlich relativ junges NSC
veratmen (etwa 5 Jahre alt). Der Anteil älteren Kohlenstoffs in der Atmung stieg
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jedoch an, wenn die Reserven der Bäume leicht reduziert wurden.

Diese Beziehung zwischen dem Alter des gespeicherten NSC und dem Alter des
veratmeten CO2 gibt Aufschluss über die Abhängigkeit eines bestimmten Baumes
von seiner NSC-Speicherung.

Das dritte Hauptkapitel (Kapitel 4 der Dissertation) konzentriert sich auf die Ab-
schätzung des mittleren Alters und der Transitzeit des NSC innerhalb des gesamten
Baumes und der Veränderungen unter extremer (stressbedingter) Kohlenstofflimi-
tierung. Auch hier wurde zwischen Bäumen mit unterschiedlichen lebensgeschicht-
lichen Merkmalen differenziert.

Da das NSC-Alter und die mittlere Transitzeit (Alter des gespeicherten NSC bzw.
des veratmeten CO2) die saisonale Aktivität des NSC in Bäumen widerspiegeln und
daher wichtige Erkenntnisse über die NSC-Dynamik geben, haben wir zur Abschät-
zung von Alter und Transitzeit für den gesamten Baum zwei Kohlenstoffallokati-
onsmodelle aus der Literatur verwendet. Die Modellschätzungen zeigten, dass jeder
NSC-Speicherpool, welcher mit dem NSC-speichernden Organ assoziiert ist, eine
asymmetrische Mischung aus Kohlenstoff unterschiedlichen Alters enthält und dass
es große Unterschiede in der Zusammensetzung des Kohlenstoffalters zwischen ver-
schiedenen Pools und zwischen Baumarten gibt.

Unsere Modelle simulierten, dass NSC im Allgemeinen für längere Zeit im Stamm-
holz und in den holzigen Wurzelanteilen gespeichert wird, und dass Bäume im ge-
sunden Zustand eher jüngeren Kohlenstoff veratmen als den gespeicherten (älteren)
Kohlenstoff aus den NSC-Speichern. Unter Kohlenstofflimitierung nutzen sie diese
Reserven allerdings, wodurch das Alter des veratmeten CO2 stieg. Hierbei rea-
gieren Bäume mit unterschiedlichen Speichereigenschaften unterschiedlich auf die
simulierte stressbedingte Kohlenstofflimitierung.

Dies deckt sich mit unseren Beobachtungen aus dem vorherigen Kapitel. In Ver-
bindung mit der Hypothese, dass die Änderung der Transitzeit unter Stressbedingun-
gen durch die Stochastizität in der Bewegung von Kohlenstoffpartikeln zwischen den
verschiedenen NSC-Pools, die Asymmetrie in der Kohlenstoff-Alterszusammensetzung
der verschiedenen Pools und das Gleichgewicht zwischen dem Eintrag neuer Assimi-
late und der Verwendung von NSC aus den Speicherpools erklärt werden kann, liefern
die Simulationsergebnisse zudem eine probabilistische Erklärung für das beobachtete
”last-in, first-out”-Muster der NSC-Mobilisierung aus gut gemischten Kohlenstoff-
Pools. Weiterhin kann die simulierte Änderung der Transitzeit dazu verwendet wer-
den, das Alter verfüg-baren NSC abzuschätzen und somit die Zeit, in welcher ein
bestimmter Baum seine Reserven erschöpft.

Zusammenfassend unterstreicht diese Dissertation die Bedeutung der NSC- Spei-
cherung für tropische Bäume und die große Vielfalt der Speicherstrategien tropischer
Baumarten, sowie die Bedeutung der Quantifizierung der räumlichen Verteilung von
NSC im Holz und deren zeitlicher Variabilität für das Verständnis der NSC-Dynamik
in Bäumen, welche wir mit verschiedenen Speicherstrategien verknüpfen konnten.

Bäume, die NSC in lebenden Fasern speichern, setzen bei der Nutzung dieses
Kohlenstoffs auf eine sehr konservative Strategie, speichern den Kohlenstoff also für
längere Zeiträume. Gleichzeitig wachsen sie langsamer und weisen eine geringere
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Zusammenfassung

Sterblichkeitsrate als parenchymzellen-speichernde Arten auf. Das deutet auf eine
höhere Widerstandsfähigkeit von Arten hin, die NSC in lebenden Fasern speichern,
die auch gegenüber klimatischen Veränderungen ein Vorteil sein könnte.

Die wichtigsten Ergebnisse dieser Arbeit sind zum einen die Möglichkeit, histologi-
sche Methoden in der Holzanatomie einzusetzen, um die Speicherung und Verteilung
nicht nur von Stärke, sondern auch von anderen Verbindungen wie neutralen Lipiden
zu quantifizieren und zu identifizieren, zum anderen eröffnet sie neue Möglichkeiten
der Forschung über die Speicherdynamik von NSC, insbesondere in Verbindung mit
holzanatomischen und lebendsgeschichtlichen Merkmalen. Sie belegt auch die Be-
deutung der Schätzung von NSC-Alter und -Transitzeiten unter Verwendung von
Radiokohlenstoff- oder Kompartimentmo-dellen, um die NSC-Dynamik in adulten
Bäumen und ihre mögliche Widerstandsfähigkeit gegenüber Stressbedingungen zu
verstehen.

Die weitere Erforschung der räumlichen Verteilung, des Alters und der Dynamik
von NSC unter Verwendung dieser Methoden wird unser Verständnis der Variation
des Ungleichgewichts zwischen Kohlenstoffquellen und -senken in tropischen Bäu-
men und deren Beziehung zur klimatischen Saisonalität, der Widerstandsfähigkeit
und dem Überleben der Bäume gegenüber Klimaveränder-ungen oder natürlichen
Störungen verbessern.
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CHAPTER 1

Introduction

Trees can not run or hide from threats that an ever-changing environment imposes
on them. How exactly trees cope with these limiting conditions is complex, and
we still do not fully understand the mechanisms behind it. We know that they are
equipped with a variety of strategies that allow them to survive and thrive under
these life threatening conditions. Here, I want to introduce some of those strategies
that are related to the use of energy and carbon reserves stored as nonstructural
carbon (NSC). Understanding how trees build and use their reserves to survive and
thrive in hostile environmental conditions is the central topic of this thesis. Thus,
the role of wood anatomical traits in the NSC storage and use at different time
scales, and its impact in the NSC age in mature trees, are going to be discussed
further in the subsequent chapters.

Trees are essential for the functioning and existence of many terrestrial ecosystems
in the world. They provide essential goods and services such as biodiversity, wood,
food, water regulation, health support, energy supply, economic supply, carbon stor-
age, and climatic regulation (Abson et al., 2014; Costanza et al., 1998; Trumbore
et al., 2015a). They mitigate climate change by removing carbon from the atmo-
sphere and storing it in their biomass. In forest ecosystems, trees capture around
27% of the total emitted carbon, store it in their biomass and transfer it to the soils
for long term storage (Brando et al., 2019a; Houghton et al., 2015; Le Quéré et al.,
2016). Forests store approximately 90% of the total carbon in terrestrial ecosystems
(Pan et al., 2013). This important sink of carbon keeps climatic changes, associ-
ated to greenhouse gases like CO2, from happening at a faster pace than they are
happening now (Pan et al., 2011).

Over the last decades, this sink activity has been outperformed by anthropogenic
carbon emissions, accelerating climate change (IPCC, 2018). These fast climatic
changes are bringing more frequent and severe limiting conditions upon trees all
around the globe (Cook et al., 2014; Dai, 2013; Swann et al., 2016). This increase in
frequency and severity of stressful conditions may impair the ability of trees to adapt
and survive fast environmental changes (Martinez-Vilalta et al., 2019; McDowell
et al., 2008; Trumbore et al., 2015a). Thus, they may lead to large changes in the
structure and functioning of forests, causing an overspread tree mortality that would
have severe negative effects on biodiversity, economy and health, and subsequent
negative feedbacks on climate (Adams et al., 2010; Allen et al., 2010; Anderegg
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et al., 2013; Carnicer et al., 2011; McDowell et al., 2018). Therefore, it is of high
importance to us to understand how well equipped trees are to deal with these
changes in order to predict which trees are more likely to survive environmental
changes in the future.

Trees are extremely resilient. Over time they have developed strategies to cope
with environmental stressors such us droughts, floods, fires, deceases and pests, that
occur at different time scales (Allen et al., 2010; McDowell et al., 2008; Trumbore
et al., 2015a). One particular strategy is the storage of NSC to support metabolism
during intense stressful events and their subsequent recovery (McDowell et al., 2011).

No availability of NSC during stressful conditions would cause carbon starvation
in trees (Adams et al., 2017). Carbon starvation acts like a chronic disease that can
kill trees in the long run, it is usually characterized by the depletion of NSC. Recent
studies on carbon starvation in trees have increased our understanding about how
stressful conditions kill them (Adams et al., 2017; Hartmann, 2015; McDowell et al.,
2018, 2008, 2011). Nevertheless, less attention has been placed to identify the NSC
dynamics that increase tree tolerance and survival to stressful conditions. Recently,
it has been pointed out the importance of NSC storage for tree tolerance to stress.
For instance, a larger NSC storage pool increases the chances of seedlings to survive
droughts, facilitates the recovery of trees after severe damage or defoliation, and
increases the tolerance to floods (Dietze et al., 2014; Hartmann & Trumbore, 2016;
Kreuzwieser & Rennenberg, 2014; Mitchell et al., 2013; O’Brien et al., 2015, 2014;
Palacio et al., 2014; Piper & Paula, 2020; Sala et al., 2010; Tomasella et al., 2019).
However, these findings do not seem universal and the role of NSC in the tolerance
and recovery from stress may vary significantly between tree species (Martinez-
Vilalta et al., 2019; O’Brien et al., 2020; Piper & Paula, 2020). Unfortunately, we
still do not have clarity about how much the inherent NSC status differ between tree
species and what physical traits or environmental factors control their NSC storage
and usage in respiration and growth. This knowledge gap impairs us to understand
the mechanisms behind the relation between carbon dynamics and survival in trees,
and to predict which tree species would survive specific stressful conditions in the
future.

In the following sections I will present how NSC storage pools are build in trees
and how they are used to support metabolism and growth when trees face carbon
shortages, along with how wood traits would affect these dynamics. Later, I will
discuss how these dynamics have been modelled and how they are reflected in the
ages and transit times of the NSC. And finally, I will present the central questions
and hypothesis that motivate this thesis.

1.1. The central role of NSC in carbon allocation

Nonstructural carbon plays a central role in carbon allocation. Trees fix carbon from
the atmosphere into NSC during photosynthesis. Then, carbon is first fixed as triose-
phosphate and then used to synthesize sucrose and other monosaccharides. Carbon
is transported mainly as sucrose and distributed between tree organs. In each organ,
NSC is then allocated to cover metabolic needs (e.g. respiration, growth and defence
compounds) or to storage. When allocated to storage, NSC is synthesized mainly
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1.1. The central role of NSC in carbon allocation

into soluble sugars (mono and polysaccharides), starch and neutral lipids (Chapin
et al., 1990; Dietze et al., 2014).

Soluble sugars are comprised of a variety of mono and polysaccharides that directly
feed respiratory processes and provide carbon necessary to build other molecules
(Hartmann & Trumbore, 2016). Accumulation of soluble sugars serves as energy
and carbon reserves for future use, but they also have several vital function in trees’
physiology. They serve as intermediary metabolites, osmolytes, and substrates for
transport. They are also involve in signalling, cold tolerance, turgor maintenance,
phloem transport, hydraulic maintenance and cavitation repair (Gibson, 2005; Gra-
ham & Patterson, 1982; Hartmann & Trumbore, 2016; Hummel et al., 2010; Piper
& Paula, 2020; Salleo et al., 2009, 2008). In addition, some studies suggest that
they have an important role in the long distance transport of water (Spicer, 2014;
Tomasella et al., 2019). Much of these functions are critical for trees functioning and
they have to be maintained at any time (Dietze et al., 2014). Therefore, there should
be a minimum amount of soluble sugars that trees need to maintain for functioning
properly and survive (Mart́ınez-Vilalta et al., 2016). Nevertheless, it is still difficult
to separate the soluble sugar pools between the vital functions and the storage, and
most of the studies do not do this distinction.

Starch is comprised by aggregates of the oligosaccharides amylose and amylopectin.
By synthesis and degradation of starch grains, plants control the levels of soluble
sugars in different organs and maintain a regular supply of carbon and energy at
different time scales (Hartmann & Trumbore, 2016). Due to its osmotic inactivity,
starch is ideal to store high quantities of NSC without affecting the cell osmotic po-
tential. Therefore, its synthesis and biodegradation dynamics also serve to regulate
water potential in trees organs (Smirnova et al., 2015). Starch is usually stored as
grains in plastids of living cells (Hartmann & Trumbore, 2016; Matsushima, 2015).
In leaves, for example, it is synthesized during the day in the chloroplasts and biode-
graded during night to support metabolic activity in the absence of photosynthesis
(Overdieck, 2016; Tixier et al., 2018). In woody organs such as stem, branches and
coarse roots, starch is stored in the plastids of living parenchyma cells and living
fibers (Furze et al., 2019; Plavcová et al., 2016). In these organs, the synthesis and
biodegradation dynamics may be seasonal or inter-annual, covering stressful con-
ditions that occur at different time scales (Furze et al., 2018; Tixier et al., 2018).
Storage of starch in woody tissues serves as long term reserves, but the average time
that starch particles may expend in trees and how easy they may move inside and
between woody organs may depend on the anatomical characteristics of the cells
where it is stored and the distance to the major sinks. Thus, it is important to iden-
tify what wood anatomical characteristics constrain the storage use and mobility of
starch, in order to understand NSC dynamics in mature trees.

For some trees, neutral lipids are also an important storage pool, but frequently
ignored in studies of NSC dynamics. Neutral lipids are mainly comprised by triglyc-
erides and steryl esters (Athenstaedt, 2010). They provide important substrates for
metabolic functions such as respiration, synthesis of defence compounds, hormones,
volatile compounds, membranes and growth (Athenstaedt & Daum, 2006; Begum
et al., 2010; Fischer et al., 2015; Schneider et al., 2003; Welte & Gould, 2017) De-
spite the high importance of lipids for some tree species, plant lipid metabolism
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and storage studies face challenges in isolating, identifying and quantifying neutral
lipids (Fischer & Höll, 1991; Hillinger et al., 1996; Hoch et al., 2003). For lipid
storing trees, the quantification of neutral lipids is fundamental to understand the
NSC allocation patterns and its relation to trees’ life history traits like survival and
growth.

There is still not clarity whether the partition of NSC between metabolic needs
and storage happens actively or passively, but evidence suggests that there is a
mixture of both processes happing simultaneously in trees (Hartmann & Trumbore,
2016; Mart́ınez-Vilalta et al., 2016). There is evidence of allocation of NSC to storage
under limiting conditions, which suggests that there is a constant NSC flux in and out
of the storage pools independently of whether the NSC storage is being depleted or
not, indicating an active allocation of NSC to storage (Galiano et al., 2017; Hartmann
et al., 2015; Hartmann & Trumbore, 2016; Huang et al., 2019; Wiley et al., 2017).
But NSC accumulation generally happens when photosynthesis is bigger than the
current metabolic needs (Kozlowski, 1992; Mart́ınez-Vilalta et al., 2016). From the
storage pool, NSC is retrieved when photosynthesis cannot supply the metabolic
needs, allowing trees to keep some regularity in metabolic functions under limiting
conditions (Dietze et al., 2014; Mart́ınez-Vilalta et al., 2016). Nevertheless, up to
now it is still not clear whether these stored compounds remain entirely available
for trees usage once they are allocated to storage.

NSC is allocated to storage in all tree organs (e.g. leaves, branches, stem, roots,
phloem). The allocation of NSC to storage vary between organs and between trees,
reflecting the different function of the storage pool, the different time scales at which
NSC is cycled in each organ and the different adaptations of trees to environmental
conditions. For example, trees allocate high quantities of NSC to leaves (144 ± 10
mg/g on average) and roots (106 ± 8 mg/g on average) to maintain high NSC
concentration and fast cycling dynamics in these organs (Mart́ınez-Vilalta et al.,
2016). While allocation of NSC to stem seems to be lower than in other organs,
reflected in low NSC concentration (70 ± x mg/g on average), here it accumulates
for longer time, resulting in a larger NSC content in comparison with other organs
Furze et al. (2020). Nevertheless, we still ignore what are the time scales at which
the stored carbon is cycled in wood for most trees and how anatomical traits would
determine them.

1.2. NSC in stem wood

For most trees, woody tissues such as stem, branches and coarse roots are the largest
reservoir of NSC (Dietze et al., 2014). This is because wood accounts for the largest
volume of trees’ biomass. In wood, NSC is stored in living parenchyma cells or fibers
(see box 1 for details on wood anatomy) (Plavcová et al., 2016). These cells are
responsible for the synthesis, storage, degradation and mobilisation of NSC (Hart-
mann & Trumbore, 2016). For example, ray parenchyma connects the phloem, from
where new assimilates are loaded into the wood, with deep layers of wood (Höll,
1975; Sauter & van Cleve, 1994). Thus, living cells in wood constitute an intercon-
nected three dimensional arrangement that cycles and distributes NSC across trees’
organs (Morris et al., 2016).

4



1.2. NSC in stem wood

Given the central role of these wood cells in NSC dynamics their physical traits
and occurrence may severely constrain the cycling of NSC through trees’ organs
(Barbaroux & Bréda, 2002; Spicer, 2014). Some key traits such as cell size, distribu-
tion, abundance or arrangement are highly variable between tree species. Although,
it seems that the multifunctional nature of the wood traits makes it difficult to dis-
tinguish their relationship with NSC dynamics (Godfrey et al., 2020; von Arx et al.,
2017). The high variability and multi-functionality of the wood traits hints on the
high diversity of storage dynamics in trees. To understand NSC dynamics and its
contribution to tree survival, it is important to understand the relation between
these wood anatomical traits and NSC storage, accessibility and cycling in mature
trees.

NSC is not evenly stored across wood. Starch and soluble sugar concentrations
are usually highest in the the outermost wood closer to the cambium and decreases
towards deeper layers of sapwood (Dietze et al., 2014; Trumbore et al., 2015b).
However, increasing concentration of NSC with wood depth has been reported in few
species (Furze et al., 2020; Smith et al., 2017; Würth et al., 2005). This radial pattern
of NSC concentration is extremely variable between species and it has been related to
some wood anatomical traits in temperate trees (Furze et al., 2020; Hoch et al., 2003;
Piispanen & Saranpää, 2001; Würth et al., 2005). For example, trees that have ring
porosity have very steeply decreasing radial gradient of NSC concentration where
starch and soluble sugars concentrations are the highest closer to the cambium and
rapidly decrease within the first centimeters of wood towards the pith (Barbaroux
& Bréda, 2002; Furze et al., 2020). Alternatively, diffuse porous temperate trees
have a less dramatic radial concentration pattern in their NSC, and usually have
lower NSC concentration than ring porous species in the first centimeters of wood
(Furze et al., 2020). For these trees, NSC concentrations are highest closer to the
cambium but the radial decrease happens slowly all along the sapwood, sometimes
even reaching the pith (Furze et al., 2020).

The distribution of NSC in the wood would ultimately affect the total content of
reserves and probably their availability. Thus, ring-porous species may have higher
NSC concentration in the first 2cm of wood than the diffuse porous species, but the
later may have larger NSC storage pools due to the persistence of NSC in deeper
layers of wood (Furze et al., 2019). Nevertheless, it is still not clear if these deep
storage pools would remain always available for use in diffuse porous species.

It is not only the radial distribution of NSC, but the spatial distribution, in gen-
eral, what may determine the size and accessibility of the storage pool in trees. A
larger fraction of living cells per unite of wood volume would increase the storage
capacity in trees. Trees can increase their proportion of living cells by either pro-
ducing more parenchyma cells or by producing living fibers (Carlquist, 2015). It has
been shown that for some temperate trees, parenchyma plus living fibers determine
the amount of NSC that trees can store in the wood (Plavcová et al., 2016). The
occurrence or absence of these wood traits may determine the spatial distribution of
NSC in wood, being, for example, grouped in the parenchyma for the species that
do not form living fibers and more disperse across the xylem for the species that
form living fibers. Nevertheless, there could be trade-offs involved in the occurrence
of any of these traits in trees. For example, while using living fibers for storing
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starch may increase the volume of wood capable of storage and provide structural
support, living fibers may affect the mobility and accessibility to the stored NSC
and may increase the metabolic demands of wood due to the larger proportion of
living tissue. Thus, these wood anatomical traits would not only affect the quantity
and distribution of NSC in wood but also its accessibility, demand and seasonal
fluctuations.

Box 1: Wood anatomy

Wood is composed of different cells. The majority of them fall in three main
categories: vessels, parenchyma and fibers-tracheids (see Figure 1).

Figure 1.1. Image of a cros-sectional view of wood where the main cell types can be
differentiated.

Vessels are axially elongated cells with prominent bordered pits connected
one to another from roots to foliage. Their main function is to transport water
and nutrients from the soil to the leaves. Vessels vary in size, arrangement
and distribution between species. The two most common vessel distributions
are ring porosity and diffuse porosity (Crivellaro & Schweingruber, 2013). Ring
porosity is characterized by the formation of big and abundant vessels at the
beginning of the growing season and small and scarce vessels towards the end
of the growing season (see Crivellaro & Schweingruber (2013)). Diffuse porosity
is characterized by disperse solitary or grouped vessels of more or less the same
size all across the wood.
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Fibers or tracheids are lignified cells with two thick cell walls that provide
mechanical support to trees (Crivellaro & Schweingruber, 2013). Generally,
these cells die immediately after maturation and only the cell walls remain to
give mechanical support (Carlquist, 2013). Nevertheless, some angiosperms also
form septate fibers, which are mostly fibers with prolonged longevity. These
fibers keep their protoplast alive for several years, participating actively in the
synthesis and degradation of NSC (Carlquist, 2013, 2015). These fibers are
generally subdivided into strands, have thinner cell walls than libriform fibers
but thicker than parenchyma cells, and have few small bordered pits that in-
terconnect them (Carlquist, 2013). This kind of cells are not present in all tree
species, but they are characteristic of several common tree species such as Acers
(Carlquist, 2015). Unfortunately, these type of cells have not been the focus of
recent research and little is know about their physiology and contribution to the
NSC dynamics (Carlquist, 2018). Nevertheless, Carlquist (2013) and Carlquist
(2015) give an exhaustive review on the occurrence, characteristics and functions
of these cells. But, we still do not know how much would these cells increase
the storage capacity of trees, how much they would affect NSC availability for
respiration and growth, or for how long these fibers can remain alive in mature
trees.

Parenchyma cells remain alive for long periods of time after maturation in
the sapwood (Morris et al., 2016). When they die they give place to heartwood
formation (Carlquist, 2015). These cells can be upright oriented as fibers and
vessels, but they can also be horizontally oriented, these two types of parenchyma
in wood are classified as axial parenchyma and radial parenchyma, respectively
(Crivellaro & Schweingruber, 2013). Ray parenchyma are basically radial sheets
of cells that connect the phloem with the inner wood (Carlquist, 2015). Ax-
ial parenchyma are upright living cells interconnected with all the other cells
around (Morris et al., 2016). These parenchyma cells tend to have thinner
cell walls than fibers, they are intercommunicated by plasmodesmata (symplas-
tic connections that allow for active transport of materials between cells) with
other parenchyma cells, and by bordered pits with tracheary elements like fibers
and vessels (Carlquist, 2015). There are several types and arrangements of ray
and axial parenchyma; their shape, size and abundance also varies widely be-
tween species. Ray and axial parenchyma have multiple functions in wood like
storage and mobilization of NSC, water, proteins and minerals, synthesis of de-
fence compounds and provision of structural support and flexibility to the tissue
(Carlquist, 2018).

1.3. Seasonality of the NSC in the stem wood

Changes in the quantity of NSC stored in trees reflect trees’ carbon status and the
imbalances between carbon sources (i.e. carbon assimilation) and sinks (i.e. respira-
tion and growth). These imbalances are partially driven by changes in environmental
factors (such as temperature, precipitation and nutrients availability) that vary at
different time scales (e.g. seasonally or inter-annual) (Würth et al., 2005). The
standard model for changes in NSC considers that NSC accumulates when carbon
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sinks are weaker than sources, and NSC decreases when sinks are stronger (Chapin
et al., 1990; Körner, 2003; Kozlowski, 1992). This has been confirmed for several
temperate tree species by a progressive accumulation of NSC towards the end of the
growing season, when respiration and growth decrease faster than photosynthesis
(Dietze et al., 2014; Kozlowski, 1992; Mart́ınez-Vilalta et al., 2016). Here, carbon
sources control changes in quantity of NSC. In the beginning of the growing season
trees have to pull energy from the stored NSC to break bud and start building leaves
and new wood, absence of photosynthesis during this period leads to a reduction
of the stored NSC. Here, carbon sinks drive the changes in quantity of NSC. How-
ever, NSC quantity fluctuations may also be driven by genetic factors that might
up-regulate storage processes or down-regulate growth and metabolism given some
seasonal environmental conditions (Mart́ınez-Vilalta et al., 2016).

Seasonality of NSC vary between tree organs and tree species and it is partially
determined by life history traits and functional traits (Barbaroux & Bréda, 2002;
Richardson et al., 2013; Trumbore et al., 2015b). For instance, in temperate re-
gions differences in the NSC seasonality between deciduous and evergreen species
have been identified (Furze et al., 2020; Hoch & Körner, 2003; Palacio et al., 2007;
Richardson et al., 2015). Temperate deciduous trees tend to accumulate more NSC
during autumn and display a larger seasonality in the NSC than evergreen trees,
indicating a bigger reliance on storage (Barbaroux & Bréda, 2002; Dietze et al.,
2014; Sauter & van Cleve, 1994). Alternatively, evergreen species has shown low
or no seasonal variability in the NSC (Furze et al., 2020; Hoch et al., 2003; Palacio
et al., 2007). Nevertheless, there is evidence of contrasting patterns where ever-
green species such as conifers have shown higher seasonal variability in NSC than
deciduous species (Furze et al., 2019; Mart́ınez-Vilalta et al., 2016). It has also been
noticed an influence of life history traits as growth rates in the seasonality of NSC.
Thus, fast growing trees may show a larger seasonal variability in NSC content with
respect to slow growing trees (Richardson et al., 2015; Trumbore et al., 2015b).

Several studies have shown that NSC seasonality in the whole tree is highly deter-
mined by the fluctuations of NSC in the stem wood or woody tissues (Furze et al.,
2019, 2018; Newell et al., 2002; Würth et al., 2005). Nevertheless, seasonal patterns
of NSC between woody tissues (stem, branches and coarse roots) seem to differ in
terms of concentration and content, probably because different functions or cycling
at different time scales (Furze et al., 2019; Mart́ınez-Vilalta et al., 2016). Neverthe-
less, this uncertainty can also be attributed to bias associated to the way how NSC
content (mass of NSC in the tissue) and NSC concentration (mass per unit of volume
or weight) are estimated (Furze et al., 2019; Wiley et al., 2019). The seasonality
in both NSC content and concentration may differ depending on the distribution of
NSC in the tissue and the estimation of the tissue volume. Estimating NSC content
in tree organs is still challenging with the current methods and it requires very in-
tensive sampling to account for the spatial distribution of NSC in tree organs. New
approaches to account for the spatial distribution of NSC in woody tissues are nec-
essary to understand the actual seasonal variations of NSC in response to stressful
conditions.

Seasonal variation of NSC and its spatial distribution in wood also vary between
tree species and tree organs. For instance, for some trees seasonal fluctuations of
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starch and soluble sugars in stem have shown to be up to 60% of turnover within
one year while in some other trees the seasonal fluctuation of NSC in the stem were
not identifiable (Mart́ınez-Vilalta et al., 2016). In branches, the seasonality of the
NSC has been reported to be bigger than in coarse roots, reflecting a more active
metabolic functioning of NSC pools stored closer to the foliage (Mart́ınez-Vilalta
et al., 2016). Accounting for the specific seasonal patterns between woody organs
(stem, branches and roots) and tree species would shade light into the dynamics of
NSC reserves and their use for tree functioning under stressful conditions.

In stem wood, seasonality of starch and sugars normally has contrasting patterns.
Sugars rarely get depleted while starch depletion is relative common (Dietze et al.,
2014; Mart́ınez-Vilalta et al., 2016). This reflects the different functioning of both
NSC pools, and the continued interconversion between starch and soluble sugars
depending on the demand (Richardson et al., 2015). This interconversion results in
relative stable NSC levels (Fischer & Höll, 1991; Furze et al., 2019). Individually,
soluble sugars and starch have shown large seasonal contrasting variability in some
trees (Mart́ınez-Vilalta et al., 2016). For example, In temperate species the role of
soluble sugars in frost tolerance seems to drive the interconversion of starch to soluble
sugars during the cold periods, where the soluble sugars concentration increase dur-
ing winter and starch concentration decreases (Furze et al., 2019; Mart́ınez-Vilalta
et al., 2016).

The seasonal fluctuations in the NSC concentration also follow a decreasing radial
pattern across sap wood and it reflects the lateral inward and outward movements
of the NSC (Trumbore et al., 2015b). These seasonal inward and outward mixing of
NSC in the wood results in an asymmetric mixture of NSC of different ages (Furze
et al., 2020; Richardson et al., 2015). The NSC closer to the phloem has been
reported to be younger than the NSC stored in deeper layers of wood. Nevertheless,
these seasonal mixing in and mixing out rates varies between species and are related
to trees vigour, growing rates, leaf habit and probably wood anatomical traits. For
example, deciduous ring porous oak trees seem to have slower mixing in of new NSC
into older stem wood rings in comparison to evergreen softwood pine trees (Hoch
et al., 2003).

Richardson et al. (2015) evaluated four conceptual models for the mixing of old
and new NSC in wood: complete moving across rings, no mixing across rings, young
carbon ”mixing in” and old carbon ”mixing out”. So far, the results reported until
now correspond mainly to young carbon ”mixing in”. The level of metabolic activity
of each trees may determine how strong or weak inward mixing rates are, which
would be ultimately reflected in the difference between the age of the NSC and
the age of the wood that contains it. In theory, the shorter the difference the less
metabolically active is the stored NSC. Some trees have weak inward mixing rates,
which is reflected in NSC of the same age than the structural tissue from which it
is extracted. While strong inward mixing would result in NSC younger than the
structural tissue from which it is extracted. Nevertheless, these seasonal dynamics
of lateral mixing of NSC in the wood has been explored in very few species and has
not been properly linked to storage strategies of trees and wood functional traits.
We also do not know yet to what extend this dynamics are reflected in the ages of
NSC.
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1.4. NSC age and transit times

Some trees can store NSC for long periods of time. Reported NSC mean ages range
between 15 and 20 years for both tropical and temperate species (Carbone et al.,
2013; Muhr et al., 2013). Nevertheless, we should notice that the NSC reserves are
not homogeneously distributed in the wood, in terms of their age, but they are a
mixture NSC of different ages (Ceballos-Núñez et al., 2018; Richardson et al., 2015).
This mixture is mainly constituted by young NSC that enter from the phloem, when
carbon assimilation is not limited, and mixes towards the pith. As stated before,
different NSC dynamics between tree species would result in different mixture of
ages of the stored NSC. This would depend on how fast trees would cycle the NSC
and how much of the old NSC they can access (Furze et al., 2020; Trumbore et al.,
2015b). Species that cycle fast their reserves may show large seasonal variability
and a rapid mixing of new NSC deep into older wood layers. For temperate trees
it has been shown that high NSC seasonal variability results in a large difference of
ages between very young NSC and the old layers of wood where it is stored, while
for slower cycling trees with less seasonal variability these differences were smaller
(Trumbore et al., 2015b).

Trees generally allocate younger carbon, relative to the mean age of the stored
NSC, to respiration and growth. The age of the carbon allocated to respiration
and growth can be considered as the transit time of the carbon through the NSC
system (Bolin & Rodhe, 1973). This transit time tells us how much time a carbon
atom would take to travel the NSC pool system of a tree since the moment it was
fixed to the moment it is allocated to any metabolic process (e.g. respiration and
growth) (Ceballos-Núñez et al., 2018). It has been shown in several empirical studies
that the transit time of the carbon of the NSC in trees is generally younger than
the mean age of the stored NSC (Keel et al., 2006; Muhr et al., 2018; von Felten
et al., 2007). New leaves, sapwood, fine roots and respiration is mainly fed by
current year assimilated carbon (Carbone & Trumbore, 2007; Vargas et al., 2009;
von Felten et al., 2007), but transit time is also a mixture of carbon of different
ages, and some old stored carbon is also used for this purpose. Research has shown
that several years old NSC contributes to respiration and growth (Carbone et al.,
2013; Muhr et al., 2018; Richardson et al., 2013; Trumbore et al., 2015b). This
contribution of old stored NSC increases when trees are limited and the reserves
are used (Muhr et al., 2018). 14C estimations of the mean age of the respired CO2

and stored NSC has shown that old carbon contributed to respiration and growth
of roots (Carbone et al., 2007; Carbone & Trumbore, 2007; Czimczik et al., 2006)
and stems after disturbances that limited carbon assimilation (Carbone et al., 2013;
Gaudinski et al., 2009; Muhr et al., 2013, 2018; Vargas et al., 2009). These findings
suggest that very old stored carbon may remain accessible to plants for usage in
metabolism for long periods of time. Nevertheless, we still do not know for how long
this stored carbon would remain accessible and how it is affected by different wood
anatomical traits.

The difference between the mean age of the NSC and the NSC transit time give us
an idea about how much the NSC pool was affected by particular events and about
how much of their oldest reserves trees accessed during a particular stress event.
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Understanding differences in these NSC dynamics in the stem wood of tropical trees
and their relationship with wood anatomical traits will bring light on the mechanisms
behind NSC cycling and its relationship with growth and mortality. Measuring
these quantities in living trees is challenging and some times only model based
estimations can be done. In Chapter 2 and 3 I will present both, some approximated
measurements and some model based estimations of this relationship and its change
under stressful conditions.

1.5. Modeling NSC dynamics

To explain the younger transit time of the NSC in comparison with its mean age
several conceptual models have been proposed (Carbone et al., 2013; Richardson
et al., 2015; Trumbore et al., 2015b). The most accepted model consists of two NSC
pools with different cycling rates (Dietze et al., 2014). There is a fast or transient
NSC pool that fuels immediate metabolic and growth demands; and a slow storage
pool that buffers NSC demands at longer time scales from seasonal to multi-annual
(Dietze et al., 2014; Klein & Hoch, 2015). Thus, trees would generally emit CO2

coming from a mixture of NSC of different ages from these two pools that gets older
during the dormant season or stressful conditions due to a higher contribution of
old NSC coming from the slow cycling pool (Hartmann et al., 2018; Klein & Hoch,
2015).

Some models differentiate these pools by compounds. For example, some consider
soluble sugars as fast cycling pools and starch as slow cycling pools. Nevertheless,
evidence of high interconversion between soluble sugars and starch, and similarities
in their age, suggest that each of these pools may contain a mix of both compounds
(Hartmann et al., 2018; Mart́ınez-Vilalta et al., 2016). Alternatively, other models
consider the division between fast and slow pools in wood to happen spatially. In
these models the fastest cycling pool would be the closest to the cambium with
high NSC flux in and out, subsequent deeper pools would have lower cycling rates
decreasing with wood depth (Trumbore et al., 2015b).

In a theoretical analysis, Ceballos-Núñez et al. (2018) showed that independent
on whether one or several pools are used in a model, NSC should always contain
a mixture of ages. These results arise by considering stochastic processes in the
selection of NSC for use and storage that results in probability distributions of
ages and transit times. The key insight here is that NSC pools should always be
compound of a mixture of carbon of different ages, but this mix and the shape of the
probability distributions would depend on how fast NSC is cycled and remobilized
among pools.

Modelling NSC dynamics for tree species by compartmental models will highlight
differences in their NSC dynamics. For instance, fast growing trees would have a
larger fast-transient pool of mainly very young NSC that fuels the high demand for
metabolism and growth (Richardson et al., 2015). Contrary, slow growing species
would produce smaller fast-transient pools and bigger slow storage pools that would
support metabolism and growth during carbon shortages when fresh C supplies are
low (Richardson et al., 2015). These conceptual models can be used to formulate
hypothesis about NSC dynamics in mature trees and can be used to evaluate trees
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resilience to stressful conditions such as damage or extreme climate stress.

1.6. NSC in tropical trees

Most of the research about NSC dynamics in trees, previously presented, have been
developed on temperate trees (Dietze et al., 2014; Hartmann & Trumbore, 2016;
Mart́ınez-Vilalta et al., 2016). For these trees, NSC dynamics are highly determined
by the marked seasonal fluctuations of temperature that produce strong asynchronies
between photosynthesis and metabolism. For tropical trees is less clear what drives
the seasonal fluctuations of the distribution of NSC in the wood and its ages. For
example, despite the fact that they also show a decreasing pattern of NSC with wood
depth, wood porosity and leaf habit seems to not determine this radial pattern and
its seasonal fluctuations (Würth et al., 2005). Additionally, It has been hypothesized
that the lack of seasonality in tropical regions may result in a less dependency of
tropical trees to NSC storage (Dietze et al., 2014). But several studies have shown
an abundant storage of NSC in the wood of some tropical species. This storage has
proven to be very old in some trees, which suggest that some tropical trees prioritize
storage of NSC and are very conservative in the use of NSC (Muhr et al., 2013).
Understanding how the stocks of NSC in tropical trees vary seasonally and under
environmental stress would help us to identify the NSC dynamics and its importance
for tropical trees.

In the tropics, seasonality can be related to water, light, and nutrients availability,
which would potentially limit carbon assimilation. Indeed, seasonality in NSC for
tropical trees has been reported before. For example, trees growing in a seasonally
dry forest in panama had high NSC concentrations during the dry season and low
NSC concentrations during the wet season (Newell et al., 2002; Würth et al., 2005).
Rainfall variability may induce seasonal imbalances in carbon sources and sinks in
trees. For instance, severe droughts may reduce sink activity leading trees to accu-
mulate NSC (Hartmann et al., 2015; O’Brien et al., 2014, 2020). Alternatively, mild
droughts may reduce photosynthetic activity forcing trees to used their storage to
maintain growth and respiration rates, reducing NSC (Newell et al., 2002; O’Brien
et al., 2015; Tissue & Wright, 1995). In this sense, tropical forests offer an excellent
opportunity to study the effect of rainfall variability on the NSC dynamics, as it
varies at different time scales, from seasonal to inter-annual (O’Brien et al., 2014).
Additionally, the tropics hold 90% of the planet’s biodiversity, and the largest area
of hotspots of the planet, this along with the high species specificity on NSC dy-
namics offer an excellent opportunity to evaluate the diversity of strategies to store
and use NSC in trees (Oliveira et al., 2021; Rüger et al., 2018; Würth et al., 2005).
Therefore, studying seasonal changes of NSC concentrations in seasonally dry trop-
ical environments is necessary to discover the role of NSC dynamics in plant tissues
in explaining plant survival and response to stress and disturbances. Understanding
these tree carbon relations would allow us to make better predictions on which tree
species would better cope with particular stressful conditions.This knowledge gap
has implication to understand carbon storage and cycling at tree and ecosystem
levels.

12
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1.7. General research question and objectives

This thesis aims at describing the principal factors that influence the dynamics of
allocation and use of NSC to storage in the stem wood of some tropical trees, and
model these NSC dynamics in order to predict the ages and transit times or NSC
in the stem wood under stress conditions. Specially, I have three main objectives:

• to identify wood anatomical features that are determinant for dynamics of NSC
and the quantity of starch content in trees with different life history traits;

• to describe the principal factors that drive the NSC content in stem wood and
their availability to support metabolic processes in tropical trees with different
life history traits in a seasonal basis; and

• to estimate age and transit time distributions of NSC in different storage pools
in trees with contrasting life history traits and its change under extreme star-
vation.

To meet these objectives, in chapter 2, I present a histological method in wood
anatomy for identifying and quantifying starch in different wood cell types. I quan-
tified starch in the wood of 8 tree species with contrasting life history traits: slow
and fast growing species, and evergreen and semi-deciduous species. This method
allowed me to identify two storage strategies of starch in the wood: trees that store
starch almost exclusively in the parenchyma cells and trees that store starch mostly
in living fibers. In chapter 3, I analyzed the relationship between these storage
strategies and life history traits as well as the seasonal activity of the NSC content
in wood for all tree species studied. Additionally, I present a detailed estimation
of the age and transit time of NSC in stem wood and its relation with the wood
storage traits previously identified. In chapter 4, I collected some models of carbon
allocation for the whole tree and model the NSC dynamics to estimate NSC ages and
transit times distributions and its changes under extreme starvation events in trees
with contrasting life history traits. Finally, in chapter 5, I present a general discus-
sion of these three chapters and additional small results that support my conclusions
and open new research questions.

1.8. Overview of the manuscripts

Chapter 2/ Manuscript 1

Herrera-Ramŕez, D., Sierra, C.A., Römermann, C., Muhr, J., Trumbore, S., Sil-
vério, D., Brando, P.M. and Hartmann, H. (2021). Starch and lipid storage strate-
gies in tropical trees relate to growth and mortality. New Phytologist 230, 139-154.
doi:https://dor.org/10.1111/nph.17239

This chapter focuses on the distribution of non-structural carbon (NSC), mainly
starch and lipids in the stem wood of 9 tropical species. Here, the distribution
of starch in the stem wood is shown and quantified. We present the validation
for using a histological method in wood anatomy to quantify starch. With this
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1. Introduction

method we identified different wood starch storage traits. These strategies not only
impacted the storage capacity of trees, but also were related to life history traits
such as growth and mortality. These relations support the idea of trade-offs between
growth, mortality and NSC storage. In this chapter we discuss the implication of
these relations for the NSC dynamics of these trees.

Chapter 3/ Manuscript 2

Herrera-Ramı́rez D., Römermann, C., Hartmann, H., Trumbore, S., Muhr, J., Brando,
P.M., Silvério, D. and Sierra, C.A. Starch seasonality, nonstructural carbon age and
lateral mixing in the stem wood of tropical trees.

This manuscript is not published yet. It is in preparation and intended to be
submitted to the journal Tree physiology or Functional Ecology.

This chapter focuses on the NSC dynamics of 8 tropical species studied in Chapter
2. Here we present the seasonal dynamics of starch in the wood of 12 trees from
each species and we provide age estimations of the NSC and the respired CO2 based
on 14C measurements. We show that these tropical trees have high seasonal activity
of starch in the wood, that follows a radial decreasing pattern from cambium to
pith, where starch concentrations and seasonality are higher in wood closer to the
cambium and they decrease towards the pith. Nevertheless, and despite the low
content of starch in deeper layers of wood, it is completely remobilized during the
low productivity season, indicating high metabolic activity of old starch stored in
deep layers of wood. For some of these trees we found that NSC store in the wood
was even older than the wood itself, suggesting a predominant outward mixing
of NSC during the low productivity season and a very conservative strategy for
cycling carbon. Finally, we show that trees respired NSC older than the current
year assimilates, reflecting the contribution of old store NSC to respiration, but this
respired CO2 was always significantly younger than the stored NSC, reflecting the
asymmetrical composition of NSC in the wood and the existence of different NSC
pools with different cycling rates in the wood of the tropical trees analyzed.

Chapter 4/ Manuscript 3

Herrara-Ramı́rez D., Muhr, J., Hartmann, H., Römermann C., Trumbore, S., and
Sierra, C. A. (2020). Probability distributions of nonstructural carbon ages and
transit times provide insights into carbon allocation dynamics of mature trees. New
Phytologist 226, 1299-1311. doi:https://doi.org/10.1111/nph.16461

This chapter focuses on modelling the age and transit time distributions of NSC
in the whole tree for three tree species with contrasting functional types (evergreen
vs deciduous). We use compartmental models that consider allocation of carbon in
different organs (leaves, stem and roots) and different functional groups (transient
NSC and stored NSC) to estimate the age and transit time distributions for NSC.
We show that different organs and NSC pools have different age compositions that
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follows a negative exponential shape. In general, our models suggested that the
carbon resides the longest in the storage pools of the stem wood and coarse roots,
while it is rapidly cycled in the other NSC pools. Transit time distribution also
suggested that NSC respired by trees is always younger than the NSC stored in trees,
and it is mainly the result of the asymmetrical distributions of carbon inside of each
carbon pool. We showed that under starvation transit time increases exponentially
when trees are accessing the old NSC reserves, and it increases linearly when the
reserves are depleted. Finally, we discuss how deciduous Acer rubrum trees tend to
rely more in their NSC reserves and store larger quantities of NSC for longer time
in their woody tissues in comparison with evergreen Pinus taeda trees growing in
mesic temperate conditions and evergreen Pinus halepensis trees growing in very
limiting conditions in the Mediterranean.
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Summary

� Non-structural carbon (NSC) storage (i.e. starch, soluble sugras and lipids) in tree stems play

important roles in metabolism and growth. Their spatial distribution in wood may explain

species-specific differences in carbon storage dynamics, growth and survival. However, quan-

titative information on the spatial distribution of starch and lipids in wood is sparse due to

methodological limitations.
� Here we assessed differences in wood NSC and lipid storage between tropical tree species

with different growth and mortality rates and contrasting functional types. We measured

starch and soluble sugars in wood cores up to 4 cm deep into the stem using standard chemi-

cal quantification methods and histological slices stained with Lugol’s iodine. We also detected

neutral lipids using histological slices stained with Oil-Red-O.
� The histological method allowed us to group individuals into two categories according to

their starch storage strategy: fiber-storing trees and parenchyma-storing trees. The first group

had a bigger starch pool, slower growth and lower mortality rates than the second group.

Lipid storage was found in wood parenchyma in five species and was related to low mortality

rates.
� The quantification of the spatial distribution of starch and lipids in wood improves our

understanding of NSC dynamics in trees and reveals additional dimensions of tree growth and

survival strategies.

Introduction

In trees, non-structural carbon (NSC) stored mainly in the form
of starch, soluble sugars and lipids can be remobilized during
periods of carbon limitation to support tree metabolism (Chapin
et al., 1990; Hoch et al., 2003; Begum et al., 2010). Storage
remobilization can occur on different timescales and may allow
trees to grow, respire and build defence compounds during the
night (Sulpice et al., 2009; Tixier et al., 2018). It can also support
metabolism during seasonal or occasional stressful conditions
that limit carbon assimilation, such as drought, floods or physical
damage (McDowell et al., 2008; Hartmann & Trumbore, 2016).
Thus, tree growth and survival under these limiting conditions
may be linked to the amount of stored reserves and the capacity
to remobilize storage (Sala et al., 2012). Tree survival during

drought has already been linked to storage content in seedlings of
tropical trees (O’Brien et al., 2014, 2020). Nevertheless, these
links are not well understood in adult tropical trees, principally
due to the following factors: first, the influence of other tree traits
such as xylem vulnerability to embolism, rooting depth or wood
density on plant survival (McDowell et al., 2008; Johnson et al.,
2012; Rowland et al., 2015; Boonman et al., 2020; Borghetti
et al., 2020); and, second, lack of understanding of NSC storage
regulation (Dickman et al., 2019).

In addition to providing carbon reserves during periods of
low carbon supply from photosynthesis, NSC also plays other
important roles in trees. For instance, starch synthesis and degra-
dation are key factors in the regulation of water potential in
plant tissues to avoid cell desiccation and cavitation in the
xylem, and to remove embolisms following cavitation (Salleo
et al., 2009; Lintunen et al., 2016; Savi et al., 2016). Starch
metabolism also serves as a regulator of processes that control
plant growth, defense and development (Sulpice et al., 2009;
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Smirnova et al., 2015). Non-structural carbon content in plant
tissues represents both an indicator of the status of a tree’s car-
bon balance and a predictor of biomass growth and other
metabolic traits (Sulpice et al., 2009; Gérard & Bréda, 2014).
Thus, its precise localization and quantification may mirror a
tree’s overall metabolic strategy.

Starch is stored in semi-crystalline grains in the plastid stroma
of living cells in all tree organs (e.g. leaves, stems and roots). In
wood, starch is generally synthesized and stored in the plastids
of living parenchyma cells (Spicer, 2014; Plavcová & Jansen,
2015; von Arx et al., 2017; Tixier et al., 2018), but living fibers
may also store important amounts of starch (Carlquist, 2013,
2015; Plavcová et al., 2016). However, the role of living fibers
in tree storage dynamics remains unexplored. Living fiber cells
originate from the fusiform cambial initials and keep their pro-
toplasts alive from one to several years after maturation (Fahn &
Arnon, 1963; Yamada et al., 2011; Carlquist, 2013, 2015). In
comparison with axial parenchyma, these fibers are not subdi-
vided into strands, are usually septated, have thicker cell walls,
and have fewer and smaller pits that reduce their intercellular
communication and may slow down the remobilization of
hydrolyzed starch (Carlquist, 2013, 2015). If present, living
fibers may play an important role in carbon storage dynamics of
trees. For instance, higher allocation of starch to living fibers
may increase storage capacity due to the high volume of fibers in
wood, but it may slow down its remobilization due to their
reduced intercellular communication. Exclusive storage in
parenchyma cells may limit total storage capacity, but starch
hydrolysis and remobilization may be easier and faster to export
to neighboring cells, probably due to the high number of large
pits of parenchyma cells. Consequently, these anatomical con-
straints on NSC storage and remobilization may also affect the
growth and survival of plants. Despite the fact that the occur-
rence of living fibers has been reported for several tree species
(Carlquist, 2013, 2015; Plavcová et al., 2016), their presence in
tropical trees and their role in NSC storage and remobilization
dynamics remain to be investigated.

Woody organs constitute potentially the largest long-term
reservoir of starch in trees (Würth et al., 2005; Chesney &
Vasquez, 2007; Furze et al., 2018, 2019; O’Brien et al., 2020). In
general, starch concentration is highest in the youngest wood,
close to the phloem, and decreases radially towards the pith
(Saranpää & Höll, 1989; Hoch et al., 2003; Gérard & Bréda,
2014). However, this pattern is highly variable among species –
some may store starch in deeper wood layers or in higher concen-
trations than other species (Würth et al., 2005; Furze et al.,
2020). In coarse roots, which are woody organs, the storage size
seems to be a better predictor of tree survival than the NSC con-
centrations alone (Wiley et al., 2019). This may be also the case
for other woody organs such as stems and branches. Therefore,
accounting for the spatial distribution of storage compounds in
the stem wood would improve the estimation of NSC-pool size,
our understanding of storage dynamics in adult trees, and our
understanding of tree growth and survival.

In addition to starch, neutral lipids also play a major role as
storage compounds in some tree species and can thus be

important for maintaining the carbon balance and important
metabolic functions (Schneider et al., 2003; Begum et al., 2010;
Fischer et al., 2015; Welte & Gould, 2017). Based on the abun-
dance of lipids in wood, trees have been classified into two groups
of storage strategy: fat storing trees (abundant lipid storage) and
starch storing trees (scarce lipid storage) (Hillinger et al., 1996;
Hoch et al., 2003; Hartmann & Trumbore, 2016). However,
lipid content has been studied in only a few temperate species
because of difficulties related to its quantification and detection
(Höll & Poschenrieder, 1975; Fischer & Höll, 1991; Hoch et al.,
2003). Considering the high abundance of parenchyma tissue
and low concentrations of starch in tropical trees (Plavcová et al.,
2016), one would expect that lipids may play an important role
in the long-term carbon storage for these tree species; however,
the spatial distribution of lipid pools has been described for only
a few species (Datta & Kumar, 1987; Nobuchi et al., 1996). This
greatly limits our understanding of storage strategies in trees, and
can also lead to underestimations of the carbon storage pool size
in trees and forests.

Quantification of the spatial distribution of storage com-
pounds using the available analytical methods is challenging.
Recently, standard methods have been proposed to reduce ana-
lytical errors and produce consistent NSC measurements across
laboratories (Landhäusser et al., 2018). However, these wet
chemistry approaches quantify NSC in the bulk wood mass,
irrespective of the spatial distribution or wood cell types in
which NSC are actually stored. By contrast, approaches such as
micro computerized tomography (Earles et al., 2018) and
histological techniques on wood anatomy in combination with
image analysis (Begum et al., 2010; Czemmel et al., 2015) offer
a great opportunity to quantify the spatial distribution of storage
compounds and concentration gradients across different wood
cell types.

In this paper we address the following question: what are the
differences in wood storage traits between tropical trees with con-
trasting life history traits? To do this, we compared a selected
group of evergreen and semi-deciduous trees with different
growth and mortality rates. In particular, we hypothesize the fol-
lowing: first, trees from fast-growing, short-lived species store
starch mainly in parenchyma cells and have lower NSC concen-
trations, serving as a short-term buffer against diel and intrasea-
sonal carbon shortages; second, by contrast, trees from slow-
growing, long-lived species store a high proportion of starch in
living fibers in the wood, as they store more NSC for supporting
metabolism and growth during extreme carbon shortages. To test
these hypotheses, we used histological and chemical methods to
quantify the starch content and spatial distribution in the wood
of mature trees, and to assess both presence and localization of
starch and lipids in different wood cell types.

Materials and Methods

Study site and plant material

This study was conducted at a seasonally dry forest in the transi-
tion zone between Amazon rainforests and Cerrado in central
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Brazil (Table 1), at the Tanguro Ranch in the state of Mato
Grosso (lat 13°40 35.39″S, long 52°230 8.85″W). We sampled
individuals from nine dominant tree species within a 50 ha plot
that served as a control in the fire frequency experiment described
in Balch et al., (2008), and where species-specific growth and
mortality rates were measured. The region has mean annual tem-
perature and precipitation values of 25°C and 1770 mm, respec-
tively (Rocha et al., 2014). A marked dry season occurs between
the months of May and August with rainfall of < 10 mm
month–1 (Rocha et al., 2014).

We collected samples during the rainy season (in January
2018). From each tree species, we chose mature, dominant, and
healthy trees with a diameter at breast height (1.3 m, dbh) larger
than 20 cm (Table 1). Within this group of individuals we chose
five random trees per species. We selected species of two contrast-
ing functional types (evergreen and semi-deciduous) and with
different growth and mortality rates for comparison of starch and
lipid concentrations in stem wood (Table 1). Additionally, we
resampled the same trees in July 2018, during the dry season, to
identify the starch location in the wood, although no quantifica-
tion of NSC was done on these samples.

Growth and mortality rates

Annual growth and mortality rates for each species were calcu-
lated based on forest inventories conducted between 2004 and
2018 (Balch et al., 2011; Brando et al., 2019; Table 1). All trees
with dbh ≥ 40 cm were measured. Nested sub-samplings over
transects of 500 × 20 m were done to sample smaller trees and
lianas with dbh ≥ 1cm (see Balch et al, 2011 for details). To esti-
mate mortality and growth rates, dbh and mortality data were
recorded annually between 2004 and 2010 and every 2 yr from
2012 to 2018 (Balch et al., 2011; Brando et al., 2019). Mortality
was estimated by applying a 0–5 categorical scale for assessing
aboveground tissue: 0 corresponded to no visible aboveground
live tissue, and 5 corresponded to 100% of all visible above
ground tissue alive. Most of the species selected had > 100 indi-
viduals when the inventories started in 2004, with only three
exceptions: Schefflera morototoni (Aubl.), Dacryodes microcarpa
Cuart. and Vochysia vismiifolia Spr. Ex Warm. had 18, 62, and
45 individuals, respectively (Balch et al., 2011). Annual growth
rates were estimated for each species from changes in dbh for all
individuals with dbh ≥ 20 cm (Brando et al., 2019). We used

Table 1 Descriptions of the samples.

Species name Family Order Clades
Storage
strategy

Growth rate
(cm yr–1)

Mort.
rate
(% yr–1)

Functional
type

No. ind.
(HPAE)

No.
ind.
(Hist)

No.
samp.
(HPAE)

No.
samp
(Hist)

Ocotea
leucoxylon

(Sw.) Laness

Lauraceae Laurales Magnoliids Parenchyma 0.17 5.7 Evergreen 5 4 10 7

Ocotea

guianensis
Aubl.

Lauraceae Laurales Magnoliids Parenchyma 0.22 4.1 Evergreen 5 3 10 6

Sacoglottis

guianensis

Benth.

Humiriaceae Malpighiales Eudicots(core
eudicots(rosids
(fabids)))

Parenchyma 0.29 5 Semi-
deciduous

5 3 10 5

Schefflera

morototoni

(Aubl.)
Maguire, Stey-
erm & Frodin

Araliaceae Apiales Eudicots(core
eudicots
(asterids
(campanulids)))

Parenchyma 0.60 1.9 Semi-
deciduous

5 0 10 0

Vochysia

vismiifolia Spr.
Ex Warm.

Vochysiaceae Myrtales Eudicots(core
eudicots(rosids
(malvids)))

Parenchyma 0.81 3.1 Semi-
deciduous

5 3 10 5

Dacryodes

microcarpa

Cuart.

Burseraceae Sapindales Eudicots(core
eudicots(rosids
(malvids)))

Fibers 0.10 1.6 Semi-
deciduous

5 2 10 2

Tapirira

guianenesis

Aubl.

Anacardiaceae Sapindales Eudicots(core
eudicots(rosids
(malvids)))

Fibers 0.25 2.5 Semi-
deciduous

5 3 10 5

Trattinnickia
burserifolia

Mart.

Burseraceae Sapindales Eudicots(core
eudicots(rosids
(malvids)))

Fibers 0.21 1.0 Evergreen 5 1 10 2

Trattinnickia
glaziovii Swart.

Burseraceae Sapindales Eudicots(core
eudicots(rosids
(malvids)))

Fibers 0.06 1.7 Evergreen 5 2 10 4

The number of samples per species considers the two wood depths analyzed, from 0 to 2 cm and from 2 to 4 cm deep, in the wood. The number of
samples differs between the two quantification methods because of the loss of samples due to processing problems or fungus infection. Hist., histological
quantification method; HPAE, high-performance anion exchange chromatography with pulsed amperometric detection quantification method; Mort. rate,
mortality rate; No. ind., number of individuals per species used for quantification; No. samp., number of samples per species used for quantification.
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the median of the growth rates as an estimate of the annual
growth rate for each species.

Sampling procedure

From each individual tree, we extracted two wood cores (5 mm
diameter and 6 cm long) from bark to pith using an increment
borer (Supporting Information Methods S1). The increment
cores were taken at the same height (1.3 m), 5 cm apart from
each other (horizontally). The cores were placed in ice immedi-
ately after collection and frozen at −18°C within 2 h. They were
kept frozen until it was possible to dry them in an oven at 60°C
for 2 d. Before placing them in the oven, the cores were
microwaved for 3 min at 500 W (Landhäusser et al., 2018). We
used one of the two cores for quantifying starch and soluble sug-
ars with chemical extraction and ion chromatography (IC),
employing high-performance anion exchange chromatography
with pulsed amperometric detection (HPAE-PAD, Dionex ICS-
3000 with CarboPac columns, Dionex, CA, USA). We followed
the specifications outlined in an earlier article (see Protocol S3 in
Landhäusser et al., 2018). We used the second core to visualize
and quantify starch and lipids in histological slides of the cross-
sectional area of the wood. Each increment core was divided into
two sections to account for the concentration of starch in incre-
ments of 2 cm starting at the cambium (two depth ranges: 0–2
and 2–4 cm).

Extraction and quantification of soluble sugars and starch

The 2-cm long core sections were ground to a fine powder using
a ball mill (MM 400, Retsch, Haan, Germany) at 25 Hz for 30 s.
We extracted the soluble sugars from each sample following a
previously described method (Protocol S1 in Landhäusser et al.,
2018). We dried 50 mg of wood powder at 60°C overnight. Dry
samples were boiled in 1.5 ml of 80% ethanol for 10 min at
90°C. After cooling to room temperature, the samples were cen-
trifuged at 13 000 g for 2 min. The supernatant was recovered in
a new vial and stored frozen for posterior quantification of sol-
uble sugars. Before measurement, the supernatant was diluted,
filtered, and then used for measuring three specific sugars (su-
crose, fructose and glucose) by HPAE-PAD. For quality control
we used blanks and standard solutions with known concentra-
tions of glucose, fructose and sucrose, as described previously (see
Protocol S3 in Landhäusser et al., 2018). The measurement of
each sugar was reported in units of mg l−1, and then transformed
to percentage (w/w) of soluble sugars as:

%sugar¼ glucose½ �þ fructose½ �þ sucrose½ �ð Þ �1:05 �V extract �df
W �103 �100%

where glucose½ �, fructose½ � and sucrose½ � are the concentration of
each soluble sugar in mg l−1, respectively, and obtained from the
HPAE-PAD; V extract is the volume of ethanol–water in ml used
for the extraction, df is the dilution factor used for each particular
sample, W is the dry weight of the sample in mg, and 1.05 is a
correction factor (Landhäusser et al., 2018).

For starch quantification, in the remaining pellet, two addi-
tional soluble sugar extractions were performed as described here,
each time discarding the supernatant to remove any remaining
soluble compounds that may interfere with the quantification.
The pellet then was dried overnight at 60°C to remove residual
ethanol. We used the enzymatic digestion method described in
an earlier study (see Protocol S2 in Landhäusser et al., 2018) to
extract the starch. We converted starch into soluble oligosaccha-
rides by adding 1 ml of α-amylase (600 units ml−1) from Bacillus
licheniformis (cat. no. A4551; Sigma) to the dry pellet. Samples
were incubated in an orbital shaker for 1 h at 85°C. Then the
samples were left to cool down to room temperature and cen-
trifuged at 13 000 g for 3 min. The supernatant was transferred
to a new 2 ml screw-cap microcentrifuge tube. The oligosaccha-
rides in the supernatant were hydrolysed into glucose by adding
0.5 ml of amyloglucosidase solution (12 units ml−1) followed by
incubation at 55°C for 30 min. Afterwards, enzymes were pre-
cipitated from the solution with chloroform. The remaining solu-
tion was diluted by a factor of 10 (i.e. 1 : 10 dilution) with
distilled water and filtered to further clean it. The glucose in the
solution was then measured by HPAE-PAD and recorded in
units of mg l−1. Here we used the glucose standard solutions for
quality control. These values were transformed to percentage of
starch (i.e. grams of starch per 100 g of dry wood (gdw) as fol-
lows:

%starch¼ glucose½ � �V starch

W �103 �0:9 �100%

where V starch is the volume of the solution used for the extraction
and 0.9 is a correction factor for mass gain during hydrolysis
(Landhäusser et al., 2018).

Histological visualization and quantification of starch

Each 2-cm long section from the second increment core was sliced
perpendicularly to the axial oriented fibers using an electronic
rotatory microtome (HM 340E; Thermo Fisher Scientific,
Waltham, MA, USA). We took 30 μm thick histological slices,
following the guidelines given by von Arx et al. (2016), aiming to
obtain a slice of even thickness (Methods S1). The slices were
mounted on a glass slide with glycerol, covered with Lugol’s
iodine solution for 3 min to stain starch grains, and finally covered
with a glass plate. The stained samples were photographed using
an optical digital microscope with a large depth-of-field (VHX-
6000; Keyence, Itasca, IL, USA) within 3 h. Despite the fact that
the sample handling and storage processes were treated with the
utmost care, fungus contamination prevented us from using the
histological method to quantify starch in all individuals of
S. morototoni and in some individuals of other species (Table 1).

Panoramic images of the sample were taken at ×300 magnifi-
cation, with both stereo and background illumination at high
light intensity to maximize the contrast between the stained
starch granules and the surrounding tissue. We used a large depth
of field to focus on all objects at different depths in the sample.
These images allowed us to identify and distinguish among wood
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tissues (parenchyma, fibers and vessels), determine the area of
each tissue type, and locate and determine the area covered by
starch grains (starch coverage) within each tissue type (Fig. 1 left
panel). This analysis also allowed us to identify the starch storage
location in wood, and to characterize species by the cell types they
used for starch storage in wood.

We quantified the percentage of starch in the samples by mea-
suring repeatedly the areal percentage of starch coverage in 1
mm2 squares across the surface of the wood sections using IMAGEJ
(Schneider et al., 2012). We divided the images into radial incre-
ments of 5 mm from bark to pith to achieve better precision in
quantifying the radial distribution of starch in the stem-wood.
While doing so, we also eliminated artifacts from the images that
may have interfered with the quantification (Fig. 1, left panel).
After having prepared the images, we ran an automatic script for
identifying and quantifying starch grains in multiple 1-mm2

regions of interest (ROI), randomly selected from across the
images (Methods S2). After identifying all the starch grains in an
ROI, the script measures the percentage of the surface covered by
starch (Fig. 1, right panel). We measured 50 ROIs in each image
of 5 mm of the stem increment core. We used the average of
these 50 ROI measurements as an estimate of the starch percent-
age for each of the 5 mm sections of the increment core. We esti-
mated the starch percentage in each 2-cm long section by taking
the average of the percentage of the surface covered by starch in
all the ROIs from the corresponding images. These measure-
ments were our sample replicates for the validation of this quan-
tification method with the HPAE-PAD.

Furthermore, we made manual measurements of the starch
percentage in the fractional area of each wood tissue (fibers and
parenchyma). For this, we outlined manually the cell type areas
in the images of wood samples and generated new images corre-
sponding to each wood-cell type: fibers, parenchyma and vessels.
We then measured the amount of starch in each wood-cell type
applying the same algorithm described in the previous section to
each of the newly generated images. We did this only in one indi-
vidual per species and only in the first 2 cm of the wood core.
These measurements were used as reference values for the relative
amount of starch stored per tissue type in each species.

Staining of neutral lipids

We used Oil Red O (ORO) staining on wood histological slices to
detect neutral lipid droplets in wood following the protocol
described in Mehlem et al. (2013). We prepared the ORO stock
solution, adding 2.5 g of ORO to 400 ml of 99% (v/v) isopropyl
alcohol and mixing the solution for 2 h at room temperature. From
the stock solution, we prepared an ORO working solution, adding
1.5 parts ORO stock solution to 1 part distilled water, shaking it
for 5 min, letting it stand for 10 min at room temperature, and fil-
tering it through a 45 μm filter to remove the precipitates.

From each 2-cm long section of the second core, we cut a new
histological slice subsequent to the one taken for starch measure-
ments, following the same guidelines described in the previous
section. The histological slices were washed with distilled water
and then placed in a Petri dish. Next, 1 or 2 ml of ORO working

solution was added to completely cover the samples. We fixed a
lid onto the Petri dish to avoid drying of the ORO solution, and
let the sample incubate for 30 min at room temperature. Samples
were then rinsed with distilled water for c. 30 min, mounted on
the slides using water as a mounting medium, and placed under a
coverslip. Pictures were taken within 1 h, before the water dried
out and the ORO started to precipitate. The samples were pho-
tographed using the optical digital microscope at ×500 magnifi-
cation. We did not quantify the neutral lipid content based on
these images due to its lack of comparability with the starch
quantification and the lack of a calibration method. However,
these images allowed us to demonstrate whether or not the
species contained lipids, to detect where the lipids were stored in
the xylem, and to investigate whether lipids contribute to the
storage pool in our trees.

Statistical analysis

To validate the histological method with HPAE-PAD we ran a
simple linear model between the two measurements of starch
concentration, the percentage of starch per unit mass (from the
HPAE-PAD quantification) as the independent variable, and the
percentage of starch per unit area (obtained from the histological
samples) as the dependent variable. The data met all the statistical
requirements, such as normal distribution of the residuals and
homoscedasticity. We also tested the effect of the species and
depth range on the slope and the intercept of the linear model
using ANCOVA. This model allowed us to scale the measure-
ments from the histological method to the units that the HPAE-
PAD quantification reports. In addition, we ran permutation
tests to evaluate with 95% confidence whether the slope of the
linear model was different from zero, and if the means of the two
quantification methods differed from each other.

To evaluate the relationship between the starch storage loca-
tion observed in the histological images and the functional types
of our tree species, we used a Fisher’s exact test. For comparing
the growth and mortality rates between the starch storage loca-
tion we used a Mann–Whitney U-test. We used this test because
the data was not normally distributed. For the comparison, trees
were classified as either trees that use living fiber for storing starch
or trees that use only parenchyma.

To investigate differences in storage location and distribution
of starch between individuals from different species, we estimated
the probability density distribution of the percentage of starch of
the wood area as a measure of the spatial distribution of the
starch for the first 2 cm of wood in each species. For this, we used
the starch measurements from ROIs in all individuals per species
and estimated the density distribution per species using the R
function density, which computes a kernel density estimate. These
distributions gave us the relative probability of a specific starch
percentage occurring along the radial profile of the wood sample.
These starch distributions were compared by estimating the per-
centage overlap of the common area between two starch density
distributions. We tested the relationship of these distributions
with growth and mortality rates using linear regressions and per-
mutation tests over the regression slope.
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We tested the influence of the lipid storage on growth and
mortality rates using the Mann–Whitney U-test. For this, the
species were classified as species with lipid storage (species that
showed consistent lipid droplets in the parenchyma cells) and
species with no lipid storage (species that showed no lipid
droplets in the parenchyma cells, or showed them in some sparse
specific locations).

All the statistical analyses were conducted in R v.3.6.1 (R Core
Team, 2017).

Results

Starch and soluble sugar partitioning

The starch content in our trees ranged from 0.1% to 15% of the
dry mass (Fig. 2). Starch was the most abundant storage com-
pound for most of the sampled trees, representing at least 70% of

the total NSC, but was practically absent in individuals of
S. morototoni and V. vismiifolia.

The soluble sugar content of the outermost 4 cm of stem wood
ranged between 0 and 3% of the dry mass without a clear rela-
tionship with stem depth for any of the trees (Fig. 2). For most
trees, soluble sugars represented < 30% of the total NSC in their
wood, with the exception of individuals of S. morototoni and
V. vismiifolia, whose soluble sugars were the main storage com-
pound, representing 54% and 99.9% of the total NSC, respec-
tively. Nevertheless, trees from these two species also had the
lowest concentrations of total NSC (soluble sugars and starch),
3% and 2% respectively.

Validation of the histological method

Starch quantities determined using the histological method and
the HPAE-PAD were highly correlated, and the model’s slope

Axial parenchyma

Starch grain

Fibers

Vessels

Ray parenchyma

Cambium

Bark

 ROI

Image processing

Heartwood

Cross sectional view

Ray

Processed image

Sapwood

1mm2

Phloem

Fig. 1 Representation of the cutting plane of the samples and examples of the images of the histological slide fromOcotea leucoxylon, where the rays are
stained brown and the starch black (left panel), and the result from the image processing, where the stained starch was recolored in red (right panel).
Within a randomly chosen 1 mm2 area (blue square) all pixels stained red were then automatically identified for measurement (selected pixels here are
highlighted in black and white) using our IMAGEJ macros (see Supporting Information Methods S2). ROI, region of interest.

New Phytologist (2021) 230: 139–154
www.newphytologist.com

© 2021 The Authors

New Phytologist © 2021 New Phytologist Foundation

Research

New
Phytologist144

23



was very close to one (y = 0.47 + 0.89x, r2 = 0.80, P < 0.005,
R = 0.89, RMSE = 0.55, Fig. 3). No effect of tree species or the
depth range on the model’s slope and intercept was found (P =
0.27). Permutation tests confirmed these results. We found that
the slope of the linear model was significantly different from zero
(P < 0.01) and the difference in the means of the two quantifica-
tion methods (0.09) was not different from zero with 95% confi-
dence. The histological method can therefore be used not only to
estimate starch concentrations but also starch spatial distribution
in the wood and concentration gradients among different wood
cell types.

Starch storage strategies and life history traits

Based on the location of starch in the wood, which was visible in
the histological stained samples, we were able to differentiate two
distinct storage strategies among individuals of the nine species
evaluated. All individual trees belonging to a particular species
shared the same storage strategy. One group of trees used exclu-
sively the ray and axial parenchyma to store starch (Fig. 4 left-
hand side). This group generally had low starch contents, and
high annual growth and mortality rates (Fig. 5). The second
group mostly used living fibers for starch storage (Fig. 4 right-
hand side). In this group, we found trees that generally had a high
concentration of starch, and low annual growth and mortality
rates (Fig. 5). Starch concentration per wood-cell type manually
measured in some histological samples showed us that for this

group, between 50 and 80% of the starch was stored in the living
fibers; the rest was stored in ray and axial parenchyma. These
storage strategies were consistent between seasons, with all trees
from a particular species showing the same storage strategy in
both rainy and dry seasons (Fig. S1).

These storage strategy groups showed a weak relationship with
annual growth rates (P = 011, Fig. S2) and a significant relation-
ship with mortality rates (P = 0.03, Fig. S2). Fiber-storing trees
tended to grow slower (< 0.25 cm yr−1) and have lower mortal-
ity (< 3% yr−1) than parenchyma storing trees (Fig. S2). Curi-
ously, the starch storage strategies or the amount of starch stored
in the wood were not related to the functional type (evergreen or
semi-deciduous) of the species (P = 0.75, Fig. 4).

Distribution of starch in the wood

Starch content decreased radially, from the youngest wood to 4
cm depth, for many trees (Fig. 6). However, there was large vari-
ation among individuals of different species: for individuals of
Ocotea leucoxylon, Trattinnickia glaziovii and Tapirira guianensis,
starch concentrations declined gradually within the first radial 4
cm of stem-wood; for individuals of Sacoglottis guianensis there
was a sudden decrease in starch concentration in wood beyond 3
cm; and for individuals of Ocotea guianensis, Trattinnickia
burserifolia and V. vismiifolia there was no decline to 4 cm depth.
For most individuals of these species, we found that deeper wood
layers were completely void of starch.

Fig. 2 Sugar and starch content (%) measured by the HPAE-PAD method for each species in the two wood depth ranges evaluated (0–2 cm and 2–4 cm
deep in the wood). The boxes of the boxplots represent the 25th, 50th and 75th percentiles from left to right. The boxplot whiskers represent 1.5 × the
interquartile range below the 25th percentile (left whisker), and 1.5 × the interquartile range above the 75th percentile (right whisker). The measured values
are represented by the filled circles.
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The density distributions of the percentage of starch in the first
2 cm of the stem wood in the radial direction showed two general
shape types (Fig. 7). Individuals from the species that store starch
only in the parenchyma had narrow distributions skewed to low
values of starch content, reflecting the grouped pattern of starch
in the stem parenchyma cells. By contrast, individuals from
species that store starch mostly in the fibers had a more spread
unimodal distribution with long tails towards high concentration
values, reflecting a more dispersed pattern of starch in the wood
(Fig. 7). The overlapping index between the starch distributions
of the parenchyma-storing trees and the fiber-storing trees
showed that both distributions share c. 39% of common area
with an absolute error smaller than 2.9 × 10−5 (Fig. S3).

Descriptive variables from these distributions were also related
to growth and mortality rates (Figs S4 and S5). The median of
the percentage of starch in the wood was nonlinearly associated
with growth (Fig. S4), but it was not related to mortality. Never-
theless, the cumulative mean percentage of starch from each 5
mm segment along the radial profile, up to 4 cm of the wood
core, was significantly related to mortality rates (r = 0.76,
P = 0.036, Fig. S5a).

Presence and localization of neutral lipids in the wood

Lipid droplets were exclusively present in parenchyma cells of
individuals from five species (Fig. 8, left-hand side). The wood
in individuals of the other four species was mostly void of neutral

lipid droplets. In these species, lipid droplets were detected spo-
radically and localized only in the cell walls of vessels and in the
parenchyma cells next to vessels in individuals of T. guianensis
and S. guianensis; and also in secretory cells in individuals of
O. guianensis and O. leucoxylon.

Lipid storage was not related to functional type or growth rates
(P > 0.1), but it was related to mortality rates (P = 0.031,
Fig. S2): individuals with lipid storage belong to species that had
lower mortality rates (< 3% yr–1) than individuals with no lipid
storage.

Discussion

Using the histological method, we identified the location of starch
storage and quantified its spatial distribution. This allowed us to
quantify differences in wood storage traits (e.g. starch distribu-
tion) and to relate these traits to two life history traits – tree
growth and mortality of nine tropical species. Our results point to
two contrasting patterns. Fast-growing, short-lived species stored
starch mainly in the parenchyma, while slow-growing, long-lived
species stored a large proportion of starch dispersed in living
wood fibers. We also found a positive relationship between lipid
content and mortality rates. These results may be indicative of
more general patterns of carbohydrate and lipid storage associated
with life history traits such as growth, carbon allocation, and mor-
tality. However, future studies, including species from different
forest sites, are needed for broader extrapolation of our findings.

Storage strategies and life history traits

Trees that belonged to slow growing, long-lived and high-survival
species stored a large proportion of their starch reserves in the liv-
ing fibers in the wood and had the biggest NSC pool. Trade-offs
between survival and growth have been reported for several tree
species, where species that allocate more resources to high survival
traits such as defense compounds and high wood density tend to
grow slower than species with less allocation to survival traits
(Gilbert et al., 2006; Poorter et al., 2008; Wright et al., 2010;
Adler et al., 2014; Philipson et al., 2014; Osazuwa-Peters et al.,
2017; Borghetti et al., 2020). Our results showed that storage of
starch in living fibers in stem wood may also be an important
trait of species that prioritize allocation of resources to increase
survival rather than growth. It is likely that a large number of liv-
ing fibers allows high amounts of starch to be stored in the wood,
which provides an efficient means by which to optimize storage
capacity without sacrificing structural resistance. This may allow
trees to have bigger reserve pools for the following purposes: to
invest more carbon in survival traits such as the possession of an
abundance of defence compounds and high wood density; to sus-
tain metabolism during carbon shortages; and to reduce stem
water potential and avoid cavitation by hydrolyzing starch. These
results agree with previous findings, where concentrations of
NSC correlated positively with survival rates and negatively with
growth in seedlings of some tropical tree species (Poorter & Kita-
jima, 2007; O’Brien et al., 2014, 2020). Storage allocation to liv-
ing fibers has been reported before for few species (Fahn &

Fig. 3 Linear model fitted between the two starch quantification methods
(solid blue line): the chemical extraction and high-performance anion
exchange chromatography with pulsed amperometric detection (HPAE-
PAD) method (y-axis), and the histological method (x-axis). Dots
represent every sample from each individual of each species from the
depth range analyzed. The dashed line corresponds to the 1 : 1 linear
relationship that would be expected if there were complete equivalence
between the methods. Different colors represent different species.
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Arnon, 1963; Yamada et al., 2011; Carlquist, 2013; Plavcová
et al., 2016). In the individuals of the four fiber-storing species
we studied here, living fibers seemed to have lived for several
years as they were still functional (e.g. packed with starch)
throughout the sapwood, as far as the deepest and oldest wood

layers containing starch, which were from 10 to 40 years old.
Our results indicate that for some tropical species, NSC storage
in tree stems may be determined not only by the percentage of
ray and axial parenchyma (Plavcová & Jansen, 2015), but also by
the amount of living fibers (Plavcová et al., 2016).

Fig. 4 Wood anatomy of the eight species
successfully analyzed using our histological
method. Starch grains are stained black by
Lugol’s iodine. The group of species on the
left-hand side almost exclusively use the ray
and axial parenchyma for storing starch,
while the species in the right-hand side
mostly use living fibers in the xylem. The
upper four species (names in green) are
evergreen, and the lower four (names in
black) are semi-deciduous species. We also
indicate fast growing species (F) and slow
growing species (S) as described in Table 1.

Fig. 5 Principal component analysis (PCA)
between the percentage of starch in the
wood, annual growth rates and mortality
rates. In the plot two groups can be
observed: the parenchyma storing species,
Sacoglottisguianensis (Sacgui),
Ocotealeucoxylon (Ocoacu),
Ocoteaguianensis (Ocogui),
Vochysiavismiifolia (Vocvis) and
Scheffleramorototoni (Schmor); and the fiber
storing species, Dacryodesmicrocarpa

(Dacmic), Trattinnickiaglaziovii (Tragla),
Trattinnickia burserifolia (Trabur) and
Tapirira guianensis (Tapgui). The
parenchyma storing species are grouped on
the right towards high growth and mortality
values. The fiber storing species are grouped
on the left towards low values of growth and
mortality, and high values of starch
concentration.
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Storing starch in living fibers may be associated with slow
mobilization rates, which may cause slower consumption of NSC
from wood and may result in slower NSC cycling in comparison
to storing starch in the parenchyma. These wood storage traits
would play an important role for both the amount of starch
stored and the capacity of trees to mobilize it. Slow mobilization
of starch in the fiber-storing trees may be due to the physical
characteristics of the living fibers (e.g. few extensive pits) and
their axial disposition, which may limit the lateral movement of
hydrolyzed starch (Carlquist, 2013). Fast radial transport of sug-
ars to the phloem happens through ray parenchyma (Höll, 1975).
Therefore, we speculate that hydrolyzed starch from fibers has to
reach ray parenchyma before being efficiently mobilized to the

phloem, which may require additional time in comparison with
starch that was already stored in parenchyma cells. As a result,
trees that store starch in fibers may have slower cycling of NSC,
evidenced in higher quantities of old NSC stored in the wood in
comparison to trees that store starch in parenchyma cells. Alter-
natively, the NSC may be sequestered and not readily mobiliz-
able. For instance, mechanistic models of C allocation have
shown that some tree species cycle NSC slower than others: for
example, Acer rubrum trees, which usually have a large number of
living fibers, may have slower consumption of NSC from wood
and a higher quantity of old NSC stored in the wood than Pinus
taeda trees (Carlquist, 2015; Plavcová et al., 2016; Herrera-
Ramı́rez et al., 2020). Yet the variability of the anatomical

Fig. 6 Radial profile of the concentration of
starch for each species (black lines) and for
each individual (grey lines), measured in the
first radial 4 cm of wood every 0.5 cm.
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features of the living fibers and their role in the NSC cycling in
trees are not well documented.

By contrast, individuals from fast-growing, short-lived and low-
survival species stored starch almost exclusively in the parenchyma
and had the smallest NSC pools in our study. Storing starch in the
parenchyma may limit the size of the storage pool in trees, but it can
increase accessibility and facilitate mobilization of reserves to pro-
mote fast growth. This may be because ray and axial parenchyma
are thin-walled cells with multiple extended pits that interconnect
them with other cells, including vessels (Carlquist, 2015).

Ray and axial parenchyma have additional important functions
other than carbon storage, such as acting as storage reservoirs for
water (Borchert & Pockman, 2005; Oliva Carrasco et al., 2014),

lipids (Saranpää & Höll, 1989; Hoch et al., 2003) or defense com-
pounds (Morris et al., 2016; Huang et al., 2020). This may explain
why not all individuals from fast-growing pioneer species stored
high quantities of starch, despite having a high proportion of
parenchyma in their wood (e.g. S. morototoni and V. vismiifolia).
For individuals from these two species, soluble sugars may play a
more dominant role than starch, although in both cases the total
NSC concentration was very low (Fig. 2). Individuals from these
species also stored lipids, although very little compared to other
species and probably not higher than the soluble sugar pool (be-
tween 1 and 2% of the wood volume as a rough estimate based on
the images, Fig. 7). It may be possible that starch storage in these
trees is very seasonal and spikes during other times of the year.

Fig. 7 The density distribution of the areal
percentage of starch across the surface of the
wood samples for each species, over the first
2 cm of the stem-wood radius (grey areas);
the blue lines indicate the mean value of each
distribution, and the orange dotted lines
indicate the median of each distribution; n
represents the number of individuals from
each species used for the estimation of the
density functions. On the left-hand side are
the species that store starch in the
parenchyma, and on the right-hand side are
the species that mainly store starch in the
fibers. The overlapping area index between
the starch density distributions from
parenchyma-storing species and starch-
storing species is 39%, with an
error < 2.9 × 10−5 (Supporting Information
Fig. S1).
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Nevertheless, the samples taken during the dry season suggest that
V. vismiifolia does not store high amounts of starch during this
time of the year (Fig. S1), which is probably also the case for
S. morototoni (unfortunately, S. morototoni samples also showed
extensive contamination with fungi). Starch storage in the stem
wood may not be a priority for these fast-growing pioneer species,
but it may be more pronounced in other tissue and organs such as
phloem, branches and leaves where reserves are more easily accessi-
ble to maintain a fast growth rate.

Spatial distribution of starch in wood

The spatial distribution of starch in wood transversal area differed
among trees of different species, and it was related to the previ-
ously identified storage strategies, annual growth and mortality
rates (Figs 7, S3–S5). Trees that store starch in the living fibers
showed wider distributions of starch concentration, which
reflected a more dispersed pattern of starch storage in the wood,
in comparison with trees that only used parenchyma for storing

Fig. 8 Detection of neutral lipids in the stem
wood of the nine species under study.
Neutral lipids are visible as red droplets in the
wood tissues (parenchyma cells (P), fibers (F)
and vessels (V)). On the left-hand side we
pooled together the species for which neutral
lipids were visible all over the sampled area.
They are organized from top to bottom such
that the species in which neutral lipid
droplets were most abundant across the
sampled tissue is positioned at the top, and
the species with the lowest amount of lipid
droplets is positioned at the bottom. For
these species, neutral lipids were exclusively
localized in the ray and axial parenchyma
cells. On the right-hand side we show species
that exhibited very few or no neutral lipid
droplets; when droplets were present, they
were usually localized in the walls of vessels,
as seen inOcotealeucoxylon and
Sacoglottisguianensis, or in the secretory
cells, as seen inOcoteaguianensis.
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starch. In our trees, starch content decreased radially along the
wood core from bark to pith. This radial decrease in starch con-
tent has been documented for several species (Saranpää & Höll,
1989; Hoch et al., 2003; Würth et al., 2005). Nevertheless, this
pattern was highly variable between trees, where some stored
starch deeper than others (Fig. 6). Ultimately, this radial pattern
in starch concentration determines the starch pool size, which
may be more strongly related to tree survival than the average
starch concentration in wood (Fig. S5). This variability in the
spatial distribution of starch can be related to wood anatomical
traits such as the size and abundance of parenchyma cells and liv-
ing fibers (Plavcová et al., 2016; Earles et al., 2018; Furze et al.,
2020). It also may introduce strong differences between the NSC
pool size and NSC mobilization between tree species, which may
have large implications for tree survival and growth. These links
are deserving of further research, to understand NSC dynamics
in tropical trees and to confirm the patterns that we observed.
Thus, more attention should be given to the quantification of the
spatial distribution of starch in stem wood to better understand
the role of the NSC in survival during stressful conditions.

Neutral lipids

Neutral lipid droplets contributed to tree carbon storage in five of
the studied species (Fig. 8). In these trees, intricate storage patterns
between lipid and starch storage were observed. Trees that store
starch mostly in fibers, or those storing a very small amount of
starch in parenchyma (e.g. individuals of S. morototoni and
V. vismiifolia) showed lipid droplets exclusively in the parenchyma
cells. This suggests that living fibers may be specialized only in
starch storage. Furthermore, fiber-storing trees showed bigger and
more abundant lipid droplets than individuals of S. morototoni and
V. vismiifolia. This is not consistent with the separation of ‘fat’ tree
species and ‘starch’ tree species (Hillinger et al., 1996; Hartmann
& Trumbore, 2016) as species with greater amounts of starch also
showed more abundant and bigger lipid droplets. Yet starch was
more abundant and more evenly distributed in the wood than lipid
droplets for these species. By contrast, trees that stored starch in the
parenchyma were more consistent with the ‘fat’ vs ‘starch’ tree
dichotomy, and starch storage in the parenchyma cells (O. guia-
nensis, O. leucoxylon and S. guianensis) apparently left no space for
lipid droplets, suggesting that these species may rely exclusively on
starch storage for supporting metabolism. Instead, trees from fast
growing species that had very small starch storage and bigger
parenchyma cells (S. morototoni and V. vismiifolia) showed small
and dispersed lipid droplets in the parenchyma. Although our find-
ings suggest that the presence of lipid droplets is not related to
growth or functional type in the species under study here (P =-
0.11), they seemed to be related to mortality rates (P = 0.03);
trees that stored lipid droplets in the parenchyma were from species
with lower mortality rates than trees that had no lipids. The quan-
tification of the spatial distribution and seasonality of lipid droplets
in wood may thus contribute to better predicting tree survival
under constraining environmental conditions; however, the under-
lying mechanisms and implications for forest dynamics require fur-
ther investigation.

Limitations of the histological method

We would like to stress that the histological method is not suitable
for accurately quantifying starch in individuals infected with fungi
or any substance that appears black upon staining in the anatomi-
cal slices. Glucans in the fungal cell wall also stain black or purple
with Lugol’s iodine, impairing the differentiation between fungus
mycelia and starch grains (Garcia-Rubio et al., 2020). Addition-
ally, we do not know if the glucans in the fungal cell wall are also
extracted by the enzymatic digestion of starch, where glucans are
converted to glucose by amyloglucosidase. In this case, we would
also expect an overestimation of starch content in samples from
individuals infected with fungi (e.g. S. morototoni in Fig. 2) when
standard quantification methods are applied.

Conclusions and outlook

Our results open research avenues for advancing our understand-
ing of starch and lipid metabolism in adult trees. The histological
method provides a novel and easy way to map starch and lipids
in wood and understand plant storage strategies that may play an
important role in survival under stressful conditions. Although
our results indicate that there are links between wood storage
traits, such as starch storage distribution and lipid storage, and
life history traits for adult trees of nine tropical species, a more
general pattern for multiple species and ecosystems still needs fur-
ther investigation. We hypothesize that these relations hold for
other tree species across the tropics, and the method we have pre-
sented here can help to further examine this hypothesis.
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Hillinger C, Höll W, Ziegler H. 1996. Lipids and lipolytic enzymes in the

trunkwood of Robinia pseudoacacia L. during heartwood formation: I. Radial

distribution of lipid classes. Trees 10: 366–375.
Hoch G, Richter A, Körner Ch. 2003. Non-structural carbon compounds in

temperate forest trees. Plant, Cell & Environment 26: 1067–1081.
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Büsgenweg 2, 37077 Göttingen, Germany
5Department of Earth System Science, University of California, Irvine, CA

92697, USA
6Instituto de Pesquisa Ambiental da Amazônia, Braśılia, DF 70863-520,
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Abstract

Trees store large quantities of nonstructural carbon (NSC, mainly sugars and
starch) in the stem wood to boost metabolism and growth. This NSC is not evenly
distributed in the stem wood of mature trees. For many species, NSC concentration
decreases radially with sapwood depth. It can also be concentrated in different
cell types, for example in ray parenchyma or dispersed in wood fibers. Shifts in
the balance of carbon supply and sink demands from fluctuating environmental
conditions, which may lead trees to experience stress, can cause seasonal changes in
the spatial distribution of NSC within tree stems. Wood anatomical characteristics
are diverse in tropical trees and they may impose physical constraints on how fast
and frequently trees can withdraw or replenish NSC stored in stems. These relations
between NSC storage and wood traits result in different time scales at which trees
store and cycle NSC.

Here we focus on the following questions: i) how does the radial distribution
of starch concentration in the stem wood of tropical trees change seasonally; ii)
how does this vary for trees with contrasting wood storage strategies (parenchyma
storage and fiber storage) and leaf habits (evergreen and semi-deciduous)? iii) What
are the radial mobilization rates of NSC across the sapwood for these tropical trees?
and iv) how old is the NSC that trees use in respiration under stressful conditions?

To answer these questions we measured NSC content through a radial path in the
sapwood (from bark to pith) in 8 tropical tree species in a seasonal dry forest in Brazil
during 2018 and 2019. Additionally, we measured the 14C in the soluble carbon
extracted from wood segments corresponding to two depth ranges of each radial
path (0-2cm and 2-4cm) and in the respired CO2 from 6cm wood core segments. We
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also estimated the age of the wood core segments by counting annual tree rings and
measuring 14C in the tree ring cellulose.

We found significant seasonal changes in the starch content at different sapwood
depths in all trees evaluated, indicating that NSC is metabolically active across all
sampled depth ranges. Therefore, we infer that stored C regulates sink activity, re-
ducing the imbalances in carbon sources and sinks. Proportionally, seasonal changes
were larger for species that store starch dispersed in wood living fibers. Some of these
trees stored NSC in the wood for decades. In some cases NSC was even older than
the wood that contained it, indicating that these trees maintain the radial pattern
of NSC concentration by a predominantly outward mixing of old NSC from deeper
layers of wood. Irrespective of how old the NSC extracted from the wood was, trees
always used younger NSC for respiration. However, the respired CO2 got older dur-
ing the dry season, when trees faced a reduction in photosynthesis and may have
entered a negative C balance requiring a larger contribution of old stored NSC to
respiration.

These findings highlight the high diversity of storage strategies in tropical trees
that may be tightly linked to the ability of those trees to survive stressful conditions.
These results have important implications for our understanding not only of how
trees will respond to future climatic changes but also about the mechanisms of
carbon cycling in tropical trees.

1 Introduction

Trees assimilate CO2 into nonstructural carbon (NSC), which is mainly soluble sugars,
starch and lipids. Nonstructural carbon is transported to, and accumulated in, all tree or-
gans to fuel metabolism and growth at different time scales, from seasonal to inter-annual
(Chapin et al., 1990; Richardson et al., 2013). Changes in the quantity of NSC indicate
the carbon status and the imbalances between carbon sources (e.g. photosynthesis) and
sinks (e.g. growth and respiration) in trees (Furze et al., 2020; O’Brien et al., 2015). Ad-
ditionally, NSC also serves to maintain hydraulic conditions and repair embolism within
tree stems (Salleo et al., 2009). Thus, NSC dynamics indicate the tolerance of trees to
disturbances like during drought (Hartmann and Trumbore, 2016). Understanding how
NSC dynamics vary between tree species would help us to estimate which trees will better
tolerate stress associated with future climate change.

Stem wood plays a central role in NSC dynamics and long term storage for mature
trees (Furze et al., 2019, 2018). Quantification of NSC generally demonstrates a pattern of
decreasing NSC concentrations with sapwood depth (Barbaroux and Bréda, 2002; Hoch
et al., 2003; Richardson et al., 2015). The shape of this radial pattern varies among
species and it is related to leaf habit (evergreen or deciduous) and wood anatomy (Furze
et al., 2020). It has been shown that wood anatomical traits such as porosity distribution
constrain not only the NSC distribution in wood, but also its seasonal cycling in temperate
trees (Barbaroux and Bréda, 2002; Furze et al., 2020). Previous work has reported that
diffuse porous species have lower concentrations of NSC, lesser starch in deeper layers
of wood, and smaller seasonal variation in NSC content than ring-porous species (Furze
et al., 2020).

Seasonal variation in the NSC content reflects the balance between sources and sinks,
and it has been commonly assumed that sink activity mainly controls these variations
(O’Brien et al., 2015; Trumbore et al., 2015). Stressful conditions such as drought or low
temperature reduce growth and respiration stronger and faster than they do to photosyn-
thesis, leading trees to accumulate NSC (Würth et al., 2005). Nevertheless, it has also
been reported that under mild stressful conditions such as mild droughts or disturbances,
NSC fluctuations in the stem wood can be controlled by source activity where a reduction
in photosynthesis leads to a decrease in the NSC quantities (O’Brien et al., 2015).
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For tropical trees there are few observations of seasonal changes in the radial pattern
of NSC content in wood. In several tropical trees, a decreasing pattern of NSC content
with wood depth has been described (Würth et al., 2005), but was not related to any
wood anatomical or life history traits. Wood anatomical traits such as starch storage in
living fibers seem to play a relevant role in NSC dynamics for tropical trees (Herrera-
Ramı́rez et al., 2021). In Herrera-Ramı́rez et al. (2021), we demonstrated that starch
storage strategies in wood are closely related to storage capacity, growth and mortality
rates of some tropical tree species. Thus, trees that store starch in living fibers had higher
total storage capacity, lower growth and lower mortality rates than trees that did not have
living fibers and store starch in parenchyma cells only. Here, we investigate how these
wood storage strategies are related with seasonal fluctuations of the radial distribution of
NSC in the stem wood for the same tropical trees, and relate this to the age of NSC and
the ability of trees to access the stored NSC in deep layers of wood.

Seasonal fluctuations of the radial pattern of NSC across sapwood reflect the lateral
inward and outward mixing of NSC (Richardson et al., 2015). Trees transport the new
assimilates as NSC from leaves to other organs (e.g. stems and roots) through the phloem
(Dietze et al., 2014). Thus, phloem provides new assimilated NSC to stem sinks like wood
growth and NSC storage. New NSC is loaded into the wood and transported to deep layers
of wood through ray parenchyma cells (Höll, 1975). When there is a large flow of NSC into
the wood there is an inward mixing of NSC towards deep layers of wood. Nevertheless,
when the flow of new NSC from phloem to wood decreases, there may be an outward
mixing of old NSC from deep layers of wood to phloem to maintain the cambium activity
and reload the phloem with stored NSC (De Schepper et al., 2013; Richardson et al.,
2015).

This inward and outward flow of NSC determine the age of NSC in wood. For tem-
perate trees that have been investigated to date, the NSC age increases with depth (Furze
et al., 2020; Richardson et al., 2015; Trumbore et al., 2015). This means that the out-
ermost layers of wood contain mostly recently assimilated (young) NSC, while deeper
layers of wood contain mostly old carbon. Radiocarbon measurements have shown that,
generally, stored NSC is younger than the wood that contains it, demonstrating that the
radial pattern of NSC across sapwood is maintained mostly by an inward strong mixing
of new NSC from the phloem to deep layers of wood (Richardson et al., 2015; Trumbore
et al., 2015). The strength of this inward mixing varies among species, but to date there
is no evidence of a strong mixing out of old NSC from deep old layers of wood to new
younger ones, even on seasonal scales. Revealing these patterns for tropical trees will
improve our understanding of NSC storage dynamics in stem wood, and how important
wood functional traits are for NSC mobilization and use in tropical trees.

Previous work has shown that tropical trees can store NSC for long periods of time
(even decades), and this old NSC can be accessed and used for respiration and growth
following major disturbances or stress (Carbone et al., 2013; Muhr et al., 2018; Vargas
et al., 2009). Nevertheless, carbon allocated to growth and respiration under favourable
conditions is always younger than the NSC stored in wood (Ceballos-Núñez et al., 2018;
Trumbore et al., 2015). This has been explained by the existence of fast and slow NSC
pools in wood, where fast pools would consist of NSC that is actively being used in
the immediate metabolic activities and slow NSC pools would consist of stored NSC
that would feed the fast pools (Ceballos-Núñez et al., 2018; Richardson et al., 2015).
Simulations of NSC ages and transit times has shown us that these NSC dynamics result in
asymmetrical NSC age distributions skewed towards young, recently assimilated carbon,
which fuels respiration and growth under favourable conditions (Ceballos-Núñez et al.,
2018; Herrera-Ramı́rez et al., 2020). Under limiting conditions, trees have to consume
NSC stored in wood, increasing the contribution of old stored NSC to respiration.

In this work we want to better understand NSC dynamics for tropical trees in a
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seasonally dry forest in Brazil. For this, we measured the seasonal activity of the radial
pattern of starch concentration in the wood of species with contrasting wood storage
strategies such as storage in the living fibers or storage in parenchyma cells, the age of
the NSC across this radial pattern, and the age of the respired CO2 directly from stem-
wood cores. We aim to answer the following questions: i) how does the radial distribution
of starch concentration in the stem-wood of tropical trees change seasonally, ii) how does
this vary between trees with contrasting wood storage strategies (parenchyma storage
and fiber storage) and leaf habit (evergreen and semi-deciduous)? iii) What are the
radial mixing rates of NSC across the sapwood for these tropical trees? and iv) how old
is the NSC that they access for respiration during stressful conditions? For answering
these question we provided a detailed accounting of the spatial and temporal variation of
NSC within the stem wood of tropical trees with contrasting wood storage strategies and
leaf habits. We estimated the 14C mean age of the NSC within the stem wood and the
14C mean age of the respired CO2. We expected seasonal changes in the starch content
in the wood of trees, where trees accumulate more NSC during the wet season and use it
to survive the dry season, and we expected that semi-deciduous species that store starch
in the parenchyma would show larger seasonal variations of NSC due to a more accessible
NSC from storage and the large demand of carbon to rebuild lost tissue during the dry
season. This fast cycling of reserves would lead these trees to have younger storage in the
wood in comparison with the evergreen fiber storing species. Thus, slow cycling species
would have older NSC to access, and consequently may respire older CO2 when they are
under stress.

2 Methods

2.1 Site description

This study was conducted at a transitional forest between the Amazon rainforest and
Cerrado, located at Tanguro Ranch, Mato Grosso, Brazil (S 13◦4′35.39′′, W 52◦23′8.85′′).
It is a seasonal dry forest with mean annual precipitation of 1770mm, a marked dry season
between May and September with less than 10mm of precipitation per month, and a wet
season between October and April with a mean precipitation of 150mm per month (Fig.
1). Relative humidity follows a similar seasonal pattern, falling below 60% from June to
September and greater than 80% from December to February (Fig. 1). Mean temperature
is 25◦C with almost no seasonal variation throughout the year (Data obtained from a local
station at Tanguro Ranch operated by the Instituto de Pesquisa Ambiental da Amazônia,
IPAM).

2.2 Species description

We sampled 12 individual trees per species from eight species that demonstrated to have
contrasting starch storage strategies in wood (Herrera-Ramı́rez et al., 2021), different leaf
habit (evergreen or semi-deciduous) and different growth and mortality rates (Table 1).
From each tree species we chose mature and healthy trees reaching the canopy with a
diameter at breast height (at 1.3m, dbh) bigger than 20cm (Table 1).

2.3 Sampling scheme

We sampled each tree periodically during two years (2018 and 2019). In 2018 we took
samples during the wet season, in January, and during the dry season, in July. In January,
we randomly sampled 5 individuals per species while in July we resampled the same 5
individuals from January plus 7 new ones also randomly selected, to increase our sampling
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(a)
(b)

NSC

Figure 1: Mean seasonal course of precipitation (mm) and relative humidity (%) during
2016-2020 (black lines). Gray areas correspond to the standard deviation. Data provided
by IPAM.

Table 1: Species names and traits: wood storage strategy, growth rates, mortality rates,
phenology, and the sampling dates.

Species name Growth rate
(cm/yr)

Mortality
rate (%/yr)

Storage strategy Leaf phenology Sampling date

Ocotea leucoxylon (Sw.)
Laness

0.295 5.7 Parenchyma Evergreen Jan18, Jul18,
May19, Aug19,
Nov19, Feb20

Ocotea guianensis Aubl. 0.282 4.1 Parenchyma Evergreen Jan18, Jul18
Sacoglotis guianensis
Benth.

0.72 5 Parenchyma Semi-deciduous Jan18, Jul18,
May19, Aug19,
Nov19, Feb20

Vochysia vismiifolia Spr.
Ex Warm.

1.32 3.1 Parenchyma Semi-deciduous Jan18, Jul18

Dacryodes microcarpa
Cuart.

0.078 1.6 Fiber Semi-deciduous Jan18, Jul18,
May19, Aug19,
Nov19, Feb20

Tapirira guianensis Aubl. 0.47 2.5 Fiber Semi-deciduous Jan18, Jul18
Trattinnickia burserifolia
Mart.

0.09 1 Fiber Evergreen Jan18, Jul18

Trattinnickia glaziovii 0.12 1.7 Fiber Evergreen Jan18, Jul18

size to 12 individuals per species. In 2019 we continued sampling the same 12 individuals
previously sampled every three months (May 2019, Aug 2019, Nov 2019 and Feb 2020)
from a subset of three species that represented our group of species in terms of the starch
storage strategy, leaf habit and growth (Ocotea leucoxylon, Sacoglotis guianensis and
Dacryodes microcarpa, Table 1).

From each individual tree and sampling event, we extracted three wood cores (5 mm
diameter) from bark to pith using an increment borer (Fig. 2). The increment cores
were taken at the same height (1.3 m), 5 cm apart from each other (horizontally). In the
subsequent field campaigns, cores were taken 5 cm away from where the last ones. Two
of the cores were placed in ice immediately after collection and frozen at −18◦C within
two hours. They were kept frozen until it was possible to dry them in an oven at 60◦C
for two days.

We used one of the wood cores to quantify starch along the radial axis of the wood
core from bark to pith using the histological method, described in (Herrera-Ramı́rez et al.,
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2021), in the Plant Biodiversity Lab in Jena. We quantified starch in the wood cores for
every sampling event.

We used the second core to extract the water soluble carbon and starch to measure
the soluble sugars concentration and the 14C signature of the water-soluble carbon and
starch. This core was divided in two depth ranges (0-2cm and 2-4cm). We did this
measurement only for the cores from July 2018, because we did not expected the age of
the NSC stored in the wood to vary significantly between seasons. The third wood core
was wrapped in a wet tissue immediately after collection and protected from direct sun
and extreme heat to maintain it alive. We used the first 6cm of these cores for collecting
the CO2 emitted and measuring the respective 14C signature (Fig. 2). We collected the
CO2 to measure wood core respiration and its 14C signature in July 2018 and in May
2019.

Figure 2: Treatments applied to each of the collected stem wood cores from each tree and
each sampling date (specified inside parenthesis). We collected three increment cores from
each individual and we used each core for different measurements: starch quantification,
14C measurements of NSC, and CO2 incubations.

2.4 Seasonality of starch and soluble sugar concentrations

To quantify the starch concentration with the histological method (Herrera-Ramı́rez et al.,
2021), we took 30µm thick histological slices of even thickness. The slices were mounted on
a glass slide with glycerol, covered with Lugol’s iodine solution for 3 minutes to stain starch
grains, and finally covered with a glass plate. The stained samples were photographed
using an optical digital microscope with a large depth-of-field (Keyence, VHX-6000, USA)
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within 3 hours. Panoramic images of the sample were taken at 300x magnification.
We quantified the percentage of starch in the samples by repeatedly measuring the

areal percentage of starch coverage in 1mm2 over the wood area using Image J (Schneider
et al., 2012). We divided the images in radial increments of 5mm from bark to pith
to achieve better precision for quantifying the radial distribution of starch in the stem
wood. We measured starch in all 5mm-increment sections until starch was no longer
present in wood. While doing so, we also eliminated artifacts from the images that may
have interfered with the quantification. After preparing the images, we ran an automatic
script for identifying and quantifying starch grains in multiple 1mm2 regions of interest
(ROI), randomly selected along the images (see supplementary material Methods S2 in
Herrera-Ramı́rez et al. (2021) for details). After identifying all starch grains in a ROI,
the script measures the percentage of the surface area covered by starch. We measured
50 ROIs in each image of 5mm segments of the stem increment core. We took the average
of these 50 ROI measurements as an estimate of the percentage of starch for each of the
5mm sections of the increment core in each of the 12 trees per species of the 8 sampled
species. These measurements closely approximate the concentration of starch per gram
of dry wood (Herrera-Ramı́rez et al., 2021). Finally, we estimated an index for the total
content of starch per wood core summing the starch concentration of all measured wood
segments across the radial axis of the wood cores.

To measure the concentration of soluble sugars, with a chemical method (Landhäusser
et al., 2018), we segmented the respective core in two depth ranges 0-2cm and 2-4cm.
These measurements were done only in 5 individuals per species from the samples taken
in January and July 2018 (Fig. 2, Table 1). Each wood core segment was ground to a
fine powder using a ball mill (Retsch MM 400, Haan, Germany) at 25Hz for 30 seconds.
We extracted soluble sugars from each sample following the protocol “S1” described
in Landhäusser et al. (2018). We dried 50 mg of wood powder at 60◦C overnight. Dry
samples were boiled in 1.5 ml of 80% ethanol for 10 minutes at 90◦C. After cooling to room
temperature, the samples were centrifuged at 13000g for 2 minutes. The supernatant was
recovered in a new vial and stored frozen for posterior quantification of soluble sugars.
Prior to measurement, the supernatant was diluted, filtered, and then used for measuring
three specific sugars (sucrose, fructose and glucose) by HPAE-PAD. For quality control
we used blanks, standard solutions with known concentration of glucose, fructose and
sucrose and internal standards made of a mix of tree leaf and branch samples as detailed
in the protocol “S3” of Landhäusser et al. (2018). The measurement of each sugar was
reported in units of mg · l−1, and then transformed to percentage (w/w) of soluble sugars
as

%sugar =
([glucose] + [fructose] + [sucrose]) · 1.05 · Vextract ∗ df

W ∗ 103
1̇00% (1)

where [glucose], [fructose] and [sucrose] are the concentration of each soluble sugar in
mg·l−1, respectively, and obtained from the HPAE-PAD; Vextract is the volume of ethanol-
water in ml used for the extraction, df is the dilution factor used for each particular sample,
W is the dry weight of the sample in mg, and 1.05 is a correction factor Landhäusser et al.
(2018).

2.5 14C signature of the water-soluble carbon and starch

The second core was also used for measuring the 14C signature of the water soluble
carbon, which contains a fraction of the soluble sugars stored in the wood. We measured
5 individuals per species from the samples taken in July 2018. We extracted and measured
soluble carbon from the first 4 cm of the wood cores, in two depth ranges, from 0 to 2
cm and from 2 to 4 cm. We extracted the soluble carbon from 50 mg of ground samples
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of each wood core segment. We dried 50 to 100 mg of wood powder at 60◦C overnight.
Dry samples were boiled in 1.5 ml of distilled carbon-free water for 10 min at 80◦C. After
cooling to room temperature, the samples were centrifuged at 13000g for 2 minutes. We
then collected the supernatant in a new vial. We repeated the process three times, always
collecting the supernatant in the same vial. The supernatant was later condensed under
vacuum. From this condensed solution we collected aliquots between 0.5 and 2.5 mg into
silver cups, dried them in an oven at 60◦C, and then processed them according to Steinhof
et al. (2017) to measure the 14C signature by Accelerator Mass Spectrometry (AMS) at
the Jena 14C lab. Data are reported as ∆14C, which is the per mil deviation from 0.95
times the 14C/12C ratio of oxalic acid standard in 1950 (equivalent to the 1895 wood
standard).

The mean age of the carbon was estimated using the radiocarbon calibration curve
corresponding to the bomb spike, from 1955 to 2012 (Hua et al., 2013). Samples that had
a ∆14C value corresponding to years after 2012 were calibrated using a linear regression
fit to the last ten years of the calibration curve (Hua et al., 2013) and a ∆14C value
measured in the structural carbon of an annual plant in 2019. We assumed this value cor-
responded to the 14C signature of carbon fixed from the atmosphere in 2019. Differences
in the ∆14C between samples reflect the differences in the time since the fixation of CO2

from the atmosphere. All radiocarbon data reported as 14C have been corrected for any
variations in mass-dependent isotope fractionation, using the AMS-measured 13C value
and assuming 14C is fractionated twice as much as 13C (see Trumbore et al. (2016)).

To measure the 14C of the starch fraction, we extracted starch from the remaining
pellet resulting from the water soluble carbon extraction. The pellet was dried overnight
at 60◦C. We used the enzymatic digestion method described by Landhäusser et al. (2018),
but using hot water instead of ethanol. We converted starch into soluble oligosaccharides
by adding one ml of alpha-amylase (600 units/ml) from Bacillus licheniformis (Sigma cat
no A 4551) to the dry pellet. Samples were incubated in an orbital shaker for 1 hr at 85◦C.
Then the samples were left to cool down to room temperature and centrifuged at 13000g
for 3 minutes. The supernatant was transferred to a new 2ml screw-cap microcentrifuge
tube. The enzyme was cleaned up from the supernatant with chloroform. Each batch
of 45 samples was run along with 3 sugar standards (IAEA-C6 with a ∆14C 500). The
solution was then condensed under vacuum and the oligosaccharides from the starch were
then dried in silver cups until harvesting 1mg. To correct for small traces of exogenous
carbon coming from the enzyme we use the following model:

∆14Cmeasured =
∆14Cstarch ·Masscarbon−starch + ∆14Cenzyme ·Masscarbon−enzyme

Masstotal
(2)

Where ∆14Cmeasured is the ∆14C from the analyzed sample. ∆14Cstarch is the cor-
rected ∆14C that we aimed to obtain from Equation 2. Masscarbon−starch is the mass
of carbon coming from starch in the sample, ∆14Cenzyme is the ∆14C of the enzyme
that we used for the extraction and the Masscarbon−enzyme is the fraction of carbon
coming from the enzyme. Masstotal is the sum of the mass of carbon from starch and
the mass of carbon from the enzyme. The ∆14Cmeasured was directly measured in the
sample. The mass of carbon coming from the starch was estimated from the mass of
starch measured in the samples and multiplied by the molar mass of carbon in sugars
(0.44). The ∆14Cenzyme was directly measured from three enzyme samples by AMS.
The mass of carbon coming from the enzyme was estimated by multiplying the mass of
enzyme used in the extraction by a factor of 0.09, which is the estimated percentage of
the carbon from the enzyme remaining in the sample after processing. To estimate the
percentage of carbon coming from the enzyme in the sample we measured the ∆14C in
18 solutions of the standard sugar (IAEA-C6). We prepared three different groups to
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test if the concentration of the sugar would affect the contamination from the enzyme.
Each group consisted of 6 samples with different ratios of sugar/enzyme, 1.5, 0.8 and
0.4 (mg-sugar/mg-enzyme) respectively. We processed these solutions following the same
protocols for starch extraction described above, and finally we measured their ∆14C with
AMS. With these measurements we used Equation 2 to estimate the percentage of carbon
coming from the enzyme after the extraction process. Then we used this value (0.09) in
Equation 2 to correct the ∆14C value in our samples.

2.6 CO2 efflux from wood cores and its 14C signature

For sampling of CO2 directly emitted by wood, we took an extra wood core sample
from each tree from D. microcarpa, S. guianensis and O. leucoxylon. We collected the
CO2 by laboratory incubations of increment wood cores of 6cm long. We did these
incubations during the dry season 2018 (July 2018) and the wet season 2019 (May 2019).
Gas samples containing the CO2 derived from the incubations were collected in custom-
built glass flasks (volume: 115ml) equipped with an O-ring valve (Louwers H.V. glass
valves, Louwers Glass and Ceramic Technologies, Hapert, Netherlands, 12mm ID) and
shipped to the laboratory for further analyses. Stem chambers consisted of a 10cm long
piece of stainless steel tubes with stainless steel fittings on both sides of the tube sealed
by a Viton O-ring on each side. Thus, one glass flask could be attached to each side of the
chamber. For the incubations, we cut a 6cm segment of each wood core from cambium to
pith, we carefully removed the bark from each wood core, and placed the wood core inside
of the incubation chamber. The flasks were flushed with CO2-free air before attaching
to the fittings. Once we attached the flasks and verified that the system was completely
sealed, we opened the O-rings on each side of the flasks and left the incubations running at
room temperature for 24 hours in July 2018 and 36 hours in May 2019. It was necessary
to increase the incubation time in May 2019 due to the very low amount of CO2 collected
in July 2018 from O. leucoxylon and S. guianensis trees that did not provide enough
carbon to measure the 14C signature.

We estimated the quantity of CO2 respired by each sample in each flask by measuring
the pressure at room temperature on a vacuum line. Then we calculated the respiration
rate for each sample dividing the total amount of collected CO2 in mg by the incubation
time. Then, we extracted the CO2 cryogenically from each flask and reduced it to graphite
to measure the 14C signature with AMS according to Steinhof et al. (2017). Here, 14C
data are reported in ∆14C and compared with the records from the radiocarbon curve
from 1955 to 2012 (Hua et al., 2013) to estimate the average year in which the carbon
was fixed from the atmosphere. For the samples that had a ∆14C from years after 2012
we used the linear fit mentioned above to estimate the 14C age of the CO2

2.7 Wood age estimation

We estimated the age of each wood core by counting annual tree rings in 7 of the 8
species studied. For the species (S. guianensis) the difference between estimated ages of
wood formation based on tree ring counting and 14C was larger than 5 years (Fig. S1),
and therefore tree ring counting was not possible in this species. We validated the ring
counting approach by measuring the 14C in the structural carbon of some tree rings on
two randomly selected trees per species. We first counted the number of tree rings in each
wood core and assigned dendrochronological ages to each tree ring. Then, we isolated
two tree rings per stem core, we ground the wood and extracted the cellulose following
the procedures described by Steinhof et al. (2017). Later, the 14C was measured in the
cellulose of each tree ring. We expressed the 14C as fraction modern (FM) and compared
it directly with the radiocarbon calibration curve from 1955 to 2012 (Hua et al., 2013) to
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estimate the year of wood formation (Andreu-Hayles et al., 2015). Then, we compared
the dendrochronological age of the tree ring with the year of wood formation estimated by
14C. This analysis allowed us to identify the species on which we could estimate the wood
age by tree ring counting with an uncertainty of 5 years (Fig. S1). Then we estimated the
average age of each 2cm wood core segment for each tree by averaging the age of the tree
rings contained in each segment. We did not find differences between the estimation of
the wood mean age by an arithmetic average of the tree ring ages and a weighted average
of the tree ring ages using width as a weight (Fig. S2), therefore we used the average of
tree ring ages in a wood core section to estimate the mean wood age of each wood core
section.

For trees from S. guianensis we estimated the mean age of each 2cm segment of wood
core from the 14C in the cellulose. We took 20mg of ground wood from each wood core
segment and extracted the cellulose following Steinhof et al. (2017). Then we estimated
the mean age based on the 14C measurements for each wood core segment using the
radiocarbon calibration curve of the bomb spike (Hua et al., 2013).

2.8 Stem diameter growth rates

Stem growth rates were recorded from manual dendrometer bands (D1, Labcell Ltd, UK)
installed in trees of the three species measured during 2019 (see Table 1). Dendrometer
bands were installed in 10 trees per species at 1.3m in July 2018, and measurements
were collected monthly until July 2020. Measurements were collected manually by direct
reading of the dendrometer bands.

2.9 Data analysis

We used ANOVAs for all statistical comparison between groups of measurements that
had normal distribution of the residuals such as starch concentration and content between
seasons and species, respiration rates between trees species and seasons, ∆14C of the NSC
between storage strategies, leaf habit, and species, and ∆14C of the CO2 emitted by the
stem cores between species.

To evaluate the effect of changes in the radial gradient of starch concentration in the
wood cores we used a nonlinear mixed effect model. We modelled the radial distribution
of starch in the wood core by the nonlinear model (Equation 3). Then we estimated
the model parameters using the sampling date as a random variable. We compared
the random effect of the sampling dates with the fixed effects to estimate the seasonal
variability on the model parameters.

Starch area% = exp(a + b ∗ log(depth) + c ∗ depth). (3)

We also evaluated the seasonal changes in the radial gradient of the starch content
by estimating the absolute and relative seasonal amplitude of the starch concentration
in each of the 5 mm radial increments of the wood core where the starch concentration
was measured during the year 2019. We estimated the seasonal amplitude for each wood
segment as the maximum starch concentration minus the minimum starch concentration
of the year 2019. Relative changes were calculated with respect to the maximum starch
content of 2019. We calculated a mean curve per species and its standard deviation using
all 12 measured trees per species. The significance of these changes was evaluated with
ANOVAs.

In order to compare the age of the NSC with the age of the structural wood that
contained it, we estimated linear regression models between the soluble carbon ∆14C
mean age and the wood core mean age (estimated by tree ring counting) for each species
grouped between storage strategies and leaf habit.
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3 Results

3.1 Seasonality of starch content and its radial distribution in the
stem wood of 9 tropical trees

Starch concentration followed a decreasing pattern radially across sapwood from bark
to pith for all species in all sampling dates, except for V. vismiifolia that showed no
significant change in the NSC concentration with sapwood depth (Fig. 3, Table 2). This
radial pattern of starch in wood varied between species and between sampling dates (Fig.
3 and 4 , Table 2). For instance, some trees of V. vismiifolia, that store starch only
in the parenchyma and grow very fast (around 1cm/year), had almost no starch stored
in the wood and show constant and close to zero levels of starch across all wood cores
(Fig. 3); others ( O. leucoxylon and O. guianenesis) had very shallow starch storage that
decreased in concentration very quickly within the first 4cm of wood, and still others (
S. guianensis) had constant concentration of starch over the first 6cm of wood before
it started to decrease slowly, reaching wood depths up to 12cm (Fig. 3). For species
that store starch in the living fibers the situation was similar. Some trees (T. guianensis)
showed storage that decreased within the first 5cm of wood, while others ( D. microcarpa,
T. burserifolia and T. glaziovii) showed a peak of starch concentration around 2cm of
wood depth followed by a gradual decrease within the next 7cm of wood (Fig. 3). After
these depth thresholds wood was completely devoid of starch in all trees investigated.

Table 2: Statistics for the nonlinear mixed models in Equation 3 fitted for each species
with the sampling date as a random effect. The value “All” in the “Evaluated sampling
date” field stands for all sampling dates (Jan18, Jul18, May19, Aug19, Nov19 and Feb20).
0.05 significance of the fixed effect parameters is indicated by *, 0.01 by **, and 0.001 by
***; n.s. stands for not significant and n.e. stands for not estimated. Here, we show the
Bayesian Information Criterion (BIC), the sampling dates that were used in the model,
the random effects standard deviation of each parameter and the standard error for each
parameter of the fixed effects.

Species name BIC Evaluated
sampling
date

Random effect
standard deviation
(Sampling date)

Fixed effects standard errors
(depth)

a b c a b c
Ocotea leucoxylon 2397 all 0.39 0.13 0.006 0.005*** 0.008*** 0.004***
Sacoglotis guianensis 6623 all 0.52 0.18 n.e. 0.26*** 0.1*** 0.002***
Dacryodes microcarpa 4212.1 all 0.62 0.25 n.e. 0.32* 0.16*** 0.009***
Ocotea guianensis 468 Jan18-Jul18 0.17 0.60 0.06 1.05* 0.86** 0.08***
Trattinnickia glaziovii 1302 Jan18-Jul18 0.27 0.02 0.01 0.38** 0.21*** 0.01***
Trattinnickia burserifolia 934.8 Jan18-Jul18 0.19 0.84 0.06 0.62** 0.65* 0.04 n.s.
Tapirira guianensis 627.2 Jan18-Jul18 0.74 0.60 0.04 0.68** 0.52 n.s. 0.03***
Vochysia vismiifolia n.e. Jan18-Jul18 n.e. n.e. n.e. 2.3 n.s 1.86 n.s. 0.14 n.s.

Seasonal changes in the radial pattern of starch concentrations were driven mainly by
changes in the first 2cm of wood (Fig. 4, upper panel). Nevertheless, relative changes in
the starch content, with respect to the maximum starch content measured in 2019, were
larger in deeper layers of wood, reaching 100% towards the limits of the depth distribution
of starch (Fig. 4 lower panel). We did not detect a significant effect of the storage strategy
in the seasonal changes of the radial pattern of starch concentrations (p=0.10), but there
were significant differences across species (p=0.01) and across leaf habits (pval <0.001).
The biggest changes in starch concentration between sampling dates, during 2019, were
observed for semi-deciduous D. microcarpa trees (Fig. 4) while evergreen species showed
less seasonal variation.
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Figure 3: Mean starch concentration (solid lines) and the standard deviation (shaded
areas) in the wood of the 8 species evaluated at different wood depths from bark inwards.
For O. leucoxylon, S. guianensis and D. microcarpa we are only showing the lines from
the 2019 measurements to avoid confusion. The results of the nonlinear model (equation
3) adjusted to each species with the sampling date (month) as a random variable are
shown in Table 2. In the right hand side are the Fiber storing species (F) and in the
left hand side are the parenchyma storing species (P), the first four panels correspond to
evergreen species (E) and the last four panels correspond to the semi-deciduous species
(S).

12

47



Figure 4: Radial metabolic activity of starch in the three species studied during 2019.
Upper panels: metabolic activity measured as the changes in the concentration of starch
between sampling dates with the maximum and minimum starch content measured during
2019, along the radial profile of wood every 5mm. The black line is the average difference
of starch concentration between seasons and the shaded area represents the standard
deviation associated with the individual trees. Lower panels: Relative seasonal changes
of starch in each 5mm segment of wood with respect to the maximum concentration of
starch from the measurements of 2019. The shaded areas represent the standard deviation
associated with the measured individuals.

We estimated starch content in the stem wood cores by summing all the concentrations
of each 5mm segment along each wood core. Despite the trends shown in Fig. 4, we did
not see a significant effect of the sampling date in the estimations of the starch content
in any of the evaluated species (Fig. 5). Nevertheless, we found a marginal significant
effect of the storage strategy (p=0.055) and leaf habit (p=0.08) on the seasonal changes of
starch content in the wood, and we saw significant differences between species (p<0.001).
Semi-deciduous trees of S. guianensis had larger starch content variation in the wood core
than the rest of the species, followed by semi-deciduous D. microcarpa, and evergreen T.
buserifolia and T. glaziovii trees (Fig. 5). Soluble sugars also showed a decreasing radial
pattern in their concentration across sapwood, but we did not find significant differences
in the soluble sugar concentrations between the wet and dry season of 2018 for any of the
8 species evaluated (Fig. S3).

We found contrasting effects of the precipitation and relative humidity in the starch
content across the sampling dates between the year 2018 and 2019. For the year 2018
we found higher starch content during the dry season (July 2018, Fig. 5). For the
year 2019, the dry season (Aug 2019) had the lowest levels of starch for all of the three
species evaluated (Fig. 5). In the same year, the beginning of the wet season (Nov 2019)
coincided with the highest levels of starch for O. leucoxylon and S. guianensis ; For D.
microcarpa, the highest levels of starch were found at the end of the rainy season (May
2019). November and May are transition periods between the rainy and dry months in
the study area. Interestingly, the highest content of starch in all three species was found
in these transition months, suggesting a nonlinear effect of precipitation and relative
humidity on the starch content in the wood for the year 2019, which we show in Figure
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S4.

3.2 Age of the NSC stored in trees

We detected a significant effect of the wood age in the ∆14C of the soluble carbon and
starch. Nonstructural carbon stored deep in old layers of wood had higher ∆14C values
than NSC stored in new shallow layers of wood, which indicated a pattern of increasing
age of NSC with wood age and depth (Fig. 6). We did not find differences in the 14C age
of the soluble carbon or starch between species (p=0.6), but we found a marginal effect
of the storage strategy on the sugars age (p=0.08, Fig. 7). We observed that individuals
that store starch in the fibers have slightly older NSC than individuals that store starch
in the parenchyma (Fig. 7).

Regression lines between the average 14C age of the soluble carbon in wood and the
average age of wood (estimated by ring counting) per species, for July 2018, indicated how
fast tree species may cycle their reserves and the predominant direction of radial mixing of
NSC in wood during that time of the year (Fig. 6). Regression slopes bigger than one and
intercepts bigger than zero indicated that NSC was older than the wood containing it, and
therefore very slow NSC cycling rates and predominantly outward mixing of NSC from
deep old layers of wood to new ones during this sampling date. Despite no significant
differences between groups, we observed that evergreen fiber-storing species had older
NSC than the associated wood; and semi-deciduous parenchyma-storing species had NSC
younger than the wood containing it. The other two groups showed a combination of the
two scenarios (Fig. 6). We found a weak but significant correlation between the annual
growth rate of the wood and the 14C age of the NSC standardised by the age of the wood
(p=0.045, Figure S5), this indicates that slow growing trees store carbon for long periods
of time and tend to have outward mixing of very old NSC to maintain NSC supply when
the demand of carbon is higher than the supply.

Soluble carbon and starch from the stem wood cores had, in general, similar ∆14C
signature (Fig. S6). For a couple of individuals starch had larger ∆14C values than the
soluble carbon, indicating that starch may be older than the soluble carbon for these
few trees. Unfortunately, we lost most of the starch measurements during the analysis.
From those remaining samples, we had to discard samples that had a sugar/enzyme ratio
lower than 0.5 (resulting from the starch extraction procedure), because the model used
for corrections (Equation 2) was not calibrated for these values and the correction of
these measurements was not reliable. Then, we show the comparison only for 7 reliable
measurements (Fig. S6).

3.3 Age of the respired CO2

The respired CO2 from the wood cores was on average 5 years older than the atmospheric
CO2, based on 14C estimations for all the species. The ∆14C of the emitted CO2 was
slightly higher than the one corresponding to the carbon fixed in 2019, evidencing the
contribution of old carbon to respiration (Fig. 8). Nevertheless, it was also significantly
lower than the ∆14C of the NSC reserves in the first 4cm of each wood core (Fig. 9).
We did not observe differences between species in the ∆14C of the respired CO2 from the
wood cores in May 2019 (Fig. 8). For D. microcarpa we observed a higher ∆14C of the
respired CO2 during the dry season of 2018 (July) with respect to the wet season of 2019
(May, Fig. 9). We found a negative relationship between the ∆14C of the emitted CO2

and the trees’ annual wood growth rates and a positive relationship between the ∆14C of
the emitted CO2 and the number of tree rings in each wood core (Fig. S7).
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(a)

(b)

Figure 5: Seasonal variation of the radial starch content in the wood cores during 2018
(upper panel, a) and 2019 (lower panel, b). These values integrated the starch concen-
tration across its radial distribution along the increment wood core. Individual black
lines represent the standard deviation between trees of the same species and the grey
shaded area represents the amount of precipitation (mm) for the entire period of eval-
uation. Columns with the same letters indicate no statistical differences between the
mean of each group, different letters indicate significant statistical differences with 95%
of confidence.
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Figure 6: Comparison between the sugars 14C mean age and the wood core mean age
estimated by counting annual tree rings. Dashed lines represent the 1:1 ratio between the
two mean ages.

4 Discussion

4.1 Seasonality of NSC

Our results confirm significant seasonality of starch concentrations across different wood
depths and slight seasonal changes of the starch content in the wood across a set of tropical
species in a seasonal dry forest in Brazil. Notably, we observed that for some of these trees
the seasonal variation of the starch concentration across wood was maintained by a strong
outward mixing of old NSC from inner layers of sapwood to outer ones, which made the
NSC to look older than the wood that contained them during the dry season of July 2018.
We expected the storage strategy of starch in the wood and leaf habit to influence the
seasonal fluctuation of starch across sapwood depths. Contrary to our hypothesis, we did
not observe a clear relationship between seasonal changes in starch content and the storage
strategy of starch in wood or leaf habit. Nevertheless, during 2019 we observed the largest
seasonal changes in starch concentrations across all sapwood depths in D. microcarpa, a
fiber storing species, while for the other two parenchyma storing species S. guianensis
and O. leucoxylon the seasonal fluctuations of starch concentrations were smaller. This
suggests that fiber storing species could have slightly larger seasonal fluctuations of starch
concentration at each wood depth than parenchyma storing species, and indicates that
starch storage in wood living fibers may not limit starch mobilisation and use across wood
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Figure 7: Soluble carbon ∆114C distribution for each species divided between fiber storing
and parenchyma storing species. The black line inside the box-plot shows the median;
the upper and lower limits of the filled area correspond to the 75th and 25th quartiles of
the distribution respectively.

as previously thought (Herrera-Ramı́rez et al., 2021). There might be other physiological
and anatomical traits such as size and distribution of parenchyma cells, longevity of
living wood cells and porosity size, that determine the radial distribution of starch and
its seasonal activity for tropical trees. Future work should expand on tree species and
functional traits to clarify the mechanisms that controls these patterns.

The decline of NSC concentration with increasing sapwood depth has been already
reported for many species (Barbaroux and Bréda, 2002; Fischer and Höll, 1991; Furze
et al., 2020; Hoch et al., 2003; Richardson et al., 2015), including tropical trees (Newell
et al., 2002; Würth et al., 2005). The seasonal changes of the starch concentration at
all sapwood depths, found in this study, support recent results indicating that starch
reserves are metabolically active all across the sapwood, and starch from all depth ranges
contributes to metabolism (Furze et al., 2020; Trumbore et al., 2015). We observed that
although changes in the deeper sapwood layers were small in absolute terms, the relative
change reached 100% for all trees investigated. This, along with the fact that deeper
layers of wood were completely devoid of starch, suggest that these tropical trees are able
to completely remobilize starch stored in deep wood layers when it is needed. Therefore,
carbon seemed to not be permanently sequestered as starch in wood, remaining always
accessible for usage.

These seasonal changes in starch content were likely responding to the imbalance be-
tween carbon sources and sinks. These imbalances might have been induced by seasonal
changes in precipitation and relative humidity at the site. Intriguingly, the seasonal fluc-
tuation in starch content contrasted between the years 2018 and 2019. In 2018 starch
content peaked during the dry season and decreased during the wet season, for most of the
species (Fig. 5). This suggests that during 2018 the NSC content might have been con-
trolled by reductions in dry season sink activity, where growth and respiration decreased
more than photosynthesis. It has been commonly reported that under moderate stressful
conditions such as water shortage, low temperature and nutrient deficiency, growth and
respiration are down regulated more rapidly and severely than photosynthesis (Hartmann
et al., 2015; Hoch and Körner, 2003; Körner, 2003; Würth et al., 2005). Nevertheless,
O’Brien et al. (2015) suggested that depending on the severity of the stress the control
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Figure 8: ∆14C of the respired CO2 directly by the wood cores from trees sampled in
July 2018 and May 2019.

of the NSC dynamics may shift from sink activity to source activity. They reported
that during mild drought conditions the source activity of tropical seedlings gets more
affected than sink activity, leading to a decrease in the NSC content. Our results are
in agreement with the ones reported by O’Brien et al. (2015), suggesting that this shift
between sink activity and source activity control over the NSC changes may also apply
to adult tropical trees. Alternatively, trees should have simply stored more starch dur-
ing the dry season prioritizing storage over growth and respiration (Huang et al., 2019).
In 2019 we observed that starch content peaked during the beginning or the end of the
wet season and fell during the dry season. This suggests that during 2019 NSC content
may have been controlled by source activity. Growth and respiration in all three species
might have been not strongly affected throughout 2019 where NSC reserves might have
regulated them (Fig. S8). Photosynthesis may have been strongly affected during the
dry season, as suggested by the strong decrease in the sap flow and the massive loss of
mature leaves from July to September (Fig. S9). Among the three species evaluated,
D. microcarpa showed the biggest changes in mature leaf coverage and sap flow, and it
showed the highest wood respiration rates. This may explain why D. microcarpa trees
had the largest seasonal fluctuations in starch concentration across the wood, suggesting
that a larger number of living fibers, which increase the volume of living wood, increase
the respiratory requirements. This may push trees to invest more carbon in maintaining
higher quantities of NSC in wood to support a regular high active metabolism, which
may increase survival at expenses of growth.
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Figure 9: Comparison of the 14C between stored NSC emitted CO2 in wood cores from
individuals of D.microcarpa and O. leucoxylon. The 1:1 line (black) serves as a reference.
The data points under the 1:1 line indicate that the NSC stored in the wood is older than
the carbon being respired by the wood.

4.2 NSC age, lateral mixing and use

Our results add to published studies that have reported that NSC reserves in tree stems
can be decades old (Carbone et al., 2013; Carbone and Trumbore, 2007; Muhr et al.,
2013, 2016, 2018; Richardson et al., 2013; Trumbore et al., 2015). Furthermore, we found
that the estimated age of the NSC is positively related to wood age, causing NSC age
to increase with wood depth. This is in agreement with previous studies that reported
similar patterns of the age of the NSC in stem wood in temperate trees (Furze et al., 2020;
Richardson et al., 2015; Trumbore et al., 2015). We did not find significant differences
between storage strategies or leaf habits in terms of ∆14C of the NSC. Nevertheless,
fiber storing trees tended to have higher 14C ages of the NSC than parenchyma storing
species (p=0.076). Differences in the age of the NSC in temperate trees has been found
in species with different leaf habit or growth strategies (Richardson et al., 2015, 2013).
Deciduous trees have been found to be more conservative in the use of their reserves and
therefore showed larger and older NSC reserves pools than evergreen species (Trumbore
et al., 2015). Similarly, slow growing species tend to store NSC for longer times, resulting
in older and larger NSC than fast growing species (Richardson et al., 2013). This is
consistent with our results where slow growing, fiber storing, trees tended to have higher
∆14C of NSC and larger NSC reserves.

We observed that some of these slow growing trees had a higher 14C age of NSC
than the age of the containing wood at the same depth, indicating that this NSC was
fixed before the wood containing it was constructed. To our knowledge, this is the first
time that this pattern has been observed in trees. Surprisingly, some of these species
also showed high seasonal changes in the NSC content across wood depths, but seasonal
changes in wood starch content all over the wood core were smaller. This may be explained
by an outward mixing of very old NSC from deep layers of wood towards the cambium
during the dry season of 2018 which might have dramatically increased the mean age of
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the NSC stored in wood during this period of time for some trees with very old storage.
Nevertheless, alternative explanations should also be considered for the presence of soluble
carbon older than the containing wood at any depth: i) there might be an influx of older
NSC from other tree organs like roots (Herrera-Ramı́rez et al., 2020; Klein and Hoch,
2015); ii) constant and rapid interconversion between starch and other compounds such
as lipids, sugars or other organic compounds that may be older than the containing wood
(Richardson et al., 2015); and iii) re-fixation of large amounts of respired CO2 into the
NSC pools (Bloemen et al., 2013; Hilman et al., 2019). During the productive season,
where NSC content increases, we might expect that these NSC ages decrease because of
the influx of new NSC from the phloem (D’Andrea et al., 2019), during this period NSC
age might turn lower than the wood age.

We also observed trees that had a lower 14C age of NSC than the age of the wood
that contained it, indicating that for these trees NSC concentrations were maintained
by a strong inward mixing of young NSC. This pattern has been already reported for
several temperate species (Furze et al., 2020; Richardson et al., 2015; Trumbore et al.,
2015). Interestingly, there appears to exist a pattern in our data, though not statistically
significant, between the NSC age composition, the storage strategies, the leaf habit and
the predominant direction of lateral mixing of NSC during the dry season of 2018. Semi-
deciduous trees that store starch in the parenchyma had predominantly young NSC and
inward mixing of young NSC towards deep wood layers; while evergreen fiber storing
trees usually had predominantly old stored NSC and outward mixing of old NSC toward
shallow wood layers. Variability in inward mixing has been reported before and associated
with wood anatomy and life traits (Richardson et al., 2015; Trumbore et al., 2015). These
studies have reported stronger mixing-in in temperate, evergreen, diffuse-porous, softwood
(Pinus strobus L.) trees compared with deciduous, ring-porous, hardwood (Quercus rubra)
trees. Additionally, these differences in lateral mixing rates may also be expected with
differences in carbon allocation patterns, water regulation and growth (Carbone et al.,
2013; Hartmann et al., 2015; McDowell et al., 2008). Our results suggest that for the
tropical species we studied the storage strategy of starch in wood, leaf habit and growth
rates may be a good indicator of the strength and direction of the NSC lateral mixing in
wood during periods that the stored NSC has to be remobilized.

4.3 ∆14C of the CO2 emitted by wood cores

The collected wood cores from D. microcarpa, S. guianensis and O. guianensis collected
in May 2019 respired CO2 on average 5 years older than current year assimilates. This
confirms previous results that show the contribution of stored old NSC to respiration
(Carbone et al., 2013; Muhr et al., 2013; Trumbore et al., 2015; Vargas et al., 2009). We
did not observe differences in the ∆14C of the emitted CO2 from the wood cores among
species, which contrasts with what has been previously reported for Quercus trees, where
growth rates and leaf habit had an effect on the ∆14C of the CO2 emitted by tree stems
(Trumbore et al., 2015). Nevertheless, differences between the emitted CO2 directly
from the wood core and the emitted CO2 by tree stems probably reflect post respiratory
processes such as CO2 re-fixation and vertical transport inside tree stems (Muhr et al.,
2013).

Although there is a contribution of old NSC to wood respiration, we observed that
the CO2 efflux from the incubated wood cores was still composed of significantly younger
carbon than the stored NSC for all species evaluated. Additionally, the excellent corre-
spondence of 14C ages and dendrochronological ages for all but one of our species indicates
that the structural C is built of recently fixed C. This indicates that the transit time of
the NSC of these healthy trees is mainly composed of younger carbon. Similar results
have been reported by measurements and simulations of respired CO2 age in temperate
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species, which suggest that the respired CO2 is a mixture of ages composed mainly of
young carbon when trees are not C limited (Ceballos-Núñez et al., 2018; Herrera-Ramı́rez
et al., 2020; Muhr et al., 2013; Richardson et al., 2015). When trees experience a stress
or disturbance that limits carbon assimilation and depletes the NSC reserves, the ∆14C
of CO2 increases because an increasing contribution of older NSC to sustain metabolism
(Herrera-Ramı́rez et al., 2020; Muhr et al., 2018; Richardson et al., 2013). This was in
agreement with our observations from different seasons. Despite we did not find statistical
significance in the comparison between seasons, we observed a higher ∆14C in the CO2

respired in July 2018 (dry season) than in May 2019 (wet season) when the starch content
in wood increased for D. microcarpa; and we observed lower ∆14C in the CO2 respired in
July 2018 (dry season) than in May 2019 (wet season) when the starch content slightly
decreased for some individuals of O. leucoxylon. Unfortunately, the loss of samples from
July 2018 impaired us to evaluate this change in S. guianensis. This indicates the use
of a higher proportion of old stored NSC to regulate metabolism during the dry season
2018 than during the wet season 2019 for D. microcarpa trees, and probably the contrary
happened for some O. leucoxylon trees. These changes in the transit time of the NSC can
reflect the existence of different NSC pools in the wood with different cycling rates (such
as storage in deeper layer of wood vs outer layers of wood, or storage in the wood living
fibers vs storage in the parenchyma cells), and the asymmetric distribution of NSC age in
each of those pools (Herrera-Ramı́rez et al., 2020). This also demonstrates the utility of
measuring and estimating mean transit times (age of the respired CO2 and C allocated
to growth) as indicative of the degree of storage utilization and probably the degree of
tree stress under certain environmental conditions.

4.4 Conclusions

By using wood histological methods for starch quantification and radiocarbon analysis,
we provide insights into the radial distribution of starch in wood, its seasonal fluctuations,
the internal radial mixing dynamics and the mean age and transit time of NSC in wood
within trees with contrasting wood functional traits. Our measurements show that NSC is
metabolically active all across the sapwood depth and that fiber storing trees might have
higher metabolic activity than parenchyma storing trees. Most importantly, these highly
metabolically active trees hold carbon in wood for decades and maintain the NSC radial
concentration across sapwood by a predominantly outward mixing of old NSC from old
deep layers of wood to young shallow layers of wood. This mixing caused the age of NSC
at a given sapwood depth to be higher than the age of wood, at least during the dry season.
Furthermore, despite this very old NSC stored in the wood, trees respired significantly
younger CO2, although not as young as current year assimilates. Interestingly, this age
of the respired CO2 increased during the dry season of 2019 due to the use of older NSC
reserves stored in the wood. These changes in transit time of NSC helped us to understand
how much of the reserves were used by trees under carbon shortages, and may give an
indication about the resilience of trees to stressful conditions. Further research should
point in this direction.
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D., et al. (2021). Starch and lipid storage strategies in tropical trees relate to growth
and mortality. New Phytologist 230, 139–154. doi:https://doi.org/10.1111/nph.17239

Hilman, B., Muhr, J., Trumbore, S. E., Kunert, N., Carbone, M. S., Yuval, P., et al.
(2019). Comparison of co2 and o2 fluxes demonstrate retention of respired co2 in
tree stems from a range of tree species. Biogeosciences 16, 177–191. doi:10.5194/
bg-16-177-2019

Hoch, G. and Körner, C. (2003). The carbon charging of pines at the climatic treeline: a
global comparison. Oecologia 135, 10–21. doi:10.1007/s00442-002-1154-7

Hoch, G., Richter, A., and Körner, C. (2003). Non-structural carbon compounds in tem-
perate forest trees. Plant, Cell & Environment 26, 1067–1081. doi:10.1046/j.0016-8025.
2003.01032.x
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Summary

In trees, the use of nonstructural carbon (NSC) under limiting conditions impacts the age

structure of the NSC pools. We compared model predictions of NSC ages and transit times for

Pinus halepensis, Acer rubrum and Pinus taeda, to understand differences in carbon (C) stor-

age dynamics in species with different leaf phenology and growth environments.

We used two C allocation models from the literature to estimate the NSC age and transit time

distributions, to simulate C limitation, and to evaluate the sensitivity of the mean ages to

changes in allocation fluxes.

Differences in allocation resulted in different NSC age and transit time distributions. The simu-

lated starvation flattened the NSC age distribution and increased the mean NSC transit time,

which can be used to estimate the age of the NSC available and the time it would take to

exhaust the reserves. Mean NSC ages and transit times were sensitive to C fluxes in roots and

allocation of C from wood storage.

Our results demonstrate how trees with different storage traits are expected to react differ-

ently to starvation. They also provide a probabilistic explanation for the ‘last‐in, first‐out’ pat-

tern of NSC mobilization from well‐mixed C pools.

Introduction

The availability and mobility of the nonstructural carbon (NSC)
reserves, mostly sugars and starch, determine trees’ ability to sur-
vive photosynthetic shortages (Dietze et al., 2014; Hartmann &
Trumbore, 2016; Martínez‐Vilalta et al., 2016; Overdieck, 2016;
Trugman et al., 2018; Wiley et al., 2019). Carbon (C) limitation
may occur as a result of stresses such as droughts, physical dam-
age, pests, diseases, and floods, which may become more frequent
as a result of climatic changes (IPCC, 2018; Klein & Hartmann,
2018). Tree mortality associated with these stressful conditions
(Bréda et al., 2006; Carnicer et al., 2011; von Arx et al., 2017)
may cause biodiversity loss (Nunez et al., 2019), economic losses
(Strand, 2017; Oliveira et al., 2019) and long‐term modifications
to the global C cycle (McDowell et al., 2018; Pugh et al., 2019).
Under stress, trees mobilize NSC from storage to sustain
metabolic and growth requirements (Anderegg & Anderegg,
2013; Klein & Hoch, 2015; Mei et al., 2015). Although C allo-
cation has been widely investigated during recent decades, it is a
complex process that is still not fully understood (Hartmann &
Trumbore, 2016). In general, C fixed during photosynthesis is

transported as NSC from chloroplasts to different plant organs
(e.g. leaves, branches, stems, and roots) where it is allocated either
to metabolism (respiration, growth, defense, osmotic regulation,
among others) or to storage, which may occur passively or
actively (Lacointe et al., 2004; Wiley et al., 2013; Huang et al.,
2019b). To represent and understand these dynamics, compart-
mental models have been proposed where NSC is allocated to
both organ‐specific compartments (e.g. leaves, stems and roots)
and compound‐specific compartments (Richardson et al., 2012;
Klein & Hoch, 2015; Ceballos‐Núñez et al., 2018).

One example of recent advances is the observation that the
14C‐modeled mean age of NSC in tree stems increases with depth
in the stem. This has been modeled in two ways. Richardson
et al. (2015) proposed a two‐pool model of NSC with: ‘active’
(< 1 yr old) labile C that is quickly cycled through the tree and
replenished mostly by the influx of newly assimilated C; and
‘stored’, older NSC that accumulates when photosynthesis sur-
passes demand and is retrieved at slow rates. These two compart-
ments have been associated with specific compounds – sugar and
starch – (Klein & Hoch, 2015). However, the similar ages
reported for sugar and starch pools using 14C do not support this
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generalization (Richardson et al., 2015). Despite recent efforts, it
is still difficult to differentiate and measure fast and slow cycling
pools of NSC in trees. Alternatively, Trumbore et al. (2015)
explained the increasing ages of NSC with depth in stem‐wood
using a simple diffusion model of one NSC compartment and
radial mixing of mobile C of different ages. In this model, the net
mixture of NSC inwards from the phloem along rays is a source
of NSC that is younger than the structural C where it is found.
The ability of different models to explain the same observation
indicates the importance of a model representation of C alloca-
tion for improving our ability to estimate and understand NSC
dynamics.

In trees, NSC dynamics determine the age and transit time dis-
tributions of the C in the different organ‐specific and com-
pound‐specific pools (Ceballos‐Núñez et al., 2018). Carbon age
is defined as the time elapsed after a C atom enters the system
until the time of observation (Bolin & Rodhe, 1973), that is, an
age of zero represents the moment of C fixation from the atmo-
sphere. Transit time is defined as the time that a C atom remains
in the system until it exits (Ceballos‐Núñez et al., 2018). To give
an example: when defining our observed system as all the NSC in
a tree, C atoms would enter through photosynthesis (with age
equal to zero) and leave when being allocated to the formation of
structural tissue (growth) or to catabolic requirements (e.g. loss as
CO2). Here, we define NSC transit time as the time elapsed
between these two points. These definitions allow us to estimate
the distributions of the NSC ages and NSC transit times across
all C pools using models (Ceballos‐Núñez et al., 2018; Metzler
et al., 2018). This offers a useful alternative to evaluate NSC
dynamics in trees. While the precise measurement of these quan-
tities remains elusive, the mean age and mean transit time of the
NSC of different organs have been estimated from 14C measure-
ments in the sugars and the respired 14CO2, respectively, and by
pulse‐labeling techniques in trees (Carbone et al., 2006, 2013;
Epron et al., 2012; Trumbore et al., 2015; Muhr et al., 2016,
2018).

For healthy, unstressed trees not experiencing C limitation,
NSC in respiration and growth consists mainly of C from the
current growth year (< 1 yr old) (Richardson et al., 2015; Muhr
et al., 2018). However, previous studies have shown that trees
under C supply limitation start mobilizing stored C, resulting in
an increase in the mean age of the C used for new growth or
metabolism (Vargas et al., 2009; Carbone et al., 2013; Trumbore
et al., 2015; Ceballos‐Núñez et al., 2018; Muhr et al., 2018).
How the quantity and mobility of stored C vary with tree species
and/or between organs in the same tree will result in different age
and transit time distributions. To date, we lack a systematic
understanding about how NSC age distributions differ between
tree organs and tree species, and about the differences in the use
of the NSC reserves under outstanding C limitation. To answer
these questions and to test hypotheses about C allocation strate-
gies in trees, it is important to have the ability to estimate NSC
age and transit time distributions.

The representation of C allocation in compartmental systems
allows such estimation of NSC age and transit time distributions
(Ceballos‐Núñez et al., 2018; Metzler et al., 2018; Metzler &

Sierra, 2018). These distributions describe the relative abundance
of C of different ages in each NSC pool. By compartmentalizing
two whole‐tree C allocation models proposed by Klein & Hoch
(2015) and Ogle & Pacala (2009), and estimating the age and
transit time distributions based on the mathematical framework
developed by Metzler & Sierra (2018) and Metzler et al. (2018),
we address here three main questions: (1) how different are the
predictions of NSC dynamics overall and between tree organs,
for contrasting plant types (evergreen vs deciduous) or for con-
trasting environmental conditions (severe growth limitations vs.
favorable conditions)? (2) what is the predicted age structure of
the NSC reserves available and how long, theoretically, trees
would take to consume these reserves? and (3) what are the prin-
cipal C fluxes that influence the NSC mean ages and mean transit
times? We expect that compartmental models, which consider
organ‐specific and compound‐specific C pools, will allow us to
estimate differences in the NSC age distributions of trees with
different life strategies, and to associate them with different stor-
age traits. We also expect that, by estimating the changes of the
NSC transit time during severe C limitation, we can describe the
age structure of the C available for sustaining the tree’s
metabolism and growth and to estimate how long it can take for
the trees to exhaust their reserves.

Materials and Methods

Model descriptions

We used compartmental linear models of C allocation in individ-
ual trees to estimate NSC age and transit time distributions (Figs
1, 2). We used species of different leaf phenology – evergreen
and deciduous – and different growth environments, Mediter-
ranean and temperate forest. Compartmental models describe the
exchange of mass between compartments following mass conser-
vation principles (Jacquez & Simon, 1993; Metzler & Sierra,
2018). This means that the mass of NSC leaving each compart-
ment is a fraction of the mass of the NSC compartment, and the
mass entering the compartment is immediately mixed with the
mass of the NSC compartment, making the mass of the compart-
ment homogeneous at any time (Metzler & Sierra, 2018). The
structures of the compartmental linear models follow those
described in Klein & Hoch (2015) for Pinus halepensis Mill. and
in Ogle & Pacala (2009) for Acer rubrum L. and Pinus taeda L.
with small variations based on theoretical assumptions (Figs 1,
2). We estimated the model parameters (annual fraction of C
transferred between pools) based on the C fluxes and pool stocks
reported in the two studies for each species (Tables 1, 2).

The model proposed by Klein & Hoch (2015) was parameter-
ized using a C balance approach and exhaustive ecophysiological
measurements during more than 13 yr at Yatir forest, Israel.
Pinus halepensis occurs in humid Mediterranean regions, but
Yatir forest is a semiarid forest with only 285 mm of annual pre-
cipitation and an extended drought period of several months, so
trees there are at the limit of the species’ growth requirements
(Klein & Hoch, 2015). Model parameters were estimated for a
typical mature and healthy tree where the amount of C fixed was
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assumed to be very close to the amount of C released, that is,
trees were close to a steady‐state condition with respect to C
(Klein & Hoch, 2015). Three organ‐specific C pools were
defined as stem, foliage and below ground, each with three com-
pound‐specific C pools: starch (stored NSC), soluble sugars (ac-
tive NSC) and structural carbohydrates (i.e. biomass) (Fig. 1). In
the original model, the starch and soluble sugars were categorized
into stored (slow cycling) and active (fast cycling) NSC pools,
respectively. All fluxes of C were reported in the original publica-
tion in g C d–1 per tree and converted to g C yr–1. Then, we cal-
culated the annual fraction of C that leaves each pool (yr−1), that
is, the ratio of flux divided by pool size of the donor pool. These

fractions were used as the parameters for the model (Fig. 1;
Table 2).

Ogle & Pacala (2009) proposed a mechanistic model named
‘Allometrically constrained growth and C allocation’ (ACGCA).
We used the ACGCA model to estimate the fluxes and pool sizes
of the model in Fig. 2 for a typical mature and healthy tree of
both species A. rubrum and P. taeda at steady state (Table 2). The
parameters for steady state were obtained after running the
ACGCA model for 700 time steps, to the point where pool sizes
and fluxes did not change with time. ACGCA estimates the pool
stocks in grams of glucose per tree (g Gluc) and the fluxes in
grams of glucose per tree year–1 (g Gluc yr−1). Here, we converted

Fig. 1 Compartmental representation of the
carbon allocation model proposed for the
evergreen Mediterranean Pinus halepensis

by Klein & Hoch (2015). The square
compartments define the state variables, and
the arrows define the fraction of carbon that
is transferred between pools. The name and
values of the transfer coefficients and state
variables are defined in Tables 1 and 2. This
model is described by the Eqn 1.

Fig. 2 Compartmental representation of the
carbon allocation model proposed for the
temperate deciduous Acer rubrum and
evergreen Pinus taeda species based on a
theoretical interpretation of the
‘Allometrically constrained growth and C
allocation’model (ACGCA) developed by
Ogle & Pacala (2009). The square
compartments define the state variables, and
the arrows define the fraction of carbon that
is transferred between pools. The name of
the transfer coefficients and state variables
are defined in Tables 1 and 2. This model is
described by the Eqn 1.
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these parameter values to g C and g C yr‐1, respectively, based on
the molar masses of C and glucose (12 and 180.15 g mol–1,
respectively). Then, the model parameters were also calculated by
dividing the flux value by the size of the compartment from
which C was removed, obtaining the annual fraction of C leaving
each pool.

The ACGCA model was designed to estimate growth and
reproduce a range of physiological states defined by tree’s allome-
tries and labile C (NSC) status (Ogle & Pacala, 2009). The
model we used for our estimations and simulations follows a lin-
ear compartmental interpretation of the ACGCA model. This
model is structurally similar to the one used for P. halepensis: it
considers organ‐specific C pools as foliage, branches and coarse
roots, stem, and fine roots; and compound‐specific C pools as
transient NSC, active NSC, stored NSC, and structural carbohy-
drates per tree organ (Fig. 2). Nevertheless, the chemical nature
of the C in these pools is restricted to glucose; no differentiation
between starch and sugar is made.

These models were described with a system of ordinary differ-
ential equations expressed in the general linear nonautonomous
form presented in Ceballos‐Núñez et al., (2018):

dxðt Þ
dt

¼ B � xðt Þ þ b � uðt Þ; xðt ¼ 0Þ ¼ x0; Eqn 1

where dxðt Þ
dt is the vector of rates of change of C with respect to

time in each compartment; B is a m9m square matrix, where m
is the number of compartments in the model, the diagonal

Table 1 Compartment names of the models described in Figs 1 and 2.

Abbreviation Name

E Transient carbon pool
FANSC Foliage active nonstructural carbon
FSNSC Foliage stored nonstructural carbon
FB Foliage biomass
BRANSC Branches and coarse roots active nonstructural carbon
BRB Branches and coarse roots biomass
SANSC Stem active nonstructural carbon
SB Stem biomass
SSNSC Stem stored nonstructural carbon
RANSC Fine roots active nonstructural carbon
RSNSC Fine roots stored nonstructural carbon
RB Fine root biomass

Table 2 Annual mean and standard deviation (SD) of the carbon transfer coefficients (yr–1) for the models in Figs 1 and 2 for the species Pinus halepensis
(model from Klein & Hoch, 2015), Acer rubrum and Pinus taeda (‘Allometrically constrained growth and C allocation’model (ACGCA) from Ogle & Pacala,
2009).

Abbreviations Parameter Name

P. halepensis A. rubrum P. taeda

Mean SD Mean SD Mean SD

A Assimilation at steady state 23 520 211 770 200 090
Rm Maintenance respiration 0.25 0.053 0.167 0.033
Fl Allocation to FANSC 0.05 0.004 0.042 0.011
BRl Allocation to BRANSC 0.669 0.054 0.757 0.044
Sl Allocation to SANSC 1.00E‐04 3.00E‐03 6.24E‐06 0.004
Rl Allocation to RANSC 0.031 0.006 0.035 0.016
Rf Respiration foliage 9.56 0.72
Rbr Respiration branches and roots
Rs Respiration stem 0.59 0.026
Rr Respiration roots 16.84 0.23
Gf Growth foliage 2.94 0.05 0.939 0.003 0.932 0.015
Gbr Growth branches and coarse roots 0.912 0.001 0.943 0.007
Gs Growth stem 0.3 0.02 0.912 0.001 0.943 0.007
Gr Growth roots 1.28 0.21 0.893 0.026 0.942 0.019
Lf Litterfall foliage 0.34 0.07 1 0 0.333 0.089
Lbr Litterfall branches and roots 0.047 0.021 0.047 0.018
Lr Literfall fine roots 0.07 0.01 1 0.055 0.5 0.21
LSs Stored NSC lost in wood conversion to heartwood and litter fall 0.003 0.0005 0.031 0.007 0.06 0.006
Sf Allocation to storage in foliage (FSNSC) 0.44 0.4 0.061 0.003 0.068 0.015
Sbr Allocation to storage in wood of branches and coarse roots (SSNSC) 0.088 0.001 0.057 0.007
Ss Allocation to storage in stem (SSNSC) 0.8 0.05 0.088 0.001 0.057 0.007
Sr Allocation to storage in roots (RSNSC) 4.98 2.64 0.107 0.026 0.058 0.019
Cf Allocation from storage in foliage (FSNSC) to E 2.02 0.68 1 0 0.333 0.089
Cs Allocation from storage in stem (SSNSC) to E 1.09 0.7 0.023 0.01 0.023 0.009
Cr Allocation from storage in roots (RSNSC) to E 1.22 0.58 1 0.055 0.5 0.21
FtoS Allocation from foliage to stem 33.7 3.2
StoF Allocation from stem to foliage 0.04 0.043
Stor Allocation from stem to roots 3.15 0.86
rtoS Allocation from roots to stem 0.11 0.11

Pool name abbreviations are defined in Table 1.
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elements of the matrix are the fraction of C leaving each pool and
the off‐diagonal entries represent the fraction of C transferred
among compartments; xðt Þ is the vector of mass of C in each
compartment; b is the vector of partitioning of the photosyn-
thetic input uðt Þ; and x0 is a vector of initial values of the C com-
partments.

Estimation of NSC ages and transit times of mature and
healthy trees (close to steady state)

The description of the models in the system of differential equa-
tions (Eqn 1) allowed us to estimate the age and transit time dis-
tributions at steady state for each species. Here, we interpret
steady state as the condition of mature and healthy trees whose C
uptake is nearly balanced by respiration and litter fall. These dis-
tributions were calculated as the sum of exponential distributions
using the formulas developed by Metzler & Sierra (2018). The
age density distribution of the C that is in the system is given by
the probability of finding C particles of a certain age y � 0ðfAðyÞÞ
and it follows the equation.

fAðyÞ ¼ zT � ey�B � x�

x�j jj j ; y � 0; Eqn 2

where zT is the vector of release rates from the system, eyB is the
matrix exponential evaluated at age y, and interpreted as the
probability matrix of transfers among compartments, x�

x�j jj j is the
distribution of C among the different pools, and x� is the steady‐
state content of the system (Eqn 1). We use here the symbol �j jj j
to represent the vector norm, which is the sum of the absolute
values of all entries of the vector.

The mean age is given by the expected value (E ½A�).

E ½A� ¼ B�1 � x�j jj j
x�j jj j : Eqn 3

Transit time can be considered as forward transit time (FFT)
or backward transit time (BTT) (Metzler et al., 2018). The FFT
is the time a particle would take to travel the system after its
arrival at a given time. The BTT is the age that a particle has
when it leaves the system. Therefore, the BTT density distribu-
tion (fBTTðyÞ) describes the probability that a C particle has a cer-
tain age y when it leaves the system at time t. As our aim concerns
the age of the C when it leaves the system, we will deal here with
the BTT only expressed as:

fBTT yð Þ ¼ zT � ey�B � b; y � 0: Eqn 4

The mean backward transit time is defined as (E ½BTT�):

E ½BTT � ¼ x�j jj j
uj jj j : Eqn 5

Note that the definitions presented here can only be
applied to autonomous systems at steady state (Metzler &
Sierra, 2018). Therefore, these formulas were used to

characterize the NSC dynamics of mature and healthy trees
where the C inflow u and the coefficients in B do not
change over time. To characterize NSC dynamics, the age
and transit time distributions were calculated only for the
NSC pools of the described models in Figs 1 and 2.

Estimation of NSC ages and transit times of trees under C
source limitation (out of steady state)

We estimated time‐dependent NSC age and transit time distribu-
tions for 40 yr after the assimilation input ðuðt ÞÞ was set to zero
(fAðy; t Þ; fBTTðy; t Þ), while keeping the transfer C coefficients
(matrix B) constant. We used zero assimilation to have a clear
view of how trees use their NSC when they depend exclusively
on storage. This approach allowed us to evaluate how limitations
in C assimilation would impact the age and transit time distribu-
tions of C in mature and healthy trees. The changes in these
quantities reflect the age of remaining NSC reserves and the age
of C used for respiration at each time step under C limitation.

In our simulations, we kept the assimilation flux uðt Þ constant
at the values reported for healthy trees in steady state (Table 2)
for the first 10 yr (t\t0), and then set it to zero in any subse-
quent time t � t0 until t = 50. Until t0, the NSC age and transit
time distributions fA yð Þ and fBTTðyÞ did not change. These distri-
butions constitute the initial (steady state) conditions for the sys-
tem before the C limitation. The mathematical framework for
estimating the age and transit time distributions when the ele-
ments of the system (Eqn 1) depend on time, and are out of
steady state, was developed by Metzler et al., (2018). The
approach consists of solving the system of differential equations
(Eqn 1) first, and then taking this solution to reconstruct an anal-
ogous linear system of differential equations with the same solu-
tion trajectory. From the new system, it is possible to obtain a
mathematical object called the state transition operator, which
encapsulates all the dynamics of the system, including the proba-
bilities of C particles moving from one pool to another. As we
know the initial age distributions from the steady‐state system,
we use the state transition operator to move the initial age distri-
bution forward in time. We therefore estimated the NSC age and
transit time distributions and their respective mean values for the
subsequent times t [ t0. We calculated the percentage of the
NSC consumed in each time step after the C limitation started
by computing the solutions of each model (Eqn 1) for each time
step, which gives us the amount of the NSC remaining in each C
pool, and then subtracting this quantity from the initial amount
of NSC in the system. We used the PYTHON packages ‘BGC‐MD’
and ‘COMPARTMENTALSYSTEMS’, which implement the formulas
required for these computations (Metzler et al., 2018).

Sensitivity and uncertainty of the NSC mean age and mean
transit time to variations in sink strength

To understand the sensitivity of the NSC mean age and mean
transit time at steady state to changes in the sink C fluxes, we
evaluated the change in NSC mean age and mean transit time to
a given numerical alteration of the fraction of C leaving each pool
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(coefficients of matrix B in Eqn 1). This analysis allowed us to
identify the pool‐specific fluxes that have the greatest influence
on the overall NSC ages and transit times in mature trees. For
that, we used the method ‘Elementary effects’ (Morris, 1991;
Campolongo et al., 2007). This method analyzes the change in
model output if exactly one parameter (pi) is changed by a ran-
dom fraction (dpi ) between L levels (150) in the parameter space.
The parameter space was estimated based on the parameter vari-
ability provided by Klein & Hoch (2015) and Ogle & Pacala
(2009) (Table 2). It then changes each parameter once and
repeats this process throughout p (parameters) + 1 simulations
which are called a ‘trajectory’ (Cuntz et al., 2015). We then ran
100 trajectories. We estimated a bigger parameter space than the
one reported for each species to capture a more general trend out-
side of the limits of each species. Then, the elementary effect of
each parameter EE i in each trajectory is calculated as a differen-
tial quotient:

EEi ¼ f ðpi þ dpiÞ � f ðpiÞ
d

; Eqn 6

where d is dpi as a fraction of the dpi range. The mean l� and the
variance r of the absolute values of the EE i from the 100 trajec-
tories were used as a measure of sensitivity (Cuntz et al., 2015).
The elementary effects simulations and calculations were done
using the R packages SENSITIVITY v.1.15.2 (Iooss et al., 2019) and
SOILR (Sierra et al., 2014).

To evaluate how the uncertainty in the models’ parameters
affects the mean age and the mean transit time of the species eval-
uated, a Monte Carlo Simulation (MCS) analysis was performed.
This method involves repeated model realizations of a random

selection of parameter values (Parkinson & Young, 1998). The
standard deviation associated with each parameter has been
derived from Klein & Hoch (2015) for P. halepensis and from
Ogle & Pacala (2009) for A. rubrum and P. taeda (Table 2).
Then we ran 1000 MCSs to estimate the corresponding standard
deviation of the mean age and mean transit time of the NSC for
the whole tree and for each C pool. Only the most influential
parameters of each model were resampled assuming they come
from independent Gaussian distributions. This assumption of
independence is potentially limiting, given that the MCS analysis
would yield different results if there were covariance between the
parameters. However, the degree of association between parame-
ters is unknown to us. If better information on their correlation
were available, this uncertainty could be re‐estimated.

Data deposition

The R and PYTHON code used to generate all the data reported in
this article are provided in the following repository: https://
github.com/MPIBGC-TEE/Probability_distributions_of_
NSC_ages_and_transit_times

Results

NSC ages and transit times of mature and healthy trees
(trees close to steady state)

Different tree species of contrasting functional types had distinct
NSC age and transit time distributions (Figs 3, 5). For simplicity,
we use the mean values of these distributions to describe these
differences here. For P. halepensis, the mean NSC transit time –

Fig. 3 Age distributions of the nonstructural carbon in the whole tree and tree pools for each species Pinus halepensis, Acer rubrum and Pinus taeda. The
frequencies are given in grams of carbon and the sum of all the frequencies of all the compartments is equal to the total mass of carbon of the system. The
acronyms in the key in each panel are defined in Table 1.
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the age of C being used in metabolism and growth – was very
young (0.49 ± 0.08 yr). Likewise, the overall mean NSC age –
the age of the C remaining in the tree – was also very young
(0.98 ± 0.38 yr). By contrast, the temperate species A. rubrum
and P. taeda had slower predicted C cycling with mean ages of
9.45 ± 3.7 and 4.4 ± 0.72 yr and transit times of 2.95 ± 0.31 and
2.4 ± 0.09 yr, respectively.

The predicted NSC age and transit time distributions among
different C pools showed contrasting behaviors. NSC age distri-
butions for all the NSC pools in P. halepensis were similar across
tissues (Fig. 3; Table 3). For this species, the NSC stored in stem
and roots had the oldest mean ages (Table 3). By contrast, there
was a clear distinction in the predicted mean ages of active and
stored NSC pools for the temperate species A. rubrum and
P. taeda (Table 3). The NSC stored in the stem had a mean age
of 21.3 ± 5.38 yr in A. rubrum, but only 14.2 ± 1.63 yr in
P. taeda. The mean ages of NSC stored in the foliage and fine
roots (FSNSC and RSNSC pools) were lower in A. rubrum
(3.5 ± 0.20 and 2.5 ± 0.20 yr respectively) than in P. taeda
(5.2 ± 0.06 and 4.19 ± 0.06 yr, respectively; Table 3). In general,
the age of the NSC in leaves was greater than we expected, espe-
cially in the deciduous tree A. rubrum. Overall, the age of the
NSC in each tree organ is given by the combination of the NSC
ages of the compound‐specific compartments – active, stored and
transient NSC pools – in each respective organ. Mean age esti-
mates of the NSC in leaves and fine roots are < 2 yr (Table 4). In
the stem, mean ages of NSC were 0.73 ± 0.58, 9.97 ± 5.38 and
4.58 ± 1.63 yr for P. halepensis, A. rubrum and P. taeda respec-
tively (Table 4).

Nonstructural C age and transit time distributions character-
ized in detail the age composition of the NSC that remains in
and leaves the tree (Figs 3, 5). The mixture of NSC ages for
mature healthy trees followed a phase type distribution (Fig. 3),

which is a mixture of exponential distributions (Metzler & Sierra,
2018). The shape of the distributions depended on the speed at
which the C was cycled within the tree. Carbon age distributions
allowed us to better understand the age composition of each C
pool. For instance, for P. halepensis, 95% of all NSC in the entire
tree was younger than 3.3 yr. For A. rubrum, 95% of the NSC
was < 42 yr old, and NSC respired or allocated to growth did not
exceed 2.9 yr. In P. taeda, 95% of all NSC was < 20 yr old, while
95% of the NSC leaving the system was younger than 2.4 yr old.
The trees’ NSC pools had different NSC age and transit time
compositions (Figs 3, 5), which characterize the different dynam-
ics of each NSC compartment in the trees’ C balance.

NSC ages and transit times of trees under carbon source
limitation (out of steady state)

When simulating C limitation for the trees characterized in
Fig. 3, our model predicted changes in the shape of the NSC age
and transit time distributions over time as a result of NSC storage
mobilization (Figs 4, 5). The simulated C limitation progres-
sively reduced the mass of NSC in storage compartments
(Fig. 4). The C mass drawn from storage was younger during the
initial phase of the simulations and increased during the simula-
tions (Fig. 5). The proportion of young C decreased rapidly, flat-
tening the entire NSC age distribution of the trees (Fig. 4).
Consequently, both the mean age and mean transit time of the
NSC increased as C limitation progressed. The mean transit time
increased first in an exponential way and then linearly (Fig. 6).
The exponential phase reflects the progressive and fast depletion
of young reserves and increasing importance but slower utiliza-
tion of old C. Then, when the age distribution of the remaining
NSC becomes increasingly uniform, the linear phase describes
the aging of the remaining C.

The increase in mean transit time during C limitation indicates
that trees used increasingly older reserves for respiration as the
storage pool was exhausted. For trees that can store C for a longer
time, such as A. rubrum and P. taeda, the cessation of assimilation
resulted in an increase in the mean transit time of several years,
principally as a result of the availability of several decades old
NSC in the stem and coarse roots to support metabolism (Fig. 3).
For A. rubrum, the mean transit time increased from 2.9 ± 0.31 yr
in healthy conditions to 10.3 ± 0.31 yr when trees had consumed
50–60% of the reserves, and to 21 ± 0.31 yr when only 20% of
their reserves remained (Fig. 6). For P. taeda, mean transit times
increased from 2.4 ± 0.09 yr at steady state to 5 ± 0.09 yr (50–
60% consumption), and to 13 ± 0.09 yr (80% consumed)
(Fig. 6). For P. halepensis trees growing in Yatir forest, the transit
time increased from 0.48 ± 0.08 to 4 ± 0.08 yr at the end of the
exponential trend (Fig. 6).

Sensitivity and uncertainty of mean age and mean transit
time to variations in sink strength

The mean age was mainly sensitive to changes in the consump-
tion of NSC from stored C in the stem, branches and coarse roots
(Cs) and the loss of NSC in the transition from sapwood to

Table 3 Mean age ± standard deviation for the different carbon pools in
Pinus halepensis, Acer rubrum and Pinus taeda (in yr).

Pool name P. halepensis A. rubrum P. taeda

NSC tree 0.98 ± 0.38 9.45 ± 3.7 4.4 ± 0.72
E 1.55 ± 0.20 1.19 ± 0.06
FANSC 0.03 ± 0.001 2.55 ± 0.20 2.19 ± 0.06
FSNSC 0.52 ± 0.001 3.56 ± 0.20 5.22 ± 0.06
SANSC 0.045 ± 0.10 2.55 ± 0.20 2.19 ± 0.06
SSNSC 1.370 ± 0.58 21.3 ± 5.38 14.22 ± 1.63
RANSC 0.730 ± 0.76 2.55 ± 0.20 2.19 ± 0.06
RSNSC 1.550 ± 0.12 3.55 ± 0.20 4.19 ± 0.06

Pool name abbreviations are defined in Table 1.

Table 4 Mean age ± standard deviation for the different organ‐specific
pools in Pinus halepensis, Acer rubrum and Pinus taeda (in yr).

Organ P. halepensis A. rubrum P. taeda

Leaves 0.07 ± 0.001 1.98 ± 0.20 1.91 ± 0.06
Stem 0.73 ± 0.580 9.97 ± 5.38 4.58 ± 1.63
Roots 1.33 ± 0.760 2.01 ± 0.20 2.36 ± 0.06
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heartwood (LSs) (Supporting Information Fig. S1). The mean
transit time was principally sensitive to the allocation of NSC to
storage in the roots (Sr and Sbr) and root growth (Gr). In addi-
tion, both quantities were sensitive to changes in the allocation to
root active NSC (Stor and BRl) and, to a lesser degree, to root
respiration (Rr) (Fig. S1). The impact of changes in these cycling
rates on the mean age and mean transit time is complex and non-
linear in some cases, as indicated by high variance of the

sensitivity index (Figs S1, S2). But in general, the higher the con-
sumption from the NSC stem pools, the younger the NSC in the
tree; and the greater the storage of NSC in the roots, the older
the NSC in the tree.

The mean uncertainty (1.5 yr) in the mean ages and transit
times reflected uncertainties in the most influential cycling rates,
as described earlier. This uncertainty was smaller than the mean
differences between species (5.97 yr). In general, A. rubrum had

Fig. 4 Age distribution of the nonstructural carbon in the whole tree for years subsequent to the start of the carbon limitation simulation (yr after
disturbance) for each of the species Pinus halepensis, Acer rubrum and Pinus taeda.

Fig. 5 Backward transit time distributions of the nonstructural carbon in the whole tree for years before the carbon limitation (year 0 after disturbance) and
years subsequent to the start of the simulated carbon limitation for each of the species Pinus halepensis, Acer rubrum and Pinus taeda.
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higher uncertainties than P. taeda and P. halepensis (Fig. S3).
Some exceptionally high mean ages of the NSC could be
obtained in very rare combinations of parameter values at the
very limit of their distributions (Fig. S3).

Discussion

The whole‐tree compartmental models for C allocation tested
here allowed us to estimate: differences in the NSC age and tran-
sit time distributions that reflected C storage dynamics of differ-
ent tree species; the change in the age of the NSC used under C
limitation; and the main NSC cycling rates that influenced the
NSC mean age and mean transit time in mature trees.

NSC dynamics between tree tissues and tree species

The predicted NSC age and transit time distributions indicated
large differences between tree species that reflected differences in
functional types – deciduous (A. rubrum) or evergreen (P. taeda)
– and growth environments – highly limited (Mediterranean
P. halepensis) and mesic growth conditions (temperate species)
(Fig. 3). These differences reflected the locations where reserves
accumulate, and how long they remain in each C pool. For
instance, A. rubrum stored more old C, evidenced in the longer
tail of the NSC age distribution, compared with P. taeda and
P. halepensis (Fig. 3). The age distribution of NSC within each
pool reflects the role of each NSC pool in C cycling and storage
of mature trees. For temperate species, NSC was stored longer in
the stem and coarse roots (SSNSC), with more old C present
(Fig. 3). By contrast, P. halepensis did not show actual age differ-
ences between slow (stored NSC) and fast (active NSC) pools
(Fig. 3), suggesting no capacity for long‐term storage of NSC.
However, it may also be possible that long‐term storage pools
were neglected by the assumptions made in this model (e.g. the
fast and slow pools were associated with the sugar and starch
compartments, respectively). These results demonstrate the diffi-
culties of separating and measuring fast and slow cycling NSC
pools, and highlight the utility of estimating NSC ages based on
compartmental systems to identify and understand the C

dynamics associated with these elusive C pools (Richardson et al.,
2015). Despite the fact that our mean NSC age estimates in leaf
compartments were almost 1 year older than what has been
reported previously (Keel et al., 2007; Gaudinski et al., 2009),
our results predicted different C storage traits between tree
species that range from slow C cycling trees that accumulate
larger proportions of long‐term reserves (e.g. A. rubrum) and fast
C cycling trees with low accumulation of long‐term reserves (e.g.
P. halepensis).

Nonstructural C transit time distributions reflected the age
composition of NSC reserves being used by trees in metabolism
and growth. Our estimates showed that healthy trees used mainly
young C (Fig. 5). The allocation of mainly young C to respira-
tion and growth in mature healthy trees has been already docu-
mented (Carbone et al., 2013; Muhr et al., 2018). This behavior
has been commonly explained by the ‘last in, first out’ hypothesis
for using the NSC where the most recently fixed C entering the
systems is the one that is used at first (Dietze et al., 2014; Hart-
mann & Trumbore, 2016). In our models, this idea is partly rep-
resented by the differentiation between fast and slow NSC
cycling pools in each tissue. This differentiation in organ NSC
pools and compound NSC pools (fast and slow cycling pools)
represents the spatial heterogeneity of the NSC ages within the
tree. Partly in disagreement with the ‘last in, first out’ principle,
previous studies have also shown that some old NSC is mixed in
the metabolized CO2 in healthy trees with nonlimiting assimilate
supply, as a result of the continuous exchange of C between the
active NSC and the stored NSC pools (Richardson et al., 2012;
Carbone et al., 2013; Muhr et al., 2013). This is in agreement
with our results where the NSC transit time distributions (Fig. 5)
showed that the C being used in metabolism and growth is a mix-
ture of C of different ages. The transit time distribution is mainly
determined by the age structure of the largest C source and the
balance between C sources and sinks in the tree. In this sense, in
healthy‐mature trees, the inflow of new C greatly exceeds the
retrieval of old stored C for sustaining metabolism and growth,
which leads to the high abundance of young NSC in the trees
and skewness of the distribution towards low values, with corre-
sponding low values of mean transit time (Figs 3, 5). Therefore,

Fig. 6 Nonstructural carbon (NSC) mean backward transit time and the percentage of NSC consumption during 50 yr of the simulation for each species
Pinus halepensis, Acer rubrum and Pinus taeda. The first 10 yr of the simulation represent the steady state, with trees growing under healthy conditions.
After this, assimilation was set to zero to simulate carbon limitation for the subsequent 40 yr. For a given time step of the simulation there is a degree of
consumption (green line) on the right axis, and there is a backward transit time (blue line) on the left axis. This mean backward transit time reflects the
mean age of the carbohydrates being used in metabolism and growth in each time step of the simulations.
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within our framework, healthy trees may use mainly young C as
a result of its high abundance in the NSC pools, and its constant
replenishment as a result of rapid assimilation of atmospheric C,
and not because the younger C is more available as a result of its
position in the tree. This concept is supported by the simulation
results in Fig. 4 where the young C is depleted faster than the old
C – owing to its relative high abundance – until eventually flat-
tening the age distribution of the NSC in each pool.

In other words, our results provide a probabilistic interpreta-
tion for the use of young C for metabolism and growth. As young
NSC is more abundant in storage pools, it has a greater probabil-
ity of being used for plant function. These results provide a new
perspective on the understanding of the NSC allocation to
metabolism and growth, and also highlight the utility of obtain-
ing the NSC transit time distribution in mature trees for under-
standing C source/sink imbalances.

Age structure of NSC reserves under C limitation

Under severe C limitation, the modeled trees used their NSC
reserves to support metabolic needs and consequently the NSC
mean transit time increased rapidly (Fig. 6). Previous studies that
interrupted C assimilation by either girdling, harvesting of the
main trunk, or hurricane damage also reported a rapid increase in
the NSC mean transit time from very young C to C that is several
years old. For instance, 14CO2 respired from Scleronema
micranthum, a measure of transit time, increased from 1 to 15 yr
old over a year after girdling (Muhr et al., 2018); stump resprouts
in A. rubrum growing after trunk harvesting were found to be
made of C up to 17 yr old ( C e et al., 2013); and up to 10‐yr‐old
C was used to grow new roots for tropical trees after hurricane
damage (Vargas et al., 2009). In addition, D’Andrea et al., (2019)
reported that the mean age of sugars in the phloem of beech trees
that were defoliated by frost late in spring increased to c. 5 yr
within only a few weeks.

We were able to describe how this old C was used and for how
long it could last by observing how the NSC mean transit time
increased over time during our simulations. The NSC mean tran-
sit time increased in an exponential way that depended on the
amount and the cycling speed of the reserves, followed by a linear
phase that occurred when the NSC age distribution became flat
and only described the aging of the remaining NSC (Fig. 6). We
observed that the exponential increase in the NSC mean transit
time described how the trees consume between 80% and 90% of
the available C, depending on their storage strategy (Fig. 6). The
NSC mean transit time towards the end of the exponential
increase was higher (14–21 yr) than the reported age (12–17 yr)
of the respired CO2 of trees subjected to starvation (Carbone
et al., 2013; Muhr et al., 2018). This difference can be explained
by the fact that we did not represent mortality explicitly; there-
fore, the trees continued using reserves for a longer time than in
experiments where the trees die before exhausting 80–90% of
their reserves. Considering a consumption threshold between
50% and 60% (Mei et al., 2015; Wiley et al., 2019), the mean
transit time is 5 and 10 yr for P. taeda and A. rubrum, respectively
(Fig. 6), in agreement with what has been reported for starving

trees. Our predictions also report a very slow consumption of the
reserves when trees are under C limitation, taking between 2 and
5 yr to exhaust 80% of their reserves, and between 1 and 3 yr to
reach the 50–60% of NSC consumption. Measurements in
mature trees documented an up to three‐fold faster increase in
the NSC mean transit time than in our model (Carbone et al.,
2013; Muhr et al., 2018). These discrepancies between our
model estimates and NSC ages reported in empirical studies,
along with the unexpected high mean NSC ages in leaves, could
be a result of several factors:
� The parameters provided for our models may not fully repre-
sent the trees evaluated in the studies; more precise and exhaus-
tive parameter estimation may be needed.
� The measurements may have been taken for trees that have not
yet reached their steady state and therefore have higher transfer
coefficients of C between pools.
� Additional fluxes and C compartments are not considered in
the model, nor are other mechanisms such as trees’ ability to con-
trol growth and respiration under stress, active NSC allocation to
storage, or other nonlinearities in the model – thus, alternative
model structures may be needed.
� Our source limitation simulations were restricted only to a
complete cessation of C assimilation. Limiting conditions such as
drought or severe physical damage, may also imply a limitation
in the mobilization of the stored NSC or truncation of the NSC
mass, which would reduce the quantity of stored NSC available
and cause a quicker depletion of the NCS in the trees.
� Measurements of respired 14CO2 in previous studies are
restricted to the stem‐wood and thus do not reflect the time that
the increase in the mean NSC transit time would take for the
whole tree.

Overall, this analysis allowed us to estimate the age composi-
tion of the NSC reserves being used at any point of the source
limitation event and the time that each tree would take to exhaust
those reserves.

Sensitivity of NSC mean age and mean transit time to
changes in C allocation

Along with C source variability, sink strength also plays a funda-
mental role in NSC dynamics of mature trees. This is reflected in
the NSC mean age and mean transit time if the assimilation of C
is kept constant and numerical changes are induced in the cycling
rates between C pools. The sensitivity analysis estimated that the
efflux rate of C from the storage in the stem and the cycling rates
of roots have a large influence on the NSC mean age and transit
time, playing an important role in NSC dynamics (Fig. S1). But
none of the C fluxes related to the foliage compartments had an
important impact in the mean age and transit time of the trees’
NSC (Fig. S1). Previous studies have shown that stored NSC in
the stem and roots contributes to the respired CO2 of trees under
stress (Carbone et al., 2006; Richardson et al., 2012; Muhr et al.,
2013, 2018; Hartmann et al., 2018), and that stored C below
ground is vital to tree recovery after a disturbance (Schutz et al.,
2009; Hagedorn et al., 2016; McDowell et al., 2018). These allo-
cation rates usually change when trees experience limiting
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conditions (Nogués et al., 2006; Wiley et al., 2013, 2019; Hage-
dorn et al., 2016), but the mechanism behind these changes
remains uncertain (Chesney & Vasquez, 2007; Gaudinski et al.,
2009; Hartmann et al., 2013; Mei et al., 2015). When modeling
C allocation as compartmental systems, we should be aware that
changes in the fluxes between compartments can be a result of
changes in the compartment mass (mass conservation principle)
or changes in the cycling rates (transfer coefficients of the
matrix B) of the trees. In our simulations, the transfer coefficients
remained constant, so changes in the fluxes after the C limitation
only reflected changes in the mass of the compartments. How-
ever, a change in NSC dynamics occurs when the cycling rates
change independently of the system C mass, which would change
the C transfer coefficients between pools, as done in our sensitiv-
ity analysis. For instance, increasing the allocation rates from the
storage in the wood to growth or respiration (Cs) would make
the trees to cycle C faster, build younger reserves during their
productive and healthy conditions, and increase the tree’s vulner-
ability to starvation; while increasing the allocation of C to stor-
age in the roots (Sr) would make them slower cyclers, build older
reserves and be more resilient to low productivity periods
(Fig. S2). Based on our models, we have estimated how cycling
rates drive the NSC age and transit time distributions of mature
trees.

Limitations and conclusions

Comparisons between the estimated NSC mean age and mean
transit time with empirical measurements can serve as important
diagnostics for model evaluation (Ceballos‐Núñez et al., 2018).
However, the models used here are not easy to parameterize and
require a large number of observations. Our model parameters
are rough estimates of the fluxes for an average healthy mature
tree of each species (ACGCA model) or population of trees
(P. halepensis case), and their structure may misrepresent other
mechanisms. They are also constrained by the assumptions made
when the parameters were estimated; for example, the NSC allo-
cation to storage happens passively when C supply exceeds
demand. These parameter estimates can be improved with empir-
ical research, theoretical studies, and statistical approaches that
consider variability within and among trees as well as alternative
assumptions regarding NSC allocation. Furthermore, our repre-
sentations are very simple and do not consider nonlinear interac-
tions and other important fluxes, such as the exchange of C with
the rhizosphere (Epron et al., 2011), allocation of C to reproduc-
tion (Hacket‐Pain et al., 2018), emissions of biogenic volatile
organic compounds (BVOC) (Epron et al., 2012), and allocation
to defense compounds (Huang et al., 2019a), which also play an
important role for determining NSC dynamics. However, infor-
mation about these fluxes is still scarce and uncertain. Neverthe-
less, our results open the possibility to better understand NSC
dynamics in mature trees based on estimated NSC ages and tran-
sit times in different tree organs of species with contrasting life
strategies and growth environments. Our estimates are relevant
for characterizing general differences in the NSC dynamics in
contrasting tree species, identifying different storage traits based

on plant type and growth environment; predicting how trees use
their reserves under stress (e.g. the exponential‐linear increase of
the NSC transit time as trees exhaust their reserves); providing a
plausible probabilistic interpretation about why trees consume
primarily young C during healthy stages and why this shifts after
a prolonged C limitation; and identifying the determinant sink
fluxes in NSC dynamics for mature trees.
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CHAPTER 5

General discussion and outlook

5.1. General discussion and conclusions

This dissertation adds to the existing evidence of the complexity and diversity of
NSC dynamics in tropical trees, and the contribution of these dynamics to plant
survival (Adams et al., 2017; Mart́ınez-Vilalta et al., 2016; McDowell et al., 2018).
The wood histological methods used in chapters two and three to quantify starch
demonstrated that location and spatial distribution of starch in wood, which are
usually ignored in the literature, are important traits to understand NSC dynamics
in mature trees. These chapters show that these traits are related to growth, survival
and cycling of carbon in trees. These findings are in agreement with literature that
suggests that higher content of NSC increases plant tolerance to stressful conditions
(Carbone et al., 2013; Dietze et al., 2014; Galiano et al., 2011; Hoch, 2015; O’Brien
et al., 2020), but they also highlight the idea that beyond NSC content the location
and distribution of NSC in the wood are also important to predict trees carbon
allocation and survival to future climatic changes.

In Chapter two, two main strategies for storing starch, in relation to the location
in wood, were identified and discussed: parenchyma storing species and fiber storing
species. The contribution of living fibers to storage has been shown before in tem-
perate trees (Plavcová et al., 2016). Here, it was shown that this is an important
trait that occurs in a large number of tropical species, which not only affects the
amount of NSC stored in wood but it may also affect its accessibility and mobiliza-
tion. These storage traits were also related to the ”fast-slow” continuum of trees’
economic spectrum and may determine cycling patterns of NSC in wood (Chave
et al., 2009; Diaz et al., 2004; Oliveira et al., 2021; Poorter & Kitajima, 2007; Reich,
2014). Species with starch storage in living fibers may be more conservative than
parenchyma storing species, and therefore may tend to be in the slower range of the
trees’ economic spectrum with slow growing rates, deep root system, low specific
leaf area, high wood density, big seeds, low specific leaf area and low leaf-nutrient
concentrations. These conservative traits imply high construction costs, but they
may also enhance resilience (Poorter & Kitajima, 2007). This provides possible
physical explanations for the mechanisms behind the trade-offs between NSC stor-
age and growth (Hartmann & Trumbore, 2016; Huang et al., 2019; Palacio et al.,
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5. General discussion and outlook

2014). Highly conservative trees may use living fibers to increase the NSC storage
capacity in the stem wood and thus allocate a higher proportion of NSC to storage,
sacrificing growth. Then, this large storage can be use to survive longer periods of
stressful conditions that reduce photosynthesis, re-sprout and recover after a very
large physical damage, produce more defence compounds when needed or produce
stronger and bigger seeds.

In Chapter three, we discussed the cycling rates of the NSC in relation to wood
traits. The results from this chapter suggest that starch is metabolically active
across all the radial axis in the stem from bark to pith, and it responds to im-
balances between carbon sinks and sources which vary from year to year. These
results support recent ideas about the plasticity of the NSC dynamics in mature
trees that allow trees to respond effectively to potential threats and increase toler-
ance to stressful conditions by down-regulating or up-regulating respiration, growth
or storage (O’Brien et al., 2015). Despite the high metabolic activity in starch con-
tent, we found that these tropical trees stored NSC for very long periods of time.
Nevertheless, old storage seems to be common in trees (Carbone et al., 2013; Furze
et al., 2020; Muhr et al., 2016, 2018). These ages of NSC were slightly associated
with the starch storage traits and growth rates, and they provided insights about
how NSC may be cycled and mobilized radially in wood.

We observed very conservative strategies in the use of NSC mainly associated
with species that store starch in living fibers. For some of these trees, NSC was even
older than the containing wood. These findings suggest the existence of mobilization
mechanisms of starch within the tree stem such as outward mixing of NSC from deep
layers of wood to new shallow ones (Richardson et al., 2015) and vertical mixing from
roots to stem (Furze et al., 2018) that may allow trees to maintain metabolically
active NSC in wood persistently for long periods of time. Alternatively, this may
also be possible if recycling mechanisms of carbon such as CO2 re-fixation would
play a predominant role in tree metabolism (Bloemen et al., 2013; Gessler, 2017;
Hilman et al., 2019). Nevertheless, it should also be noticed that 14C ages of the
water soluble fraction of carbon extracted from wood not only comprise the carbon
age from NSC but also comprise signals form multiple soluble organic compounds
such as tanins, flavonoids, proteins, vitamins and terpenoids, which may differ from
the 14C age of soluble sugars (Richter et al., 2009).

Chapter three and four evidenced the importance of determining the age of the
NSC stored in wood and the age of the respired CO2 for understanding NSC dy-
namics and the potential processes that drive them. The measurements presented in
Chapter 3 and the simulations done in Chapter 4 bring the attention to the estimates
of the transit times of NSC as an important tool to track NSC dynamics in mature
trees over time and the incidence of stressful conditions on tree storage. These tran-
sit time and mean age estimations, based on 14C measurements and compartmental
models, helped us understanding how mature trees build and access their reserves.
These NSC dynamics resulted in an asymmetric distribution of NSC of different ages
and were the result of more than one storage pool with different cycling rates. The
identification of different storage pools with different cycling rates, which may have
different functions in tree metabolism, would improve our mechanistic understanding
of trees carbon allocation and its role in trees survival.

76



5.2. Complementary results and further discussion

These results have important implications for our understanding of the role of NSC
in ecosystems resilience to climatic change and carbon cycling in tropical ecosys-
tems. They highlight the importance of accounting for NSC dynamics to improve
estimates of ecosystems gross primary production. For instance, NSC may play a
more important role when accounting for productivity than growth for slow grow-
ing species that store starch in wood living fibers. Therefore, accounting for the
storage strategies of the plant composition of tropical ecosystems will help to better
upscale gross primary productivity (GPP) and net primary productivity (NPP) in
these ecosystems. Furthermore, forests with higher proportion of species that grow
slow and store starch in living fibers may provide grater climatic benefits due to
their capacity of storing large quantities of NSC for long periods of times and their
possibly higher resilience to climatic changes.

5.2. Complementary results and further discussion

In the next sections you will find some complementary results that were not pre-
sented in the three main chapters of this dissertation in order to expand the discus-
sion about future research horizons. I will start discussing the histological method
that we presented in the first chapter, and then move to the importance of devel-
oping these methods to quantify other important compounds such as neutral lipids
in wood. Then, I will present some discussion about the importance of these mea-
surements to understand carbon sources and sink imbalances in tropical trees, and
challenges related to the quantification of stem respiration. Then, I will present a
small analysis on the relationship of the NSC age and transit time to portrait how
NSC is used to buffer imbalances in carbon sources and sink. Finally, you will find
a note on the implications of these results for tropical forests.

5.2.1. Applicability of histological methods for starch
quantification

In chapter two we used a histological technique to localize and quantify starch in
wood of mature trees. This method consists of cutting microscopic slides of wood
cross sections, staining the starch with Lugol’s Iodine, and localizing and quantifying
it with a digital microscope and image analysis. The quick advance of microscopic
technology and image analysis techniques has prompted a fast development of quan-
titative wood anatomy techniques and applications during the recent years (von Arx
et al., 2016). Nevertheless, most of the attention on wood anatomical traits has been
placed in quantifying structural wood traits such as number of fibers, cell wall size,
lumen size or proportion of parenchyma, but less attention has been paid to quan-
tify cell contents such as starch or neutral lipids. Although histological techniques
like fluorescence staining has been use to identify and quantify a variety of plant
compounds (e.g. proteins, minerals and secondary compounds) most of these meth-
ods do not allow to relate those compounds with the anatomical traits of the tissue
where they are stored (Hutzler et al., 1998; Retamales & Scharaschkin, 2014; Vi-
dot et al., 2018). Here, it was shown that quantitative wood anatomy techniques
can be also used to quantify cell contents like starch and neutral lipids, and relate
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them with wood anatomical traits. Quantifying cell contents and their distribution
in wood on a seasonal basis would bring new insights in the mechanism govern-
ing tree physiology. For instance, it would be possible to identify cells involved in
metabolic processes such as respiration or xylem osmotic regulation, their physical
characteristics and potential functionality.

The application of these methods can be extended to tree species beyond the
tropics and other woody tissues such as branches and roots. For instance, we have
also used these technics to understand how starch distribution in wood may change
in temperate trees that experience stressful conditions like frost (Fig. 5.1, Mohm-
mad Pouresmaeily, master thesis project), giving insights about the role of NSC of
temperate species in frost resistance and recovery (D’Andrea et al., 2019, 2020). It
has been shown that NSC in woody tissues not only offers frost protection to keep
vessels and parenchyma integrity during winter but also serve as an energy booster
to recover tissues affected by frost (D’Andrea et al., 2019, 2020). In Fig. 5.1 we can
observe how Quercus ilex trees accumulated more starch, during June and Novem-
ber, when they were outside the greenhouse and were exposed to frost during the
previous winter, suggesting a larger allocation of carbon to storage by trees exposed
to freezing temperatures in order to prevent damage and facilitate recovery when
temperature is favorable. Understanding the differences in starch distribution and
seasonal changes in the wood of tree species growing at contrasting environments
(exposed and protected from winter frost) will improve our knowledge about the
mechanism behind frost resistance and recovery in trees.

Techniques such as machine learning will improve the precision and scope of these
quantitative wood anatomy techniques (Earles et al., 2018). Applying machine learn-
ing or artificial intelligence techniques to images of cell contents in wood would allow
us to quantify wood traits such as the proportion of starch or neutral lipids in each
cell type (e.g. axial parenchyma, ray parenchyma, living fibers, parenchyma asso-
ciated to cells), which will bring more insights into the functionality and dynamics
of cell contents like NSC. Here, some of these measurements were done by image
processing and thresholding in Image J (Fig. 5.2). Although there are big uncer-
tainties in the measurements and improvements should be done, interesting relations
between starch storage and wood traits such as the proportion of parenchyma cells,
fibres and vessels were observed (Fig. 5.3). For instance, Figure 5.3 suggests that
starch concentration may be positively related with the percentage of parenchyma
in wood until certain threshold after which it seems that bigger parenchyma cells
or larger proportion of parenchyma per unit of wood store less starch (e.g. for V.
vismiifolia). Unfortunately, the lack of precision sectioning wood tissues automati-
cally impaired us to evaluate seasonal changes in the starch content between specific
tissues, which would bring insights in the mechanism behind the mobilization of
starch during the dry season, when trees are experiencing stress.

5.2.2. Lipids quantification by histological staining

Neutral lipids can be stained and quantified directly in wood using wood histological
techniques (Chapter 2). This technique helped us to identify what species store
neutral lipids in wood, where lipids are stored and how much lipids, in relative
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5.2. Complementary results and further discussion

Figure 5.1. Starch grains (black areas) in wood of Quercus ilex saplings in a frost experiment
in Jena, at the institute of ecology and evolution of the Friedrich-Schiller-University. The upper
panel images correspond to trees growing in greenhouse conditions protected from winter frost,
and the ones in the lower panel correspond to trees growing at open air. Left hand side pictures
correspond to samples taken in June 2020 and right hand side pictures correspond to samples
taken in November 2020 (images courtesy of Mohammad Pouresmaeily).
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Figure 5.2. Distribution of some wood traits as percentage (%) of the aerial surface of
the wood for 6 species analysed. Horizontal lines in the boxes represent the median of the
distribution of each variable and the upper and lower limits of the box represent the 75th and
the 25th quartiles respectively.

terms, trees may store. Chapter 2 shows that for some species (specially for the fiber
storing species) lipids seem to play a very important role in the carbon dynamics.
Especially, fiber storing species seems to have large quantities of neutral lipids in
the parenchyma and also store large amount of starch in the living fibers, which
contradicts the common assumption that ”fat” trees (lipid storing species) store
little or no starch.

In all species lipids were only stored in parenchyma cells and not in fibers, sug-
gesting that living fibers are not involved in lipid metabolism as they are involved in
carbohydrate metabolism. Neutral lipids in wood follow an increasing radial gradi-
ent in their concentration from bark to pith (Figure 5.4), which is in agreement with
previous studies (Piispanen & Saranpää, 2004). Next steps should focus on devel-
oping reliable techniques to quantify the amount of neutral lipids in the wood and
relate it with gravimetric measurements. Thus, this technique has a great potential
to help us understand lipid metabolism in mature trees which seems to have a big
role in the carbon dynamics and survival for some tropical trees.

5.2.3. Source and sink imbalances

Using these histological methods we were able to detect seasonal changes in the NSC
content and concentrations in wood for the species under study (Chapter 3). The
general consensus about NSC dynamics is that NSC gets accumulated when sinks
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Figure 5.3. Association between percentage of parenchyma, fibers and vessels and the per-
centage of starch in wood

are more limited than sources, and it gets depleted when sources are more limited
than sinks (Chapin et al., 1990). In Chapter 3 we showed contrasting seasonal
patterns between 2018 and 2019 for all the species measured. This indicates that
NSC dynamics in tropical trees may vary, in a nonlinear way, depending on the effect
of environmental conditions on the physiology of trees (O’Brien et al., 2014).

These findings open the question about what is the most regular seasonal be-
haviour of NSC dynamics in this seasonal dry forest, caused by seasonal imbalances
between sources and sinks, and how this seasonality in NSC impacts the gross pri-
mary productivity (GPP of the forest). To answer these questions we will need
to measure photosynthetic assimilation and respiration for individual trees and for
the forest. Individual trees’ photosynthesis is challenging to measure. In Chapter
3 we used proxies such as coverage of mature leaves and sap flow measurements to
estimate the seasonal dynamics of photosynthesis during 2019 (Klein et al., 2016).
Forest productivity can be estimated from eddy covariance towers. Data from eddy
covariance towers in the same study site indicate that during the last 5 years gross
ecosystem productivity (GEP) was larger during the rainy season than during the
dry season (Brando et al., 2019b). So, during the dry season there might be limi-
tation of carbon sources, which in some years can be larger than the limitation of
carbon sinks (respiration) leading to a decrease in the NSC content during the dry
season as we saw during 2019. Gross primary productivity during 2018 seemed to
be larger than in other years (Brando et al., 2019b), which may indicate that even
when productivity decreased during the dry season it was not reduced more than
growth and respiration (NSC sinks), which may have led NSC content to accumu-
late during the dry season. This variation in allocation patterns do not only vary at
different time scales (e.g. seasonal and interannual), as our results suggest, but also
at different spatial scales (wet and dry sites, or lowlands and highlands) (Doughty
et al., 2015; Girardin et al., 2016). Understanding NSC dynamics in these forests
will improve our ability to predict changes in GPP, carbon cycle and resilience of
tropical forest in a rapidly changing environment.
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Figure 5.4. Images of stained neutral lipids in wood of a D. microcarpa tree at different
depths. In the left hand side are the original images where lipids were stained with Oil Red O
(neutral lipids droplets are stained red) and in the right hand side are the images processed
in image J to highlight the stained neutral lipids droplets in dark red (images courtesy of
Mohammad Pouresmaeily).
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5.2.4. Stem respiration measurements and ARQ

Sinks activity in individual trees is also difficult to measure and upscale to forest
ecosystems. We measured respiration during 2019 by incubating CO2 emitted from
wood increment cores; and we measured growth using dendrometer bands (Chapter
3). Nevertheless, there are big uncertainties in these data and complementary mea-
surements should be taken for more robust estimations. For instance, wood core
CO2 incubations might be limited by the flask capacity, potentially leading to an
underestimation of the respiration flux. Although these measurements tell us how
much C might have been demanded by wood, it is still uncertain how much of the
CO2 respired by wood is emitted by plants and how much it is captured in other
processes like in stem vertical transport or CO2 re-fixation (Bloemen et al., 2013;
Gessler, 2017; Hilman et al., 2019). To overcome part of these difficulties I installed
some respiration chambers in the stem of some trees to measure the CO2 emitted
directly by trees’ stems (Helm et al., 2021).

These respiration chambers provided pseudo-continuous measurements of CO2

outflux for around 1 month in D. microcarpa, S. guianensis and O. leucoxylon (see
Helm et al. (2021) for details on the chambers). Another big advantage of these
chambers is the ability to measure O2 fluxes. Measuring oxygen fluxes in respiration
would allow us to have better constraints for local respiration and evaluate the
substrate of the respired CO2 by estimating apparent respiration quotient (ARQ)
(Helm et al., 2021; Hilman et al., 2019). Unfortunately, the high relative humidity of
the environment affected the measurements and I could not estimate O2 fluxes and
consequently ARQs for the sampled trees. Nevertheless, CO2 measurements alone
gave an idea of the magnitude of the stem respiration in the species studied.

The CO2 measurements revealed daily respiration patterns and differences be-
tween species (Fig. 5.5). Notice that stem respiration was slightly higher during
the night hours, and it reached its minimum around midday. This pattern can be
explained by effects of the circadian clock (e.g. a genetical down regulation of respi-
ration), processes such as vertical transport of CO2 or stem water deficits (Bloemen
et al., 2013; Kim et al., 2017; Saveyn et al., 2008). For instance, around midday
the sap flow reaches its maximum, which may cause that some of the respired CO2

gets transported vertically across the stem and emitted somewhere else, causing a
decrease in the locally measured stem respiration (Gessler, 2017).

There are also discrepancies between the respiration rates estimated by the in-
cubation chambers and the stem respiration chambers for two of the three species
analysed (Fig. 5.6). Respiration fluxes in the stem chambers were bigger than
respiration fluxes in the wood core incubation chambers for O. leucoxylon and S.
guianensis (Parenchyma storage species). These differences suggest that for these
two species the emitted CO2 directly from the stems may have come from other
sources different than local wood. For example, it may have come transported from
the roots, or it may have reflected cambium and phloem respiration. Based on these
observations we may expect that other processes such as phloem respiration or ver-
tical transport of CO2 would have a predominant role in stem wood respiration of
some tropical trees and they would have to be better constrained in the future to
improve our estimations of forests carbon cycling (Doughty et al., 2015).
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Figure 5.5. Daily cycle of the stem CO2 outflux from trees of the three species studied during
2019.

5.2.5. NSC age, transit time and wood starch storage traits

In chapter three, we investigated seasonal fluctuations in NSC and how these are
reflected in the age of the respired NSC from stem cores to better understand to
what extent trees use their reserves under seasonal stressful conditions. For this
purpose, I compared here the age of NSC stored in the wood with the age of CO2

emitted directly from the wood (Fig. 5.7). The 1:1 line indicates the situation where
the respired C is the same age as the stored carbon; The region falling below the 1:1
line in Figure 5.7 illustrates the cases where respired C is younger than the mean
age of NSC; and the region over the 1:1 line indicates the cases where the respired
C is older than the stored C. The hypothesis here is that when trees access their
storage to survive a major disturbance or stress, the age of the emitted CO2 will
increase (e.g. as observed by Muhr et al. 2018), moving the ratio CO2 age: NSC
age closer to 1:1. The more the reserves are used the closer to 1:1 this ratio will be.

Healthy trees, under no limiting conditions, respired mostly young CO2 indepen-
dent of storage traits and life history traits (Chapter 3 and 4), and then, depending
on the amount of storage they have the ratio CO2 age: NSC age would be far or
close to the 1:1 line. This was observed as in the estimations based on 14C mea-
surements from Brazilian trees as in the estimations based on the compartmental
models from temperate species. Similarly, age estimations of NSC based on both
14C and compartmental systems showed increase in the transit time when trees faced
limiting conditions (e.g. dry season for Brazil species and extreme starvation in our
modelling approach, Fig. 5.8), in agreement with previous observations (Muhr et al.,
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Figure 5.6. Comparison between the stem CO2 outfluxes measured with the stem chambers
and with the incubation of the wood cores for each of the three species studied during 2019.

2018; Trumbore et al., 2015b; Vargas et al., 2009). From our modelling approach in
Chapter 4, we were able to track the changes in the transit time and the mean age of
the NSC during the simulated starvation in all trees. Here, I show the relationship
between the mean age and the mean transit time during the simulated starvation to
illustrate how trees use their reserves under stressful conditions, and I compare it
with the 14C age estimations of the respired CO2 from D. microcarpa trees during
the dry and the wet season in Tanguro (Fig. 5.8). For D. microcarpa, I only esti-
mated the age of the NSC during the dry season (July 2018), that is why we only see
a vertical change in the transit time in Figure 5.8, we might expect that during the
wet season (May 2019) NSC stored in wood would be younger than the stored NSC
from the dry season, probably following a path similar to the one presented for A.
rubrum during the simulated starvation done in Chapter 4. This relationship may
represent an effective way to measure the capacity of trees to use their storage. This
could probably translate in a measurement of resilience for individual trees. The
distance of each point to the 1:1 line may represent the potentially accesible storage
that trees may use to survive stressful conditions, therefore points far from the 1:1
line probably correspond to trees with larger chances to survive limiting conditions.
Data points over the 1:1 line would indicate that the carbon that trees are using
for respiration is older than the carbon that is stored in the wood. I believe this
situation may occur only when deeper layers of wood respire more carbon than the
outer layers of wood, or if trees would use first the stored old carbon (sort of ”last-in,
last-out” strategy).

Figure 5.8 shows the highly conservative nature of A. rubrum, which stores very
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Figure 5.7. Theoretical relationship between the mean age of CO2 emitted directly by wood
during incubation and the mean age of the NSC stored in wood. For a given tree, data points
that fall in the lighter green area would indicate that trees have accumulated reserves and are
using low amounts of storage, while data points falling closer to the 1:1 line (black line) would
indicate an intensive use of NSC or low storage capacity.

old NSC. Under non-stressful conditions, A. rubrum trees might have a mean age
of the stem NSC around 9.97 ± 5.38 years, and for the storage (slow pool) around
21.3±5.38 years. These ages of storage pools are similar to the ones estimate by 14C
measurements of the NSC of slow growing tropical species that store starch in living
fibers. For instance, fiber storing species in Tanguro forest showed a NSC mean age
of 13 ± 4 years while parenchyma storing species showed NSC mean ages of 8 ± 2
years old. In these measurements, differentiate the NSC fast pool from the slow
pool was not possible.Interestingly, A. rubrum also forms a high quantity of living
fibers where the starch can be stored (Carlquist, 2015, 2018). This supports the idea
that these starch storage strategies highly contribute to the NSC dynamics and the
ability of trees to store metabolically active NSC for long periods of time, and also
suggests that living fibers may act as an additional slow cycling carbon pool in wood
probably because limitations in fibers communication may impair NSC mobility.

5.2.6. Implication for tropical forests

Tropical forests face increasing threats due to climatic and land use changes. It is
crucial to understand what tree species may be better equipped to face these changes,
and therefore understand how these changes would impact forests species compo-
sition and functionality. Here, we identified some strategies of the NSC dynamics
that some tropical trees may use to increase their chances to survive environmental
changes. Our findings highlight the high diversity of storage strategies that exist in
tropical ecosystems. For instance, we reported basically 4 different strategies that
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Figure 5.8. Comparison between the NSC mean age and mean transit time for the starvation
simulation of A. rubrum, and for the measurements taken from D. microcarpa trees in Tanguro
during the dry season 2018 and the wet season 2019.

may be related to trees survival: 1) parenchyma storing species, 2) fiber storing
species, 3) lipid storing species and 4) no lipid storing species. The existence of
multiple storage strategies in tropical forests may be a strong signal of the high
resilience of these forests to environmental changes (Trumbore et al., 2015a). Nev-
ertheless, we still do not know the distributions of these storage strategies between
tropical trees and how these distributions change with environmental conditions.
Knowing the distribution of these strategies can help us to understand how future
climatic changes may affect the productivity and survival of tropical forest. By un-
derstanding the different storage strategies and their relative abundance in tropical
forests we would be able to estimate how fast carbon can be cycle by these forests
and how much they could contribute to keep that carbon out of the atmosphere,
mitigating climate change. In the future, general characterisations of these NSC
storage strategies may tell us what tree species would be more affected by particu-
lar extreme weather conditions as strong storms, droughts or floods, and therefore
how these conditions may change forest composition and functionality amid an in-
crease in their frequency. Results from chapters 1 and 2 suggest that fiber storing
species and lipid storing species may be more resilient to stressful conditions such as
droughts, physical damages, wind throws or defoliations, and would survive longer
than parechyma-non-lipid storing species. Therefore, we would expect that forest
with a higher proportion of fiber storing species may be more resilient to future
climatic changes and will keep their functionality for longer time. Consequently, we
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could expect that future forests would migrate towards a more abundant composi-
tion of fiber storing species and lipid storing species as climate change increase the
occurrence of stressful conditions. Despite these forests dominated by fiber storing
species may be more resilient to climatic changes and my keep carbon sequestered
for long time, they would be very slow at removing carbon from the atmosphere and
recovering from stressful conditions.

88



CHAPTER 6

Bibliography
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S. M., Tissue, D. T., Huxman, T. E., Hudson, P. J., Franz, T. E., Allen, C. D.,
Anderegg, L. D. L., Barron-Gafford, G. A., Beerling, D. J., Breshears, D. D.,
Brodribb, T. J., Bugmann, H., Cobb, R. C., Collins, A. D., Dickman, L. T.,
Duan, H., Ewers, B. E., Galiano, L., Galvez, D. A., Garcia-Forner, N., Gaylord,
M. L., Germino, M. J., Gessler, A., Hacke, U. G., Hakamada, R., Hector, A.,
Jenkins, M. W., Kane, J. M., Kolb, T. E., Law, D. J., Lewis, J. D., Limousin, J.-
M., Love, D. M., Macalady, A. K., Mart́ınez-Vilalta, J., Mencuccini, M., Mitchell,
P. J., Muss, J. D., O’Brien, M. J., O’Grady, A. P., Pangle, R. E., Pinkard, E. A.,
Piper, F. I., Plaut, J. A., Pockman, W. T., Quirk, J., Reinhardt, K., Ripullone,
F., Ryan, M. G., Sala, A., Sevanto, S., Sperry, J. S., Vargas, R., Vennetier, M.,
Way, D. A., Xu, C., Yepez, E. A., & McDowell, N. G. (2017). A multi-species
synthesis of physiological mechanisms in drought-induced tree mortality . Nature
Ecology & Evolution, 1(9), 1285–1291.

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., Ven-
netier, M., Kitzberger, T., Rigling, A., Breshears, D. D., Hogg, E. T., Gonzalez,
P., Fensham, R., Zhang, Z., Castro, J., Demidova, N., Lim, J.-H., Allard, G.,
Running, S. W., Semerci, A., & Cobb, N. (2010). A global overview of drought
and heat-induced tree mortality reveals emerging climate change risks for forests .
Forest Ecology and Management, 259(4), 660–684. Adaptation of Forests and
Forest Management to Changing Climate.

Anderegg, W. R. L., Kane, J. M., & Anderegg, L. D. L. (2013). Consequences

89



6. Bibliography

of widespread tree mortality triggered by drought and temperature stress . Nature
Climate Change, 3(1), 30–36.

Athenstaedt, K. (2010). Neutral Lipids in Yeast: Synthesis, Storage and Degrada-
tion. In K. N. Timmis (Ed.) Handbook of Hydrocarbon and Lipid Microbiology,
(pp. 471–480). Berlin, Heidelberg: Springer Berlin Heidelberg.

Athenstaedt, K., & Daum, G. (2006). The life cycle of neutral lipids: synthesis,
storage and degradation. Cellular and Molecular Life Sciences CMLS, 63(12),
1355–1369.
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Würth, M. K. R., Peláez-Riedl, S., Wright, S. J., & Körner, C. (2005). Non-structural
carbohydrate pools in a tropical forest . Oecologia, 143(1), 11–24.

100



APPENDIX A

Supplementary information: Starch and lipid

storage strategies in tropical trees relate to

growth and mortality

101



 

New Phytologist Supporting Information  

Article title: Starch and lipid storage strategies in tropical trees relate to growth and 
mortality 
 
Authors: David Herrera-Ramírez, Carlos A. Sierra, Christine Römermann, Jan Muhr, 
Susan Trumbore, Fritz Schweingruber, Divino Silvério, Paulo M. Brando, Henrik 
Hartmann. 
 
Article acceptance date: 11 December 2020 
 
The following Supporting Information is available for this article: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. Supplementary information: Starch and lipid storage strategies in tropical trees
relate to growth and mortality

102



 

Figure S1: Wood anatomy of the samples taken in July 2018 from the eight species successfully 

analyzed by the histological method. Starch grains are stained black in the samples due to the 

Lugol's iodine. The group of species in the left-hand side use almost exclusively the ray and axial 

parenchyma for storing starch, the species in the right-hand side use a big amount of living fibers 

in the xylem to store starch. The upper four species (names in green) are evergreen and the lower 

four (names in black) are semi-deciduous species.  
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Figure S2: Box plot for the comparison of the species growth rate (a)  and the species mortality 

rates (b) between the two storage strategy groups identified in the paper (fiber-storing trees and 

parenchyma-storing trees). It can be observed that trees from species that store most of the starch 

in the fibers grow slower and have lower mortality rates than the trees from species that store 

starch in the parenchyma. The outlier (asterisk) in the growth rate comparison corresponds to 

trees from T. guianensis. (c)  depicts the comparison of the species mortality rates between trees 

that showed lipid storage in the parenchyma (Lipids) and trees that showed no lipid storage 

(no_Lipids). The difference between the two groups was evaluated with a Mann-Withney U test 

for both variables: storage strategy and lipid content. 
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Figure S3: Comparison between the starch density distributions in the stem wood of the 

fiber-storing trees and the parenchyma-storing trees. The overlapping area between the two 

starch density distributions is shaded in gray and it corresponded to 39% of the common area 

with an error < 2.29 x 10-5.  
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Figure S4:  Relationship between the median annual growth rate of each sampled species and 

the median percentage of starch in the first two cm of the wood core. Uncertainties on the 

variables are given by the gray lines. The coefficients for the nonlinear regression are both 

significant (**). The p value of the slope of the logarithmic transformation of this model is 0.027 

obtained by a permutation test over the regression slope.  
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Figure S5:  Association between mortality rates and the cumulative mean percentage of starch 

along the wood core from bark to 4 cm, measured every 5 mm segment (a); and association 

between mortality and the mean percentage of starch (b). The uncertainty of the variables 

corresponds to the gray error bars. 
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Method S1: 

Protocol for sample collection and histological staining of starch and neutral lipids on stem 

wood.  

Here, we present the protocol for collecting, sectioning and staining stem wood increment cores 

from mature trees for starch and lipids detection. This protocol also contains some specifications 

about the microscopic acquisition of the images and precedes the Method S2  where we present 

the script for image analysis using ImageJ.  

Materials  

Reagents 

● Lugol’s iodine solution  

● Glycerine 80% 

● Oil Red O (e.g. ORO sigma-aldrich, cat, No. 00625) 

● Isopropyl alcohol 

● Distilled water 

Equipment  

● Increment borers 

● Cooler 
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● Ice packs or dry ice 

● Freezer, -20°C 

● Magnetic stirrer  

● Magnet  

● Microtome, rotatory microtome is recommended  (e.g. HM 340E, Thermo ScientificTM, 

Germany)  

● Petri boxes  

● Beakers or glass bottles  

● Slides (eg. single-frosted microscope slides) and coverslips (24 mm x 60 mm) 

● Brushes  

● Bottle-top filters, 45 μm (e.g. corning, cat. No 430627) 

● Nail polish (preferable clear) 

● Light microscope and imaging equipment (e.g. Keyence, VHX-6000, USA) 

● Image processing software that enables pixel counting (e.g. ImageJ) 

Reagent set up  

ORO stock solution: add 2.5 g of ORO to 400 ml of 99% (vol/vol) isopropyl alcohol and mix the 

solution by magnetic stirring for 2 hours at room temperature (RT: 20-25°C). The solution can 

be stored at RT for 6 months or until precipitation occurs.  

ORO working solution: add 1.5 parts of ORO stock solution to one part of distilled water. Shake 

the solution for 5 minutes and let the solution stand for 10 min at root temperature. filter the 

solution through a 45 μm filter to remove precipitates. Use the solution within 6h.  

Procedure 

Material collection: 

1. Collect wood stem increment cores using increments borers (e.g. Haglöf). Take samples 

from bark to pith, special care should be taken when labeling the sample to clearly 

identify the bark side of the sample and thus identify clearly the direction of growth in the 
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subsequent steps. The increment wood cores should be taken perpendicular to the stem.  

2. Samples should be placed in the cooler with ice packs or dry ice immediately after 

collection and then freeze them at -18°C as soon as possible.  

3. The increment wood cores can be subsequently stored at -18°C until they can be dried in 

an oven at 60°C for two days.  

4. Dry the samples in an oven at 60°C for two days.  

5. After drying,  the stem wood increment cores can be stored in a dry place until they can 

be used for sectioning.  

Sample sectioning:  

6. Cut four cross-section slices from stem wood increment cores, from bark to pith. Mark 

carefully the direction of growth. Two of the sections would be used for visualizing 

starch using Lugol’s iodine solution and two for visualizing neutral lipids using ORO. 

Make sure to get the biggest cross-sectional area possible for having a good 

representation of the spatial distribution of the compounds in the wood.  

7. We recommend to use 30 μm-thick sections for most species, nevertheless this can 

change depending on some wood anatomical traits. Different section thickness can be 

tested if 30 μm-thick sections do not work well and compromise the integrity of the 

sample.  

8. For some very hard wood we recommend to put the wood increment cores in hot water 

for 15 min before sectioning, thus the wood would become softer and the samples can be 

sliced easier without compromising the integrity of the sample. 

9. Cross-section slices should be cut perpendicular to the fibers and vessels, and an even 

thickness throughout the section should be aimed. For this, we recommend an electric 

rotatory microtome. We also recommend to follow the instructions from von Arx et al. 

(2016) to get high quality sections.  

10. After sectioning, samples can be kept in distilled water for a couple of hours until 

staining. 
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Starch staining:  

11. Place two cross-section slices in a glass slide, mark carefully the outermost (bark 

direction) and the innermost (pith direction) side of the stem on the cross-section slice.  

12. Cover the sections with Lugol’s iodine solution for three minutes  

13. Rinsed the section with distilled water. 

14. Mount the section in the glass slides with glycerine and add again two drops of Lugol’s 

solution. 

15. Put the coverslip and dry the edges of the coverslip. You can use nail polish to seal the 

edges of the coverslip to avoid the sample to dry.  

16. Capture the images with the light microscope within 3 hours after the staining.  

17. To have the highest contrast between the starch grains and the surrounding tissue we 

recommend to use together the reflected and transmitted bright field of the microscope, 

and the highest depth of field possible of the camera.  

18. Take the images at 300x magnification.  

Neutral lipids staining:  

19. Prepare the ORO stock and working solution as specified before. 

20. Place two cross-section slices in a petri box.  

21. Add enough of ORO working solution to cover completely the sections (the sections need 

to be completely covered by the ORO solution during the staining procedure: otherwise 

the ORO will dry and the stain will become uneven).  

22. Close the petri box to avoid the ORO solution to dry. 

23. Incubate the section with the ORO working solution. The duration of the incubation may 

change with some wood characteristics. As a guideline, we use an incubation time of 30 

minutes with the ORO solution for all the species we tried.  

24. Rinse the section under running distilled water for 30 minutes. Make sure that all the 

ORO precipitates are removed from the sample.  

25. Check the section under the microscope. If the stain is still very unspecific repeat the step 

24.  
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26. Mount the slides with water as a mounting medium and place the coverslips on them. The 

images should be taken within an hour, before the ORO solution dries. Alternative, the 

coverslip edges can be sealed with nail polish (the mounted slides may stand for 24h at 

room temperature).  

27. Take the images using both reflected and transmitted bright field microscopy. We found a 

500x magnification to be good for lipid detection, but depending on the size of lipid 

droplets higher magnification may be needed.  

Quantification of starch: 

28. Check the method S2 for the quantification details on starch. Similar quantification 

methods can be applied to the lipid images but they were not tried in this article.  
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Method S2: “Image J macro for measuring percentage of starch
coverage in histological images of the cross-sectional view of wood”

Description

Here we describe the code for processing images of the cross-section slices of wood increment
cores. This process aims to identify the starchgrains in the wood and estimate the percentage
of starch coverage over 1mm2 regions of interest (ROIs) in the cross-sectional plane of the
wood histological samples for the species studied. This script can be run in batch mode in
ImageJ for automatic quantification. The next script uses some tools from the BioVoxxel
toolbox (ImageJ/Fiji, version February 2020)

Image processing

First, we make sure that we do not have any information in the “hidden environment” of
ImageJ, and we measure some basic statistics from the image.
roiManager("Reset");
run("Clear Results");
path=getDirectory("image");
image = getTitle();
getStatistics(area, mean, min, max, std, histogram);

Second, we eliminate noise and enhance the signal coming from the starch grain that are
stained black in the image.
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The blurring window in the pseudo flat field correction vary with the species as specified in
the Table S1.
run("Pseudo flat field correction", "blurring=40");
close();
selectWindow(image);
run("32-bit");
run("Mean...", "radius=1");
run("Gamma...", "value=1.1");

Table S1: Blurring window for pseudoflat field correction for each species

Species_name Blurring_window
S. guianensis 20
T. guianensis 50
V. vismiifolia 10
D. microcarpa 40
O. guianensis 40
O. leucoxylon 40
T. burserifolia 50
T. glaziovii 50

There were two automatic thresholding methods defined in ImageJ that worked for our images
depending on the mean gray vaules: “Shanbhag” for images with mean gray values smaller
than 219 and “Yen” for images with higher mean gray values. For some few images these
automatic thresholdings overestimated the starch identification. Therefore, if the upper limit
of the automatic thresholding was higher than 200, we fixed the upper limit of the threshold
at 200.
if(mean<219){
setAutoThreshold("Shanbhag");
}
else{
setAutoThreshold("Yen");
}
getThreshold(lower, upper);
if(upper>200){
setThreshold(-1000000000000000000000000000000.0000, 200);
}

Third, we convert the image to a white and black mask and fill holes to complete the starch
grains that were not completely detected by the thresholding.
setOption("BlackBackground", false);
run("Convert to Mask");
run("Fill Holes");
H = getHeight();

2
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W = getWidth();
getPixelSize(unit, pw, ph, pd);

Fourth, we randomly generate 50 regions of interest (ROIs) of 1mm2 over the images.
for (k=0;k<50;) {
RH = random();
RW = random();
Ht = RH * H;
Wt = RW * W;
Ht=d2s(Ht,0);
Wt=d2s(Wt,0);
makeRectangle(Wt, Ht, 1/pw, 1/pw);
getStatistics(area,mean);

if (area>0.99) {
roiManager("Add");
roiManager("Select",k);
k++;
roiManager("Rename", "selection- "+k);
}

}

Fifth, we used the “analyse particles” function from Image J to automatically measure
percentage of starch coverage in each ROI.
for (i=0; i<=roiManager("count")-1; i++) {
roiManager("select", i);
run("Analyze Particles...",

"size=0-Infinity display include summarize in_situ");
}

Finally we save the measurements in a csv file that can be then used to calculate general
statistics, the radial profile and the density distribution of the starch concentration in the
stem-wood.
saveAs("Results", path+File.separator+"automatic_measurements1"+

File.separator+"Summary_starch_"+image+".csv");
close();

3
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Supplementary material chapter 3: Starch

seasonality, non-structural carbon age and lateral

mixing in the stem wood of tropical trees

1 Methods S1: Source activity indicators

We used records of the seasonal variation of the percentage of mature leaves
taken by the Amazon Environmental Research Institute (IPAM), Brazil, and sap
flow measurements as indicators for photosynthesis activity and evaluated the
imbalances between sources and sinks that trees might have experienced during
2019. The leaf phenology of D. microcarpa, S. guianensis and O. leucoxylon has
been measured since 2014. Several trees have been observed every month and
information about the relative coverage of mature leaves, new leaves, fruits and
flowers has been estimated. These estimations were based on a discrete scale
from 0 to 5, where 0 corresponded to 0% of the respective trait covering the
crown and 5 corresponded to 100% of that trait covering the crown. We applied
a locally estimated scatterplot smoothing (LOESS) model to the collected data
to illustrate the seasonal changes in the mature leaves for each of the selected
species, for this we used only the measurements collected between 2016 to 2020.
We installed sap flow meters (SFM, ITC international, Australia) at the base
of the trunk of 7 individuals per species of D. microcarpa, S. guianensis and
O. leucoxylon. Unfortunately, sap flow was recorded only from May 2019 to
November 2019, due to a general failure of the sap flow meters in December
2019. Sap flow measurements were taken every 15 minutes using the heat pulse
method. These measurements allowed us to estimate the flux of water in trees
hourly, daily and monthly. We then estimated the monthly averages of sap flow
values corresponding to day time (day sap flow) and night time (night sap flow).

2 Supplementary figures

1
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Figure S 1: Comparison between the year of wood formation estimated by tree
ring counting and the by 14C measurements on the wood cellulose of the same
tree ring from the species studied.
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Figure S 2: Comparison between the average of the tree ring ages in each wood
core segment from 4 individuals randomly chosen and the weighted average of
the tree ring ages using the tree ring width as weight for the very same wood
core segments.
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Figure S 3: Soluble sugars concentrations during the wet and dry season of 2018
and in the two depth ranges evaluated in each species.

4

121



Figure S 4: Relationship between starch concentration and precipitation (upper
panel) and relative humidity (lower panel) for each of the species measured in
2019.
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Figure S 5: Relationship between the standardized age of the soluble carbon by
wood age and the growth rate for trees measured in July 2018.
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Figure S 6: Comparison between the ∆14C of the sugars and the starch. The
black line is the 1:1 line, points under the line indicate that starch has higher
∆14C than sugar and therefore is older, and points over the 1:1 line indicates
that starch has lower ∆14C than sugar and therefore it is younger.
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Figure S 7: in the upper panel is shown the relationship between the δ14C of
the CO2 emitted by the wood cores and their growth rates and, in the lower
panel the relationship between the δ14C of the CO2 emitted by the wood cores
and the number of tree ring in each wood core
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Figure S 8: Upper panel: diurnal and nocturnal sap flow for the three species
measured; lower panel: monthly average percentage of mature leaves in the
crown for each of the three selected species from 2016 to 2020.
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Figure S 9: Upper panel: radial growth measurements per month during the
year 2019 for each of the three selected species; each boxplot represents the
distribution of measurements taken in 12 trees. Lower panel: CO2 efflux rate
(mg/hr) from wood cores incubated in July 2018 (dry season) and in may 2019
(wet season) for each selected species. The boxplots represent the distribution
of values from 10 trees per species.

10

127





APPENDIX C

Supplementary information: Probability

distributions of nonstructural carbon ages and

transit times provide insights into carbon

allocation dynamics of mature trees

129



 

New Phytologist Supporting Information  

Article title: Probability distributions of non-structural carbon ages and transit times 
provide insights in carbon allocation dynamics of mature trees  
 
Authors: David Herrera-Ramirez,  Jan Muhr,  Henrik Hartman,  Christine Römermann,  Susan 
Trumbore,  Carlos A. Sierra 
 
Article acceptance date: 16 January 2020 
 
The following Supporting Information is available for this article: 

Figure S1: Mean sensitivity value μ and its correspondent variance σ for each flux of each 

species: Pinus halepensis, Acer rubrum  and Pinus taeda, calculated by the Elementary Effects 

method. The larger the mean sensitivity value the more sensitive is the mean age or the mean 

transit time to changes in that flux. The bigger the variance of the indexes the higher the 

nonlinear response of the mean age and mean transit time to changes in that fluxes. The fluxes 

are labeled as defined in Table 2. 
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Figure S2: Association between the most sensitive NSC transfer coefficients (Figure S1) and the 

mean age and mean transit time for each species: Pinus halepensis, Acer rubrum  and Pinus 

taeda. 

 

 

Figure S3: Uncertainties associated with the model parameters with the largest influence in the 

NSC mean age and mean transit time per species A ) Pinus halepensis, B) Acer rubrum , and C ) 

Pinus taeda. These uncertainties are shown as density distributions of the mean age and transit 

time of the NSC. These density distributions are the result of 1000 Monte Carlo simulations, 

where each model parameter varied randomly within its parameter space reported in Table 2.  
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con anillos de crecimiento de Prioria Copaifera. Dyna, ao 78, Nro 196: 121-130. ISSN
0012-7353.

139





Declaration of honor / Ehrenwörtliche Erklärung
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