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Abstract

Tropical forests are highly productive and biodiverse, exchanging more carbon
with the atmosphere than any other terrestrial ecosystem and representing the apex
of taxonomic and structural diversity on land. However, their high productivity is
sensitive to climate, which for many tropical regions, and especially the Amazon,
is predicted to become more extreme this century, with stronger and more frequent
drought events likely to occur. Extreme drought has been shown to alter net carbon
gain in Amazon forests, causing a decline or sometimes a reversal in the natural
carbon sink. The long-term effects of increasing drought exposure are poorly under-
stood, but are thought likely to substantially weaken or reverse the future Amazon
carbon sink, with impacts at the scale of the global carbon cycle. Our understanding
of the response by any forest to drought is hampered by observational opportunity.
One way to resolve this is to manipulate water availability experimentally at large
scale.

This thesis uses one such ’ecosystem-scale’ (1 ha) rainfall manipulation experi-
ment in the Amazon rainforest, combining new structural, ecological and ecophys-
iological measurements on a forest that has experienced long-term experimental
drought, over twenty years. The new structural measurements comprise terrestrial
laser scanning (TLS) data that are analyzed to quantify detailed tree and forest
structural metrics. The physiological measurements focus on using these novel struc-
tural datasets to estimate and scale woody tissue carbon dioxide effluxes from twig
to forest. Finally, biomass and growth are analyzed over the twenty-year experimen-
tal drought period, using the new structural data to refine the quantification and
understanding of change in biomass and growth during the period of experimentally-
imposed drought.

Tree structural plasticity in response to drought may mitigate the sensitivity of
tropical rainforests to climate change. Here, I find that tropical rainforest woody and
leafy structural traits altered substantially under drought in a manner that may in-

fluence individual tree and whole forest hydraulic conductance, resource acquisition
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efficiency and heat transfer. The tree structural plasticity found in droughted trees
had implications for tree metabolic scaling, resulting in lower whole tree wood efflux
for droughted trees in comparison to equivalent sized control trees. This alteration
in metabolic scaling occurred on droughted trees despite minimal change in wood
efflux rates per unit tree surface area. At the stand-scale, altered tree structure and
high rates of tree mortality led to over 50% reduction in stand wood efflux.

Predicted drought scenarios in the tropics has led to substantial interest in cli-
matic thresholds that can lead to ecosystem tipping points. The high mortality rate
and accompanying loss of aboveground biomass during this drought experiment has
provided the opportunity to test the potential for ecosystem collapse under extreme
drought. By analyzing biomass dynamics, validated using TLS, and tree woody
growth over 20 years of experimental drought, I find evidence that the ecosystem
has reached a new stable state, with reduced rate of aboveground biomass loss due
to mortality, and with stabilized growth rates.

There is large uncertainty about how climate change will influence carbon cycling
in the tropics. I contribute to the understanding of the woody component of the
carbon cycle in tropical rainforests under drought stress, using novel TLS techniques

to link structure with function on a tree and forest-scale.
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Chapter 1

Introduction

1.1 Overview

This introductory chapter briefly summarizes (i) the carbon balance in the tropics
under climate change,(ii) the new understanding that structural measurements de-
rived from terrestrial laser scanning (TLS) can offer for interpreting and quantifying
the structure and biomass of forest trees under drought, and (iii) the woody tissue
component of the eflux of carbon dioxide from tropical forests, an understudied
component of the forest carbon cycle globally, and particularly for tropical rain-
forests. My thesis builds on new analyses of tree and forest structure, which I then
combine with measurements of the CO, eflux from wood to estimate tree and stand
scale values for CO4 emission following long-term experimentally-imposed drought.
I complete the study by summarizing new data on the long-term changes in biomass
resulting from experimental drought. I use a a multi-decadal and large-scale (1 ha)

rainforest drought experiment in Amazonia as the focus of my studies.



1.2 The carbon balance of tropical rainforests and
the influence of climate change

Total ecosystem respiration (Reco) and gross primary productivity (GPP) are similar
in magnitude, and, in the absence of land use change or fire, the difference between
the two accounts for whether a forest is a carbon source or carbon sink. The Amazon
has consistently acted as a carbon sink (Brienen et al., 2015; Hubau et al., 2020), and
has acted a globally significant brake on past and recent increases in atmospheric
concentration of carbon dioxide (Phillips et al., 2009, IPCC, 2021). However, due
to the combination of changing climate and land-use, the tropics are predicted to
undergo a significant reduction in the rate of net carbon uptake (Huntingford et al.,
2013; Cox et al., 2000). In the case of the Amazon, this could lead to parts of the
region becoming a carbon source, with some recent publications suggesting that this
has already occurred in areas where climate extremes and land-use have intersected
(Baccini et al., 2017; Gatti et al., 2021).

One of the principal climatic drivers affecting the size of the net Amazon carbon
sink is drought (Davidson et al., 2012; Phillips et al., 2009; Meir, Grace, 2002).
Over the past quarter of a century the region has experienced several droughts
previously considered to occur on a 100-year return timescale, and this increased
frequency in extreme climate occurrence has been exacerbated by strong El Nino
years, which, when they influence Amazonia, are associated with heating and drying
(Davidson et al., 2012; Marengo et al., 2018). The impact of these drought events on
the forests of the region has been substantive, with basin-wide plot network-based
observational evidence first suggesting the potential for a temporary reversal of the
regional sink (Phillips et al., 2009), followed by later studies suggesting a reduction
in the long-term sink (Brienen et al., 2015).

A key response to extreme drought in forests globally is a reduction in produc-
tivity coupled with an increase in tree mortality, and Amazonia is no exception,

but these effects are difficult to model (Allen et al., 2015). In order to improve our



predictions of the effects of drought on forests, the key underlying ecological mech-
anisms need to be better understood and included in land surface models (Meir
et al., 2015), a process that is ongoing (e.g Eller et al., 2020). These ecological
mechanisms operate across multiple timescales (Meir et al., 2018), from seconds to
months, years, decades and beyond; the decadal range of timescales is especially
relevant in the context of likely continued and increasingly extreme drought impacts
in the region this century (Duffy et al., 2015, IPCC, 2021).

A key long-standing uncertainty about the sensitivity of Amazonian rainforests
to drought emerged with the publication of newly-coupled land surface and climate
models (e.g. Cox et al., 2000; Huntingford et al., 2004), where some, though not all
(Huntingford et al., 2013) indicated the potential for substantial biomass loss across
Amazonia under 21st century climate change, including in some cases a transition
to lower-biomass vegetation types such as dry forest or savanna (Nobre et al., 2016).
The drivers of, and causal mechanisms for, such a vegetation transition might result
from the combination of both climate change and increased regional deforestation
rates. The idea of this transition in the South American tropics became known as
the Amazon die-back hypothesis (Nobre et al., 2016). Whilst some model analyses
have emphasised the potential for such a die-back, there is significant uncertainty
as to how resistant and resilient rainforests might be to drought or at what climatic
or deforestation thresholds significant risk of die-back could emerge (Sampaio et al.,
2007; Davidson et al., 2012; Nobre et al., 2016; Staver et al., 2011; Zemp et al.,
2017).

Both current land surface model analyses and the extrapolation into the future
of plot network-based observational datasets have lacked sufficient process-based
ecological understanding to adequately predict future responses by Amazonian rain-
forests to drought (Huntingford et al., 2017). Ecosystem scale drought experiments
have been used as one tool to help fill this knowledge gap (Meir et al., 2015), with
two implemented in Amazonia (Brando et al., 2008; Costa da et al., 2010), and one

cach in southeast Asia (Moser et al., 2014) and Australia (Pivovaroff et al., 2021).



Here 1T make use of the only one of these large-scale field experiments in tropical
forests that has been extended to decadal timescales: it is based in eastern Amazo-
nia, at the Caxiuana National Forest Reserve, in the State of Para, Brazil. Forest
biomass dynamics data published for this site up to 2015 (Rowland et al., 2015;
Meir et al., 2018) demonstrated substantial biomass loss through rapidly increased
drought-related tree mortality over the first 15 years of the drought experiment,
suggesting the potential for further biomass collapse consistent with a die-back hy-
pothesis. My measurements at this experiment now offer the potential to contribute
to this discussion by analyzing a further six years of forest dynamics data. In ad-
dition to this, I focus on one key physiological process that has lagged, globally, in
its study, woody tissue respiration. I start the thesis by analyzing new laser-based
measurements of tree structure and then use these to inform my subsequent analyses

of respiration and biomass change.

1.3 Using lasers to measure tree shape and to test
for new canopy scale ecological traits

Until recently, it was impossible to study the effects of detailed tree structure, still
less the effects of climate change, on tree structure and its related functioning, at
the scale of more than a few small trees (Bentley et al., 2013), let alone at the
hectare scale or upwards. Detailed structural data is of particular importance in the
tropics because the tropics have the largest carbon stores of all world forests (Pan
et al., 2011), and are expected to be subject to increasingly severe and frequent
droughts (Duffy et al., 2015; Fu et al., 2013; Good et al., 2013; Malhi et al., 2009b).
Any systematic change in tree structure due to climate stress such as, for example,
drought, could have a large impact on the carbon cycle in tropical forests. Recent
advances in the measurement and modelling of tree architecture using high-precision
spatial information obtained using terrestrial laser scanning (TLS, Disney et al.,

2018; Malhi, 2018; Meir et al., 2017) have begun to make possible the quantification



of frequency and size distributions of woody limbs, from trunk to relatively small
canopy tips of approximately 5 cm diameter, for hundreds-to-thousands of trees
from a single measurement campaign. As a result of this new advance, there has
been an increased focus on improving our understanding of carbon dynamics and,
particularly, applying TLS to study tree woody structure to increase the accuracy
and resolution of estimates of carbon stocks through time (Disney, 2019).

This new capability offers to enable the characterization of tree architecture such
that the the study of tree form can move from description (e.g. Hallé et al., 1978) to
quantification and statistically-driven structural examination at large scale, across
hundreds or thousands of trees and species. This emerging ability transports forest
science nearly to the resolution of agricultural science in facilitating analysis of the
links between structure and function. My work here is an early attempt to contribute
to this endeavour.

The quantification of canopy architecture at large scale has led to the suggestion
that tree canopy form, widely recognized even by the untrained eye as distinct among
many different species, can be described by structural metrics that are potentially
consistent with different ecological characteristics (Verbeeck et al., 2019). Such
canopy characteristics could be considered an extension of the list of plant traits
considered suitable for study in ‘trait-based’ ecology (e.g. Kattge et al., 2011; Diaz
et al., 2016). The treatment of canopy properties as ecological traits could only be
strongly supported if these properties could be shown to change in response to the
environment, thus demonstrating a plastic response that benefits a tree under stress
in a way analogous to the known plasticity at the organ level of leaf, wood and root
traits (Valladares et al., 2007; Binks et al., 2016; Lovelock et al., 2006). However,
to demonstrate a plastic response in canopy-scale metrics to environmental stress,
and thus to support the notion that these metrics may be considered as substantive
ecological traits, requires study over a period of time long enough to account for
differences in whole-tree growth responses to stress. Such a context is rare, but is

provided by the drought experiment upon which my thesis is focused because of the



20 years of drought treatment that it spans. Here, I use this unique opportunity
that the long-term TFE provides to study tree and canopy structural responses to
drought. I then use this structural analysis to inform my analysis of woody tissue

respiration and forest productivity at this site.

1.4 Woody tissue structure under drought condi-
tions

Changes in tree structure in response to drought can affect whole tree woody CO,
efflux by either altering the quantity of respiring tissue (e.g. by reducing canopy size
through branch shedding) or by altering the position of the active woody tissue, and
hence, microclimatic conditions (e.g. more sun-exposed branches vs. more shaded
branches). These structural alterations under drought stress have the potential to
mitigate hydraulic stress of a tree, although there has been limited research into
linking tree architectural traits directly with tree hydraulic stress. For instance, if
stand maximum tree height is restricted in part by annual rainfall (?), concurrent
constraints on tree height could be manifested via tree die back (Rowland et al.,
2015) or due to canopy plasticity by way of shedding of higher branches (Kogillari
et al., 2021; Olson et al., 2021). During short-term droughts, there have been many
recorded instances of canopy die-back (Li et al., 2018; Lloret et al., 2004; Mueller-
Dombois, 1983; Nolan et al., 2021; Rood et al., 2000; Shen et al., 2022); yet, over
long time periods, it remains wholly untested how tree architecture may alter in
response to long-term drought and if changes occur, how the new architecture links
with tree physiology.

One concern is that physiological process-level responses may differ between the
larger trees dominating the upper canopy and smaller, understorey trees (Bartholomew
et al., 2020), making any potential benefit due to structural plasticity dependent on
tree size. Since hydraulic vulnerability increases with tree height (Kogillari et al.,

2021; Olson et al., 2018) there may be discrete limits to tree height under different



rainfall regimes (?7) that may partially reflect the maximum possible hydraulic im-
pact of architectural plasticity among species and forest stands. Thus, where trees
below a certain height threshold might survive under long-term water deficit by
means of architectural plasticity in combination with physiological plasticity, trees
larger than a particular threshold might die under severe drought if maximum plas-
tic response to drought is insufficient. In support of this concern, we have seen that
during experimental tropical throughfall experiments (TFE), tree mortality rates
have increased particularly for large trees (Costa da et al., 2010; Phillips et al.,
2010; Rowland et al., 2015).

1.5 Woody tissue component of ecosystem respi-
ration in tropical rainforests

There is substantial uncertainty about the current and future state of the carbon
cycle in the Amazon (Baccini et al., 2017; Fatichi et al., 2019; Zscheischler et al.,
2017), in part because of insufficient understanding of the components that make
up total ecosystem respiration (Reeo). The uncertainty around Ree, estimates for
tropical rainforests range between 30-50% (Campioli et al., 2016; Metcalfe et al.,
2010a; Harris et al., 2021). R, consists of heterotrophic respiration (Ry,) pertaining
to microbial decomposition and autotrophic respiration (R,), or plant respiration.
In plants, R,, can be further subdivided into above-ground (trunk, branch, leaves)
and below-ground (root) respiration. Each of these components reacts to changes
in water availability and temperature in unique, usually non-linear, and sometimes
opposite, manners (Bonal et al., 2008; Cleveland et al., 2010; Meir et al., 2008;
Metcalfe et al., 2010b,a; Rowland et al., 2013; Zhou et al., 2019). Consequently,
predictions of ecosystem level responses of respiration to climate change needs to
model individual components.

The efflux of COy from woody tissue has large uncertainty, with recent scaling

approaches showing differences of over 300% in stand-scale wood CO, efflux esti-



mates (Rowland et al., 2018), suggesting a need for further research. Lower values
of uncertainty have been reported elsewhere for stand wood CO, efflux in tropical
rainforests (e.g. Malhi et al., 2009a; Costa da et al., 2014; Metcalfe et al., 2010b;
Chambers et al., 2004), yet, critically, these reports consistently underestimate un-
certainty because they omit the uncertainty associated with the method of scaling
woody CO, fluxes, namely the measurement of scalars. The uncertainty of the
woody component of Ree, can be improved by (i) using TLS to improve the mea-
surement of the scalars necessary (e.g. tree surface area, volume) to scale wood COq
efflux from a measurement chamber to a tree, and then to stand-scale; (ii) deter-
mining which scalar, woody tissue surface area or woody tissue volume, is the most
appropriate for scaling organ-level woody tissue flux rates (Cavaleri et al., 2006;
Levy et al., 1999; Meir, Grace, 2002; Rowland et al., 2018; Ryan, 1990; Yang et al.,
2016); and (iii) improving the understanding of the drivers of COy efflux rates, and
the underlying processes.

Prior to the availability of structural analysis using TLS data, scalars of woody
tissue CO5 efflux were estimated using an allometric equation relating the scalar
(e.g. tree surface area, tree volume) to tree diameter at breast height (DBH) and,
sometimes, the height of the tree. Commonly, wood CO, efflux across all tropical
rainforests is scaled using tree surface area derived from a single allometric equation,
which was developed from a felled harvest in the Amazon (Chambers et al., 2004),
despite recognition of regional differences in tree allometry (Feldpausch et al., 2012).
Although useful tools, allometric models may be unsuitable for studies focusing
on the long-term effects of climate change or other major perturbations because
(i) the models do not take into account changes in tree allometry resulting from
a perturbation and (ii) allometry errors themselves increase rapidly with tree size
(Burt et al., 2020; Momo et al., 2020; Calders et al., 2015a), so large trees, which may
be most sensitive to drought (Rowland et al., 2015), are the most poorly estimated.
This is especially problematic for scaling to plot-level in the Amazonian rainforest

or similar tropical forests where the biomass of the largest 2% of trees can account



for more than a quarter of stand aboveground biomass (Slik et al., 2013), and at
times a single large tree can account for more than half of the estimated carbon
stock in a stand (Longo et al., 2016).

To scale woody CO4 efflux from a point measurement on a branch to an entire
tree, or stand, it is necessary to determine how wood COs efflux rates scale with
tree structure. Tree surface area and volume scalars are readily available from quan-
titative structural models (QSMs) modelled from TLS data (Burt et al., 2021; Lau
et al., 2019b; Tanago Gonzalez de et al., 2018); however, other commonly consid-
ered scalars like sapwood volume (Salomén et al., 2020; Ryan et al., 1994) or woody
tissue mass (Mori et al., 2010) are not directly available in tropical rainforests with-
out the use of previously available data, (as is sometimes available for temperate
forests), or destructive methods. Some previous scaling approaches have focused
on tree surface area as a scalar, based on the assumption that the highest rates of
wood respiration occur in the thin cambium and phloem layer of woody tissue, as
has been shown in some species (Spicer, Holbrook, 2007). Highly labour-intensive
destructive harvest measurement programs have previously supported the idea of a
surface area scalar (Yoda, 1983), and indeed these ideas were used in some earlier
work in the Amazon (Chambers et al., 2004). However, scaling on a surface area
basis ignores the axial and radial parenchyma fractions of woody tissue, which likely
increase proportionally with branch diameter.

Scaling a chamber-based measurement of wood CO, efflux requires an under-
standing of the complex mixture of drivers influencing woody metabolism (?), which
include branch diameter, season, time of day, meteorological conditions, location
(canopy, trunk), temperature, ontogeny, and species (Cavaleri et al., 2006; Katayama
et al., 2014; Rowland et al., 2018). Due to this complexity, a large sample size is re-
quired to successfully capture the effects of these variables in order to model woody
tissue CO4 eflux diurnally and seasonally across a forest. Current methods for scal-
ing woody metabolism involve taking a measurement of wood CO, efflux at breast

height, and multiplying by the tree surface area, with the tree surface area modelled



allometrically (e.g. Chambers et al., 2004; Girardin et al., 2014). Without modifica-
tion, this method may underestimate whole-tree respiration, as wood in the canopy,
irrespective of branch size, has been shown to have higher woody tissue COs efflux
rates than wood in the understorey, even after normalization for any differences in
temperature (Asao et al., 2015; Cavaleri et al., 2006; Damesin et al., 2001; Katayama
et al., 2014; Sprugel, 1990). An additional complication of scaling woody CO, ef-
flux is that flux rates scale with branch diameter up to a certain size (Mori et al.,
2010; Negisi, 1975; Yoda, 1983), with evidence that the interplay of volume and sur-
face area components comprising the underlying respiration in live-tissue ultimately
leads to saturation in the diameter-flux rate relationship (Meir, Grace, 2002). Thus,
there is a fundamental need to have detailed structural data to estimate woody
tissue respiratory fluxes, since two trees (or forests) of equal biomass, but different
branch size distributions, may well have distinct distributions of wood CO, efflux

rates.

1.6 Methodological constraints to measuring wood
respiration

To further complicate the measurement of wood CO efflux, current field methods
do not, in fact, measure wood respiration per se, rather they measure eflux of CO,
from the surface of woody tissue. The CO, derived from woody tissue respiration
can move within woody tissue both radially, and axially via sap flow (Levy et al.,
1999; McGuire, Teskey, 2002; Salomén et al., 2018; Teskey et al., 2017; Meir, Grace,
2002) or photosynthetic-driven COq gradients (De Roo et al., 2019), leading to po-
tential mismatches between the radial efflux rate of CO4 and the rate of metabolism.
In addition, COy derived from respiratory processes in woody tissue can be reas-
similated by carboxylating enzymes like phosphenolpyruvate carboxylase (PEPC)
or ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCo, Dima et al., 2006;
Gansert, Burgdorf, 2005; McGuire et al., 2009; Pfanz et al., 2002).
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This complex arrangement of potential partial sinks of CO, means that the ra-
dial movement of CO, through wood will not directly translate to the respiration of
live woody tissue that directly subtends a measurement chamber, without measure-
ments of additional COs sinks. To address this uncertainty, a number of difference
approaches have been developed that require careful separation of the components
of raw effluxes (Teskey et al., 2008); however, recently a compelling complement to
COs-derived measurements of wood respiration has been used: the measurement of
the ratio of stem CO, efflux to O5 efflux, known as the apparent respiratory quotient
(ARQ, Angert et al., 2012; Hilman, Angert, 2016). This method provides a way of
quantifying respiration without the confounding effects of carboxylation or of axial
movement of COy, since Oz is much less soluble in sap than CO, (~28x less soluble).

Measurements of stem ARQ have consistently presented with values lower than
the 1 COq :1 O2 expected (stoichiometry) if the main substrate for wood respiration
is carbohydrate (Angert et al., 2012; Hilman, Angert, 2016; Hilman et al., 2019,
2022). Using this method, an average of approximately 41% of locally respired CO,
appears to be withheld, but this can be as high as 61% (Angert et al., 2012; Hilman,
Angert, 2016). Strikingly, stem ARQ values have not correlated with sap flow, and
excised stem cores have presented with low ARQ values for up to two days, indicat-
ing that sap flow cannot account entirely for the ‘missing’” CO, sink (Angert et al.,
2012; Hilman, Angert, 2016). This work has led to the hypothesis that carboxylat-
ing enzymes, like PEPC, may play a large role in the fixation of respiratory COs,
an idea bolstered by unexpectedly high concentrations of PEPC in stem, which can
be 13 times higher than the concentration of PEPC in leaves (Berveiller, Damesin,
2008; Hibberd, Quick, 2002). Beyond informing our understanding of the underly-
ing respiratory physiology in woody tissue, the quantification of ARQ could help
with the interpretation of wood CO, efflux values in relation to wood respiration,
improving the understanding of the overall wood-derived respiratory load on a tree,

rather than only its total carbon budget.
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1.7 Woody tissue CO; eflux under drought con-
ditions

Woody tissue metabolism is expected to decrease under water deficit because of
turgor loss (Steppe et al., 2015) and the associated decrease in growth respiration;
however, there has been little research into this topic, and of the studies published,
there have been conflicting findings. Most studies have found wood CO, efflux
declines under water stress (De Roo et al., 2020; Lauriks et al., 2022; Rodriguez-
Calcerrada et al., 2014; Saveyn et al., 2007), although others show that it increases
(Rowland et al., 2018), or is unaffected (D’Andrea et al., 2020). Of these few studies,
only Rowland et al. (2018) was performed in the tropics, and over a multi-decadal

experimental drought.

1.8 The long term effects of drought on tropical
rainforest: transition of a plant community to
a new stable state

Over very long periods of drought, tropical rainforest can have major structural
and floristic changes, and even transition to a new biome evidenced by the current
distribution of rainforests (Dexter et al., 2018; Fauset et al., 2012; ?) and the
historical isotope and pollen record (Mayle et al., 2004; Pessenda et al., 1998; 7).
Current tropical rainforest occurrence appears to be determined by the length and
severity of the dry season (Hirota et al., 2011; Murphy, Bowman, 2012), as well as
the annual rainfall, which may have a critical threshold of approximately 1500 mm
per year (7). Yet, these critical limits are surmised from the natural distribution
of tropical rainforests; no experimental or natural drought has been active long
enough to test these critical limits or to describe the complete transition from a
tropical rainforest to a new stable state. The results I report on in my thesis go

further than previous experimental studies by approximately 15 years (Brando et al.,

12



2008), and so provide new empirically-driven insight into the longer term ecological
processes affecting forest function under extended climate stress (Meir et al., 2018).
This wider question is of acute interest in the tropics because the trajectory leading
up to a new stable state imposed by drought is likely to first occur through plastic
changes within surviving trees at multiple trait scales, followed by possible high

mortality and eventual alterations in species composition and vegetation structure.

1.9 Field Site

liha de Marajo

Google Earth

Figure 1.1: Map of Caxiuana National Forest Reserve, Para - Brazil

All field research was performed at Caxiuana National Forest Reserve, State
of Pard (1 1°44’13.317S, 51°27°43.49” W, Figure 1.1) located in north-eastern Brazil,
eastern Amazonia. The site is a terra-firme rain forest receiving approximately 2000-
2500 mm of rain yearly (Fisher et al., 2007). The site has yellow oxisol soil (Ruivo,
Cunha, 2003) and mean air temperature of ¢. 25°C. During six months, from July
to December, there is a pronounced dry season regularly receiving less than 100 mm
per month, and with median surface soil volumetric water content below 0.15 m*m™

(Bittencourt et al., 2020). In 2002, an experimental drought treatment (through fall

exclusion experiment, TFE) was imposed on one hectare of tropical rainforest, in
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order for the forest to receive approximately half of the 2000 mm of rainfall per year
(Figure 1.2). Plastic panels were installed at an angle at 1-2 m in height in order to
divert approximately 50% of the canopy-penetrating rainfall into a system of gutters
(Fisher et al., 2007; Costa da et al., 2010). A 1.5-2 m deep trench was created around
the TFE to restrict lateral flow of water into the plot and also to transport the water
channeled from the panels and gutters away from the plot. Leaves were removed
from above the plastic panels and placed underneath the panels on the forest floor
every 2-3 days. A one-hectare Control plot was established approximately 50 meters
from the TFE with a trench also established around the plot to avoid differences in
root damage confounding differences between the plots during the early stages of the
experiment. Inevitably, some edge effects can be expected, and so, while monitoring
is maintained for all trees, those within the outer 10 m of the plots are excluded
from the detailed growth and physiology studies. A recent summary of main findings
preceding this study is provided by Meir et al. (2018), with recent ecophysiological
Rowland et al. (2021b); Giles et al. (2022); Bartholomew et al. (2020); Bittencourt
et al. (2020); Eller et al. (2020) and Eller et al. (2018).

I note that given the ‘ecosystem-scale’ size of the 1 ha treatment that was re-
quired to account for the presence of large tees and expansive lateral roots, treatment
replication was restricted in this experiment by financial resources, but where pos-
sible pre-treatment calibration measurements were made in both plots to enable
replication over time (Meir et al., 2001; Rowland et al., 2015; Meir et al., 2018;
Davidson et al., 2012). I note further that this method follows the design of other
un-replicated large-scale ecosystem manipulation experiments (e.g. Likens et al.,
1970) whose strength is acknowledged, especially where large treatment effects are

expected (Hurlbert, 2004).

1.10 Overview of thesis

Despite the large potential impact of drought induced plasticity on tree productiv-

ity, water use and survival, it remains unknown how detailed tree structural traits
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Figure 1.2: Through fall exclusion (TFE) experiment located in Caxiuana National
Forest Reserve. Inclined plastic paneling removes approximately 50% of the rainfall
from 1-ha plot.

and emergent stand-scale canopy structural properties may respond to an altered
rainfall regime in the tropics. The majority of preceding research on this topic
was done at coarse resolution (Doughty et al., 2015; Leitold et al., 2018; Saatchi
et al., 2013), and overwhelmingly conducted after short term droughts, which are
not directly translatable to the long-term (Meir et al., 2018). Growth responses
resulting in coherent large-scale changes can only emerge at multi-year timescales.
These combined limitations mean that fundamental questions about if and how tree
canopies respond to drought remain unanswered, and that the implications of tree
structural acclimation to climate change have not been incorporated into predicted
carbon emission scenarios.

Here, I tested the effect of long-term drought on i) tree and stand structure, ii)
stand wood CO, efflux and iii) the resulting effects on aboveground carbon stock
and growth dynamics using a one-hectare through fall experiment (TFE) in an
eastern Amazonian tropical rainforest that has been maintained since 2002 to receive
approximately half of the annual 2000 mm of rainfall. All results were compared

against a one-hectare Control plot where no drought treatment has been imposed,
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Figure 1.3: TLS point cloud data of Control (left) and TFE (red shading) in 2018
of all trees above 10 cm DBH, post-leaf extraction

but for which the same long-term datasets have been collected. TLS data were
collected in 2018 for these two hectares of Amazonian rainforest (Figure 1.3) and
quantitative structural models (QSMs) of over 500 individual trees were derived from
the TLS data to determine tree structure and biomass. Very unusually, given the
logistic difficulty of harvest-based studies, the QSMs were themselves also calibrated
using destructive sampling of 4 trees in nearby forest, less than 10 km distant (Burt
et al., 2021), enabling a level of precision in my structural analyses that is not usually
available at any site, in remote or easily-accessible regions of the world.

In Figure 1.4, I show how this thesis progresses from assessing the effects of
long-term drought on wood structure, wood tissue respiration, and forest growth
dynamics, all of which aid in evaluating if trees experiencing long-term drought are
likely to decline in function, or if, at stand-scale, there is evidence for their behaviour
reaching a new stable state, perhaps in approximate steady state with the regime
of water availability imposed by the experimental drought treatment. This thesis
consists of an introduction, three data chapters, chapter 2 through chapter 4, and
a final chapter discussing the thesis as a whole, describing the key findings in each

chapter and the implications, and suggesting areas for future study.
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02. Tree Structural plasticity after
long-term soil water deficit

Using TLS data of >500 trees, | evaluated if
there is architectural trait plasticity for
trees exposed to long-term drought, and
if so, how the changes in architectural
traits alter tree function, as relatesto
hydraulic stress, temperature stress and
resource acquisition.

04. Testing for new stable

03. Wood Respiration
state after long-term drought

Using tree and forest structural
information from chapter 1, | scaled
point measurements of wood CO,
effluxto the tree and stand level. |
evaluated the relationship between
wood CO, efflux and wood
respiration, and how this altered
under drought, which | use to study
metabolic scaling relationships of
trees under drought stress.

| evaluated if a droughted
tropical rainforest has reached a
new stable state after 20 years of
experimental drought by
analyzing biomass and growth
dynamics, and comparing with a
nearby Control forest.

Figure 1.4: Schematic overview of thesis data chapters. Ch2: Tree structural plas-
ticity under long-term experimental drought; Ch3: Structural and process-based
analysis of woody tissue respiration during long-term experimental drought; Ch4:
Forest dynamics over 20 years of experimental drought: tending to biomass collapse
or a new stable state?

1.11 Layout of thesis

1.11.1 Chapter 2: Tree structural plasticity under long-

term experimental drought

In Chapter 2, I tested for apparent plasticity in tree wood structural metrics, canopy-
scale arrangement of leaves, and stand-scale structure of branches and twigs in re-
sponse to drought stress to determine if changes occurred in the drought treatment,
and if so, whether the changes were in line with a priori expectations of hydraulic
stress mitigation. Using tree structural models derived from TLS data, I evaluated
architectural changes that would indicate a change in whole tree hydraulic conduc-
tance, resource acquisition or thermal stress. Additionally, I determined whether
hydraulic structural traits presented distinctly in small and large trees and if there

was evidence of a maximum tree height-rainfall threshold resulting from the drought
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manipulation experiment. The results will have application in helping to constrain
fine and coarse scale land-surface models of vegetation function (Cleveland et al.,
2015; Huntingford et al., 2017), and may ultimately enable connection of tree phys-
iology with fundamental theories of plant structure and metabolism (Bentley et al.,
2013; Enquist et al., 2007; Niklas, Enquist, 2001).

Key questions:

How do woody and leaf structural traits change in response to
drought?

Do structural changes in trees have an interaction with tree size?

1.11.2 Chapter 3: Structural and process-based analysis of
woody tissue respiration during long-term experi-

mental drought

In the Chapter 3, I scaled measurements of wood CO, efflux from organ to tree
to stand on the TFE and adjacent Control plot using tree structural data derived
from terrestrial laser scanning (TLS) in conjunction with extensive measurements of
wood COs efflux rates in the canopy and the stems of trees. Measurements of ARQ
were used to translate woody tissue CO, efflux to woody tissue respiration, which
was used to model whole tree woody respiratory load. Metabolic scaling approaches
were compared using whole tree woody respiratory load versus whole tree wood
CO, efflux. This approach offered to advance understanding of the respiration load
experienced by large trees under drought (Mori et al., 2010; Reich et al., 2006) and
to provide the first detailed data-based estimates of stand-scale eflux of woody COs.

Key questions:
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Have respiration rates altered due to TFE for woody tissue?
Has metabolic scaling of trees altered under drought due to tree
structure or changes in metabolic rates?

Has stand wood CO, efflux decreased in response to water deficit?

1.11.3 Chapter 4: Forest dynamics over 20 years of exper-
imental drought: tending to biomass collapse or a

new stable state?

In Chapter 4, I described the effect of drought on aboveground biomass (AGB) and
growth dynamics using a one-hectare through fall experiment (TFE) in a tropical
rainforest that has been maintained for 20 years to receive half of the yearly 2000 mm
of rainfall at the site. I evaluated yearly AGB on the TFE and Control for 20 years,
and studied the underlying components of AGB: tree woody growth (NPPy0q), tree
recruitment (trees that have reached 10 cm in DBH) and tree mortality. Prior to this
study, the carbon dynamics of the TFE were studied 4, 7, 10 and 13 years after the
experiment commenced (Metcalfe et al., 2010a; Costa da et al., 2010, 2014; Rowland
et al., 2015). The most recent assessment, in 2015, indicated that (i) the AGB of
the TFE was declining rapidly due to biomass loss from large trees, resulting in 40%
loss of the AGB in comparison to pre-experiment, and (ii) small and medium-sized
trees were growing at accelerated rates, potentially indicating a plastic responses
that resulted in improved tree function for this subset of trees. Here, I evaluated (i)
the rate of AGB loss due to mortality, (ii) the rate of recruitment, (iii) and NPPy0q
both as a stand, and for different size classes, to determine if the TFE reached a

new stable state or continued to decline in function.

Key questions:
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Does the TFE present with lower but stable biomass?

Are growth rates for small and large trees on the TFE reflecting
altered competition for water and light following drought-related
mortality?

Has rate of biomass loss due to tree mortality decreased on the

TFE, following a steep decline in 20157
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Chapter 2

Tree structural plasticity under

long-term experimental drought

2.1 Introduction

Environmental stress influences growth and reproductive success in all plants. The
effects of stress can be predicted prior to the stress event by linking specific plant
traits, and their plasticity, with success or failure. Predicting plant performance
using traits is an idea that has attracted considerable attention in recent years
(Wright et al., 2004; Kattge et al., 2011; Diaz et al., 2016); however, almost all of
these trait-based approaches have considered structure or physiology at the scale of
the organ, rather than at whole-tree or canopy scales, despite the recognition that
canopies can reduce leaf area or shed whole branches in response to stress (Verbeeck
et al., 2019; Nolan et al., 2021). New technology has led to discussion surrounding
the quantification of whole-tree or canopy structure from a trait based perspective
in order to better understand and quantify tree responses to environmental drivers
(Meir et al., 2017; Malhi, 2018; Verbeeck et al., 2019; Calders et al., 2020). This also
has application in trait theory and metabolic scaling theory (Enquist et al., 2009),
as well as in practice, such as in silviculture (Calders et al., 2020).

While canopy architecture in relation to resource capture has long been studied
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(Horn, 1971), and distinct canopy-scale traits exist across species and species groups
(Verbeeck et al., 2019; Terryn et al., 2020), there are, to our knowledge, no tests
to date of whether such canopy traits show consistent responses to manipulations
in environmental conditions. Tree-scale properties change relatively slowly because
growth is slow and trees are large organisms. In order to test whether plants are
able to respond to environmental changes at the scale of the organism as well as
the organ, and indeed a key test of whether there are other larger aggregate-scale
effects that extend to the community, requires long-term monitoring in the context
of a specific environmental change.

We present an ecosystem-scale test of these ideas using structural data for > 500
trees ranging from 10 to 173 cm in diameter at breast height, half of which have
been exposed to a long-term (17-yr) reduction in soil water in a tropical rainforest.
If growth patterns of rainforest trees can respond to water limitation within one
generation, it is possible that the tree structures emerging after 17 years of water
limitation would tend towards configurations that are hydraulically more robust
to droughted conditions than in a non-droughted forest. Different trade-offs are
possible. Alteration in display of leaves can enable optimization of carbon gain
relative to light capture, with minimal water loss and heat damage; woody tissue may
maximize growth, water supply, stability and spatial advantage for light capture,
while minimizing hydraulic limitations such as overall hydraulic resistance in xylem
(Valladares et al., 2007; Ishii, Asano, 2010; Kawamura, 2010; Niinemets, 2010; Kunz
et al., 2019).

Plasticity in external tree structure during extended drought could impact tree
survival by altering tree hydraulic conductance, resource acquisition efficiency and
heat exchange. Architectural plasticity can be achieved by altering the absolute
quantity and/or spatial distribution of individual organs over the whole tree. For
example, hydraulic conductance could be increased by structural change that de-
creases friction- or gravity-related resistances in the hydraulic pathway, e.g. by

reducing the mean path length (the mean distance from the base of the tree to the
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tip of all branches), by reducing path length fraction (mean path length divided by
maximum path length) or by re-distributing the majority of functional organs closer
to the ground.

The potential role of any structural response to drought in ameliorating hy-
draulic performance could also be influenced by overall tree size. Since hydraulic
vulnerability may increase with tree height (Olson et al., 2018; Kogillari et al., 2021),
there may be discrete limits to tree height under different rainfall regimes (?) that
partially reflect the maximum possible hydraulic impact of architectural plasticity
among species and forest stands. Thus, where trees below a certain height threshold
might survive under long-term water deficit by means of architectural plasticity in
combination with physiological plasticity, trees larger than a particular threshold
might die under severe drought if their maximum plastic response to drought is
insufficient.

Here, we defined a set of tree structural traits, and tested whether these traits
respond to drought stress in a manner that would favour hydraulic stress mitigation,
specifically to improve the following: (i) tree hydraulic conductance by decreasing
tree path length and reducing the overall height of tree organs; (ii) resource acqui-
sition efficiency by minimizing carbon use while maximizing light interception; and
(iii) thermal stress amelioration by biasing the location of canopy leaf area towards
reduced afternoon sun exposure or increased exposure to sectors in the canopy space
with higher average wind speeds and related turbulence. Overall we examine prop-
erties of architectural traits by testing for (i) apparent plasticity in tree structural
metrics; (ii) whether hydraulic structural traits differ in small and large trees; and
(iii) if there is evidence of a maximum tree height-rainfall threshold resulting from

the drought manipulation experiment.
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2.2 Materials and Methods

2.2.1 Site

Measurements were taken at Caxiuana National Forest, Para State in north-eastern
Brazil (1°43’S, 51°27'W). This site is a terra-firme seasonal rainforest that receives
approximately 2000 mm of rainfall a year, with six months of the year receiving
less than 100 mm. The site has yellow oxisol soil (Ruivo, Cunha, 2003) and mean
air temperature of c. 25 °C. The volumetric water content at 5 cm depth varies
seasonally from approximately 0.05 in the dry to 0.30 m®m™ in the wet season
(Bittencourt et al., 2020). Prevailing winds come from the north-east throughout

the year (Appendix A.1).

2.2.2 Through-fall exclusion experiment (TFE)

In 2002, a through-fall exclusion experiment (TFE) was constructed on one hectare
of tropical rainforest at Caxiuana National Forest and paired with an adjacent one-
hectare Control plot (Meir et al., 2018). Transparent panels were installed in the
TFE plot at 1-2 meters above the ground to redirect approximately 50% of the
rainfall to a system of gutters. A trench was dug around the TFE to prevent sub-
soil water movement towards the droughted trees, and the Control plot was also
trenched to facilitate comparison. The experiment requires daily maintenance and
the leaf litter was removed from above the panels every 2-3 days and placed below
the panels. See Fisher et al. (2007); Costa da et al. (2010); Rowland et al. (2015);

Meir et al. (2018) for more details of the experimental design.

2.2.3 Sample selection

All individual trees in the 1 ha Control and 1 ha TFE were included in the analysis
except for (1) trees < 10 cm diameter at breast height (DBH), (2) trees within 10
meters of the edge of the treatment, which were not included to avoid possible edge

effects caused by trenching (Rowland et al., 2015) and (3) lianas and palms. Census
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data from October 2019 were used for measurements of DBH. All trees that had died
throughout the experiment prior to 2020 were removed from the analysis, which in
total resulted in 602 individuals, 298 individuals on the TFE, 304 individuals on the

Control.

2.2.4 Data collection

Terrestrial laser scanning (TLS) measurements were made in October 2018, the dry
season, with a RIEGL VZ-400 terrestrial laser scanner (RIEGL Laser Measurement
Systems GmbH). Scans were conducted on a 10 m x 10 m grid for the Control and
a 20 m x 20 m grid for the TFE treatment. Sampling strategy differed between
treatments because of unexpected weather-related time restrictions. The RIEGL
VZ-400 operates at a wavelength of 1500 nm, has a beam divergence of 0.35 mrad,
and an exit diameter of 7 mm.

Terminal twigs (< 2.5 cm basal diameter, N = 116) were cut from trees in the
Control and TFE by climbing and using pole pruners and were scanned individually
using a Riegl VZ-400 indoors. Branches this small are not able to be adequately
modelled using TLS data collected in the forest at this site, and therefore these
close-range scans allowed for improved understanding of tree twig architecture. Tip
diameters were measured manually for 3-5 different tips, and the basal diameter was
measured twice. Retro-reflective tape was placed at 3-5 locations on the twigs, and
the branch diameter was manually measured below the tape. This tape is visible on
the TLS scans, and allows for comparison between the QSM models and the manual
measurement of twig diameter.

All leaves were removed from the 116 twigs prior to scanning, and fresh and dry
leaf mass were measured. Three sample leaves per twig were used to measure leaf
mass to area (LMA), which was then applied to convert the mass of all leaves to
an estimate of total leaf area of the branch. Previously, in September 2016, we also
collected 128 measurements of twig diameter (basal diameter < 0.7 cm) leaf area

and LMA, which we have included in this study.
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2.2.5 TLS wood structural models

The in-plot terrestrial laser scans were co-registered into a common coordinate sys-
tem using RiISCAN PRO (v2.7.0) and the point clouds of trees above 10 cm DBH
were partially automatically extracted using treeseg (?) and partially extracted
manually. After extraction, leaf material returns were separated from wood using
TLSeparation v1.0 (Vicari, Wilkes, 2018). Each tree was visually inspected to deter-
mine adequate leaf-wood separation using CloudCompare (CloudCompare, 2021),
and some trees were manually edited to improve the final separation when necessary.
Tree point clouds were matched to individual tree tags by manual identification in
the field.

Prior to leaf separation, tree point clouds were used to measure: (i) tree height,
which is the height of the tallest leaf; (ii) fork height, the height of first major
branch; (iii) canopy depth, the difference between tree height and fork height; (iv)
canopy projected area, which is the ground area of the canopy from a bird’s eye
view; (v) canopy width, defined as the projected area multiplied by four, divided
by the perimeter of the projected area; (vi) canopy convex hull volume, which is
the minimum required volume to enclose the entire canopy; and (vii) canopy convex
hull surface area, which is the surface area of the canopy hull volume. Three dimen-
sional convex hulls were quantified using RLIDAR package (Silva et al., 2017); see
Appendix A.2 for visual description of canopy hull and canopy projected area.

Whole tree quantitative structural models (QSMs) were constructed from woody
tissue point clouds on the TFE and the Control, with point clouds extracted on a
20 x 20 m grid, using TreeQSM (v2.3.2) and the input parameters were automat-
ically generated using optgsm v0.1.0 (Raumonen et al., 2013; Burt et al., 2021).
Trees with buttresses were visually identified, and processed using TreeQSM with
a triangulation for buttresses. Trees were also separately modelled using treegraph
(Wilkes et al., 2021), after applying a branch path retrace during leaf-wood separa-
tion (Vicari et al., 2019) which detects the main pathways of all branches. Models

from TreeQSM were used for all volume metrics, including canopy volume, tree vol-
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ume, and height at 50% canopy volume, which is the height at which the cumulative
sum of the canopy volume, starting from the base of the canopy, reaches 50% total
canopy volume. QSMs from treegraph were used to quantify length metrics, includ-
ing: (i) leaf-weighted mean path length (pp.), which is the length along the tree
from the base of the tree to the tips of all the branches, with the mean of all path
lengths weighted by the proportion of total tree leaf point cloud closest to a given
branch tip; (ii) leaf-weighted path length fraction (pgy), which is pyy divided by the
maximum path length; and (iii) total tree length, which is the summed length of all
the branches.

Aggregated profiles of woody volume were compared using Control trees ex-
tracted on a 10 x 10 m grid and modelled using optqsm v0.1.0, and TFE trees
extracted and modelled on a 20 x 20 m grid. Since aggregate profiles on a subset of
Control trees differed when extracted on a 10 x 10 m grid versus a 20 x 20 m grid,
TFE tree profiles were corrected using a modelled relationship between volume per
height on a 10 x 10 m versus 20 x 20 m grid of 146 trees. Profiles for tree canopy
and tree stem were corrected separately; see Appendix A.1, A.3, for further infor-
mation. The error for each QSM was estimated by using mean tree error from a
nearby destructive harvest study of several trees (Burt et al., 2021) and the error
was distributed equally per height bin. It was not possible to aggregate triangu-
lated buttress volumes into height bins, so all buttresses were identified and were
fitted using a cylinder that was the length of the buttress and the diameter of DBH.
This correction was only necessary for aggregated profiles, and all individual tree
comparisons were made with the triangulated volume of buttresses.

All structural parameters for twigs were cleaned and modelled using treegraph
(Wilkes et al., 2021), which has been optimized for determining tree length metrics
and for small twig structural modeling. The modeling of twig radius below 2 mm
was not possible with current models, and therefore the model was corrected using
a relationship between manual measurements and model values at 2-5 locations per

branch.

27



2.2.6 TLS leaf structure

Leaf point clouds were separated from wood point clouds using TLSeparation v1.0
(Vicari, Wilkes, 2018) and were visually checked for adequate separation using
CloudCompare (CloudCompare, 2021). All leaf points below the tree fork height
were excluded, and separation was manually improved after extraction when neces-
sary. Leaf point clouds were downsampled by finding the mean of the four nearest
neighbor distance per 2 meter bins, and the maximum mean nearest neighbor dis-
tance was used to downsample the remaining leaf point cloud. The fraction of tree
leaf area per 2 m bin within an individual tree was taken as the total number of
points in a given 2 m bin, divided by all points in the tree. The same process was
performed across the plot, however, when points were aggregated by plot the down-
sampling was performed using the maximum nearest neighbor distance of all trees
in a given plot to obtain the plot level distribution of leaves.

The division between cardinal sides of the tree was defined as the tallest point
of the canopy, due to the shading effects of the canopy on either side of the point
of maximum tree height. Leaf distributions are presented as the mean percent of
leaves of all sampled trees in a treatment at a particular compass direction. The total
number of leaf points on the Control plot trees was modelled using an allometric
relationship of total points in a tree leaf point cloud, with dependent variables
of canopy width and DBH (R? = 0.88, Appendix A.4 , N = 310), where all leaf
point clouds were downsampled by plot maximum nearest neighbor of the leaf point
clouds; this relationship was applied to all remaining trees in the Control plot. Using
previously measured mean leaf area index (LAI) of 5.6 £0.3 (Malhi et al., 2009b) in
the Control, the percentage of leaf points per tree with respect to total leaf points
of the plot was converted to leaf area. The same allometric relationship relating
total tree leaf points to tree structure (Appendix A.4) was applied to the TFE plot
trees. Definitions and further details for all tree structural properties measured can

be found in Table 2.1.
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Table 2.1: Definitions of structural traits referenced in text and which TLS dataset
used for the structural trait.
*See Appendix A.2 for visual description of structural characteristics.

Variable ‘ Units ‘ Definition Dataset
Tree height m Maximum height of leaf minus mini- Point clouds
mum height of tree
Canopy m Tree height minus height of first Point clouds
depth branch, where first branch is consid-
ered first major branching fork
Height at m Height at which cumulative sum of Volume-
50% Vcanopy canopy volume, starting from the optimized QSM
base of the canopy, reaches 50% to-
tal canopy volume
Canopy m 4* area of 2D projected convex hull Point clouds
width* of canopy in the xy plane, divided by
perimeter of the convex hull polygon
Mean leaf- m Path length is the minimum distance | Length-
weighted tree along a tree from the base of the tree | optimized QSM
path length to the tip of a branch. All branches
(Praw) consisting of a single cylinder were
excluded from the analysis. The mean
of the path length is weighted by the
proportion of leaves closest to a given
branch tip
Mean twig m Mean path length from the base of a | Close-range
path length twig to the tip of a twig indoor scan-
(Pmtwig) ning, length-
optimized QSM
Leaf-weighted | m/m | Mean leaf-weighted tree path length Length-
path length divided by maximum path length optimized QSM
fraction of
tree (Prw)
Total tree m Length of all individual cylinders ex- | Length-
length (Ltyee) cluding cylinders below 5 cm in diam- | optimized QSM
eter
Twig length | m Length of all cylinders within a twig Close-range
(Liwig) indoor scan-
ning, length-
optimized QSM
Total tree m? Volume of entire tree woody tissue, Volume-
woody tis- excluding branches <5 cm in diameter | optimized QSM
sue volume
(vtree)
Total canopy | m3 Volume of tree woody tissue above Volume-
volume and including height of first major optimized QSM
((/—) branch, excluding branches <5 cm
diameter.
Canopy sur- | m™ The surface area of the 3D convex Point clouds
face area: hull of the canopy divided by the
volume ratio volume of the 3D convex hull of the
(cs/cv)* canopy, where canopy includes both
leaf and wood point cloud
Canopy leaf | % Number of points in leaf point clouds | Leaf point
distribution every 30 degree divided by all the clouds
by compass points in the leaf point cloud
direction

29



2.2.7 Statistics

All statistical analyses were performed in R (v4.0.3, R Core Team, 2020). We
fit linear mixed effects models to test for treatment effects on structural traits,
with genus as a random effect. Genus-specific coefficients are listed in Appendix
A.6. Marginal R? (R?,) and conditional R?* (R?.) for linear mixed models are
presented. When the random effect was not significant, we used linear models.
Excluding random effects did not change any of the conclusions presented here.
Where noted, we log-transformed variables for linearity prior to fitting. Akaike
Information Criteria (AIC) was used to compare models after stepwise removal of
the fixed effects. When comparing aggregate tree structure characteristics, trees
were classified according to size class, where size class was separated into small trees

(10-20 cm DBH), medium trees (20-40 cm DBH) and large trees (> 40 cm DBH).

2.3 Results

The results are presented in terms of structural traits as they relate to tree: (i)
hydraulic conductance, (ii) resource acquisition and (iii) heat exchange, with a final
section describing the effects of structural changes at the aggregate (forest stand)

scale.

2.3.1 Hydraulic conductance

TFE tree height was lower by 1.2 + 0.3 m than in the Control plot when adjusted
for fixed effects of DBH (R?. = 0.81, R%,, = 0.76, N = 560, Table 2.2). Additionally,
the height at which the cumulative canopy volume of trees reaches 50% of the total
volume, when measured starting from the lowest canopy branches, is lower on the
TFE by 2.8 & 0.3 m, when adjusted by DBH (R? = 0.74, N = 314, Table 2.2).

We found differences in length metrics for trees on the TFE in comparison to
the Control for (i) total tree length, which is the sum of lengths of all branches in

the tree (Liee); (il) leaf weighted mean path length (pp.), which is the mean path
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Table 2.2: Tree architectural traits. Parameter estimates for linear regression models
describing tree structural traits using diameter at breast height (DBH) and TFE
treatment. No interaction term between TFE and DBH was present for any trait.
Tree structural traits modelled include: tree height (m), canopy depth (m), height
at 50% canopy volume (Htsoove, m), canopy width (width, m), leaf weighted path
fraction (pgy), leaf-weighted path length mean (ppy, m), tree length (Liee, m), the
ratio of leaf canopy surface area to leaf canopy volume, as measured using convex
hulls (cs/cv, m™), tree woody tissue volume (Viee, m?), tree canopy woody tissue
volume (Vecanopys m?). For more detail on how dependent variables are calculated or
definition thereof, refer to Table 2.1. Dash indicates that variable dropped out of
final model. Where noted, variables are log transformed for linearity. Standard error
of coefficients reported in parentheses. * ** *** indicates significance at 90%, 95%
and 99% level, respectively. Genus was tested as a random effect for each model,
and if significant, the conditional R? (R?.) and marginal R? (R?,) are presented.

intercept log(DBH) TFE N R* R:% R%,
Tree height -12.87 (0.95) *** 11.93 (0.30) *** -1.23 (0.30) *** 560 0.81 0.76
Htsoreve  -10.36 (0.96) *** 843 (0.31) ***  -2.83 (0.32) *** 314 0.74
log(width)  0.14 (0.07) * 0.58 (0.02) ¥*  -0.07 (0.02) *** 530 0.65 0.61
Diw 0.78 (0.01) #=* - 20.06 (0.01) *** 264 0.14
Py 1464 (1.1) 12,1 (0.38) #%  _1.40 (0.37) *** 265 0.81
log(Liee)  2.49 (0.22)%%%  0.81 (0.07) ***  -0.45 (0.07) *** 249 0.41

log(cs/cv) 150 (0.06) ***  -0.53 (0.02) *** 0.07 (0.02) ¥** 574 0.59
log(Viree)  -6.81 (0.13) *** 2,08 (0.04) ***  -0.35 (0.04) *** 318 0.89
108(Veanopy)  -9-03 (0.33) **% 249 (0.11) ***  -0.60 (0.11) *** 272 0.69

length between the base of the tree and the tips, with the mean weighted by the
proportion of total tree leaves located near the branch tip; and (iii) leaf-weighted
path fraction (pgy ), which is the py, divided by the maximum length from the base
of the tree to the tip (see Table 2.1 for details on each variable). L. was modelled
by DBH and treatment, and was found to be 37 & 4% smaller on TFE trees in
comparison to Control (R* = 0.41, N = 249, Table 2.2). The puy, modelled by
DBH and treatment, was 1.4 & 0.4 m smaller on the TFE than Control trees (R?
= 0.81, N = 265, Table 2.2), and pg, was 0.06 + 0.01 smaller for TFE trees than
the Control, with DBH dropping out of the final model (R? = 0.14, N = 264, Table
2.2).

For excised twigs (basal diameter < 2 cm, N = 99), mean path length (Pmtwig)-

measured as the mean length between the base and tip of the twig tips, was smaller
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Table 2.3: Twig mean path length. Parameters estimates for linear model of mean
path length for twigs (Pmtwig, m) for twigs between 0.5 and 1.5 cm basal diameter
with fixed effects of total twig length (Liyig, m) and TFE treatment. Variables are
log transformed for linearity where noted. Standard error of coefficients reported in
parentheses. * ** *** indicates significance at 90%, 95% and 99% level, respectively.

intercept TFE 10g(Liwig) N R?  rse
log(Piiiysg) -0.48 (0.09) ¥ -0.13 (0.05) * 0.18 (0.04) ** 09.00 0.32 0.24

by approximately 12.5 +4.4% on TFE branches in comparison to the Control when
modelled with fixed effects of total twig length and treatment (Table 2.3, R? =
0.32). Additionally, the allometry for twig length (Liyig) was distinct on the TFE,
with Lty on the TFE approximately 37 4 8% shorter when length is modelled as a
function of twig basal diameter (Table 2.4, R? = 0.26, N = 110).

Twig leaf area modelled by twig basal diameter, treatment, and interaction be-
tween DBH and treatment (R? = 0.75, N = 351, Table 2.4), indicated that the TFE
had a slightly larger leaf area by approximately 11% on small diameter trees (10 cm
DBH), but that there was a negative relationship between DBH and TFE, such that
trees larger than approximately 20 cm DBH on the TFE plot had relatively less leaf
area per twig basal diameter than in the Control plot trees; a counterfactual plot

for the model of leaf area is attached in Appendix A.4 for visualization.

Table 2.4: Twig allometric models. Linear models of twig (0.5 - 1.5 c¢cm basal
diameter) leaf area (LA, m?), twig volume (Viyig, m?), and twig length (Liyig, m)
using basal diameter (diameter, cm), tree diameter at breast height (DBH, cm)
and TFE treatment. Dash indicates that variable was not included in the model.
Standard errors reported in parentheses. *,** *** indicates significance at 90%, 95%
and 99% level, respectively.

intercept TFE log(diameter)  log(dbh):TFE N  R?  rse
log(LA)  -0.58 (0.10) ** 0.57 (0.17) ** 1.61 (0.06) ** -0.21 (0.05) ** 351 0.75 0.51
log(Viig) -14.9 (0.8) ¥ _0.38 (0.16) * 2.0 (0.33) *** - 110 0.39 0.73
log(Lewig)  0.18 (0.69) ~0.47 (0.27) ¥ 0.80 (0.27) ** - 110 0.26 0.61
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2.3.2 Resource acquisition efficiency

The ratio between leaf canopy surface area and volume, as measured with 3D convex
hulls (for clarification on 3D hulls, see Appendix A.2), was larger on the TFE than
the Control plot by 7.2 + 2.1%, when modelled as a function of DBH (R? = 0.59,
N = 574, Table 2.2). The mean canopy width, modelled by tree DBH, was 6.7 +
1.9% smaller on the TFE (R%. = 0.65,R%, = 0.61, N = 530, Table 2.2). The
allometry of tree woody tissue volume (Vi) and woody canopy volume (Veanopy)
also showed differences, with smaller Viyee and Veanopy on the TFE than the Control
when modelled using log(DBH) by approximately 30.6 +2.6% (R? = 0.89, N = 318,
Table 2.2) and 44.5 + 5.8% (R? = 0.69, N = 272, Table 2.2), respectively. At the
twig-scale, the allometry of twig woody tissue, modelled using twig basal diameter,
showed a smaller twig volume in the TFE than in the Control, by approximately

324+ 11% (R? = 0.39, N = 110, Table 2.4).

2.3.3 Heat exchange

The distribution of leaf area by compass direction differed between TFE and Con-
trol trees, with relatively more leaf area within a tree between 330° to 60°, that
is north to north-east, on TFE trees. By contrast, Control plot trees had a mean
leaf distribution similar to a perfect circle (Figure 2.1, Control N = 109, TFE N
= 116). Fewer leaves on average were distributed between 180° and 240°, south to
south west, on the TFE than on the Control (Figure 2.1). There was no effect of

tree height on the distribution of leaves to the north-east.

2.3.4 Aggregate TFE structural properties

The aggregated woody biomass in the TFE plot showed a vertical profile that was
distinct from the Control, with (i) a higher percentage of woody biomass distributed
below 12 m; a lower percentage of woody biomass distributed between 12 and 30
m; and a higher percentage between 30 and 39 m (Figure 2.2). Aggregate canopy

structure on the TFE was also different from the Control, with the peak density of
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Figure 2.1: Canopy leaf area distribution. Graph of mean leaf distribution across
cardinal and ordinal directions (every 30°) with lines indicating the mean percent of
leaves per 30° interval across leaf canopies in the Control (black, N = 108) and TFE
(red, N =116 ), and a perfect circular canopy (bold orange), ie the black line at 180°
is 8.5%, meaning that on average 8.5% of Control canopy leaves are located on the
south side of the canopy (165° to 195°). The centre of the canopy is the highest point
of the canopy. Shading represents standard error. Coloured inset demonstrates the
partitioning of leaves for a sample canopy, as seen from bird’s eye view, with the
centre point the highest point of the tree, and a pie slice every 30°.

leaf area between 12 and 15 m above the ground on the TFE in comparison to the
peak on the Control higher up, between 18 and 24 m (Figure 2.3A). The canopy
woody volume profile is only moderately different on the TFE with respect to the
Control, with more woody tissue below 15 m on the TFE, and no woody tissue
above 39 m on the TFE. When comparing aggregate structure across different size
classes, small trees (10-20 cm DBH), medium trees (20-40 cm DBH) and large trees
(>40 cm DBH), the peak of the distribution of canopy woody and leaf tissue is lower
on the TFE than in the Control (Figure 2.3B), with the shift in tissue height most

apparent in small trees.
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Figure 2.2: Woody volume distribution of trees above 10 cm DBH plotted against
the height of the plot, where volume is binned every 3 meters for Control (black,
N = 269) and TFE (red, N = 170). Not all trees in each treatment were included
in this graph, since many trees were not successfully modelled using QSMs. Error
(shaded) is estimated from nearby felled tree TLS- comparison (Burt et al., 2021).

Leaf area index (LAI) on the TFE was 29 + 6% lower than the Control (Figure
2.4A), and total woody tissue volume on the TFE was 55.6% =+ 3.0% lower than the
Control (Figure 2.4B), resulting in the ratio of plot-level leaf area to woody tissue
volume in the TFE to be approximately 22+9% larger than the Control. When
LAT and woody tissue are cumulatively summed starting from the shortest tree, a
decrease in LAI after 25 m height and woody tissue after 22 m height occurs in the
TFE compared to the Control (Figure 2.4).
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Figure 2.3: Canopy distribution of woody tissue volume (shaded) and percentage of
total leaf area (points) every 3 meters (A) for all trees above 10 cm DBH, aggregated
across the entire plot and (B) aggregated by tree size: small trees (10-20 cm DBH),
medium trees (20-40 cm DBH) and large trees (>40 cm DBH) for Control (black)
and TFE treatment (red). The amount of leaf and wood are binned every 3 meters,

and the distributions are presented as a percent of total leaf area or woody tissue
volume in given size class and treatment.
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Figure 2.4: Cumulative sum of (A) leaf area index (LAI, m?m™) and (B) wood
volume (m?), where wood volume is presented as the sum of all tree wood volume
in the inner 80 x 80 m sampling plot on TFE (red) and Control (black) starting
from shortest tree in each treatment. Each point represents an individual on the
treatment. Shaded region on the leaf area graph is the 95% confidence interval, in
addition to the error of the measured LAI. Shaded region on the wood volume graph
is an estimate of error based on nearby felled experiment (Burt et al., 2021). Dashed
lined indicates the first height at which TFE cumulative sum is lower than Control.

2.4 Discussion

Our analysis focused on testing for differences between adjacent 1 ha plots of trop-
ical rainforest, one of which had been subjected to a soil water deficit for 17 years
that generated increased long-term plant moisture stress (Costa da et al., 2018;
Bittencourt et al., 2020). We found substantial differences between the droughted
(TFE) and non-droughted (Control) treatments for several structural metrics of
whole-tree woody and leaf tissue arrangement within the canopies of hundreds of

individual trees. Our analysis also demonstrated that these individual tree differ-
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ences were expressed in aggregate, highlighting the differences at scale of the forest
canopy between droughted and non-droughted forests. To our knowledge, this anal-
ysis provides the first holistic picture of the response by adult trees to long-term
manipulation of drought in terms of architectural metrics, from twig to tree canopy,
to forest canopy. The individual-level responses to the long-term drought imposed
by the TFE treatment suggests that these metrics can be considered as plant traits,
such that plasticity in them is consistent with the avoidance of drought stress, at the
scales of individual trees and the forest stand, by improving hydraulic conductance,
resource acquisition efficiency, and/or optimizing heat transfer. Only some of these
differences in trait values can be attributed definitively to changes in the growth
response to drought, as whole-tree structural traits can also be a function of branch
mortality, increased post-mortality light levels (Rowland et al., 2015, 2021a), canopy-
canopy collision of falling trees due to elevated tree mortality, or water deficit-related
slowing in growth. Many of these whole-tree structural traits are also reflected in
structural traits of twigs, which are themselves small enough to have grown fully
during the TFE treatment, and whose interpretation is not confounded by branch
mortality or canopy-canopy collisions.

The recent emergence of TLS measurement and analysis methods (Calders et al.,
2015a; Vicari et al., 2019; Disney, 2019; Verbeeck et al., 2019) means that a similar
structural analysis from the start of the experiment 17 years previous to the mea-
surements reported here is not possible. For this reason, while we argue that our
analysis provides very strong evidence for the existence of plasticity in trait response
at multiple architectural scales, we acknowledge that we cannot definitively ascribe
the differences between the plots to individual tree responses over time, although
we note that twin-plot analyses demonstrated extremely close structural and func-
tional similarity prior to the TFE treatment, followed by progressive alterations in
biomass and function in the droughted forest trees, as the TFE treatment extended
into the longer term (Fisher et al., 2007; Costa da et al., 2010; Metcalfe et al., 2010b;
Rowland et al., 2015; Meir et al., 2018).
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2.4.1 Hydraulic Conductance

The differences observed in the droughted trees on the TFE versus Control indicate
alterations that would improve leaf water access by reducing leaf-specific hydraulic
resistance of woody tissue while, for large trees, decreasing leaf area, resulting in
increased water transport efficiency. Leaf-weighted mean path length (puy), leaf-
weighted path fraction and total tree length were smaller on the TFE trees across
all tree sizes, which may reduce friction-related hydraulic resistance (Smith, Sperry,
2014). If conduit tapering were negligible, hydraulic resistance would be linearly and
negatively related to length of conduit, and the decrease of total tree length TFE by
37+ 4% (Table 2.2) would translate to a 1.6-fold increase in hydraulic conductance.
However, the magnitude of the effect of tree length on total tree resistance is not
clear as conduit tapering has not been measured, and tapering can mitigate the
effect of length on total tree resistance (Becker et al., 2000; Mencuccini et al., 2007).
Since water potential decreases 0.0098 MPa per meter of increased height, gravity-
related resistance in trees would also be marginally smaller on the TFE since tree
height was shorter for a constant DBH by 1.240.3 m, and the height at 50% canopy
volume was lower by 2.8 £ 0.3 m (Table 2.2).

The mechanism for alterations in pp, tree length and tree height may result
from a mismatch between minimum vessel diameter and abiotic conditions in the
experiment (Kogillari et al., 2021; Olson et al., 2021). Theory and field measure-
ments (Olson, Rosell, 2013; Olson et al., 2018; Kogillari et al., 2021) indicate that the
minimum twig conduit diameter is linked to abiotic conditions, and when abiotic
conditions become drier, the minimum twig conduit diameter decreases, to lower
the risk of embolism occurrence. Branch mortality at tree extremities during or
following drought has been documented (McDowell et al., 2008; Anderegg et al.,
2016; Li et al., 2018; Nolan et al., 2021), and may occur because of minimum twig
conduit diameter limitations, contributing to the smaller p,,,, tree height and total
tree length recorded for the TFE.

Reductions in leaf area decrease maximum canopy transpiration rates and in-
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crease sapwood to leaf area ratio, improving efficiency of water transport to the
remaining leaves. Interestingly, leaf area measured on twigs (basal diameter < 2.5
cm) was affected by a size interaction with TFE: trees below 20 cm DBH had more
leaf area and trees above 20 cm DBH had less leaf area relative to Control plot trees
(Table 2.2, Appendix A.4). This could indicate that large trees are more affected
by the soil moisture deficit in the TFE, and respond by reducing leaf area, while
small trees may benefit from reduced competition and increased light levels due to
previous tree mortality (Rowland et al., 2021a), and maintain their leaf area. This
outcome would be consistent with the higher observed tree mortality in larger trees
(Rowland et al., 2015) and previously measured organ-scale traits, such as reduced
metabolic rates (Rowland et al., 2021a) and leaf water potential (Bittencourt et al.,
2020) and reduced hydraulic conductance (Giles et al., 2022) relative to smaller

trees.

2.4.2 Resource acquisition efficiency

Our canopy structural analysis showed that, relative to non-droughted Control trees,
droughted TFE trees had an altered outer leafy canopy structure and inner network
of branches such that carbon use (estimated by branch tissue volume) was reduced,
and light capture was increased, potentially increasing their net acquisition efficiency
for light and carbon. The leafy canopy of TFE trees had a higher surface area to
volume ratio (cs:cv) by 7.2 £+ 2.1%, when compared to Control, likely a by-product
of TFE tree canopies being smaller with a 44.5 4+ 5.8% reduction of canopy woody
tissue volume on the TFE for a given tree size, as smaller canopies have higher
cs:cv ratios. The reduced leaf-weighted tree path fraction (pgy) in the TFE versus
Control trees may also enable a higher carbon-use efficiency, as a shorter path length
requires shorter tissue length and smaller tissue volume for a given tree size (Smith,
Sperry, 2014). This was reflected in the 37 + 4% smaller total tree length and the
30.6 & 2.6% smaller tree woody tissue volume by DBH for trees exposed to TFE

in comparison to Control trees (Table 2.2). Importantly, the structural metrics
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for twigs (< 2.5 cm diameter, Table 2.3, 2.4), which, unlike whole-tree metrics,
are not potentially confounded by the effects of branch mortality or canopy-canopy
collisions, were consistent with the whole-tree patterns of lower p,,,,, smaller volume,
and shorter length. The TFE vs Control differences for twigs thus provide a clear
link connecting observed structural trait differences with a growth-response strategy
that influenced measurable structural traits, in this case, minimizing path length,

improving transport efficiency and decreasing carbon cost under drought stress.

2.4.3 Optimizing heat transfer

At the time of measurement, the trees on the TFE plot would have experienced a
long term (17-year) reduction in soil water availability, and in addition, many would
have been exposed to higher daily radiation than in the Control plot, as a result of
canopy gaps created from elevated large-tree mortality on the TFE since 2001. This
suggests that heat stress is likely to have been higher in the TFE trees, consistent
with differences in leaf-scale gas exchange capacity and temperature response data
for the TFE vs Control plots (Rowland et al., 2021a, Doherty et al., in review)

While changes in leaf orientation have been observed in multiple contexts to
reduce leaf-scale interception of radiation in high temperature environment (Medina
et al., 1978; He et al., 1996), the extent to which trees can mitigate temperature stress
through structural plasticity is largely unstudied at the scale of the full canopy. Here,
we consider two possible strategies for mitigating temperature stress: (i) reducing
solar exposure of leafy tissue during the afternoon when solar radiation is high
and soil moisture availability is at a minimum (Pons, Welschen, 2003; Brodribb,
Holbrook, 2004; Kamakura et al., 2011) and (ii) increasing leaf tissue area in the part
of the canopy where wind speed and related turbulence is routinely high, thereby
potentially increasing water use efficiency (Schymanski, Or, 2016).

Our analysis shows that more leaf tissue was allocated to the east and north
sides of the TFE tree canopies, in the direction of the morning (eastern) sun and

the prevailing winds (Figure 2.1, Appendix A.1). Westerly afternoon sun reaches

41



the leaves when pre-dawn soil xylem and leaf water reserves have been maximally
depleted, air and leaf temperatures are highest, and stomatal conductance tends to
be strongly reduced. We suggest that greater leaf growth on the eastern side of TFE
tree canopies would have contributed to more favourable leaf and canopy tempera-
ture regimes, thereby enhancing gas exchange under reduced soil water supply.

We note a further possible explanation for the bias in leaf area to the north.
High wind speed maximizes turbulent heat exchange from leaf to air for leaves with
stomatal conductance below 0.4 mol m™2s™ (Schymanski, Or, 2016). Mean maximum
stomatal conductance on the TFE trees is four-fold smaller than for the Control
trees, at 0.09 4 0.05 mol m2s' (Rowland et al., 2021a) suggesting that increased
turbulence would have a considerable ameliorating effect on WUE for leaves on the
side of the canopy that faces prevailing wind. The leaf area on drought-stressed TFE
trees may thus have built up a long-term bias towards the prevailing northerly wind
direction, in contrast to the non-droughted Control plot trees, where no cardinal bias
in leaf area was detected (Figure 2.1). We note, however, that the increase in leaf
area on the northern side of the TFE tree canopies did not have any relationship with
tree size: large trees are most exposed to prevailing winds, but dominant eddy size in
the prevailing winds may be sufficient to penetrate all major canopy layers. We are
not aware of prior evidence of trees increasing leafy tissue on the side of the morning
sun or prevailing winds under an independent environmental cue, such as drought,
and further research is needed to examine cause and effect behind changes in leaf
distribution in tree canopies, and their effects on local temperature environments

and net gas exchange.

2.4.4 Aggregate structure

Aggregate forest structure on the TFE altered considerably, with the forest dis-
tribution of leaf and woody tissue closer to the ground (Figure 2.2), 55.6 + 3.0%
less woody volume, and 29 4+ 6% lower leaf area index (Figure 2.4), resulting in an

increased leaf area index to woody volume ratio of 22 +9%. These aggregate struc-
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tural differences are due to large tree mortality (Rowland et al., 2015), increased
number of small trees filling in gaps created by tree mortality, increases in leaf area
of small trees, decreases in leaf area of large trees (Table 2.4, Appendix A.4), and
the summed changes in woody tissue architecture on the TFE as described in previ-
ous sections. Specifically, the overall decrease in woody tissue volume and leaf area
on the TFE appears to be occurring due to changes in the woody volume and leaf
area of trees above 22 to 25 m height (Figure 2.4): trees below ~25 m height have
similar or higher wood volume and LAI in aggregate, and trees above ~25 m height
have lower aggregated volume and LAI. The decrease in aggregate wood and leaf
tissue for trees above 25 m could be due to heightened hydraulic stress expected in
tall trees (Rowland et al., 2015; Olson et al., 2018; Liu et al., 2019), however we
found that no architectural woody traits had a negative interaction between tree
size and treatment, such that treatment affected large trees more than small trees,
which might be expected if there was a height-rainfall threshold. Canopy plasticity
for trees above a certain height may be functionally useless, especially if the canopy
fork height is above a certain threshold, as increased energy spent redistributing
woody tissue within a hydraulic danger zone would provide no benefit. If so, then
hydraulic conductance of large trees would be preferentially manipulated by reduc-
ing leaf area of the tree, which we do in fact see in large trees on the TFE (Table
2.4, Appendix A.4). However, loss of leaf area would also reduce carbon gain, po-
tentially increasing large risk of carbon deficiencies for large trees, which could lead
to additional vulnerability of large trees to further reduction in soil water.

In evaluating the drought tolerance of the aggregate forest after 17 years of TFE,
we note that many of the same characteristics that increase individual tree hydraulic
conductance or resource acquisition efficiency were present when comparing whole
forest structure of the TFE and Control. The water status of forest canopies would
improve on the TFE due to decreased frictional losses and reduced effect of the
gravitational component of water potential, as more woody tissue is located lower

to the ground, specifically below 15 meters (Figure 2.2), and leaf distribution was
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approximately 3 meters lower to the ground (Figure 2.3A) Interestingly, on the
TFE the woody tissue of forest canopies of large trees has not shifted lower (Figure
2.3B), likely due to limited ability to shed and regrow first order branches, which
may increase large tree vulnerability to soil water availability. In contrast, small
and medium sized trees had woody tissue volume at lower heights than the Control.

Resource acquisition of the TFE as an aggregate would also increase, due to
increased leaf area to woody tissue volume ratio by 22 &+ 9%, driven by increased
leaf area on small trees, decrease in leaf area on large trees, and mortality-related
decreases in woody volume of the large trees on the TFE (Rowland et al., 2015). This
has implications for carbon use efficiency, since a smaller amount of woody tissue
requires relatively more leaves in the TFE. This could also indicate that, at the plot-
level, there would be increases in transpiration per unit biomass. Earlier analysis of
transpiration at the plot level of TFE (Costa da et al., 2018) did not show an overall
reduction in yearly transpiration on the TFE in comparison to the Control. This
discrepancy may be explained by differences in stomatal conductance, not measured
in this study, which could be altering under droughted conditions leading to a null

change in transpiration.

2.5 Conclusion

We used terrestrial laser scanning to evaluate the effects of drought on structural
metrics that describe the architecture of Amazonian rainforest trees. We compared
adjacent forest plots, one of which was subject to long-term experimental drought
whereby 50% of incoming rainfall was removed continuously over 17 years. Our
data indicate that our key structural metrics altered plastically in response to the
drought treatment so as to ameliorate long-term hydraulic stress, in a manner anal-
ogous to the known plasticity in organ-scale plant traits. Our selected architectural
plant traits altered consistently in a manner favoring hydraulic stress mitigation at
multiple scales, from twig to tree to stand. Additionally, we found that the vari-

ation in these architectural traits can be described well with simple ground-based
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measurements, making it straightforward to tease apart environmental effects, and
critically, to predict these traits. Our findings have wide application in understand-
ing and advancing trait-based plant ecology, and in predicting the response of trees

to environmental stressors across multiple environments.
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Chapter 3

Structural and process-based
analysis of woody tissue
respiration during long-term

experimental drought

3.1 Introduction

The tropics have the highest carbon uptake and largest aboveground carbon stores of
all the world’s forests (Pan et al., 2011). There is a fine balance between tropical for-
est carbon uptake (gross primary productivity, GPP) and carbon release (ecosystem
respiration, Reeo), which ultimately determines if the forest is a net carbon source
or carbon sink; currently most years, intact tropical rainforests are an important
carbon sink (Cox et al., 2013; Huntingford et al., 2013). Ecosystem stress caused, in
part, by increased temperature and decreases in soil moisture have potentially led
to a decline in the magnitude of the carbon sink of tropical rainforests, particularly
the largest rainforest, the Amazon (Brienen et al., 2015; Gatti et al., 2021; Hubau
et al., 2020). This has important implications for the global carbon cycle.

In recent years, ecosystem stress may have resulted in the Amazon turning into a
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carbon source (Gatti et al., 2021). Recent analyses, however, show high uncertainty
around estimates of the tropical rainforest carbon balance, which result in a tropical
carbon balance that could be a large carbon sink, removing 9.7 GtCOseyr™ or the
largest terrestrial forest carbon source, at 6.3 GtCOqeyr™ (Harris et al., 2021). Un-
certainty around Re., estimates alone may be as high as 50% in the tropics (Campioli
et al., 2016; Harris et al., 2021; Metcalfe et al., 2010b), and the uncertainties become
even larger when predicting the sensitivity of Re., to temperature and drought stress
(Cleveland et al., 2015).

Reco 18 made up of three main source components: soil, wood and leaf. Generally,
soil accounts for the largest source of CO,, leaves are the second largest source,
and wood is the smallest source (Campioli et al., 2016). Of the three principal
components of Ree,, the smallest component — the wood — may have the highest
uncertainty in tropical rainforests, with recent scaling attempts resulting in a range
>300% of estimates of stand wood CO, efflux in a single tropical rainforest (Rowland
et al., 2018). Even though wood may be the smallest source of CO,, it can still
account for up to one third of Ree, (Campioli et al., 2016; Cavaleri et al., 2006;
Chambers et al., 2004; Malhi et al., 2009b), therefore this high uncertainty in stand
wood CO, efflux can have a large effect on the uncertainty of R, estimates.

The key issues involved in scaling wood CO, efflux are measuring the scalar
(e.g. surface area, volume, sapwood volume), and determining which scalar to use.
New ground lidar technology applied to forestry (Calders et al., 2020; Lau et al.,
2019b; Terryn et al., 2020; Verbeeck et al., 2019) may resolve this methodological
problem by providing detailed models of woody structure which can be used to
extract measurements of tree and forest scalars. This structural data can be used
to test different methods of scaling wood CO, eflux. Wood CO, efflux rates scale
with branch size (Mori et al., 2010; Rowland et al., 2018; Yoda, 1983), and this new
technology can provide the structural information necessary to model wood CO,
eflux rates per individual branch radius within a tree, vastly improving estimates

of wood CO, efflux at stand scale.
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Uncertainty exists as to whether CO, efflux scales with surface area, volume,
sapwood volume or mass of the woody tissue section under study (Levy et al.,
1999; Meir, Grace, 2002; Rowland et al., 2018; Ryan, 1990; Yang et al., 2016), with
most efforts focusing on area-based estimates. Surface area based scaling relies on
assumptions that the majority of wood respiration comes from the thin cambium
and phloem layer, which has been shown to be the case for select species (Spicer,
Holbrook, 2007). Volume, sapwood volume or mass based scaling assumes axial and
radial parenchyma tissue are substantial contributors to wood respiration. Sapwood
volume scaling approaches have drawbacks, as measuring living tissue or sapwood
volume is currently not possible without destructive harvesting. Mass or volume
scalars are easier to estimate than sapwood volume, however the contribution of dead
heartwood tissue confounds the functional link between woody volume or mass and
woody living tissue. A method to test whether woody tissue respiration scales on a
surface area or volume basis has been developed (?), which, when applied to diverse
tropical rainforest wood, has shown mixed and sometimes branch size-dependent
results (Cavaleri et al., 2006; Rowland et al., 2018).

Estimating current and future ecosystem respiration relies heavily on under-
standing how wood responds to climate (Anderegg et al., 2015; Brando et al., 2019;
Meir et al., 2018). The collective effect of drought responses on wood is generally a
reduction in quantity of forest woody tissue and reduced respiration rates (De Roo
et al., 2020; Lauriks et al., 2022; Rodriguez-Calcerrada et al., 2014; Saveyn et al.,
2007), which results in reduced forest wood CO, efflux. Reduced quantity of woody
tissue under drought can occur due to increased tree mortality rates (Nepstad et al.,
2015; Phillips et al., 2009; Rowland et al., 2015) and increased frequency of canopy
branch shedding in comparison to non-droughted periods (Li et al., 2018; Lloret
et al., 2004; Mueller-Dombois, 1983; Nolan et al., 2021; Rood et al., 2000; Shen
et al., 2022). Temperature can often increase in conjunction with water deficit, and
can have a large impact on wood COs efflux, as autotrophic respiration is expected

to respond exponentially to increases in temperature. Over longer time periods,
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plant respiration can acclimate to temperature (Atkin et al., 2015; Slot, Kitajima,
2015; Smith et al., 2019; Vanderwel et al., 2015), although the length of time re-
quired for acclimation and the magnitude of acclimation is not well characterized
(Reich et al., 2021).

When trees are drought stressed, the collective changes in organ structure (e.g.
branch shedding) and metabolic rates may alter the whole tree woody metabolism,
that is, the total amount of carbon that is consumed by woody tissue for maintenance
and growth processes. There are large scale patterns relating organism size with

metabolic rate (Kleiber, 1932), which are described by the equation:

Y = yOVa (31)

where Y is metabolic rate, yo is a normalization constant, V is organism volume (or
organism mass), and « is a scaling exponent that determines how metabolic load
tapers with size. Although universal scaling exponents have been suggested for trees
(Enquist et al., 2009; Mori et al., 2010; Reich et al., 2006; West et al., 1999), changes
within a tree affecting its structural allometry could alter the relationship between
whole tree metabolic rate and tree volume (Muller-Landau et al., 2006; Pretzsch,
2021). For example, replacing large diameter branches with an equivalent volume of
small diameter branches might result in lower wood COs efflux per unit tree volume,
since respiration (on a surface area basis) increases with branch size (Chambers et al.,
2004; Mori et al., 2010; Yoda, 1983). Shedding branches, and regrowing woody and
leafy tissue in places with lower temperature or lower light could reduce metabolic
load, as metabolic rates increase in high temperature and high light environments;
decreasing the canopy:trunk woody tissue volume ratio could reduce tree metabolic
load, since canopy branches respire at higher rates than the tree stem irrespective of
temperature and branch size (Asao et al., 2015; Cavaleri et al., 2006). Each of these
examples could result in lower tree woody metabolic rate, which may be beneficial in
the event of drought-induced limitations to carbon supply (e.g. reduced leaf or bark

photosynthesis, Cernusak, Cheesman, 2015). Importantly, structural modifications
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that reduce tree metabolic load can have detrimental impacts. For example, branch
shedding could lead to less spatial advantage to capture incoming light or lead to
less carbon supply due to leaf shedding. Therefore woody structural modifications
need to be taken within a wider context as they can have both positive and negative
consequences for the tree carbon balance and the tree’s performance.

Scaling of organ metabolism to tree and stand requires the drivers and variance
of wood CO, efflux rates to be well characterized. There are particular difficulties
in measuring and interpreting wood metabolism, as respiratory-derived wood CO,
efflux can diffuse radially, axially (Levy et al., 1999; McGuire, Teskey, 2002; Salomén
et al., 2018; Teskey et al., 2017), or be removed by carboxylating enzymes in woody
tissues (Dima et al., 2006; Gansert, Burgdorf, 2005; McGuire et al., 2009; Pfanz
et al., 2002), meaning the commonly measured wood radial CO, efflux is not directly
translatable to the respiration rate of underlying live woody tissue. Hence, the term
‘wood COs efflux’, commonly considered to be the radial CO4 efflux, is distinguished
from wood respiration, which is all CO, derived from respiration in woody tissue.
Currently, most measurements of woody tissue metabolism in the field are based on
measurements of wood CO, efflux. Measuring respiratory oxygen uptake has been
suggested as an improved alternative to measuring wood respiration (Angert, Sherer,
2011; Hilman, Angert, 2016), as oxygen is not consumed in carboxylating processes,
and has 28x lower solubility in water at 20°C than CO,, resulting in relatively less
axial diffusion of O,. The ratio of CO4y efflux to respiratory Oy consumption in
the stem, known as the apparent respiratory quotient (ARQ), is 1 when cells are
metabolizing carbohydrates (stoichiometry), the principal substrate for respiration
in wood (Hilman, Angert, 2016). Therefore, the CO, sink of woody tissue (e.g. axial
movement or carboxylation) can be measured as the difference of ARQ from unity,
and can inform methods to translate CO5 eflux rates to wood respiration.

An important advance in modelling tree architecture, using high-precision spa-
tial information obtained using terrestrial laser scanning (TLS, Disney et al., 2018;

Malhi, 2018; Meir et al., 2017), can provide the structural data needed to evaluate
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metabolic rates of entire trees. This is a step-change from previous studies, which
were limited to comparing point-measurements of woody metabolic rates. This new
technology can be applied to improve understanding of individual tree metabolic
changes, and forest carbon efflux estimates (Calders et al., 2020; Lau et al., 2019b;
Meir et al., 2017; Brugnera Porcia e et al., 2019; Verbeeck et al., 2019). Prior to
TLS, scalars of woody tissue CO, eflux were modelled using an allometric equation
relating the scalar (e.g. surface area, volume) and tree diameter at breast height
(DBH) and, sometimes, the height of the tree. Although useful tools, allometric
models are particularly unsuitable for drought/climate change studies because (i)
the models do not take into account drought-induced changes in tree allometry and
(ii) allometry errors increase with tree size (Burt et al., 2020; Momo et al., 2020),
so large trees, which may be most sensitive to drought (Rowland et al., 2015), are
the most poorly estimated.

The basis of this study is a 18-year through-fall exclusion experiment (TFE)
with 50% of throughfall removed from one-hectare of tropical rainforest in eastern
Amazonia; all results from the TFE are compared against a nearby one-hectare
Control plot, where no drought-treatment has been imposed. The TFE has changed
since the beginning of the experiment in July 2002, with approximately 40% of tree
biomass lost due to high mortality rates in large trees (Rowland et al., 2015). The
death of large trees reduced the uppermost canopy coverage of the forest, allowing
greater light penetration on the TFE than Control (Rowland et al., 2021a). Wood
COy efflux was previously measured between 2014-2017 on 215 trees (Rowland et al.,
2018), and was found to be seasonally higher on the TFE than the Control in the wet
season. Small trees have adjusted to the changes in water availability (Bartholomew
et al., 2020; Giles et al., 2022); however, trees above 10 cm diameter at breast height
(DBH) have shown no hydraulic adjustment, resulting in significant hydraulic stress
(Bittencourt et al., 2020).

Here, we evaluated wood COs efflux, and wood respiration on the TFE at the

organ, tree and stand level, using methods relying on terrestrial laser scanning (TLS)
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to model woody tissue structure. We measured CO, efflux in the canopy (N = 789)
and the stem (N = 962) and additionally measured ARQ (N= 48), which we used
to translate wood CO4 efflux to wood respiration. We scaled measurements of wood
CO; efflux to the tree-level (N = 329): we use a model of wood CO, efflux developed
from canopy and stem measurements, which is applied to tree structural models to
determine CO, efflux rate per tree branch, the sum of which is tree wood CO,
efflux. This allowed us to test how alterations in wood COs efflux rates and tree
structure under water deficit jointly affect metabolic load of whole trees. Finally, we
scaled wood CO, efflux to the stand, by applying an allometric relationship of tree
woody CO, efflux to all trees on the treatments. To account for potential differences
in temperature environments between treatments due to higher light environment
on the TFE than Control (Rowland et al., 2021b), we model hourly wood surface

temperature in 2019. Specifically, we address the following hypotheses:

e Wood CO, efflux and wood respiration have increased on the TFE.

e Wood metabolic load on trees has reduced under drought due to structural

changes in trees on TFE.

e Total stand wood COs efflux (Ryood) has decreased due to decreases in above-

ground biomass on the TFE in response to long term water deficit.

e Ambient Ry0q Will increase in the TFE in response to environmental warming
due to greater penetration of high irradiance following drought-induced death

of large trees.

3.2 Materials and Methods

3.2.1 Site

All measurements were taken at an old-growth terra-firme tropical rainforest site in
eastern Amazonia, Caxiuana National Forest Reserve (1°43’S, 51°27°W), where the

annual precipitation is 2000-2500 mm, with yellow oxisol soil (Ruivo, Cunha, 2003).
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The site is seasonal, with rainfall below 100 mm for 6 months of the year. Seasons are
classified as Dry (September-November), Dry-Wet transition (December-February),
Wet (March-May), and Wet-Dry transition (June-August) based on monthly median
surface soil volumetric water content on the Control plot (VWC, m® m™, CS616,
Campbell Scientific Inc.). A through-fall drought experiment (TFE) was installed
in January of 2002 on one hectare of tropical rainforest and had been continuously
maintained for 18 years prior to the reported year of study. Alongside the TFE, a
Control experiment was established, enabling a comparison of the long term effects
of water deficit on tree hydraulics and carbon cycling in tropical rainforest.

The TFE excluded approximately 50% of the throughfall using inclined trans-
parent panels at 1-2 meters in height and a system of gutters. Litter was removed
from above the panels and placed below the panels on the forest floor every 2-3 days.
A 1-2 m trench was dug around the perimeter of the TFE to prevent lateral soil
water flow, which was replicated on the Control (see Costa da et al., 2010; Fisher
et al., 2007; Meir et al., 2009, 2018, for further information on experimental set-up).
All trees within the outer 10 meters of the experiment are excluded, due to potential
edge effects. For an overview of principal findings, see Meir et al. (2018).

The TFE experiment is located in a remote eastern Amazonian rainforest, and
was resource intensive to establish and maintain, restricting replication of the treat-
ment design. Although replication would have been possible had the experiment
sample plots been smaller, this would have precluded an ecosystem-scale study of
water-deficit, which was the objective of this experiment. This large-scale experi-

ment design has been used elsewhere (Likens et al., 1970).

3.2.2 Terrestrial laser scanning (TLS)
TLS methods

Terrestrial laser scanning data (TLS) were collected using a Riegl VZ-400 (RIEGL
Laser Measurement Systems GmbH) in October 2018, the dry season. The RIEGL

VZ-400 operates at a wavelength of 1500 nm, has a beam divergence of 0.35 mrad,

23



and an exit diameter of 7 mm. Lidar scans were co-registered into a common coordi-
nate system using RISCAN PRO (v2.7.0) and the point clouds of trees above 10 cm
DBH in the two hectares were partially automatically extracted using treeseg (?)
and partially extracted manually. All point clouds were extracted on a 20 m x 20
m grid sampling. After extraction, leaf material returns were separated from wood
using TLSeparation v1.0 (Vicari, Wilkes, 2018). Each tree was visually inspected
to determine adequate leaf-wood separation using CloudCompare, and the tree was

manually edited to improve the final separation when necessary (CloudCompare,

2021).

TLS tree structure

Tree volume and tree surface area information was extracted from quantitative struc-
tural models (QSMs) constructed using TreeQSM (v 2.3.2, Raumonen et al., 2013,
2015) from wood point clouds of 329 trees, where input parameters were auto-
matically selected using optQSM v 0.1.0 (Burt et al., 2021). Error for each QSM
volume was estimated by using mean tree error from a nearby destructive harvest
TLS-calibration experiment in a tropical rainforest 8 km distant from the drought
experiment site (Burt et al., 2021). This destructive harvest — TLS calibration study
(Burt et al., 2021) provides rare high-quality validation in tropical rainforests for
the structural metrics derived for this study using TLS.

The 20 m x 20 m sampling grid of TLS data provided low resolution point clouds
for modelling tree QSMs from point clouds of a dense tropical rainforest. TLS data
on the Control were available in a 10 m x 10 m grid sampling, therefore a subset of
146 trees, extracted in both the 10 m x 10 m and 20 m x 20 m sampling grid, were
compared, and the relationship was used to correct surface area and volume of all
trees on the Control and TFE extracted in a 20 m x 20 m sampling grid (Appendix
B.1, B.2 N = 146; surface area, R?=0.94; volume, R?=0.97).

The height at which the first major branching fork in the canopy occurred was

measured manually using woody tissue point clouds, and subtracted for the min-
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imum height at the base of the tree. All branches above and including this fork
height were considered to be the canopy of that tree. Tree canopy width was mea-
sured using leaf point clouds: a 2D convex hull was fit to the leaf point clouds from
a bird’s eye orientation and then the perimeter of the convex hull (P) and the area

(A) of the convex hull were used to attain a mean width of the canopy:

3.2.3 Wood CO, efflux

Sample selection

Wood COs efflux, which is the radial efHux of CO4 from woody tissue, was measured
monthly at breast height between October-2018 and December-2019 on 51 trees in
the Control, and 52 trees in the TFE, alongside measurements of surface wood
temperature. Measurements could not be taken in December-2018 and February-
2019 for logistical reasons. Additionally, two campaigns were performed in October-
2018 (peak dry season) and March-2019 (peak wet season) in which canopy wood
COg efflux was measured in situ as well as on excised branches using rope access
techniques. In total, we measured wood COs efux on 192 individuals, 103 trees on
the Control and 89 trees on the TFE, which ranged from 10.3 cm to 103.7 cm DBH.
The diameters of measured branches and stems ranged from 0.1 cm to 103.7 cm.
In these two hectares, there were 100 genera present, however some genera were
more common than others. We sampled 41 genera at this site, which represents 41%
of all genera, and 80% of all trees on the two hectares. Three or more individuals
were measured to provide replication for the following genera on each treatment: As-
pidosperma, Eschweilera, Inga, Licania, Manilkara, Micropholis, Minquartia, Poute-
ria, Protium, Swartzia and Vouacapoua. Within this group there were 8 species
that had at least three individuals per treatment: FEschweilera coriacea, Licania
octandra, Manilkara bidentata, Minquartia guianensis, Pouteria anomala, Protium

tenuifolium, Swartzia racemosa, and Vouacapoua americana. See Appendix B.3 for
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the full list of species measured, and the number of individuals. During the 2018-
2019 measurement period, 467 wood CO, efflux measurements were taken at breast
height on the Control, and 495 on the TFE. In addition, 432 measurements were
taken of canopy branches in the Control, and 357 in the TFE during two campaigns,

one in peak dry season, October-2018, and one in peak wet season, March-2019.

Wood CO, efflux measurement methods

Wood CO, efflux was measured using an infra-red gas analyser (EGM-5 PP Systems,
Hitchin, UK) in a closed system for a minimum of 3 minutes per measurement.
Chambers were tested for leaks, and if a leak was detected, the measurement was
aborted. The slope of the linear regression of COs over the last 30 seconds of

sampling was used to calculate the rate of CO, efHux using the following equation:

R AC PV
At 8.314A(T + 273.15)

(3.3)

where AC/ At is the change in CO5 concentration over the last thirty seconds of
the measurement (ymol s!'), P is pressure (Pa), T is temperature of air within the
chamber (°C), A is surface area of the ground or tissue covered by the chamber
(m?), V is chamber volume (m?®) and R is wood COj efflux (umol m? s). If
the R? of the linear regression was below 0.9, the linear regression was visually
checked to determine whether the data should be discarded or whether inclusion was
appropriate (on a subset of measurements, R? was lower than 0.9 due to slow efflux
of CO, from the woody tissue). If necessary (<1% of data), the linear regression
was performed on the last 1 minute of sampling, and the value was included in
subsequent analyses.

Wood CO, efflux values were temperature corrected, using a standard exponen-

tial equation:

r o= T25Q10((T1_T25)/10) (3.4)
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where 17 is CO, efflux rate at ambient temperature (gmol COy m™ s1), a5 is CO,
efflux rate at 25°C (umol COy m™ s'), T is ambient temperature (°C). We note
that Q10 is expected to alter under drought scenarios, ontogenetically, due to growth
rate and seasonality. The Q10 for woody tissue was not measured for these sites,
therefore no adjustment was possible to account for potential differences in tissue
temperature response between the TFE and Control. Additionally, the measured
surface temperature of the woody tissue is likely to be higher than that of underlying
tissue. Here we used a Q10 of 2.0, which has been used for our site and other
tropical rainforest sites (Cavaleri et al., 2006; Rowland et al., 2018), based on Q10
measurements of tropical rainforest trees elsewhere (Meir, Grace, 2002; Ryan et al.,
1994).

For in situ measurements of wood COs efflux, measurement chambers were fixed
to the stem using ratchet straps and closed-cell foam, and a small perforated tube
was connected to the air inlet inside the chamber to promote passive mixing whilst
avoiding vortex effects on efflux rates potentially caused by an internal fan (Rayment
et al., 2002). Chambers were similar in size and design to previous methods used in
tropical rainforests (Rowland et al., 2018). Surface wood temperature was measured
using a type T thermocouple near the measurement chamber, and the diameter of
each branch was measured directly below the measurement chamber. Measurements
were taken throughout the day (8:00-17:00 h). For measurements of excised twigs,
the ends of twigs were sealed with parafilm, and the twig was placed within a
chamber where wood CO, efflux was measured. The dimensions of the twig were
used to measure the volume and surface area of the twig. Wood CO,y efflux was

temperature corrected to 25°C, using equation 3.4.

3.2.4 Wood Respiration - ARQ

The ratio of CO4 efflux to Os influx (Hilman, Angert (apparent respiratory quotient,
or ARQ), 2016)) was measured in March 2019 and was used to estimate woody tissue

respiration from wood CO, efflux rates by dividing wood COs eflux by ARQ. The
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ARQ measurements were taken at peak sap flow (12:00-14:00 hrs) and at low sap
flow (21:00-24:00 hrs) in the canopy and at breast height (1.3 meters) on 12 trees of
two species, Pouteria anomola, Eschweilera coriacea, ranging in DBH from 16.3 cm
to 42.75 cm. We used branches no smaller than 10 ¢cm in diameter, and in total a
maximum of 48 ARQ measurements were possible. Measurement of ARQ followed
protocols developed by Angert et al. (2012); Hilman, Angert (2016); Hilman et al.
(2019, 2022). CO. efflux rates were measured prior to installing glass flasks (3.7
mL) on an air-tight chamber flush with the stem. After a period of equilibration of
2-3 hours, the flasks were removed, stored, and transported to a laboratory where
ARQ was measured.

To determine if an axial sink of COy accounted for differences in ARQ, sap flow
was measured adjacent to each ARQ chamber for 2-9 days, logging every 15 min-
utes. The sap flow sensor was logging during the period of ARQ measurements. Sap
flow was measured using the heat ratio method (Burgess et al., 2001) using two sap
flow sensors per tree (ICT, SEM1, ICT International, Australia); one was located
in the canopy, one at breast height. Sap flow was baselined using a constant value
for minimum sap flow per tree, which was the mean nightly sap flow between 4:00-
6:00 h throughout the entire measurement period. This method of baselining has
limitations as it does not take into account reverse sap flow or nighttime transpira-
tion (Forster 2014) in trees by excluding values from nights with high evaporative
demand (Hoelscher et al., 2018), although it has been widely used (Dugas 1994,

Lindroth 1995, Langensiepen et al., 2014).

3.2.5 Scalars of wood CO, efflux

We tested scaling wood CO4 eflux by tree surface area and by volume only, since we
did not have any measurements of sapwood volume or direct measurements of wood
density for trees at the site, which would have allowed us to additionally test scaling
of wood COs efflux by sapwood volume or mass. The scalar for wood CO4 efflux was

tested using an approach developed by (?): if COy efflux scales on a surface area
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basis, CO, eflux on a volume basis is positively linearly related to the reciprocal
of stem diameter; if a volume scalar should be used, there will be a positive linear

relationship between CO, efflux on an area basis with diameter (7).

3.2.6 Wood CO; efflux model

Wood COs efflux, temperature corrected to 25°C (WCss), was modelled on a surface
area basis, where nonsignificant variables were excluded using a stepwise mixed
multiple linear regression analysis (Zuur et al., 2009). Only WCy; data for stems
and branches larger than 5 cm in diameter were included in the final model of WCss.
The initial model of WCy5 for branches greater than 5 cm in diameter included
treatment, month, branch diameter, location of the wood (canopy or stem), time
of day, morning (8:00-11:00 h), midday (11:00-14:00 h), and afternoon (after 14:00
h), total yearly growth rate (cm circumference yr!), and an interaction between
treatment and each fixed effect. A random effect of tree individual and genus was

also tested.

3.2.7 Wood temperature model

Wood surface temperature was measured during October-2018 and March-2019 and
was applied to model hourly wood surface temperature for trees in the Control and
TFE, in order to scale WCy5 to ambient temperature conditions. The final model
of local wood temperature includes air temperature at 16 m, total global radiation
(W/m?), the light score of the tree (1-5, 1 low light, 5 high light), the season (Wet,
Wet-Dry transition, Dry, Dry-Wet transition), the experiment (TFE, Control), and
the location of the temperature measurement (canopy, trunk). Half hourly meteo-
rological data were gap filled using the weekly, monthly, or seasonal mean for the
given hourly increment, resulting in gap filling for 4.7% of air temperature values,

and 2.5% of total global radiation in 2019.
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3.2.8 Scaling wood CO- efflux

To scale wood CO, efflux to stand (Ryeoq, Mg C ha'lyr ), all trees above 10 cm DBH
were included in the analysis except for lianas and palms. The method for scaling
wood COsy efflux to stand wood CO, eflux used QSMs, which provide structural
information for each tree, including tree branch sizes and quantities per tree. We
applied a model of wood CO, efflux, which relies on branch diameter and tree
location (canopy, stem) to each QSM, to calculate a distribution of modelled wood
COg efflux values associated with individual branches on each QSM. The modelled
wood CO, eflux was multiplied by the surface area of the respective branch, and
the sum of this was taken per tree, resulting in whole tree wood CO4 efflux rate.
TLS methods do not have adequate resolution to model small diameter branches,
therefore the branches below 5 cm were modelled separately (Appendix B.1). Whole
tree wood COy efflux per month was modelled by tree surface area, and applied to
all remaining trees on the plots. The wood temperature model was applied to
correct wood COs efflux values to ambient temperatures in each plot, and scaled to
determine yearly efflux of COs. Error is estimated as the sum of TLS error from
the harvest comparison using felled tree biomass (3%, Burt et al., 2021), and the
standard error of the wood COs efflux rates divided by the mean of the wood CO,

efflux rates.

3.2.9 Statistics

All analyses were performed in R (4.0.3 R Core Team, 2021). All errors presented
are standard errors of the mean, unless otherwise noted. The 95% confidence inter-
vals of parameter estimates were computed using a parametric bootstrap, applying
function bootMer from the Ime4 package (Bates et al., 2015). The 95% confidence
intervals were calculated for nonlinear models using the predictNLS function from
the propagate package (Spiess, 2018). Mixed effects models were performed using
the Ime4 package. Marginal and conditional R? are reported (R?,,, R%., respectively)

for mixed effects models. For all models, fixed effects were iteratively tested for in-
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clusion, and genus and tree individual were tested as random effects, using methods
outlined in Zuur et al. (2009). One-way ANOVA was used to compare the effect of
the interaction of species/genus, treatment, season, and measurement type, where
measurement type was considered twigs (<2 c¢m diameter), canopy branches (> 2
cm diameter) and stem measurements taken at 1.3 m height on wood COy efflux.

All ANOVA were followed with a Tukey’s post-hoc test.

3.3 Results

3.3.1 TFE physical environment
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Figure 3.1: Seasonal variation in soil volumetric water content (VWC, m?® m™)
at 5 cm depth in the Control (black) and TFE (red) in 2019, where VWC was
measured hourly. Colored background represents seasonal classification as Dry, Dry-
Wet Transition, Wet and Wet-Dry Transition.

The TFE treatment resulted in a median soil VWC in 2019 between 38-67% lower
than the Control, dependent on the month (Figure 3.1). Woody surface temperature
in the wet and dry season were higher than the Control (N = 601, Figure 3.2, 3.3),
hence all values presented for scaled respiration are presented at 25°C and at ambient
temperature. The temperature environment for trees on the TFE was modelled as

a function of hourly total global radiation (W/m?), hourly air temperature at 16

61



meters (°C), season (Wet, Dry), location of wood (Canopy, Trunk), tree light score
(1-5, high-low) and experiment (TFE, Control), resulting in higher hourly woody
temperature during the day on the TFE than Control by up to 2.3°C (Figure 3.4A,
3.4B). The temperature model described 83.5% of the variance in measured wood
temperature (Appendix B.5), and was applied to predict local wood temperature
for each hour of each day of 2019 for canopy and trunk wood. Although modelled
hourly woody temperature in the TFE was higher than in the Control diurnally
(Figure 3.4A, 3.4B), the median yearly difference between TFE and Control in
hourly temperature was 0.01°C, as a result of modelled temperatures having no
treatment effect between approximately 18:00- 8:00 h. Additionally, differences in

modelled temperature between treatments were less than 1°C for 76% of the year.
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Figure 3.2: Point measurements of woody tissue surface temperature (°C) on Control
(black) and TFE (red) versus air temperature measured at 16 m height (°C).

3.3.2 Tree and plot woody structure on TFE and Control

The surface area values of trees modelled using TLS were lower than the previously
published tropical tree allometric model relating surface area to DBH (Figure 5A,
Chambers et al., 2004). The widely used surface area model from Chambers et al.
(2004) indicates that the slope of the surface area of trees vs. DBH decreases above
approximately 80 cm DBH (Figure 3.5B), and that there is a negative relationship

between DBH and surface area for trees above 250 ¢cm DBH. In contrast, TLS
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Figure 3.3: Measurements of woody surface temperature (°C) per hour of the day in

Control (black) and TFE (red) on woody tissue located in the canopy (left panel),
and at 1.3 m height (right panel).
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Figure 3.4: A. Modelled diurnal pattern in wood surface temperature on the Control
(black) and TFE (red) using a wood surface temperature model that relates mea-
sured wood surface temperature with half hourly measurements of air temperature
(16 m), total global radiation, season, location of wood (canopy, stem), experiment
(TFE, Control), and tree light score (1-5, low-high light), and an interaction between
the air temperature and tree light score, and an interaction between air tempera-
ture, total global radiation and tree light score (R? = 0.84, Appendix B.5). B. The
difference in hourly modelled wood surface temperature between TFE and Control.
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indicates that the surface area continues to increase, potentially exponentially with
tree DBH, although we do not have sufficient data for large trees to test whether

the increase is exponential (Figure 3.5B).
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Figure 3.5: A) A comparison of tree surface area from Chambers et al., 2004 with
tree surface area using quantitative structural models derived from TLS. The R?
and linear regression equation are shown at top left of graph. The dashed line has
slope of 1, intercept of 0. B) The surface area of trees using TLS methods (black)
and Chamber et al., 2014 (grey) versus tree DBH.

Treatment had an effect on tree structure. Trees on the TFE had a lower tree
surface area for an equivalent-sized tree volume on the TFE in comparison to the
Control (Figure 3.6A). Specifically, canopy woody volume was lower on TFE than
Control trees of the same size (Table 3.1), resulting in a higher tree mean branch
radius, where mean is weighted by branch volume (Figure 3.6B). This resulted in

lower surface area to volume ratios on the TFE than the Control (Figure 3.6A),
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since the surface area to volume ratio decreases with increasing branch radius.

Table 3.1: The coefficients for linear regression models describing the relationship
between canopy wood volume (m?) and tree woody volume (m?), and the effect of
treatment.

Dependent variable:

log(Canopy volume)

log(Tree volume) 1.015%
(0.043)

plotTFE —0.428***
(0.104)

Constant —1.336™*
(0.075)

Observations 318

R? 0.682

Adjusted R? 0.680

Residual Std. Error 0.896 (df = 315)

F Statistic 337.593"* (df = 2; 315)

Note: “p<0.1; *p<0.05; **p<0.01

When evaluating the total forest surface area on a per tree basis, the cumulative
woody surface area, starting from trees of 10 cm DBH, was lower on the TFE than
the Control for all trees greater than 12.5 cm DBH (Figure 3.7). The total wood
area index (WAI, m?m™?), which is projected wood surface area per m? ground area,
on the Control was 0.59 £+ 0.02 m?/m?, and on the TFE 0.34 £+ 0.01 m?/m? (Figure
3.7).

3.3.3 Wood CO, efflux rates
Levy-Jarvis method to test for the best scalar for Wood CO5 eflux

The analysis of the raw data using Levy-Jarvis method (7) indicated that wood
CO, efflux scaled on a surface area basis for all tissue branch sizes. The Levy-Jarvis

method demonstrates that if wood CO, efflux rate is related to surface area, then
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Figure 3.6: A) The relationship between tree volume (m?) and tree surface area
(m?). B) The relationship between tree mean radius, where mean radius is weighted
by branch volume, and tree woody volume (m?) for Control (black) and TFE (red).
The linear regression equation is shown at the bottom right.
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Figure 3.7: The cumulative sum of wood area index (WAI) on TFE (red) and Control
(black), where the cumulative sum starts from trees with a DBH of 10 ¢cm, and ends
with the largest tree in each treatment.
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dividing both the wood CO4 efflux rate and the wood surface area by woody tissue
volume would result in wood COy efflux rates on a volume basis proportional to
the reciprocal of the branch radius, relying on the fact that the ratio of surface
area to volume for a cylinder of equal length and equal radius is 2 divided by the
radius (for further explanation see 7). For data presented here, wood CO, efflux
on a volume basis is linearly related with the reciprocal of the branch diameter,
suggesting surface area scaling (Figure 3.8, R? =0.37). Therefore, throughout the
results, all models and values of wood CO, efflux are presented on a surface area

basis, and wood CO, efflux is scaled using surface area as a scalar.
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Figure 3.8: Wood CO; efflux on a volume basis (umol CO, m™3s?), versus the
reciprocal of branch diameter (cm™). The linear regression equation is shown at the
bottom right.

Wood CO, efflux

Mean wood CO, efflux at 25 °C (WCsys) in 2018-2019 was 1.1 £ 0.02 gmol COy m™
st (N = 1625, range 0.05-3.9 umol CO, m™ s7!), where branch and stem diameters
ranged from 0.1 to 103.7 cm. For twigs smaller than 2 cm in diameter (hereafter,
‘twigs’), mean WCy; was 0.9040.04 mol COy m™? st (N= 378); for canopy branches
larger than 2cm (hereafter, ‘canopy branches’), WCq; was 1.3 + 0.04 pmol COy
m? s (N = 319); and for tree stems, measured at 1.3 m, WCs5 was 1.1 4 0.02

pmol COy m? st (N=928). There was no treatment effect on WCy; for stems or
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canopy branches, although WCy5 of twigs on the TFE was higher than the Control
in March (wet season) by 0.52 & 0.16 gmol COy m™ s (Figure 3.9). Month had
an effect on WCy5 for twig, canopy branches, and stem measurements: twig WCss
was 1.46 + 0.13 pmol COy m™? s higher in March (peak wet season) than October
(peak dry season); canopy WCy; was 0.33 £ 0.2 umol CO, m™? st higher in March
(peak wet season) than October (peak dry season); and monthly stem WCss was
different each month, with the maximum difference between mean monthly stem

measurements being 1.1 4+ 0.2 pmol COy m™? s (Figure 3.9).
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Figure 3.9: Wood CO; efflux (umol CO, m™2s! per month measured on the TFE
(red) and Control (black) for stem woody tissue (1.3 m height, N = 928), and canopy
branches, where the canopy measurements are separated into categories of branches
larger 2 cm in diameter (N = 319), and twigs, which are considered branches smaller
than 2 cm in diameter (N = 378). Stem wood CO4 efflux was measured for all months
in 2019, except February. Stem wood CO, eflux was measured on the same 103
trees (Control,51; TFE, 52) each month. No treatment effect was present for wood
COg efflux within a given month for stem or canopy branch measurements, although
canopy twig wood CO, eflux was higher on the TFE in March than Control twigs.
The final model of wood COs efflux included the variables month, branch diameter,

tree growth rate, time of day, location of the wood (canopy, ground), and a random
effect of tree individual (Table 3.1).

The final model of WCy5, using WCsys5 of branches only above 5 cm in diameter,
included month of the year, branch diameter, location of the wood (canopy, ground),
time of day (morning, midday, afternoon), and total yearly growth rate of the tree
(cm circumference yeartree!), with a random effect of tree individual ( R%. =0 .34,

R%, = 0.16, Table 3.2); genus as a random effect was not significant. WCsys was
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highest after 15:00 hrs in comparison to morning (7:00-11:00) or midday (11:00-
15:00), and was higher in the canopy than the trunk by 0.24 4+ 0.07 gmol COy m™

s1. WCys increased with branch diameter and total yearly growth rate.

Table 3.2: The model coefficients of linear mixed effects model of wood CO4 efflux
at 25°C (WCsys) for woody tissue with a diameter above 5 cm. The final fixed ef-
fects were month, growth (circumference growth cm day™), time of day (morning,
7:00-11:00h, midday 11:00-14:00h; afternoon > 14:00 h), tree location (canopy mea-
surements or ground measurements at 1.3 m height), and branch diameter (m), with
tree individual as a random effect (uniqueid).

Predictors Estimates std. Error p
(Intercept) 1.73 0.12 <0.001
month [3] -0.36 0.10 0.001
month [4] -0.72 0.12 <0.001
month [5] -0.71 0.12 <0.001
month [6] -0.64 0.11 <0.001
month [7] -0.40 0.12 <0.001
month [§] -1.08 0.11 <0.001
month [9] -0.82 0.11 <0.001
month [10] -0.59 0.11 <0.001
month [11] -0.41 0.11 <0.001
month [12] -0.64 0.12 <0.001
growth 0.02 0.01 0.002
tod [Midday]| -0.09 0.04 0.038
tod [Morning] -0.18 0.07 0.010
Tree.location [Ground] -0.24 0.07 0.001
branch.diameter 0.66 0.21 0.001
Random Effects

o? 0.38

7 uniqueid 0.11

ICC 0.22

N uniqueid 143

Observations 1163

Marginal R? / Conditional R* 0.150 / 0.338

When evaluating WCsy5 data of 3 or more individuals per genus, per experiment
(Figure 3.10), genus had an effect on WCsys for Minquartia, Eschweilera, and Voua-
capoua. WCsy5 increased in the wet season in comparison to dry for Eschweilera by

0.42 pmol COy m2 st (95% CI 0.003-0.84, p = 0.05), Licania by 0.53 umol CO,
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Figure 3.10: Wood CO, efflux at 25°C (WCsys, umol CO, m™? st in Control (black)
and TFE (red) separated by genus and season for stem measurements (measured at
1.3m, circles), and canopy measurements, where canopy measurements are separated
by branch diameter into two categories: canopy branches greater than 2 cm in
diameter (triangles), and canopy twigs less than 2 cm in diameter (square). TFE
treatment had an effect on Licania, resulting in lower WCss by 0.49 pmol CO,
m?2 st (95% CI 0.127-1.11, p = 0.001) on the TFE than the Control, however no
other treatment effect was found. Genus had an effect on WCy5 for Minquartia,
Eschweilera, and Vouacapoua. WCss; increased in the wet season in comparison to
dry for Eschweilera by 0.42 ymol CO, m™2 st (95% CI 0.003-0.84, p = 0.05), Licania
by 0.53 pmol CO, m™2 s (95% CI 0.023-1.03, p =0.02), Pouteria by 0.52 ymol CO,
m2 st (95% CI0.16-088, p = 10-5) and Vouacapoua by 0.65 pmol COy m™2 st (95%
CI 0.13-1.18, p = 0.002).
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Figure 3.11: Wood CO; efflux in Control (black) and TFE (red) measured on tree
stems (measured at 1.3m, circles), canopy branches greater than 2 cm in diameter
(triangle), and canopy twigs less than 2 cm in diameter (square) for 8 species in the
dry season and wet season. There was no TFE treatment effect on any species, how-
ever there was a species effect on WCsys for Licania octandra, Manilkara bidentata,
Pouteria anomala, Vouacapoua americana, and FEschweilera coriacea. The WCqs of

Vouacapoua americana was different seasonally, with the wet season higher than the
dry season by 0.67 pmol CO, m™? st (p = 0.001, 95% CI 0.15-1.17).
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m2 st (95% CT 0.023-1.03, p =0.02), Pouteria by 0.52 pmol COy m™ s (95% CI
0.16-088, p = 10-5) and Vouacapoua by 0.65 pumol CO, m? st (95% CT 0.13-1.18,
p = 0.002). Only one genus, Licania, was affected by the TFE drought treatment,
resulting in an overall lower WCsy;s by 0.49 pmol CO, m™? st (95% CI 0.127-1.11,
p = 0.001) on the TFE in comparison to Control. When evaluating WCss of data
with 3 or more individuals per species per experiment (Figure 3.11), there was no
treatment effect on species, although there was a species effect on WCy5 for Licania
octandra, Mamilkara bidentata, Pouteria anomala, Vouacapoua americana, and Es-

chweilera coriacea. Only Vouacapoua americana had seasonal differences, with an

increase in the wet season by 0.67 umol CO, m™ s (p = 0.001, 95% CI 0.15-1.17).

3.3.4 Scaling wood CO; eflux model to trees

The model of WCy5 was applied per branch cylinder for the QSMs of 321 trees,
resulting in a modelled WCsy5 value per cylinder on each tree. The WCy; was
multiplied by the surface area of each cylinder, the sum of which was the whole
tree woody COs efflux. The relationship between whole tree woody CO, efflux
and tree volume was fit with a nonlinear scaling equation (equation 3.1). Both the
normalization constant (yo) and the scaling exponent (a) were different between
treatments, with the exponent on the TFE higher than the Control, at 0.83 £ 0.02
versus 0.69 £ 0.01, respectively (Figure 3.12, Table 3.3) and y, on the TFE lower

than the Control, 0.0091 + 0.003, 0.011 &£ 0.0002, respectively.

3.3.5 Scaling wood CO; efflux to stand

We applied a model of whole tree WCy;s using tree surface area (Table 3.4, R* =0.88)
to all trees on the TFE and the Control, the sum of which was used to estimate
plot-level wood COq efflux. When tree wood COs efflux was scaled to plot (1 ha),
Ruwood at ambient temperature was 3.94+0.9 Mg C ha'tyr for the TFE (3.440.7 Mg
C ha'llyr? at 25°C), 6.8 £ 1.6 Mg C halyr! for the Control (6.5 + 1.4 Mg C ha'lyr!

at 25°C), which is a difference in Ryo0q at ambient temperature between TFE and
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Table 3.3: Model coefficients and standard error for nonlinear scaling equation of
whole tree wood CO, efflux (Mg C treetyr!) versus tree woody volume (m?), using
equation 3.1 where yj is a normalization constant, V is tree volume (m®) and « is a
scaling exponent.

Whole tree wood CO4 eflux

Predictors Estimates std. Error p

a [Control] 0.6869 0.0145 <0.001
a [TFE] 0.8288 0.0235 <0.001
yo[Control] 0.0111 0.0002 <0.001
vo|TFE] 0.0091 0.0003 <0.001
Observations 321

Control of 57.8% (Table 3.5). The lower Ryooq on the TFE is accounted for by
57.4+1.7% less total woody surface area on the TFE than the Control (Figure 3.7),
following substantially higher mortality among TFE trees (Rowland et al., 2015) as
well as tree structural changes on TFE trees (Figure 3.6A, Figure 3.6B, Table 3.1).

Table 3.4: Model coefficients of whole tree yearly wood CO, efflux (Mg C treeyr?)
using tree surface area (m?) and tree canopy width (m), log transformed for linearity.

log(Whole tree wood CO4 efflux)

Predictors Estimates std. Error p
(Intercept) 8.17 0.12 <0.001
Tree surface area [log] 0.85 0.04 <0.001
Tree canopy width [log] 0.32 0.10 0.002
Observations 324

R? / R? adjusted 0.880 / 0.880

The effect of higher temperature on the TFE only marginally influenced the
difference between Ryooq on the TFE versus the Control, resulting in a 3.2 £ 0.5%

increase in Ryooq On the TFE in comparison to the Control due to temperature.

73



=
(o]
o

0.04+4

Treatment

’:‘ Control

« TFE

2
=
[}

y=0.011x""*
y=0.000x"%
0.0 25 5.0 7.
Tree volume( ma)

Whole tree wood CO,, efflux (Mg C treg’ year" )

=2
f=
=

n

Figure 3.12: The metabolic scaling of whole tree wood CO, efflux (Mg C treelyr?!)
versus tree volume (m?) for Control (black) and TFE (red), which was fit with
nonlinear scaling equation (equation 3.1). The shaded region is 95% confidence
interval of model. See Table 3.3 for coefficient details.

Table 3.5: The yearly wood CO, efflux per hectare (Mg C ha' yr!) for TFE and
Control in 2019 at ambient temperature and at 25°C.

Rambient R25

Control 6.84+1.6 6.54+1.4
TFE 3.94+0.9 3.440.7

3.3.6 ARQ: wood respiration

Apparent respiratory quotient (ARQ) ranged from 0.28 to 0.84, with a mean value
of 0.60 £ 0.12 (Figure 3.13). ARQ was not related to tree DBH (p = 0.6), but was
influenced by time of day, treatment and species: ARQ was 0.08 (p = 0.006, 95%
CI 0.02-0.13) higher at night in comparison to daytime; ARQ was 0.1 (p = 0.0006,
95% CI 0.04-0.15) higher on the TFE relative to Control, and ARQ was 0.1 (p =
0.0002, 95% CI 0.05-0.16) higher for species Pouteria anomala than Eschweilera
coriacea (Figure 3.13). There was no difference in ARQ between canopy and stem
measurement locations, even though sap flux was higher at ground level (1.3 m)
than in the canopy in the afternoon by 0.07 kg/h (p = 0.05, 0.002-0.13, Figure

3.14). There was no treatment or species effect on afternoon sap flux, nor was there
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Figure 3.13: ARQ measurements on 12 trees on the TFE (N= 6), and Control
(N=6) for two species, Pouteria anomala and Eschweilera coriacea. The final model
excluded location of measurement in the tree (canopy or stem). ARQ was influenced
by time of day, treatment and species, with ARQ 0.08 (p = 0.006, 95% CI 0.02-0.13)
higher at night than during the day, an ARQ 0.1 (p = 0.0006, 95% CI 0.04-0.15)
higher on the TFE relative to Control, and an ARQ 0.1 (p = 0.0002, 95% CI 0.05-
0.16) higher in Pouteria anomala than Eschweilera coriacea.
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Figure 3.14: Sap flux rates during the hour that ARQ was measured in the canopy
and the ground during the afternoon and at night. There was no treatment effect on
sap flux . During the afternoon sap flux was higher at ground level (1.3 m) than in
the canopy by 0.07 kg/h (p = 0.05, 0.002-0.13, Figure 14). The apparent difference
in afternoon flux rates in the canopy between TFE and Control were not significant

(p = 0.3).
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a relationship between sap flux and ARQ during the afternoon (Figure 3.15). Using
the mean value of ARQ for TFE and Control we estimated that wood respiration
rates were 1.6 +0.08 and 1.8 +0.11 times higher than what is measured using radial

wood CO, efflux for TFE and Control, respectively.
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Figure 3.15: ARQ (CO4/O4 versus the sap flux (kg h-1) at time of ARQ measure-
ment for Control (black) and TFE (red) in the stem (measured at 1.3 m) and canopy
during the afternoon and at night.

For the 12 trees with ARQ measurements, wood respiration was scaled to tree
using tree surface area derived from each of the 12 tree QSMs. The relationship
between whole tree wood respiration and tree volume was modelled using nonlinear
metabolic scaling (equation 3.1). The resulting scaling exponent for whole tree wood
respiration was 0.84 + 0.2, and had too large of an error to evaluate if the exponent
was different from 1 (Figure 3.16). The scaling exponent of whole tree wood COq
eflux was identical to scaling exponent of whole tree wood respiration, at 0.84 4+0.2.
No treatment effect on whole tree wood respiration or whole tree wood CO efflux
was found. Overall, whole tree wood respiration was a mean of 91.0 4+ 14.1% higher

than whole tree wood CO; efflux (range 35.8-203.6%, Figure 3.16).
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Figure 3.16: The whole tree wood CO, efflux (black, Mg C tree lyr!) and whole tree
wood respiration (green, Mg C tree 'yr!) versus tree volume (m?) fit with nonlinear
scaling equation (equation 3.1). The shaded region is 95% confidence interval of
model.

3.4 Discussion

Following 18-years of an ecosystem-scale (1 ha) drought treatment in an eastern
Amazonian rainforest, our results show substantial changes in the physical envi-
ronment and the vegetation. Earlier reports demonstrated large impacts on the
droughted forest (TFE plot) relative to the undroughted (Control plot) forest, in-
cluding reduced soil moisture content (Bittencourt et al., 2020; Sotta et al., 2007),
increased mortality leading to 40% loss of aboveground biomass (Rowland et al.,
2015), and increased light exposure to parts of the remaining canopy following mag-
nified incidence of mortality (Rowland et al., 2021b). Here, we expand these findings,
reporting a 38-67% reduction in surface soil volumetric water content, dependent on
season (Figure 3.1) and higher daytime woody surface temperatures (Figure 3.2, 3.3,
3.4A, 3.4B). We also report changes in the physical environment by using terrestrial
laser scanning (TLS) to describe detailed 3D tree woody structure, demonstrating

that trees on the TFE have a lower woody surface area to woody volume ratio be-
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cause TFE trees have proportionally less canopy woody volume per unit tree volume
(Figure 3.6A, 3.6B, Table 3.1), resulting in a larger mean tree branch radius (Figure
3.6B) and consequently, a lower surface area.

Coupled with extensive sampling of wood CO, efflux from branches in the canopy
and on the stem of 192 trees, we demonstrate that the altered environment on the
TFE has resulted in lower whole-tree wood CO4 efflux relative to the Control for
trees of equivalent tree volume (Figure 3.12, Table 3.3), despite minimal difference
in wood COj efflux rates at 25°C (WCss) on a woody surface area basis (Table 3.2,
Figure 3.9). The reduction in whole tree wood CO; efflux occurred entirely due to
structural changes in TFE trees. This suggests that structural acclimation on TFE
trees has resulted in lower carbon use by the woody component of the whole tree,
and that this occurred without loss of function associated with reduced WCsy5 rates
during drought (Rodriguez-Calcerrada et al., 2021).

When wood CO, efflux was scaled to the plot, Rycoqa was 57.8% lower on the
TFE in comparison to the Control (Table 3.5), due to an equivalent decrease in
forest woody surface area on the TFE (Figure 3.7) following earlier drought-related
mortality (Rowland et al., 2015) and tree structural changes on the TFE (Figure
3.6A, 3.6B, Table 3.1). The difference in Ry,0q between treatments is more than two
times larger than previously reported difference (22% versus 57%) between treat-
ments (Rowland et al., 2018, ,Table 3.5), although notably the total aboveground
biomass has not decreased since the previous study (Chapter 3). The discrepancy
between previous reports of stand wood COs and current reports are due to (i) lack
of treatment effect on WCy5 reported here, in contrast to higher WCy;5 reported
in trees on the TFE during wet season previously (Rowland et al., 2018) and (ii)
structural changes on TFE trees that resulted in a lower surface area to volume ratio

(Table 3.1, Figure 3.6A, 3.6B).
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3.4.1 Wood CO; efflux and wood respiration on the TFE

relative to the Control

The WCys values presented here, 1.1 £ 0.02 pmol m™? s, were not significantly
different from previous measurements reported at the site (Rowland et al., 2018)
and were within the range reported elsewhere in tropical rainforests (Cavaleri et al.,
2006; Katayama et al., 2014, 2019; Jardine et al., 2022). Previous data from this
site indicated that WCss for woody tissue in the TFE was higher than for Control
forest trees during the wet season (Rowland et al., 2018). Here, twigs had higher
WCy5 during the wet season on the TFE than on the Control; however, there was
no treatment effect on WCsy5 in any month for woody tissue larger than 2 cm in
diameter. We found large differences in monthly stem, canopy and twig WCss
(Figure 3.9), indicating an important effect of seasonality on wood CO, efflux.

Consistent with other studies of canopy WCss (Asao et al., 2015; Cavaleri et al.,
2006), canopy branches had higher rates of wood CO, efflux than stem by 0.24+0.07
pmol CO, m™ s7! (Figure 3.9, Table 3.2), possibly because of higher rates of growth
related metabolism in canopy branches (Asao et al., 2015; Cavaleri et al., 2006).
Twigs had low WCy; in October (dry season) in comparison to stem and canopy
branch measurements (Figure 3.9). The reduction in WCss in twigs during the
dry season could be due to twigs existing in exposed environment, with higher
evaporative demands, which result in higher temperature and water stress limiting
twig growth. In the wet season, twigs had highest WCy; of all three measurement
locations (Figure 3.9), potentially due to high growth rates.

In line with Rowland et al. (2018), we found rates of WCss increased with branch
diameter and tree growth rate (Table 3.2). Additionally we found that WCy; changes
diurnally, with highest rates after 15:00 h in comparison to measurements between
7:00 h — 15:00 h. A daytime decrease in WCss has been widely reported (Rodriguez-
Calcerrada et al., 2014; Salomén et al., 2016, 2018) and is thought to occur due to
low turgor pressure and the transport of locally produced respiratory COy through

the xylem. We tested separately for an effect of sap flow on wood CO4 efflux on
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12 trees by examining the relationship between ARQ and sap flux at the time of
measurement, but no relationship was observed (Figure 3.15), suggesting that sap
flow may not have an effect on WCy5 at this site. As we measured wood surface
temperature, it is possible that our temperature correction of woody CO, efflux
did not accurately represent the temperature of the underlying actively respiring
woody tissue. This could have created systematic biases in temperature correction
of wood CO, efflux if the difference between surface temperature and underlying
woody tissue temperature follows a diurnal pattern.

In contrast with previous work showing limited taxonomic differences in WCqy5
(Rowland et al., 2018), genus and species analysis of WCss, reported here, in the
dry and wet season showed a taxonomic effect on WCs; for 3 of 11 genera, 5 out of
8 species, and a strong seasonal component for 4 of 11 genera and 1 of 8 species,
indicating that differences in WCsys are potentially conserved taxonomically (Figure
3.10, 3.11). This may be an indication of differences in underlying woody tissue
structure, as fraction of living parenchyma varies widely among tropical rainforest
tree species, with one study finding a range of 12-66% (Zieminska et al., 2015) across
species.

The genus Licania, which has been shown to be resistant to treatment effect
(Rowland et al., 2015) had lower WCsy5 on the TFE than the Control, although
when the same genus was evaluated on a species-level, Licania octandra, there was
no difference between treatments (Figure 3.10, 3.11). This could indicate the im-
portance of studying species-specific differences in physiology rather than classifying
physiological differences according to genus; however, we also note that measurement
replicates in the species-level comparison were only present in the dry season, during
which time rates of all species are reduced in comparison to wet season. Therefore,
the difference in species could have been an artefact of insufficient sampling season-
ally.

Mean ARQ was 0.60 4 0.12, which converges on the same mean value of ARQ

from a previous study of 85 trees (Hilman et al., 2019). ARQ was higher on the
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Control than the TFE, ie more respiratory-derived COs is lost to alternate pathways
in the Control than the TFE (Figure 3.13). The higher ARQ values obtained on
the TFE plot trees suggests lower woody tissue respiration rates per unit surface
area on the TFE relative to the Control plot trees, despite minimal difference in
measured radial wood COs efflux rates due to treatment (Table 3.2, Figure 3.9).
This is consistent with expectations that drought stress generally leads to reduction
in woody tissue respiration (De Roo et al., 2020; Rodriguez-Calcerrada et al., 2014).
The preliminary ARQ analysis on two species suggests significant species differences
in ARQ may occur (Figure 3.13). Additional sampling is necessary to use ARQ
to interpret woody tissue respiration on a stand-scale, though on the basis of this
initial analysis stand wood respiration would be 1.6 £ 0.08 times higher than stand
wood COs efflux on the TFE and 1.8 £ 0.11 times higher than wood CO, efflux on
the Control. This would result in stand wood respiration values of approximately
11 Mg C halyr?! on the Control and 6 Mg C halyr?! on the TFE. This estimated
stand wood respiration value on the Control would be higher or comparable with
yearly respiration rates for soil and leaf for this experiment and in other tropical
rainforests (Metcalfe et al., 2010b; Malhi et al., 2009b; Costa da et al., 2010).
There was no difference in sap flow between treatments (Figure 3.14), nor any
relationship between sap flow and ARQ (Figure 3.15), which could have driven
changes in axial transport of respiratory-derived CO, resulting in differences in
ARQ between treatments. Activity of carboxylating enzymes, for instance, phos-
phoenolpyruvate carboxylase, could have accounted for differences in ARQ between
treatments (Berveiller et al., 2007; Berveiller, Damesin, 2008; Hilman et al., 2019),

but this was not measured.

3.4.2 Wood metabolic load on trees under drought

Whole tree wood CO4 efflux for an equivalent-sized tree woody volume was lower on
the TFE than the Control (Figure 3.12, Table 3.3), despite no treatment effect on
WCys5 (Table 3.2). The lower whole tree wood COs efflux on the TFE occurred due
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to changes in tree structure that result in lower surface area for an equivalent-sized
tree volume on the TFE in comparison to the Control (Table 3.1, Figure 3.6A, 3.6B).
Specifically, we found that for an equivalent-sized tree, trees on the TFE have less
tree canopy volume (Table 3.1), which resulted in larger mean branch radius per tree
(Figure 3.6B), and consequently less surface area per unit volume in comparison to
the Control (Figure 3.6A).

There is a large range of metabolic scaling exponents that have been suggested
for trees (Cheng et al., 2010; Coomes, Allen, 2009; Lau et al., 2019b; Pretzsch, 2021;
Sperry et al., 2012; West, 1997) with many studies suggesting a universal 2 power
scaling or isometric scaling or both. Empirical evidence often conflicts with the idea
of a universal metabolic scaling exponent for trees, as there have been differences
in scaling exponents attributed to species (Bentley et al., 2013; Price et al., 2009),
ontogenetic changes in trees (Mori et al., 2010) or tree allometry (Muller-Landau
et al., 2006; Pretzsch, 2021). Here we test metabolic scaling in the context of abiotic
stress, using direct measurements of tree structure, and we found a treatment effect
on the metabolic scaling exponent (TFE = 0.83 £+ 0.02; Control = 0.69 4+ 0.01)
and normalization constant (TFE = 0.09 4+ 0.003, Control = 0.01 £ 0.002, Table
3.3, Figure 3.12), as a result of differences in tree structural allometry between
treatments (Figure 3.6A, 3.6B, Table 3.1). Functionally, the change in exponent
and normalization constant on the TFE reflected lower whole tree wood CO5 efflux
for trees smaller than 4 m® (Figure 3.12). Tree woody CO, efflux for trees above
approximately 4 m? was indistinguishable from equivalent-sized trees on the Control,
although we had limited sampling above 4 m?, resulting in large confidence intervals
(Figure 3.12). This suggests that changing branch size distribution on trees can
alter whole tree woody CO, efflux per unit tree volume, particularly if a tree growth
strategy results in decreases in the proportion of small branches, and increases in
the proportion of large branches. This may seem contradictory, since wood CO,
efflux rates scale with branch diameter on a surface area basis (Mori et al., 2010;

Negisi, 1975; Yoda, 1983, Table 3.1), therefore, larger branches would be expected to
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lead to higher whole tree wood CO, eflux. However, there are numerous variables
driving wood CO, efflux (Table 3.2, ?7) which need to be evaluated to determine the
ultimate outcome of changes in tree architecture on whole tree wood COs efflux. In
this particular case, reducing the scalar, that is, the surface area of the tree, had a
larger impact on the whole tree wood CO; efflux than the relative increase in WCsys
due to proportionally more large diameter branches in trees on the TFE. This has
important implications for branch shedding.

Any reduction in woody tissue CO, eflux per unit tree volume due to structural
change needs to be evaluated within a larger frame of reference to determine if the
result is a net positive effect. In the case of small trees on the TFE, the trees
are growing faster (Rowland et al., 2015), have significant plasticity in hydraulic
and metabolic responses (Bartholomew et al., 2020; Giles et al., 2022), and have
maintained similar or higher sap flow than Control counterparts (Costa da et al.,
2017), which may indicate that the alteration in surface area to volume of small
woody trees on the TFE has had a net positive effect.

Importantly, our analysis of whole tree wood CO4 efflux does not take into
account any differences in treatment for structure and quantity of branches smaller
than 5 cm in diameter. There was not sufficient resolution in TLS of branches below
5 cm in diameter to produce reliable models in dense tropical canopies. The methods
for including surface area and wood CO, efflux for twigs below 5 cm does not account
for treatment differences (Appendix B.1), therefore the differences encountered here
in tree surface area, and tree mean branch radius are a reflection of differences in
branch architecture larger than 5 cm only; results may change if branches smaller
than 5 cm diameter are measured.

Additionally, we note that our analysis of whole tree wood respiration (in contrast
to whole tree wood COy efflux) using the ratio of woody tissue efflux of CO; to
woody tissue influx of O, (apparent respiratory quotient, or ARQ, Figure 3.16),
showed that whole tree wood respiration was 91.0 & 14.1% higher than whole tree
wood COs efflux (range 35.8-203.6%, N = 12), indicating that woody CO; efflux is
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a considerable underestimate of tree woody metabolic load. This also implies that
the relationship between tree wood respiration and tree volume (Figure 3.12) may
have a different metabolic scaling coefficient and exponent. Although, there was no
relationship between tree size and ARQ which would indicate systematic size-related
changes in the relationship between wood COs eflux and wood respiration. The
sample size of whole tree wood respiration was not large enough to test for a change
in scaling exponent and coefficient directly between whole tree wood respiration and

whole tree wood CO efflux (Figure 3.16).

3.4.3 Ryooq on the TFE in response to water deficit

Ruood values reported here for the Control (Table 3.5) were similar to the most recent
estimates for surface area scaled Ryooq (Rowland et al., 2018) and similar to other
reported values in the tropics (Malhi et al., 2009b). We anticipated a higher rate of
Ruwooa on the Control than previously estimated, because we accounted for canopy
wood COy efflux, which is known to be higher than ground eflux measurements
(Asao et al., 2015; Cavaleri et al., 2006). However, the values for Ryooq wWere not
higher than previously reported values (Rowland et al., 2018), despite the higher
wood COy efflux rates in the canopy branches than stem (Table 3.2, Figure 3.9),
because the TLS-modelled surface area of the trees (Figure 3.5A, 3.5B), was smaller
than previous allometric models of tree surface area for the majority of tree sizes, for
example those used in Rowland et al. (2018). Variations in allometric models may be
expected regionally if tree height is not included in the allometric model (Feldpausch
et al., 2012), as is the case for the allometric surface area equation applied in the
tropics (Chambers et al., 2004). Importantly, we note that tree surface area values
of allometric equation from Chambers et al. (2004) have the largest error for the
largest trees (Figure 3.5A, 3.5B), and in fact models a negative relationship with
increasing DBH for trees above 250 cm DBH.

Total woody surface area on the TFE and Control, modelled using TLS, and

presented as wood area index (WAI, Figure 3.7) was 0.59 £ 0.02 m?/m? on the
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Control and 0.34 £ 0.01 m?/m? on the TFE. The value of WAI on the Control is
within a normal range of WAI as seen from destructive harvest studies in a tropical
rainforest (Clark et al., 2008; Olivas et al., 2013) and indirect measurements of WAI
in tropical rainforests (Kaldcska et al., 2005; Kalacska et al., 2005), noting that the
WATI of from Olivas et al. (2013) is erroneously presented as woody surface area per
m? ground area divided by 2 instead of divided by .

Ruwood Was 57% lower on the TFE in comparison to the Control, which is largely
driven by previous large-tree mortality on the TFE resulting in 40% loss of above-
ground biomass (Rowland et al., 2015). The difference in Ryooq between the Control
and TFE reported here was considerably larger than what was previously reported
(Costa da et al., 2014; Metcalfe et al., 2010b; Rowland et al., 2018), which showed
a maximum change of 22% (Rowland et al., 2018). This difference is accounted for
by (i) TLS tree surface area models demonstrating lower surface area on trees on
the TFE than the Control for an equivalent tree volume (Figure 6A) and (ii) large
discrepancies between large tree surface area modelled using TLS and surface area
allometric equation previously applied to the site (Chambers et al., 2004, Figure 5A,
B) and finally iii) a lack of treatment effect on WCy; in branches and stems above 2
cm in diameter between treatments, whereas previous measurements of WCsy5 were
reported to be higher on the TFE than the Control (Rowland et al., 2018, Table
3.2, Figure 3.9).

Woody surface temperature on the TFE was higher than the Control, resulting
in a relative increase in ambient Ryooq Of 3.2 £ 0.5% (Table 3.5) on the TFE versus
the Control due to the hotter temperature experienced by trees on the TFE. We
anticipated a larger effect of temperature on Ryooq; however, median temperature
differences were minimal at 0.01°C, despite modelled differences of up to 2.3°C during

the daytime (Figure 3.4A, 3.4B).
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3.5 Conclusions

We present new methods to model stand wood CO, efflux, using TLS data in a
unique long-term tropical drought experiment. After 18-years of TFE, TFE tree
structure may have acclimated to the new water-limited environment by altering in
a manner that reduced whole tree wood CO, eflux. This alteration in tree structure,
along with heightened mortality on the TFE, has resulted in a 57% lower Ryooq 0N
the TFE than Control. Importantly, we show that actual wood respiration rates
may be almost double what is measured with radial wood COq efflux. Although the
difference between radial wood CO4y efflux and wood respiration may be irrelevant
for understanding whether an ecosystem is a net carbon source or sink, this miss-
ing respiratory-derived COy may be part of important and unstudied physiological
processes. As a whole, these results demonstrate the importance of using detailed
structural information to understand how ecosystems respond to climate change, as
tree structural acclimation has substantial impact on tree metabolic processes, and

are currently invisible when using commonly adopted field monitoring practices.
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Chapter 4

Forest dynamics over 20 years of
experimental drought: tending to
biomass collapse or a new stable

state?

4.1 Introduction

The tropics have the largest above ground carbon stores of all world forests (Pan
et al., 2011) and tropical forests strongly affect interannual variations in COq flux
(Liu et al., 2017). The carbon cycle in the tropics is predicted to be compromised by
drought stress this century (Anderegg et al., 2015; Cox et al., 2013; Fu et al., 2013;
Wang et al., 2014). The effects of long-term drought on tropical ecosystems are not
well understood (Meir et al., 2018). Long-term observational studies indicate that
water deficit, among other factors, may be causing a decline in the carbon sink of
tropical rainforests (Brienen et al., 2015; Hubau et al., 2020). This has led to the
largest tropical rainforests, the Amazon, turning from carbon sink to carbon source
in recent years (Gatti et al., 2021).

In addition to observational studies, there have been attempts to probe drought
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responses of tropical rainforests by large-scale manipulation, which has led to the
creation of tropical rainforest through-fall exclusion experiments (TFE) in the Ama-
zon (Brando et al., 2008; Costa da et al., 2010; Fisher et al., 2007; Meir et al., 2015;
Nepstad et al., 2015), southeast Asia (Moser et al., 2014) and Australia (Tng et al.,
2018). Evidence from these TFE experiments and from observational network-based
studies of drought all indicate the potential for drought to cause substantial biomass
loss and a decline in forest productivity (Bauman et al., 2022; Brando et al., 2008;
Costa da et al., 2010; Phillips et al., 2010; Rifai et al., 2018; Rowland et al., 2015).

One key remaining uncertainty is whether drought in tropical rainforests, ex-
tended to the long term, results in further loss of biomass or a new stable state. The
current relationship between forest type and rainfall reflects structural and floristic
changes due to long-term climate variations (Dexter et al., 2018; Fauset et al., 2012;
?), and provide insights into how changing climate will affect the carbon balance of
tropical rainforests in the future. However, the observational studies showing mete-
orological limits to vegetation type do not describe the manner in which ecosystems
transition between states in response to long-term changes in precipitation regimes.
This transition is of acute interest in the tropics, because it begins to reveal the
nature of a new stable state imposed by drought: will the ecosystem gradually lose
biomass due to increased tree mortality, until reaching a stable state that is substan-
tially reduced in biomass, or will it reach a tipping point, leading to an ecosystem
collapse, with eventual regrowth leading to a new forest system /vegetation type (Cox
et al., 2000; Davidson et al., 2012; Huntingford et al., 2013; Malhi et al., 2009b);
naturally, either outcome is dependent on the extremity of drought.

In addition to biomass dynamics, assessing tree size class and spatial distribu-
tions after a disturbance can provide information about the stability of an ecosystem
(Casalini, Bisigato, 2018; Ledo, Schnitzer, 2014; Pillet et al., 2018; Zang et al., 2021).
Stable state conditions in tropical rainforests often demonstrate both aggregated and
uniform distributions between trees at varying distances, due to a mixture of pro-

cesses, including competition for resources, dispersal limitations, and microclimate
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(Condit et al., 2000; Lan et al., 2009; Law et al., 2009; Pillet et al., 2018; Zhang
et al., 2017). In the case of a long-term drought, spatial distribution of trees may
alter due to mortality and recruitment dynamics, governed by competition for water.
These growth and mortality dynamics could result in a range of outcomes including;:
tree spatial aggregation due to heterogeneous water availability, potentially from hy-
draulic redistribution by plant roots (Hafner et al., 2020; Oliveira et al., 2005) or due
to canopy gaps from tree mortality resulting in clustered growth of recruits (Salas
et al., 2006); uniformity due to competition for water; or a random distribution po-
tentially indicating competitive release (O’Brien et al., 2014) caused by many years
of high mortality rates (Rowland et al., 2015).

The basis of the research presented here is a 20-year TFE (2002-2022) in a
tropical rainforest located in eastern Amazonia. After 4, 7, 10 and 13 years of the
TFE, aboveground biomass dynamics were evaluated by measuring loss of biomass
due to mortality as well as any gains in biomass due to recruitment and aboveground
woody production (NPP.0q, Costa da et al., 2014, 2010; Metcalfe et al., 2010b;
Rowland et al., 2015). Stem recruitment rates were evaluated for the first three
years of the experiment, and there was no difference between treatments (Costa da
et al., 2010). After the commencement of the TFE, NPP,,q was 30-40% lower on
the TFE than the Control (Costa da et al., 2010; Metcalfe et al., 2010b). NPPye0q
recovered to levels comparable to the Control after 8 years of TFE (Costa da et al.,
2014); the NPPy.0q has not been evaluated since. After seven years of TFE, growth
rates were higher for small and medium sized trees on the TFE in comparison to the
Control counterparts (Costa da et al., 2014; Rowland et al., 2015), and these high
rates have been maintained until the most recently reported year, 13 years after the
start of the TFE. This increase in growth may be related to competitive release,
after elevated mortality of large trees potentially increased light, water and nutrient
availability for remaining trees (Bartholomew et al., 2020; Costa da et al., 2014;
Rowland et al., 2015, 2021b).

Over the first 13 years of the TFE, there were substantial losses of carbon due
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to high mortality rates, particularly of large trees (Costa da et al., 2014, 2010;
Rowland et al., 2015). The high mortality rates resulted in approximately 40% loss
of AGB after 13 years of the TFE (Rowland et al., 2015). Biomass loss accelerated
substantially in the last reported year (after 13 years of TFE) potentially boding
ecosystem collapse (Rowland et al., 2015).

Here, I further developed the analysis of aboveground biomass on the TFE using
new field-calibrated quantification of aboveground biomass using terrestrial laser
scanning (TLS, Burt et al., 2021). I use the TLS data to revise previous analyses of
aboveground biomass and extend them until 2022, 20 years after the commencement
of the TFE experiment. I used the data to evaluate long-term trends in NPP 04, re-
cruitment, and tree mortality in the TFE, to determine if the ecosystem has reached
a new stable state, or if elevated mortality rates continued after 13 years of TFE
(Rowland et al., 2015). I evaluated the spatial distribution of trees on the TFE to
assess if trees are distributed in a manner indicating competition, aggregation or
alternatively, competitive release. All results were compared against a one-hectare
Control plot where no drought treatment had been imposed, but for which the same
long-term datasets have been collected. Specifically we tested the hypotheses that

extended drought stress over 20 years, led to:

i) substantially lower but stable overall aboveground biomass value, following ear-

lier substantial drought-related mortality
ii) slowing growth rates in small trees after a period of increased growth rates
iii) increasing number and biomass of new recruits >10 cm DBH

iv) a plateau of aboveground biomass loss due to mortality after 20 years of height-

ened mortality on TFE

v) a final spatial distribution of trees indicating competitive release on the TFE

after earlier increases in mortality and recruitment
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4.2 Materials and Methods

4.2.1 Site

Measurements were taken at Caxiuana National Forest Reserve, Para State in north-
castern Brazil (1°43’S, 51°27°W) . This site is a terra-firme seasonal rainforest and
receives 2000-2500 mm of rainfall a year, with six consecutive months of the year
receiving less than 100 mm from July to December. The site has yellow oxisol soil
(Ruivo, Cunha, 2003) and mean air temperature of c. 25°C. The surface volumetric
water content varies seasonally from approximately 0.05 in the dry to 0.30 m?>m™ in

the wet season.

4.2.2 Through-fall exclusion experiment (TFE)

In January 2002, a through-fall exclusion experiment (TFE) was constructed on one
hectare of tropical rainforest at Caxiuana National Forest. Transparent panels were
installed 1-2 meters above the ground to redirect approximately 50% of the rainfall
to a system of gutters. A trench was dug around the TFE to transport the water
away from the experiment. The experiment requires daily maintenance and the leaf
litter is removed from above the panels every 2-3 days and placed below the panels.
See Costa da et al. (2010); Fisher et al. (2007); Meir et al. (2018); Rowland et al.
(2021b) for more details of experimental design. In 2019, the soil volumetric water
content was lower on the TFE in comparison to the Control by 38-67%, dependent

on the month (Chapter 2).

4.2.3 Wood density

Wood density values were taken from literature (Kattge et al., 2020; Patino et al.,
2008). In total 108 trees had no species-level wood density values. Of these 108 trees,
84 trees were only identified to the genus-level, 1 tree had genus identified but no
wood density recorded in the literature, 23 trees had no taxonomic identification.

For the 84 trees with genus-only identification, the wood density value was gap
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filled with a mean genus wood density value. For the 23 trees with no taxonomic
identification and for the single tree with no wood density record in literature, the
wood density was gap filled with the mean wood density representing the control

and TFE plots.

4.2.4 Terrestrial Laser Scanning

Terrestrial laser scanning (TLS) measurements were made in October 2018, the dry
season, with a RIEGL VZ-400 terrestrial laser scanner (RIEGL Laser Measurement
Systems GmbH). The laser pulse has a wavelength of 1500 nm, beam divergence of
0.35 mrad, and the diameter of footprint at emission is 7 mm. Lidar scans were
first co-registered onto a common coordinate system using RiISCAN PRO (v2.7.0)
and the point clouds of all individual trees above 10 cm DBH in the two hectares
were extracted manually from the larger area point clouds and were matched to
individual tree tags. After extraction, leaf material returns were separated from
wood using TLSeparation v1.0 (Vicari, Wilkes, 2018). Each tree was visually in-
spected to determine adequate leaf-wood separation using CloudCompare, and the
tree was manually edited to improve the final separation when necessary (Cloud-
Compare, 2021).Quantitative structural models (QSMs) were constructed from the
wood point clouds using TreeQSM (v2.3.2) and the input parameters were automat-
ically generated using optgsm v0.1.0 (Raumonen et al., 2013). Trees with buttresses
were visually identified, and processed using TreeQQSM with a triangulation for but-
tresses.

A destructive harvest experiment of four trees, ranging from 0.6 to 1.2 m DBH,
occurred in 2018, 8 km distant from the Control and TFE plots (Burt et al., 2021).
The destructive harvest compared tree biomass estimates from TLS with allometric
methods. Mean tree-scale biomass error was 3% for TLS, in comparison to 15% for

allometric methods (Burt et al., 2021).
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4.2.5 Allometric models of tree height and biomass

An allometric equation relating tree height to DBH was used to estimate the height
of all trees since year 2000. The data for this allometry were taken from the height
extracted from tree point clouds in the Control and TFE treatment, and the mea-
sured DBH from a census in 2019. The height allometric model was fitted using a
Weibull function (Bailey, Dell, 1973):

H = a(1 — exp(—bD")) (4.1)

where H is height (m), and D is DBH (cm). Previously, regional tree height
allometry for the Brazilian Shield was used to estimate tree height at this site (Feld-
pausch et al., 2012), where fitted model coefficients of the Weibull function were:
227.35, 0.139 and 0.5550 for a, b, and ¢, respectively (Feldpausch et al., 2012). An
allometric equation relating tree aboveground biomass (AGB, kg) to tree DBH (cm),
tree height (m), and wood density (g cm™) was used to estimate stand aboveground
biomass from 2000 to 2022. The data for this allometry were taken from QSMs of the
TFE and the Control, the tree DBH measured in 2019, tree height extracted from
TLS point clouds, and wood density taken from literature. The AGB allometric
model took the form:

AGBrrs = a((pHD)?)® (4.2)

where p is wood density (g cm™), H is height (m), and D is DBH (Chave et al.,
2014, cm,). The global tropical allometric model of AGB used for comparison pur-
poses in this study is equation 4.2, with model coefficients of 0.673 and 0.976 for a

and b, respectively (Chave et al., 2014).

4.2.6 Biomass monitoring: census and dendrometer data

In 2000, all trees above 10 cm DBH were tagged and identified. Since 2000, there
have been censuses performed in years: 2001, 2002, 2003, 2004, 2005, 2006, 2007,
2009, 2013, 2014, 2015, 2017, 2019 and 2022. During a census, the DBH of all trees
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is measured at 1.3 meters above the base of the tree and trees are assessed to be
alive or dead. For trees with buttresses, DBH is measured above the buttress using
a ladder, at a permanently-marked location. Death was recorded if the tree had no
leaves along with a zero or negative stem increment, or had fallen over.

Dendrometer bands were installed on all trees in the experimental plots and
quarterly stem circumference increment measurements were taken at 1.3 meters,
except on trees with buttresses, where the dendrometer band was installed above
the buttress. These methods are widely used to study incremental change in tree
growth (Meir, Grace, 2002; Malhi et al., 2009b). Measurements were taken at the
start of January, April, July and October. The difference in stem circumference
increment between January and April was considered wet season, April to July was
wet to dry transition, July to October was dry season, and October to January was
dry to wet transition based on monthly volumetric water content data.

As found elsewhere, over long time periods, dendrometer data can occasionally
contain errors and standardized error checking was performed across all datasets
(Rowland et al., 2015). Each tree’s historical growth record was manually assessed
to determine if any growth measurement was greater than 3 standard deviations from
the mean. If the measurement was removed based on this statistical test, the value
was gap filled with the mean value of the given epoch (2005-2010, 2010-2015, 2015-
2020) in that season. In the event that no data were available to gap fill, the yearly
change in DBH for any one tree was gap filled using linearly interpolated values
of DBH of that tree from the 14 census measurements. Patterns of swelling and
shrinkage can occur due to water dynamics, and not growth; however, over time the
impacts of these changes are small relative to growth. It is possible to separate these
components using (high-cost) linear variable displacement transducers (Mencuccini
et al., 2017), but these are not yet implemented at census-scale over long time
periods, so shrinkage and expansion factors were not applied to the data. Growth
increment (GI) was defined as cm of circumference growth increment per day. GI

was analyzed by size-class, which was separated into small (10-20 cm DBH), medium
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(20-40 cm DBH), and large (>40 cm DBH) trees. GI was evaluated seasonally, in
wet, dry, wet-dry transition and dry-wet transition. A mean GI per size class and
per season was taken for a 5 year period, from 2005-2010, 2010-2015 and 2015-2020.

The dendrometer data were used to estimate NPP.q, the amount of carbon
accumulated in woody tissue, yearly. The NPP,,q was estimated using the yearly
difference in dendrometer growth in the month of January. Data were gap-filled
using the change in diameter of a tree from the census data. The biomass and
height allometry described above was used to estimate biomass from the manual
measurements of DBH. NPP,,q was analyzed across the stand, that is, all trees
on the Control and the TFE, and it was additionally analyzed across three size
classes: small (10-20 cm DBH), medium (20-40 cm DBH) and large (>40 cm DBH).
Additionally, NPP.,q was divided by the total woody biomass of the stand or
NPP00q in a given size class was divided by the total woody biomass of the the size
class (NPPgtandara) to determine the amount of woody carbon accumulated per unit

woody biomass.

4.2.7 Spatial analysis

Using xy coordinates for all living trees, we also calculate a nearest neighbour dis-
tribution function to determine the degree of clustering or aggregation of trees by
detecting deviance from a Poisson process of the cumulative distribution of distances
between each tree and all other trees on the plot using spatstat library (Baddeley,
Turner, 2005). We used the Ripley’s K test transformed to minimize variance (L,)
to characterize the 2D spatial distribution of trees in TFE and Control, and the
95% confidence envelope was modelled from 99 simulations using the envelope func-
tion from spatstat library. An isotropic correction was performed for border effects.
The Poisson distribution represents complete spatial randomness (CSR): positive
deviation from the confidence limits indicates significant aggregation between trees;
negative deviation indicates potential competition due to a more uniform spacing

than expected between trees, potentially caused by competitive interactions or al-
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lelopathy among trees (for further information see Condit et al., 2000; Moeur, 1993;
Szmyt, 2014).

4.2.8 Statistics

All trees were included in the analysis except for: (1) trees under 10 cm diameter
at breast height (DBH), (2) trees within the outer 10x10 meter grid, which were
removed due to the edge effects caused by trenching and (3) lianas and palms. The
census AGB data were analyzed for the entirety of the 20 years of the TFE, from 2002
to 2022. Error bars on the stand AGB reflect the summed standard error of wood
density for all trees and the 3% biomass error from nearby destructive harvest. The
growth data were analyzed only over 15 years, from 2005 to 2020, because COVID
resulted in limited transportation to the site after 2020, causing quarterly growth
measurements to be discontinued for a period of time. All statistical analyses were
carried out in R v 4.0.3 (R Core Team, 2021) and all errors reported are as standard

error of the mean.

4.3 Results

4.3.1 Comparison between TLS and allometry

The allometry of both tree height and tree AGB were affected by treatment, with
tree height lower on the TFE than the Control for an equivalent-sized tree DBH,
and tree AGB lower on the TFE than the Control for a tree with an equivalent
sized DBH and height (Chapter 2). Since these allometric relationships were af-
fected by treatment, the use of published regional allometric models of tree height
(Feldpausch et al., 2012), or pantropical allometric models of tree AGB (Chave
et al., 2014) resulted in treatment-specific biases. A regional allometric model of
tree height (htay,, Feldpausch et al., 2012), previously applied to this site for pur-
poses of estimating aboveground biomass (AGB, Rowland et al., 2015), consistently

underestimated tree height when compared with height measurements from TLS
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Figure 4.1: The relationship between tree height measured using TLS versus tree
height modelled from a published height allometric equation, calibrated for the
region of this field site (Feldpausch et al., 2012)

(htrrs). The error between ht.y, and htrps was nonlinear resulting in the largest
error in the tallest trees (Figure 4.1). The use of ht,y, instead of htrpg resulted in
considerable underestimates of tree AGB (Figure 4.2), when tree AGB was modelled
using a global pantropical allometric equation (AGBcpaves, Chave et al., 2014), with
AGBcpaves underestimated by 23.0 £ 0.95% on the Control and 20.6 0.76% on the
TFE (Figure 4.2). When the AGBcpaves Of all trees was summed, the cumulative
effect of using ht,, instead of httrg was an underestimate of stand AGB by 17.9%
on the Control and 17.1% on the TFE.

When AGBghaves, calculating using htrpg, was compared with AGB derived from
TLS-methods (AGBrLs), AGBchaves Overestimated tree AGB on the droughted plot
by 13.2 4+ 2.4%, and underestimated tree AGB on the Control, in comparison to
AGBrrs by 8.5 £ 2.8% (Figure 4.3). When the AGB was summed for both treat-
ments, the cumulative effect of these differences was that the allometric methods
overestimated stand AGB by 12.2% on the TFE and underestimated stand AGB on

the Control by 7.4% in comparison to the TLS-methods.
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Figure 4.2: The percentage difference in tree allometric biomass estimates (Chave
et al., 2014) when using tree height measured with TLS (AGBygn) versus published
regional height allometry to estimate tree height (AGBiegionamt, Feldpausch et al.,
2012). (AGBysht- AGBiegionaint)/AGBysne is shown as a density distribution, where
Control is black and TFE is red.The mean difference in the Control is 23.9 +0.95%,
mean for TFE is 20.6 4+ 0.76%.

4.3.2 Aboveground biomass dynamics

Based on my standardized analysis of the full census datasets, and using the site-
calibrated biomass-allometry relationships made possible by the additional analysis
of TLS and destructive harvest data, the change in AGB across the full period to
date of the TFE is shown in Figure 4.4, using two methods: (i) AGB on the TFE
estimated based on the Control AGB allometry, which is assumed to reflect the
TFE allometry pre-treatment and (ii) AGB estimated based on the TFE allometry
in 2018. The allometry on the TFE in 2018 is assumed to represent the allometry
for all years subsequent, for the purposes of the calculations below. At the start of
the reporting period, before the experimental treatment began, AGB on both plots
was statistically similar (Control 303.2 4+ 12.6 Mg C ha', TFE 279.4 +£ 9.2 Mg C
ha!), and also similar to surrounding long-term inventory plots (Costa da et al.,

2010). By the end of the reporting period, in 2022, AGB on the TFE had declined
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Figure 4.3: The percentage difference in tree aboveground biomass (AGB) when us-
ing TLS versus allometric methods of deriving AGB (Chave et al., 2014). Allometric
method of deriving AGB used here were calculated using tree height measured from
TLS. The percentage difference in tree aboveground biomass (AGB) is shown as a
density distribution for trees on the TFE (red) and the Control (black).

to 156.944.3 Mg C hat, while on the Control it was 295.4410.3 Mg C ha™!. Control
forest AGB varied by approximately 26 Mg C ha™! over the reporting period, but did
not change significantly overall; the mortality rate on the Control was 1.4 4 0.2%,
very similar to surrounding inventory plots, and consistent with the earlier analysis
of Costa da et al. (2010).

The AGB on the TFE decreased by 43.9 £ 5.7% (Figure 4.4) over the course
of the reporting period, with a net loss of 122.6 Mg C ha''. Had the TFE trees
continued to present with AGB allometry equivalent to the Control, AGB on the
TFE would have decreased by 33.5 4+ 6.4%. There were pulses of decline in biomass
on the TFE from 2000-2013, followed by a larger pulse in 2014-2015; these pulses
raised the mortality rate from a value similar to the surrounding forest at the start
of the experiment (1.54:0.4% yr!) to an average of 2.04:0.3% yr!, with a maximum
of 6.0% yrt. After 2015, AGB appeared to stabilized on the TFE from 2016-2022,

with no significant change over this six year period, and a mortality rate of 1.540.4%

yrt,
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Figure 4.4: Aboveground biomass (Mg C ha™') for Control (black) and through-fall
exclusion experiment (TFE, red) from 2000 to 2022, with TFE commencing in Jan-
uary of 2002, indicated by dashed black line. Aboveground biomass was modelled
using TLS-derived allometric equation for Control (circles), and TLS-derived allo-
metric equation for TFE (triangles), based on allometry derived TLS data in 2018.

4.3.3 Carbon gains due to growth and recruitment
Recruitment

Recruits on the TFE, that is trees that grew to above 10 cm DBH after the experi-
ment commenced, accounted for 8.4 +0.4 Mg C ha!, in comparison to 2.9 +£0.1 Mg
C ha! on the Control in 2022 (Figure 4.5A); this reflects an active response in the
smaller tree-size classes to the drought treatment and higher mortality in the TFE,
as also reported in Giles et al. (2022); Bartholomew et al. (2020). The number of
recruits to the > 10 cm cohort in the TFE was much larger than in the Control,
with 143 recruits per hectare in the TFE, and 58 recruits per hectare in the Control
(Figure 4.5B).

Growth: net primary productivity (NPPye0q)

Based on growth measurements from dendrometer data, NPP,.q, that is above-
ground woody production, was 1.0640.02 times higher on the TFE than the Control

from 2009-2015 (Figure 4.6A, B). However, NPP,,q was lower on the TFE than the
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Control for all other years, except 2017 (Figure 4.6A,B). Mean NPPy,.q between
2005 and 2020 was 1.9 4 0.02 Mg C ha'lyr! on the Control (range: 1.4-2.7 Mg C
ha! yr!) and 1.7 £ 0.03 Mg C ha! on the TFE (range: 1.08-2.42 Mg C ha'! yr!,
Figure 4.6B). NPPy0q divided by woody biomass (NPPgndara, Figure 4.6C), was
lower on the TFE than Control prior to 2008, after which it was a mean of 1.5+0.02
times higher on the TFE than the Control.

When NPP,,,q was separated by size class into small (10-20 cm DBH), medium
(20-40 cm DBH) and large (>40 cm DBH) trees, distinct temporal patterns emerged
for different size classes (Figure 4.7A, B). NPPy,0q for small trees on the TFE
initially had rates similar to the Control, before increasing steadily until 2011 to

rates 2.6 times higher than the Control, after which NPP,,q on the TFE decreased
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Figure 4.5: A) Aboveground biomass of living recruits (AGB, Mg C ha!), which are
trees that have grown above 10 cm in diameter since the start of the experiment,
for Control (black) and TFE (red). Dashed black line indicates start of TFE. B)
Cumulative number of living recruit trees per hectare since start of TFE.
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Figure 4.6: A) Ratio of woody carbon production (NPPy,.q, TFE/Control) from
2005 to 2020. Dashed horizontal line marks a ratio of 1, where NPP 0,4 on the TFE
is equal to the Control. B) NPPy..q4 (Mg C ha-1yr-1) on TFE (red) and Control
(black) from 2005 to 2020 and C) NPPy,,0q per unit biomass on TFE and Control
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Figure 4.7: Separated by size class, small (10-20 cm DBH), medium (20-40 cm DBH)
and large (>40 cm DBH) the A) ratio of NPPy,,0q (TFE/Control) from 2005 to 2020,
where dashed horizontal line marks a ratio of 1, where NPP,,,q on TFE is equal to
the Control. B) NPPy0q (Mg C ha') on TFE (red) and Control (black) from 2005
to 2020 and C) NPPy0q per unit biomass on TFE and Control.
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to similar rates as the Control (Figure 4.7A, B). Mean rates of NPPy.0q in small
trees were 1.7 4 0.01 times higher on the TFE than the Control. NPP .04 per unit
biomass (Figure 4.7C) was consistently higher for small trees on the TFE after 2007,
with a mean of 1.9 4+ 0.2 times higher on the TFE than the Control, ranging from
1.02 to 3.0 times higher throughout the 15 year period from 2005 to 2020.

NPP 604 for medium sized trees on the TFE was higher than the Control from
2010 to 2020 by a mean of 1.340.05 times (Figure 4.7A,B). Prior to 2010, medium-
sized trees on the TFE had lower rates of NPPyoq than the Control. NPP«iandard
was higher on the TFE than the Control for medium-sized trees from 2009 onwards,
with a mean rate after 2009 of 1.4 + 0.06 times higher than the Control (Figure
4.7C). NPPgtandara for medium-sized trees stabilized from 2016-2020.

During the period 2005 to 2020, large trees on the TFE had lower rates of
NPPyo0q than the Control, with a mean 0.52 4+ 0.03 times lower than the Control
(Figure 4.7A, B). Large trees had a lower NPPganqara on the TFE from 2005 to
2015, except for the year 2014, with NPPgangara 0.77 £0.08 times lower on the TFE
than the Control prior to 2015 (Figure 4.7C). From 2015-2020, NPPgandara for large
trees was higher on the TFE than the Control for 4 of the 5 years, with the TFE

1.15 £ 0.13 times higher than the Control during this time period.

Growth: Growth increment (GI)

Seasonal growth increment (GI, cm circumference/day, Figure 4.8) was highest in
the wet season, and lowest in the dry season for all size classes. Small trees on the
TFE plot grew faster than Control counterparts in all seasons except for the dry
season, with the strongest dry season effect found early and late on in the reporting
period (2005-2010 and 2015-2020). Medium-sized trees on the TFE initially had
lower growth in 2005-2010 than the Control, which recovered from 2010-2020, with
GI higher than the Control in all seasons in the TFE except for the dry season.
Initially, during 2005-2010, large trees experienced a lower GI than Control trees

in both the dry and wet seasons. During 2010-2015, large tree growth varied with
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season in relation to their Control counterparts, with evidence of strong dry season
impacts on the TFE (Figure 4.8). In the most recent period (2015-2020), large trees
on the TFE had a consistently lower GI throughout the year, with some evidence

that growth was most restricted in the TFE during the dry-wet transition (Figure

4.8).
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Figure 4.8: Growth increment (cm circumference/day) for TFE (red) and Con-
trol (black) grouped every 5 years from [2005-2010], (2010-2015] and (2015-2020],
grouped by tree size Small (10-20 cm), Medium (20-40 cm), and Large (> 40 cm),
and grouped by season: Dry, Transition from Dry to Wet season, Wet season and
Transition from Wet to Dry season. Brackets “[” indicate inclusive, parentheses “(“
indicate exclusive.

4.3.4 Carbon loss: tree mortality
Tree mortality

In total, 202 trees ha died in TFE and 150 trees ha™' on the Control, accounting

for losses of 153.0 &= 5.8 Mg C ha™! on the TFE and 63.8 & 2.7 Mg C ha™! on the
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Control (Figure 4.9). The rate of AGB loss due to tree mortality on the TFE was
high prior to 2017, with a rate of 9.1 £0.3 Mg C ha yr!. From 2017 to the most
current measurement in 2022, AGB loss due to tree mortality decreased, and was
at a rate of 2.1 £ 0.4 Mg C halyr!. In comparison, the Control initially had a low
rate of AGB loss due to tree mortality between 2002 and 2015 at 1.7 £ 0.2 Mg C

ha' yr!, which increased from 2015 to 2022 to a mean rate of 4.2 & 0.9 Mg C ha™

yrt,
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Figure 4.9: Cumulative aboveground biomass (AGB) loss (Mg C ha'!) due to mortal-
ity for Control (black) and TFE (red) from 2001 to 2022, with dashed line indicated
commencement of experiment in January 2002.

Mortality rates were slightly higher for small trees on the TFE for the reporting
period, with rates on the TFE at 1.75 £ 0.3% yr* and for the Control, 1.4 & 0.3%
yrl. There were brief periods of higher mortality rates for small trees on the TFE
between 2005-2008, and in 2013, 2015 and 2021 in comparison to the Control (Figure
4.10). Medium-sized tree mortality rates were higher for the first 7 years of the TFE
(2002-2009), as well as in 2015, 2016, 2017 and 2019 in comparison to the Control
(Figure 4.10), resulting in mortality rates for the medium-sized trees on the TFE
for the reporting period of 1.89 & 0.4% yr! and for the Control 1.3 4+ 0.3% yrt.
Large tree mortality rates were the highest of all three size classes on the TFE,
with mortality rates for the reporting period at 3.89 £ 0.9% yr! on the TFE and
1.3 £ 0.5% yr! on the Control. Mortality rates for large trees on the TFE had
multiple peaks, which occurred in 2003, 2007, 2009 and 2015, the largest of which
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was a mortality rate of 16.7% yr'. Most peaks in mortality rates did not occur in
the same year across size classes, however there was a peak in mortality in 2015,
which occurred in all size classes on the TFE, with mortality rates of 5.6% yrt, 5.3%
yrl, and 10.7% yr! for small, medium and large trees, respectively (Figure 4.10).
Interesting, mean mortality rates in each size class and overall from 2011 to 2022 on
the TFE were equivalent, or lower than the Control, when the mortality rate of 2015
was excluded, with overall rate of mortality on the TFE 1.2 4 0.3% yr ! and on the
Control 1.5 £0.4% yr!. The peak in mortality in 2015 coincided with the year that
the canopy air temperature at 28 m spent the most time above 32°C (Figure 4.11),
with air temperature above 32°C for 436 hours in 2015, 6.4 times longer than any
other year from 2000 to 2018 (Figure 4.11). The air temperature in 2015 was above
33°C for 31 times longer than a typical year, at 94 hours (note that air temperature

at this height in the canopy did not reach this temperature most years, Figure 4.11).

4.3.5 Tree spatial arrangement

Spatial competition, as determined by a nearest neighbour distribution function
to determine clustering or aggregation of trees by detecting deviance from Pois-
son prediction of the cumulative distribution of distances (L), was absent on the
TFE plot, which demonstrates no spatial aggregation or competition between TFE
trees. On the Control, positive deviation from complete spatial randomness (CSR)
occurred at 0.1 m, indicating that trees are aggregated at short distances. Addition-
ally, negative deviation from CSR occurred at 1 to 2.5 m, which indicates spatial

competition through that range of distances (Figure 4.12).

4.4 Discussion

Widespread observations across tropical forests have suggested that, while nutrient
availability moderates vegetation response, when rainfall declines below approxi-

mately 1500 mm/yr, or when the dry season extends for >6 months, then signif-
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Figure 4.10: Mortality rates (% yr!) of trees on the TFE (red) and Control (black)
for the reporting period from 2002, which was the year the TFE was established,
to 2022 for small (10-20 cm DBH), medium (20-40 cm DBH), and large (>40 cm
DBH) trees.
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Figure 4.11: Number of hours air temperature at 28 m was above 33°C per year
from 2000-2018, with year 2015 in solid line, and all other years in dashed line.
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Figure 4.12: Using xy coordinates for all living trees, a nearest neighbour distribution
function was calculated to determine clustering or aggregation of trees by detecting
deviance from a Poisson process of the cumulative distribution of distances between
each tree and all other trees on the plot on the TFE (left panel), and Control
(right panel). We used the Ripley’s K test transformed to minimize variance (L),
and the shaded region is the 95% confidence envelope. The dashed red line indicates
complete spatial randomness. A positive deviation from confidence envelope indicate
aggregation; negative deviation indicates competition. Deviation from the dashed
red line that is not outside of the confidence interval is not significant. The x axis,
r, is distance (m).

icantly reduced biomass can be supported (e.g. Malhi et al., 2009a; Furley, 1994;
Xu et al., 2016; Hirota et al., 2011; Staver et al., 2011), with evidence of bistabil-
ity between low-biomass savanna ecosystems and high-biomass tropical rainforest
ecosystems. For Amazonia, in addition to natural gradients in rainfall and vegeta-
tion, there has been a long-standing debate about the risk under a drying climate
of a transition from rainforest to lower-biomass vegetation forms, including savanna
(Sampaio et al., 2007), with attendant losses of carbon from biomass to the atmo-
sphere. Nobre et al. (2016) examined the prospect of such a ’dieback’, indicating a
rough, but untested, threshold related to climatic drying, warming and deforesta-
tion. Recently, Gatti et al. (2021) used atmospheric data to demonstrate that these
interactive effects can combine to alter significantly the carbon balance of parts of
Amazonia. However, our understanding of a key part of the underlying processes,
the long-term effects of drying and warming on tropical rainforest stability, remain

poorly informed because of a lack of data.

The results from this analysis contribute to our understanding of the effects
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of drought on Amazonian rainforest stability, and in particular, provide a multi-
decadal scale timeframe of reference. Earlier studies at this hectare-scale throughfall
exclusion experiment demonstrated that for an approximately 50% reduction in
rainfall, although GPP declined quickly (Fisher et al., 2007), the forest was resilient
to the imposed drought for 2-3 years (Costa da et al., 2010). However, large pulses
in mortality were observed in subsequent years, with an overall loss in AGB of 40%
occurring between 2005-2015 (Costa da et al., 2010; Rowland et al., 2015; Meir
et al., 2018). Total water use was maintained by the forest such that nearly all of
the water available to the trees was recycled through transpiration, even after the
high mortality pulses, potentially leaving the forest vulnerable to future warming,
more extreme drought, or even fire (Costa da et al., 2018; Bittencourt et al., 2020).

The analysis presented here extends our understanding by analyzing an addi-
tional 5-7 years of growth, recruitment and mortality data. The combination of
these metrics describes basic forest dynamics and enables us to test for evidence
of resilience, or loss of stability under climate stress. The data up to 2015 (Row-
land et al., 2015) suggested that extended drought imposed very significant risk to
biomass maintenance in eastern Amazonian rainforest, with evidence that a rapid
collapse in biomass was possible under extended drought, perhaps supporting the
forest transition arguments (Sampaio et al., 2007; Nobre et al., 2016). This new
analysis enables a test of the potential for further biomass losses beyond the 40%
reported in 2015 (Rowland et al., 2015), and an examination of whether the forest
is likely to reach a new equilibrium under an extension of the imposed 50% rainfall
reduction, or to substantially alter in biomass (upwards or downwards).

After 20 years of the TFE, we found evidence for a new stable state with (1)
43.9 + 5.7% lower but stable AGB for 5 years from 2017-2022 as tree growth and
recruitment rate balanced tree mortality (Figure 4.4), (2) small and medium tree
stand growth stabilized in the TFE since 2017 and the stand growth has stabilized
as a whole from 2018 on the TFE at 1.75 4+ 0.2 Mg C halyr! (Figures 4.6, 4.7),

(3) growth increment (GI) slowed in trees under 40 cm DBH, after five years (2010-
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2015) of heightened GI on the TFE relative to the Control (Figure 4.8), (4) biomass
loss due to tree mortality from 2016 to 2022 decreased to approximately 4 of the
rate of biomass loss pre-2016 (Figure 4.9) and (5) mortality rates on the TFE since
2016 are equivalent to mean mortality rates on the Control for the reported period
(Figure 4.10). This may be a temporary hiatus in tree mortality, and the TFE may
continue to cause heightened mortality rates in the future; however, the remaining
trees under 40 cm on the TFE have higher growth rates than the Control (Figure
4.8), indicating that they may be thriving under droughted conditions. Although
large trees have lower GI on the TFE than the Control, since 2015 the aboveground
woody production per unit biomass (NPPgnqara) of large trees on the TFE has
increased to 1.15 #+ 0.13 times the Control, after 10 years of 0.77 £ 0.08 times lower
NPPgiandara than the Control (Figure 4.7). This may indicate that large trees have
recovered partially from the TFE, and may be taking advantage of decreased spatial
competition (Figure 4.12) on the TFE. Stand growth of large trees on the TFE
continues to be nearly half of the Control, although this is caused mainly by less
large tree biomass on the TFE due to earlier large tree mortality (Rowland et al.,
2015).

Since the trees on the TFE are distributed in a manner indicating that compe-
tition has been relieved for resources in comparison to the Control (Figure 4.12),
this may suggest that there is space for additional expansion of recruitment in the
future. In support of this, the recruitment rate on the TFE is high and there is
no indication that the recruitment rate is slowing, yet (Figure 4.5). However, the
rate of carbon accumulation of small trees on the TFE appears to have returned
to levels similar to the Control, after 10 years of heightened carbon accumulation,
which could indicate that rate of recruitment will stabilize as well (Figure 4.7A).

Despite the reduction of 43.9 £ 5.7% in AGB on the TFE (Figure 4.4), the
NPPy00q on the TFE was slightly higher than the Control for 9 years of the experi-
ment (2009-2014, 2017, Figure 4.6). The NPP 404 on the TFE was higher than the

Control due to small and medium trees on the TFE, which have higher NPP 04,
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with NPPo0q rates of small trees peaking at 3.1 times higher than the Control
rates (Figure 4.7). The higher rates of GI and NPP,,0q in small and medium trees
is in line with previous research showing that small trees (although in their case
trees below 10 cm DBH) are responding well to TFE (Bartholomew et al., 2020;
Giles et al., 2022). Small and medium trees may be thriving because of less spatial
competition (Figure 4.12) and increased light availability on the TFE due to large
tree mortality (Rowland et al., 2015). This is in contrast to expectations that small
trees are more susceptible to drought damage, as small tree roots are expected to
be located in shallower, drier, soil layers than large trees (Brun et al., 2020; Giar-
dina et al., 2018). It is possible that the reduction in plot biomass on the TFE has
reduced competition for water, and additionally, that small and medium trees may
have plasticity that makes them more resistant to limited water availability.

The GI of large trees was slower on the TFE than the Control since 2005 in
1-2 of 4 seasons (Figure 4.8). Slower GI may be an indication that large trees are
struggling under the TFE, but could also be an artefact of different size distributions
of trees within each treatment, since GI scales with tree size. NPP,,q of large trees
on the TFE has been stable from 2005-2015. Previously, there has been limited
plasticity shown in large TFE trees, and large trees have indications of hydraulic
stress, with lower leaf water potentials and higher dry season percentage loss of
hydraulic conductivity than Control trees (Bittencourt et al., 2020). Additionally,
large trees are inherently more vulnerable to hydraulic stress (Bennett et al., 2015;
Olson et al., 2021), have longer path lengths, which increases the distance that
water needs to travel to reach leaves, have larger xylem vessels that are more prone
to cavitation (Kogillari et al., 2021; Olson et al., 2021; Olson, Rosell, 2013), and
experience more extreme abiotic environment due to more canopy exposure, and
therefore higher temperature and higher vapour pressure deficit (Meakem et al.,
2017; Muller-Landau et al., 2020). This makes the stability in stand growth of large
trees (Figure 4.7B) interesting, as it would be expected that large trees may have

a declining trend in stand growth. Additionally, the NPPganqara (Figure 4.7C) was
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higher on the TFE than the Control in large trees since 2015, which could indicate
that large trees responded well to potentially lower competition for resources, after
earlier tree mortality (Rowland et al., 2015).

Although NPP..q has been apparently stable on the TFE since 2018 (Figure
4.6), measurements of NPPy,.q rely on allometry to determine the relationship
between changes in tree DBH and changes in tree biomass. Change in tree DBH
does not directly relate to canopy growth; this is relevant on the TFE, as trees on the
TFE had smaller canopies than equivalent-sized trees on the Control (Chapter 2).
This difference in allometry was not taken into account when estimating NPP0q
(Figures 4.6, 4.7). Consequently, the magnitude of NPP,,q may be lower on the
TFE than what is presented here, although the relative temporal pattern is likely
the same.

Overall mortality rates, as well as mortality rates per tree size, were lower on the
TFE between 2016-2022, in comparison to rates of mortality on the TFE between
2002-2016 and in comparison to mean mortality rates on the Control (Figure 4.10).
This multi-decadal trend in mortality rate could indicate that the remaining trees on
the TFE were not stressed after 2016. Interestingly, mean mortality rates from 2011
to 2022 on the TFE were equivalent, or lower than the Control per size class and
overall, when the mortality rate of 2015 was excluded. In 2015, air temperatures were
anomalously higher for a longer period of time than the rest of the reporting period
(Figure 4.11). It is possible that the higher-than-normal temperatures interacted
with the existing stress of the TFE, resulting in higher mortality rates across all
size classes (Figure 4.10). This is consistent with evidence that the trees on the
TFE are transpiring nearly all water available, making the forest potentially more
vulnerable to temperature or rainfall anomalies (Costa da et al., 2018). We note,
though, that tree mortality can occur over a long period after a stressor, and that
this relationship between high mortality rates and air temperature within a single

year suggests a more immediate mortality response.
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4.4.1 Comparison with Rowland et al. (2015)

The most recent work on the TFE reported a steep decline in 2015 in AGB, poten-
tially boding a system collapse (Rowland et al., 2015). Data from 2015-2022 indi-
cated that biomass has since stabilized (Figure 4.4). Of note, is that the stand AGB
values presented in this paper are higher than Rowland et al. (2015), because of the
new biomass and height allometry applied in this chapter, based on site calibrated
data (Figure 4.1, 4.2, 4.3). Prior tree biomass estimates were between 18.1-24.0%
lower than the current estimates, because height was underestimated when using
height allometry from the Brazilian Shield (Figure 4.1, 4.2 Feldpausch et al., 2012),
highlighting the importance of locally calibrated height allometric equations. No-
tably, the AGB on the TFE between 2002 and 2022 reduced by an additional 10%

when accounting for changes in TFE tree allometry due to drought.

4.5 Conclusion

We found that reducing throughfall by half from 2000 mm yr™! to approximately 1000
mm yr! reduced biomass by 43.9 & 5.7%, and it took 15 years for the ecosystem
to stabilize. Large trees immediately and severely reduced woody growth rates and
woody carbon accumulation from the start of the experiment, and suffered high
rates of mortality for the first 15 years of the experiment. Throughout much of the
experiment, trees below 40 cmm DBH thrived, and likely have trait plasticity that
allowed them to maximize growth under soil water deficit. Our results indicate that
tropical rainforests may house less carbon by the end of the 21st century, if climate
change in Amazonia follows the current projections. Any die-back may be expected
to occur over the course of multiple decades, with low chance of a catastrophic

die-back event leading to ecosystem collapse.
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Chapter 5

Discussion

5.1 Thesis overview

Tropical rainforests play a central role in the global carbon cycle, comprising high
standing biomass (Pan et al., 2011), generating the highest rates of gross primary
productivity of any major terrestrial ecosystem (Beer et al., 2010) and housing
a well-known peak in terrestrial biodiversity. If we are to understand the future
Earth system, sound knowledge of how climate change will impact tropical rainfor-
est carbon dynamics is essential. In this thesis, better understanding of a set of
fundamental metrics and processes is sought, including (i) the allometry of tropical
forests trees, (ii) the relationships under long-term drought stress among tree size,
growth, metabolism, and (iii) new metrics of canopy structure.

The basis of this thesis was a continuously maintained 20-year tropical drought
experiment (through-fall exclusion experiment, TFE). The drought treatment was
delivered through partial restriction of incoming rainfall via a system of panels
and gutters; a summary of preceding results can be found in Meir et al. (2018).
In this study, terrestrial laser scanning (TLS) was combined with multiple new
measurements and long-term ecophysiological datasets to deliver a new analysis
connecting structure with function in the TFE and adjacent Control forest.

In Chapter 2, I found that plasticity in tree woody canopy architecture due to

drought may be related to tree hydraulic stress mitigation strategies. Because of the
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capacity the experiment afforded to test for differences in canopy structural metrics,
my analysis provides some of the first evidence that not only organ-scale entities,
such as leaves, but also canopy- and branch-scale architectural features can be con-
sidered as plant traits that may respond plastically to long-term perturbations, in
this case, drought stress.

In Chapter 3, I used the detailed canopy structural analysis possible with the
TLS data to develop a novel approach to studying wood respiration in droughted
and non-droughted trees. I made standard and novel measurements of CO, efflux
from woody tissue, and combined them with measurements of canopy structure
derived from TLS data to demonstrate that the metabolic load represented by woody
tissue respiration at the whole-tree level was substantially reduced under long term
drought, and that this was driven by changes in vegetation structure, rather than
by changes in the efflux rate from woody tissue.

In Chapter 4, I extended the use of TLS to improve estimates of aboveground
biomass, based on site-calibrated high-resolution structural information, rather than
relying on regionally generalized allometric relationships of tree size. I re-analyzed
the 20 year data set of growth, recruitment and mortality at the experiment to
estimate biomass changes over time. This enabled new insight into long-standing
questions regarding the risk of a tropical rainforest transitioning to a lower biomass
vegetation under extreme drought in Amazonia, with the associated risk of large
emissions of CO; to the atmosphere. Earlier data had shown that nearly 40% of
standing biomass was lost in the first 13 years of the experiment (Rowland et al.,
2018), with evidence of rapid pulses of mortality or biomass collapse (Rowland
et al., 2015; Meir et al., 2015). A key issue under consideration, therefore, was
whether it was possible to determine if the long-term droughted forest would be
vulnerable to further biomass collapse or whether it was likely to tend towards a
new stable state. My analysis of the growth, recruitment and mortality dynamics of
the droughted forest indicated a stabilization in biomass during the 6 years of new

data presented here for the first time, and following a 15 year period of heightened
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mortality. Whether this stabilization persists or is followed by further biomass
loss is unclear. This thesis thus provides new insights into structural, functional
and carbon-use related metabolic dynamics that may develop in tropical rainforests
under predicted tropical drought scenarios this century. In this chapter I review and
summarize the main findings of this thesis, discuss implications of each chapter and

include suggestions of future research directions.

5.2 Chapter 2: Tree structural plasticity under
long term experimental drought

In Chapter 2, I examined the response to long-term water stress in trees on the TFE
by testing for changes in the vertical and horizontal distribution of woody and foliar
tissue, together with branch pathlength. There were substantial differences between
TFE treatment and Control for multiple structural metrics of whole-tree woody
and leaf tissue arrangements, as well as in twig structure. Together, my analyses
indicated that trees avoid drought stress via mechanisms that improve hydraulic
conductance in woody tissue, resource acquisition efficiency as determined by canopy

metrics, and heat transfer, as inferred from canopy shape and position. I found that:

1. Hydraulic conductance may have increased for trees on the TFE because, in
comparison to a Control tree of equivalent diameter at breast height (DBH),
tree height was lower by 1.2 + 0.3 m, total tree length of all branches and stem
decreased by 37%, mean path length, that is, the continuous length from the
base of the tree to each canopy tip, was lower by 1.4 + 04m, and path fraction,
which is the mean path length divided by the maximum path length, was lower
by 0.064+01m. For twigs of equivalent basal diameters on the TFE, in comparison

to the Control, the length of the twig was shorter on the TFE by 12.5 + 4.4%.

2. Resource acquisition efficiency may have increased on the TFE in response to

long-term drought, in comparison to a tree of equivalent DBH on the Control.
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On the TFE the leaf canopy surface area to volume ratio was larger by 7.24+2.1%,
mean canopy width was 6.7 +1.9% smaller, whole-tree woody tissue volume was
smaller by 30.6 + 2.6%, and whole tree woody canopy volume was smaller by
44.5 + 5.8%. For twigs, woody tissue volume was smaller by 32 4+ 11% on the

TFE in comparison to an equivalent twig basal diameter on the Control.

. The distribution of leaf area by compass direction differed between TFE and Con-
trol trees, with relatively more leaf area within a tree found between 330° to 60°,
that is north to north-east, on TFE droughted trees. By contrast, Control plot
trees had a mean leaf distribution similar to a perfect circle. A key consequence of
this difference in azimuthal leaf distribution is that, relative to the un-droughted
forest trees, the droughted trees tended to have a smaller proportion of their
canopies exposed to the hotter and lower-humidity conditions experienced in the
afternoons, thus presenting a canopy-scale response to long-term drought that is
analogous to trait plasticity and is of ecological significance to the growth and

survival of each tree.

. The plot-wide structural analysis showed a larger leaf area index to woody vol-
ume ratio by 224+9% on the TFE in comparison to Control. This was interpreted
to have been driven by size dependent changes in tree structure over the course
of long-term drought, specifically: trees below ~25 m in height that had expe-
rienced long-term drought stress, relative to undroughted trees, had similar or
higher wood volume and LAI as an aggregate; and trees above 25 m in height
had lower aggregated volume and LAI than in the undroughted forest. This rela-
tionship was consistent with results found on twigs, with twig leaf area modelled
by twig basal diameter, treatment, and interaction between DBH and treatment
showing that small TFE trees (~10-20 cm DBH) had a slightly larger leaf area by
approximately 11% in comparison to Control trees, but that leaf area declined for
larger trees on the TFE, such that trees larger than approximately 20 cm DBH
on the TFE plot had relatively less leaf area per twig basal diameter than in the

Control plot trees.
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To my knowledge, no previous high-resolution analysis of trait plasticity in such
aggregate canopy- and stand-scale properties has been made. Although TLS-based
analyses of tree structural properties are emerging in the literature (Shenkin et al.,
2020; Terryn et al., 2020), the long-term nature of growth responses means that
the unusual context of this long-term ecosystem-scale drought experiment provided
an empirical context to enable an examination, not only of novel traits at new
scales of the tree and stand, but also of otherwise theoretical trait-based responses
to the altered environment. I found existence of structural plasticity at different
aggregated scales (tree canopy, stand), interpretable as trait-based responses to
drought. This is potentially important for extending how we understand trait-based
ecology of all forests, and is of specific interest at the Amazonian rainforest drought
experiment site in this study in the context of preceding data showing variable
and sometimes limited plasticity in more classical organ-scale physiological traits
in response to long-term experimental drought in the larger trees that dominate
the current canopy (e.g. hydraulic vulnerability Bittencourt et al. (2020); and leaf
physiological capacity, Rowland et al. (2021a)). The architectural plasticity reported
in this study may act to mitigate the sensitivity of tropical rainforests to drought,
as tree architecture altered in a manner that was consistent with improved function

under water deficit.

5.2.1 Chapter 2: Future research

1. The links presented here between tree structure and tree function are inferred
based on expectations of hydraulic mitigation strategies, rather than directly
tested through a detailed network of extended physiological measurements. Mea-
suring and linking the effects of alterations in architectural trait patterns directly
with key physiological and growth performance metrics would clarify and quantify

the extent to which changes in architecture can alter tree function.

2. Leaf point cloud data analysis using TLS is in its infancy, and validation stud-

ies are exceedingly rare. Validation studies relating leaf area to TLS-driven
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allometrically-derived leaf area estimates are necessary to improve methods of
processing leaf point cloud data. This can lead to improvements in leaf area
estimates, as current field techniques used to measure LAI are known to often
saturate in high leaf area environments like tropical rainforests. Integrating de-
tailed TLS-derived leaf area estimates with TLS-derived light profiles and 3D leaf
distribution, could vastly advance the resolution and our consequent understand-
ing of tree leaf carbon dynamics. If combined with detailed canopy monitoring
of meteorological data, new patterns may be identified that link tree growth

patterns with environment.

5.3 Chapter 3: Structural and process-based anal-
ysis of woody tissue respiration during long-
term experimental drought

In this chapter, I evaluated wood CO, efflux, and wood respiration at the organ,
tree and stand level, using methods relying on TLS to model woody tissue structure
and woody tissue CO, efflux rate per tree branch diameter. Most measurements of
CO; effluxes are performed on tree stems, from the ground (e.g. Meir, Grace, 2002).
Here, I measured wood CO, efflux in both the canopy and on the stems. I also
measured the apparent respiratory quotient (ARQ) for a subset of trees using the
method developed by Angert et al. (2012), which I used to interpret the difference
between measured radial wood CO, efflux and respiration: COy derived from wood
respiration can diffuse axially, radially or be removed by carboxylation, confounding
direct measurements of wood respiration using measurements only of radial wood
COq efflux (Angert et al., 2012; Teskey, Mcguire, 2002; Salomén et al., 2018). The

key findings for this chapter were:

1. Wood COy efflux was not altered as a result of the drought (TFE) treatment

(N = 1751), except for twigs, which showed a higher wood COs efflux rate (on a
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surface area basis) on the TFE than Control in the wet season, when growth rates
were high on the TFE (Rowland et al., 2018). Using novel ARQ measurements
on a subset of trees (12 individuals, 2 species) to derive respiration rates in wood
from the raw CO, efflux data, I demonstrated lower wood respiration rates (on
a surface area basis) on the droughted TFE trees than the undroughted Control

trees.

. Whole tree wood CO, efflux was lower under drought treatment due to lower
surface area to volume ratios for long-term droughted TFE trees relative to

equivalent-sized trees on the undroughted Control plot.

. Total stand wood COs efflux (Ryooqa) was lower on the TFE in comparison to
the Control by approximately 58%, directly related to an equivalent reduction
in stand vegetation surface area as determined using the new structural analysis
data from TLS. This difference in stand wood CO4 efflux was over 2x larger than
what had previously been estimated for this site (Rowland et al., 2018), in part
due to drought-related changes in surface area allometry and due to the previous

study applying a surface area allometry that was not calibrated for the site.

. Tree surface area measured using TLS was consistently lower than surface area
derived from the commonly and globally applied tropical tree surface area al-
lometry equation (Chambers et al., 2004), except for large trees, which were
considerably underestimated when using the allometry equation from Chambers

et al., 2004.

Overall, I examine the primary scalars describing wood CO, efflux in a tropical

rainforest, its expression at tree and stand scales, and how respiration in woody

tissue differs from raw CO, efflux under drought stress. The observed difference in

tree structure under drought stressed conditions has led to reduction in metabolic

load of trees, as a consequence of tree structural plasticity. This could be a manner

of acclimation, and suggests that tropical rainforest trees could have higher levels of

resistance to water deficit than previously anticipated, when plasticity was examined
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using organ-scale measurements of metabolism and hydraulics (Rowland et al., 2015;
Bittencourt et al., 2020).

Importantly, woody tissue respiration, as derived from ARQ) measurements, was
lower under long-term drought in the TFE than in the Control despite no significant
difference in radial wood COy efflux rates that might otherwise be expected under
drought stress (Salomén et al., 2018). Since trees on the TFE are maintaining growth
rates that are higher or equivalent to rates on the Control (Chapter 4 Rowland et al.,
2015), it is unlikely that the decreased wood respiration resulted in turgor-restricted
growth, as is normally seen under short-term droughts (De Roo et al., 2020; Lauriks
et al., 2022; Rodriguez-Calcerrada et al., 2014; Saveyn et al., 2007). This may be
yet another example of how drought responses on the short term do not predict
long-term tree response to drought (Meir et al., 2018).

Of particular importance in this study is the issue of applying allometric rela-
tionships that are not locally calibrated. Most studies rely on regional or pantropical
allometry to estimate biomass and height of forests (Chave et al., 2014; Feldpausch
et al., 2012). I show that there was considerable error when using uncalibrated
regional or global allometry to estimate biomass and tree height. Additionally, the
error was distinct for trees on the Control and the TFE treatment. This suggests
that there are systematic biases in studies to date of the effect of climate change
on forest carbon cycles due to the use of uncalibrated allometric relationships, and

that these biases may conceal effects of climate change on trees.

5.3.1 Chapter 3: Future research

1. T found that approximately 40% of respiratory CO, from wood does not dif-
fuse radially, consistent with measurements made in multiple woody ecosystems
(Hilman, Angert, 2016). Since ARQ did not correlate with sap flow, and showed
no relationship with location in tree (canopy, stem), there may be evidence that
the missing sink is related to local enzymatic re-fixation processes that capture

respiratory-derived CO, in woody tissue. To test for a relationship between
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enzyme activity and ARQ, additional extensive ARQ measurements would be
necessary, along with tissue enzyme assays, and a much wider species sampling,
as my pilot data showed that ARQ varied between the two species suggesting
that internal movement of CO, or rate of re-fixation processes may conceivably

be constrained phylogenetically.

. Stand wood COs efflux needs to be discussed within a wider context of R., and
GPP to determine how stand wood COy efflux influences the ecosystem carbon
balance. The results from Chapter 2 showed an increase in the leaf area to tree
biomass ratio on the TFE in comparison to the Control. Recent data using
extensive species sampling have shown that leaf photosynthetic capacity were, at
most, only marginally reduced under TFE and that leaf respiration rates were
not significantly altered under long-term TFE (Rowland et al., 2015, 2021b),
therefore the increase in leaf area:biomass ratio reported here could result in an
enhanced carbon sink on the TFE. The overall carbon balance of this rainforest
following long-term drought also depends on variation the remaining components
of Reco, principally, soil respiration and estimates of GPP, which may be modelled

using leaf area data from Chapter 2.

5.4 Chapter 4: Forest dynamics over 20 years
of experimental drought: tending to biomass

collapse or a new stable state?

In this chapter, I used the experiment to inform the long-running discussion on the

risk of biomass collapse via transition from rainforest to a lower-biomass vegetation

form, in response to the level of drought-stress for Amazonia this century that is

predicted in some climate-change scenarios (Duffy et al., 2015): the possibility of

so-called Amazon die-back (Huntingford et al., 2008; Galbraith et al., 2010; Marengo

et al., 2018). I describe the effect of severe drought on aboveground biomass (AGB)
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in the TFE over the course of 20 years, testing and validating estimates using TLS,
itself pre-calibrated using destructive sampling of nearby trees. I calculated any
gains in AGB resulting from recruitment, tree growth or loss through mortality.
All results were compared against a one-hectare Control plot where no drought
treatment had been imposed, but for which the same long-term datasets have been
collected. In addition to a re-analysis of existing data up to 2015 (Rowland et al.,
2015; Costa da et al., 2010, 2014; Metcalfe et al., 2010b), I added six years of new
biomass dynamics data to enable me to address the understanding of the long-
term stability of the biomass in this forest, following earlier biomass loss driven
by drought-induced high rates of tree mortality. Under the long-term TFE water

exclusion regime, I found:

1. AGB on the TFE had decreased by 43.9 + 5.7%, after 20 years of exposure
to substantial water deficit (50% rainfall removal). Most of this biomass loss
occurred during mortality pulses in the first 13 years of the experiment as reported
previously (Rowland et al., 2015), whereas during the most recent years, from
2016-2022, the new data showed AGB on the TFE to be approximately constant,

suggesting that the forest may be approaching an equilibrium with current water

supply.

2. Stand NPP0q on the TFE was constant from 2018 to the most recently measured
year, 2020. In comparison to the undroughted Control plot, the TFE plot had
higher rates of NPP .04 per unit biomass from 2009 to present, and, in fact,
had higher or very similar absolute values of stand NPP.q, despite significant
biomass loss on the TFE, for 10 of the 20 years in the reporting period. This
trend has been driven by high growth rates in small and medium sized trees

(DBH < 40 ¢m) on the TFE.

3. Following high rates of AGB loss from 2002-2015, the slope of cumulative AGB
loss on the TFE has reached a horizontal asymptote between 2016 and 2022.

Mortality rates on the TFE for the period between 2016-2022 are similar to pre-
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treatment and Control mortality rates. Of note, is that the high temperatures
recorded in 2015 coincided with high mortality rates on the TFE across all size
classes, as well as a reduction in NPP,,q for small medium and large trees on

both the TFE and the Control.

Dramatic improvements to quantifying biomass have occurred with the intro-
duction of TLS (Calders et al., 2015a,b; Burt et al., 2021; Lau et al., 2019a). Here,
I apply TLS to validate AGB estimates on two hectares of tropical rainforest. Es-
timates of AGB on the TFE indicate that the capacity of an ecosystem to support
AGB is directly linked with precipitation regime, with ~45% loss of AGB due to
a 50% decrease in rainfall. The majority of the AGB loss occurred over the first
13 years of the TFE, with the growth and mortality dynamics of the most recently
reported years indicating that the ecosystem has likely reached a new stable state.
This suggests that tropical ecosystems may respond relatively quickly, on the scale
of decades, to changes in water regimes, and that the risk of catastrophic die-back
resulting in sparse savanna landscape is low, in the absence of other drought-related
stressors such as fire. The manner in which the TFE responded to the additional
stressor of the high temperatures in 2015 could be an indication that the ecosystem
is not as resilient to climate anomalies as the Control. This is relevant for predicting
future carbon scenarios, as this may indicate that the interaction between climate
change and anomalous climate events, like El Nino years, could result in substantial
mortality.

Although woody growth is only one metric of forest health, the high NPP 04
on the TFE, across all size classes, indicates potential acclimation and drought
resistance of surviving trees on the TFE. It is particularly surprising that the large
tree NPP 004, standardized per unit biomass of large trees, was higher on the TFE
than the Control in the final years of the reporting period, as this may indicate
that large trees, which may be the most sensitive to drought (Rowland et al., 2015;
Bittencourt et al., 2020; Nepstad et al., 2015) have acclimated to the TFE, despite

recent hydraulic measurements in 2016 indicating that these trees are hydraulically
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stressed (Bittencourt et al., 2020).

Importantly, at the basis of these NPP,,q values presented in this chapter are
allometric assumptions relating an incremental change in DBH with an increase in
total plant carbon. Since drought altered tree allometry on the TFE, any assumption
relating growth at breast height with tree biomass, may be worth revisiting. This
drought-induced change in allometry undermines comparison of growth dynamics
at this site, during any experimental manipulation, or virtually any interpretation
of forest growth dynamics under climate change using currently adopted measure-
ments relying on DBH. Direct measurement of forest structure and growth via TLS,
therefore, is pivotal to properly measure ecosystem carbon cycling, and evaluate the

effect of climate change on forests.

5.4.1 Chapter 4: Future research

1. The analysis of growth data in this chapter is limited to describing change in
tree growth over time, and does not include analysis of growth dynamics directly
related to variations in soil water content. The reanalysis of growth dynamics,
particularly during anomalously low rainfall years, would provide further informa-
tion regarding how an already stressed, albeit, structurally acclimated, rainforest
responds to further stress and how, in comparison, a non-stressed but potentially
structurally sub-optimal rainforest responds to temporary water stress. Such a
study would further advance our understanding of the resilience of trees to water

deficit.

2. Large trees may be most susceptible to drought stress (Rowland et al., 2015;
Bittencourt et al., 2020; Nepstad et al., 2015); however, it appears that the
remaining large trees on the TFE are managing to cope with drought, and, as
an aggregate, may have improved function compared to the Control, considering
the rate of NPP .04 per unit biomass was higher on the TFE than the Control
for large trees in most recently reported years. This leads to intriguing questions

about what aspects of tree architectural trait plasticity have allowed for these

126



large trees to survive, acclimate, and potentially begin to thrive under extreme
drought. This question might be considered difficult to answer due to small
sample sizes of large trees in a single hectare; however, this analysis of structural
traits suggests an advantage, in that the allometry in tree structure appears to
have low variance, and may be well conserved within a given environment, making
it possible to tease apart effects of treatment on the degree of plasticity in tree

structural traits using relatively small sample sizes.

5.5 Conclusion

This work introduces new measurements of structure and function, focusing on
the use of terrestrial laser scanning to quantify tree structure and biomass, and
combining the structural measurements with basic and advanced measurements of
metabolism via the quantification of CO, effluxes from woody tissue. Using these
high resolution measurements of tree structure with TLS, I demonstrate considerable
plasticity in several woody architectural metrics that I argue can be considered as
new ecological traits (Diaz et al., 2016) based on the evidence uniquely provided by
the long-term experiment that, not only can these architectural metrics be defined,
but they also change under water stress on multi-year and decadal timescales in
ways that promote growth and/or survival of individual trees. Further, my analysis
uses this quantification of structure to show that respiratory metabolism at tree
and stand scales declines substantially as a result of the distinct effects of long-term
drought on vegetation structure.

Finally, I analyze the full 20 year forest dynamics dataset from this experiment.
Here T use my TLS analysis to calibrate the previously assumed (Costa da et al.,
2010; Rowland et al., 2015) allometric relationship at this site between DBH and
height. A form of this relationship is used globally to determine tropical tree and
forest biomass (Chave et al., 2014) but is known to vary biogeographically (Feld-
pausch et al., 2012). I further calibrate biomass estimates at this site using a local

tree harvest-based TLS calibration. The updated 20-year forest dynamics dataset is
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then used to extend earlier analyses showing rapid biomass loss in the first 13 years
of the drought treatment during which 40% of the pre-existing biomass was lost to
elevated mortality. New data for another five years are presented to test whether
forest biomass would collapse further or tend towards a new stable state under the
drought treatment, informing wider debates about possible Amazon forest die-back
under extended severe drought (Sampaio et al., 2007; Davidson et al., 2012; Nobre
et al., 2016). The results suggest that the forest may have reached a new stable
state that supports a lower biomass (?Slik et al., 2010). The evidence indicates that
these forests are likely to lose considerable biomass, with consequent emissions of
COg to the atmosphere, but ultimately show long-term resilience as lower-biomass
forest, rather than a scant savanna environment.

In summary, this thesis substantiates a novel extension of trait based ecologi-
cal thinking, provides key new data to advance estimates of whole tree and forest
stand metabolism, and, using an extension of a prior 13 year forest dynamics field-
experiment dataset, provides evidence for decadal-scale reductions in biomass under
drought followed by subsequent stability. These insights offer new advances in, and
constraints to, our understanding and prediction of the likely responses by Amazonia

tropical rainforest to climate change this century.
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Appendix A

Appendix for Chapter 2
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Figure A.1: Wind direction at Caxiuana from 2017 to 2020, where wind direction
is defined as the direction the wind is coming from. Data are presented as percent
of total time that wind is coming from a given 10 degrees for the reported period
(2017-2020)
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Figure A.2: Examples of a) 2D convex hull which was used to calculate mean width
of canopy as 4*area of the 2D convex hull projected in the x-y direction divided by
the perimeter of the convex hull polygon and b) 3D convex hull which was used to
calculate the surface area to volume ratio of the leafy-canopy.
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Methods for correcting volume per 3 meter height bin for trees on a 20 x 20 m
(low-resolution) to 10 x 10 m grid (high-resolution). Firstly, total canopy volume was
corrected to per tree with a model of using dependent variables, total canopy volume
extracted at 20 x 20 m (m3), DBH (cm), 3D convex hull volume (crownvolume,
m?), and the interaction between canopy volume and DBH (R? = 0.96, N = 139,
A.1). The difference between 10 x 10 and 20 x 20 canopy volume is added to each
3 meter height bin of the canopy equally. Next, the canopy volume distribution is
corrected for the previously assumed equal distribution of the added canopy volume,
with a model relating canopy volume per height bin at 10 x 10 (canopy.vol.10.perz,
m?) to the interaction between corrected canopy volume per height bin at 20 x20
(canopy.vol.20.perz, m?) and the height bin (m, A.2). Trunk volume per height bin
is corrected using the interaction between trunk volume extracted at 20 x 20 m (m?)
and the height bin (m) of the volume (A.3). Graph of the application of correction
models of trunk and canopy for an aggregate profile of 146 trees, with fine scale 10
x 10 m aggregate profile in red, corrected profile in blue, and uncorrected profile in
green A.3.
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Figure A.3: Methods for correcting tree woody tissue volume for each 3 meter height
bin for trees on a 20 x 20 m
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Table A.1: Linear model coefficients of total canopy volume per tree, using total
canopy volume extracted at 20 x 20 m (m?®), DBH (cm), 3D convex hull volume
(crownvolume, m?), and the interaction between canopy volume and DBH (R? =

0.96, N = 139)

Dependent variable: canopy.volume.10x10

canopy.vol.20

0.278%** (0.077)

(

DBH 0.006%** (0.002)
crownvolume 0.001*** (0.0001)
canopy.vol.20.total: DBH 0.006*** (0.001)
Constant -0.150*** (0.038)
Observations 139

R? 0.961

Adjusted R? 0.960

Residual Std. Error
F Statistic

0.170 (df = 134)
822.556*** (df = 4; 134)

Note:

*p<0.1; **p<0.05; ***p<0.01

133



Table A.2: Second step to correcting low resolution canopy volume profiles by relat-
ing canopy volume per height bin at 10 x 10 (canopy.vol.10.perz, m?) to the interac-
tion between corrected canopy volume per height bin at 20 x20 (canopy.vol.20.perz,
m?) and the height bin

Dependent variable: canopy.vol.per.z

canopy.vol.20.perz.corr 0.496*** (0.056)

height.bin 20.002%** (0.001)
canopy.vol.20.perz.corr:height.bin 0.024*** (0.003)

Constant 0.045*** (0.012)
Observations 468

R? 0.907

Adjusted R? 0.906

Residual Std. Error 0.065 (df = 464)

F Statistic 1,508.284*** (df = 3; 464)
Note: *p<0.1; **p<0.05; ***p<0.01
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Table A.3: Linear model coefficients of trunk volume per height bin, used to correct
low resolutoin trunk volume profile

Dependent variable:trunk.vol.10.perz

trunk.vol.20.perz 0.694*** (0.011)
trunk.vol.20.perz:height.bin 0.023*** (0.002)

Constant 0.010** (0.005)

Observations 641

R? 0.893

Adjusted R? 0.892

Residual Std. Error 0.106 (df = 638)

F Statistic 2,655.339%%* (df = 2: 638)
Note: *p<0.1; **p<0.05; ***p<0.01
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Table A.4: Relationship between total number of leaf points of a tree (leaf.points),
the tree canopy width (m), the tree DBH (cm), and the interaction between canopy
width and tree DBH. Variables are log transformed as noted for linearity. Coeffi-
cients are presented with standard error of coefficients in parentheses.

Dependent variable: log(leaf.points)

log(width) 2.342 (0.072)%**

DBH 0.013 (0.006) **
log(width):DBH 20.006 (0.002)***

Constant 5.735 (0.131)%**
Observations 310

R? 0.876

Adjusted R? 0.874

Residual Std. Error 0.332 (df = 306)

F Statistic 717.945%F*% (df = 3; 306)
Note: *p<0.1; **p<0.05; ***p<0.01
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Table A.5: Genus-specific intercept for tree height mixed effect model

Genus Random effect intercept
Abarema -0.831625734
Adenocalymma 0.951755262
Amaioua -0.066473891
Ambelania -0.330091453
Anacardium 0.005482656
Aptandra 0.32420176
Aspidosperma 1.09765822
Astronium -0.191858121
Bignonia 0.998672261
Bocageopsis -0.229973366
Bowdichia -0.175729725
Brosimum 0.254707702
Buchenavia 0.305400289
Chrysophyllum 0.472238558
Couepia 0.28104185
Couma -0.435460354
Couratari 0.543350472
Cupania 0.20596177
Dendrobangia -0.055821708
Dialium 0.262267246
Dinizia 0.646079877
Diplotropis 0.254189509
Dipteryx 0.002053814
Duguetia -0.405744414
Duroia -0.254699504
Ecclinusa -0.11854316
Endlicheria 0.149928096
Endopleura -0.058743181
Ephedranthus -0.190354649
Erisma -0.179737506
Eschweilera -1.341879483
Eugenia 0.080246835
Ferdinandusa -0.112078157
Geissospermum -1.058144078
Goupia -0.709641264
Guapira -0.24572866
Guatteria 0.000234722
Hirtella -0.142521593
Hymenaea 0.595464163
Hymenolobium 0.293206166
Tlex -0.090071357
Inga -0.194704976
Iryanthera 0.361664101
Lacunaria -0.675510631

Continued on next page
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Table A.5 — continued from previous page

Genus Random effect intercept
Lecythis -0.288569627
Licania 0.139625488
Licaria -0.230270163
Manilkara 0.13717478
Maquira -0.167002467
Martiodendron -0.412238305
Matayba -0.004434512
Maytenus -0.066614864
Mezilaurus -0.090937793
Micropholis 0.365653421
Minquartia -0.928929636
Mouriri -0.834804337
Myrciaria -0.059333997
Naucleopsis 0.336028412
Ocotea -0.505868592
Oenocarpus -0.227723433
Ouratea 0.501247708
Parkia 0.058436911
Paypayrola -0.464721269
Peltogyne 0.354608766
Pourouma 0.216716101
Pouteria 0.520176158
Protium 0.560371093
Pseudopiptadenia 0.808665412
Pterocarpus 0.022873782
Qualea 0.941077075
Quararibea -0.020827859
Quiina 0.055585971
Rhodostemonodaphne | -0.404969992
Rinorea -1.091471182
Sclerolobium 0.478465763
Stachyarrhena 0.086742001
Sterculia 0.043094964
Stryphnodendron -0.279663423
Swartzia -0.455709242
Tachigali 0.661812219
Talisia -0.146031053
Tetragastris -0.355906063
Theobroma -0.00208366
Tovomita -0.177281338
Trattinickia -0.298621171
Vantanea 0.066715991
Vatairea 0.289741748
Virola -0.110345512
Vouacapoua 0.460966783

Continued on next page
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Table A.5 — continued from previous page

Genus

Random effect intercept

Xylopia
Zygia

0.004092776
0.390131336
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Table A.6: Genus-specific intercept for canopy width mixed effect model

Genus Random effect intercept
Abarema -3.12E-02
Adenocalymma 1.44E-02
Amaioua -1.73E-02
Ambelania 3.80E-02
Anacardium 1.31E-02
Aptandra -2.20E-02
Aspidosperma -5.79E-02
Astronium -2.69E-02
Bignonia 4.98E-03
Bocageopsis 3.85E-02
Bowdichia 1.57E-02
Brosimum -2.55E-02
Buchenavia -3.50E-03
Chrysophyllum -4.80E-02
Couepia -1.34E-02
Couma 5.14E-03
Couratari -5.32E-02
Cupania 6.84E-03
Dendrobangia -1.84E-02
Dialium 3.21E-02
Dinizia -3.93E-03
Diplotropis 2.87TE-03
Dipteryx 3.50E-03
Duguetia 1.71E-02
Duroia -2.89E-02
Ecclinusa -4.62E-03
Endlicheria -2.60E-02
Endopleura 2.57E-02
Ephedranthus 2.05E-02
Erisma 2.93E-02
Eschweilera 3.94E-02
Eugenia 2.30E-02
Ferdinandusa 1.08E-03
Geissospermum 3.71E-02
Goupia 2.04E-02
Guapira 1.42E-02
Guatteria -1.45E-03
Hirtella -9.95E-03
Hymenaea 8.79E-03
Hymenolobium -1.66E-02
Ilex -2.81E-02
Inga 5.05E-02
[ryanthera -4.28E-03
Lacunaria 6.66E-03

Continued on next page
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Table A.6 — continued from previous page

Genus Random effect intercept
Lecythis 1.08E-01
Licania 3.96E-02
Licaria 3.10E-03
Manilkara -1.28E-02
Maquira -3.56E-03
Martiodendron -5.42E-04
Matayba -3.45E-03
Maytenus 1.89E-02
Mezilaurus 3.81E-03
Micropholis 1.40E-02
Minquartia -6.01E-02
Mouriri -2.52E-02
Myrciaria -8.52E-03
Naucleopsis -2.05E-02
Ocotea 2.89E-02
Oenocarpus 4.65E-03
Ouratea 3.13E-03
Parkia 4.88E-05
Paypayrola -9.16E-03
Peltogyne 8.08E-03
Pourouma -7.08E-03
Pouteria -1.87TE-02
Protium 1.61E-02
Pseudopiptadenia 1.87E-03
Pterocarpus -5.96E-03
Qualea -2.06E-02
Quararibea -3.18E-02
Quiina 9.10E-03
Rhodostemonodaphne | 4.15E-03
Rinorea 1.32E-02
Sclerolobium 2.04E-02
Stachyarrhena -6.45E-02
Sterculia -3.37E-02
Stryphnodendron -4.55E-04
Swartzia 3.91E-02
Tachigali -2.21E-03
Talisia 3.26E-03
Tetragastris 2.51E-02
Theobroma -2.87TE-02
Trattinickia 2.92E-02
Vantanea 1.58E-02
Vatairea -1.65E-02
Virola -7.93E-03
Vouacapoua -2.45E-02
Xylopia -7.55E-03

Continued on next page
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Table A.6 — continued from previous page

Genus Random effect intercept
Zygia -2.46E-02
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Figure A.4: Counterfactual plot for model of total leaf area (m?) of twigs. Plot has
predicted leaf area of TFE twigs divided by predicted leaf area for Control for a
constant twig basal diameter plotted against the diameter of the tree (DBH, c¢m).
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Appendix B

Appendix for Chapter 3

Table B.1: Correction of surface area of low resolution models (20 x 20 m sampling
grid, SA.20x20) to high resolution (10 x 10 m sampling grid) using 146 trees on the
Control. SA.20x20, transformed tree height (height), and the interaction between
the two were used to model tree surface area at 10 x 1 0 m resolution (SA.10x10)

SA.10x10

Predictors Estimates CI p
(Intercept) -1.50 -4.05 - 1.06  0.248
SA.20x20 0.75 0.63 - 0.87 <0.001
height "3 0.00 0.00 - 0.00 <0.001
SA.20x20 * height"3 0.00 0.00 - 0.00 <0.001
Observations 146

R? / R? adjusted 0.944 0.943
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Table B.2: Correction of volume of low resolution models (20 x 20 m sampling grid)
to high resolution (10 x 10 m sampling grid) using 146 trees on the Control. Tree
volume at 20x20 and the interaction between tree volume at 20 x 20 resolution with
tree height was used to model tree volume at 10 x 10.

Vol.10x10
Predictors Estimates CI p
(Intercept) 0.05 -0.04 - 0.15 0.243
Vol.20x20 0.44 0.24 - 0.64 <0.001
Vol.20x20 * height 0.02 0.01 - 0.02 <0.001
Observations 146

R2 / R? adjusted  0.970 / 0.970
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Table B.3: List of the species sampled, and number of individuals on TFE and
Control. Where noted, only genus-level identification was known, or species and
genus level identification unknown.

Binomial Experiment | N. Individuals
Anacardium tenuifolium TFE 1
Aptandra TFE 2
Aspidosperma araracanga TFE 3
Aspidosperma desmanthum Control 3
Aspidosperma desmanthum TFE 1
Aspidosperma nitidum Control 2
Aspidosperma nitidum TFE 1
Bocageopsis multiflora Control 2
Bowdichia nitida TFE 1
Brosimum guianense Control 1
Buchenavia grandis Control 1
Couepia guianensis Control 1
Couepia guianensis TFE 2
Couma guianensis Control 1
Couratari multiflora Control 1
Dendrobangia boliviana TFE 1
Duguetia echinophora Control 1
Ecclinusa guianensis Control 1
Erisma uncinatum TFE 3
Eschweilera Control 1
Eschweilera coriacea Control 4
Eschweilera coriacea TFE 4
Eschweilera decolorans Control 1
Eschweilera decolorans TFE 2
FEschweilera grandiflora Control 2
Eschweilera grandifiora TFE 1
Eschweilera pedicellata Control 1
Ferdinandusa elliptica TFE 1
Goupia glabra Control 1
Hirtella bicornis Control 1
llex inundata Control 1
Inga Control 1
Inga alba Control 2
Inga alba TFE 1
Inga capitata Control 1
Inga gracilifolia Control 1
Inga gracilifolia TFE 4
Lecythis idatimon TFE 1
Licania glabriflora TFE 1
Licania membranacea Control 3
Licania membranacea TFE 2
Licania octandra Control 3
Continued on next page
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Table B.3 — continued from previous page

Binomial Experiment | N. Individuals
Licania octandra TFE 4
Manilkara bidentata Control 4
Manilkara bidentata TFE 7
Manilkara huber: Control 3
Manilkara huberi TFE 1
Manilkara paraensis Control 2
Mezilaurus mahuba Control 1
Micropholis egensis TFE 1
Micropholis venulosa Control 4
Micropholis venulosa TFE 2
Minquartia guianensis Control 4
Minquartia guianensis TFE 5
Mowuriri duckeana TFE 1
Ocotea tabacifolia Control 1
Pouteria anomala Control 5
Pouteria anomala TFE 4
Pouteria cladantha Control 1
Pouteria cladantha TFE 1
Pouteria decorticans Control 3
Pouteria decorticans TFE 1
Pouteria erythrochrysa Control 1
Pouteria guianensis Control 1
Pouteria jariensis TFE 1
Pouteria oppositifolia Control 1
Pouteria oppositifolia TFE 2
Pouteria ramiflora Control 1
Pouteria ramiflora TFE 1
Pouteria trilocularis Control 1
Pouteria venosa TFE 2
Protium pilosimum Control 1
Protium pilosimum TFE 1
Protium tenuifolium Control 4
Protium tenuifolium TFE 5
Pseudopiptadenia psilostachya | TFE 1
Qualea Control 1
Qualea paraensis Control 2
Rinorea guianensis Control 8
Stryphnodendron Control 2
Swartzia racemosa Control 5
Swartzia racemosa TFE )
Symphonia globulifera TFE 1
Tetragastris panamensis Control 1
Tetragastris panamensis TFE 1
Tovomita choisyana Control 1
Virola muchelii Control 1

Continued on next page
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Table B.3 — continued from previous page

Binomial Experiment | N. Individuals
Virola michelii TFE 2
Vouacapoua americana Control 6
Vouacapoua americana TFE 6
Zygia racemosa Control 1
Unknown TFE 2
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Gap filling methods used for surface area of branches between 5 cm and 1 mm

in basal diameter:

1.

Plotted branch radius versus cumulative sum of branch surface area or cumulative
sum of branch volume, from largest branch radius to smallest branch radius (see
Appendix B.1).

. A linear regression performed, using branch radius below 3 ¢cm in diameter (see

Appendix B.1).

Linear regression model was used to predict cumulative surface area at 5 cm
in diameter and 1 mm in diameter and the difference between 5 cm and 1 mm
predicted cumulative surface area was considered the gap filled surface area of
branch under 5 cm in diameter.

. A model of surface area/volume of branches below 5 cm was created using fixed

effects of total tree surface area (tot.sa, m?) and dbh (cm, R? = 0.77, N = 325,
see coefficients in A.2,below)
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Figure B.1: Plotted branch radius versus cumulative sum of branch surface area or
cumulative sum of branch volume, from largest branch radius to smallest branch
radius
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Table B.4: Linear regression model coefficients that were used to predict cumulative
surface area from 5 cm diameter to 1 mm in diameter and the difference between 5
cm and 1 mm predicted cumulative surface area was considered the gap filled surface
area of branch under 5 cm in diameter.

log(SA under 5 cm diameter)

Predictors Estimates CI p
(Intercept) 1.74 1.53 -1.95  <0.001
tot.sa [log] 0.89 0.83-0.96 <0.001
dbh [log] 0.95 -1.06 - -0.83 <0.001
Observations 325

R? / R? adjusted 0.766 / 0.765
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Table B.5: Linear model coefficients of wood surface temperature for canopy wood
and trunk wood. The final model described 83% of the variance in wood temper-
ature by using total global radiation (W/m?), air temperature at 16 meters (°C),
season (Wet, Dry) , location (Canopy, Trunk), Tree light score (1-5, high-low) and
experiment (TFE, Control) . Air temperature was measured at 16 meter height
(Air.T.16m) from a meteorological tower at the same time as wood temperature
measurement. Total global radiation was measured above the canopy, at the same
time as the wood temperature measurement. Tree light score is a metric for light
received by a tree ranging from 1 to 5, where 1 is low light and 5 is high light. Wood
temperature was measured in October 2018 and March 2019, for a total of 601 point
measurements taken between 5:00 and 21:00.

Twood

Predictors Estimates CI p
(Intercept) 10.98 9.27 — 12.68 <0.001
Air.T.16m 0.61 0.54 - 0.67 <0.001
TGR -18.71 -24.36 —-13.07  <0.001
Season [WET] -1.64 -1.91 - -1.37 <0.001
location [canopy] -0.56 -0.83 - -0.29 <0.001
experiment [TFE] 1.19 1.00 - 1.38 <0.001
Air.T.16m * TGR 0.59 0.41 - 0.77 <0.001
TGR * Tree.Light.Score 4.94 2.62 - 7.25 <0.001
Air. T.16m* TGR*Tree.Light.Score

-0.15 -0.22 - -0.07  <0.001

Observations 601

R? / R? adjusted 0.838 / 0.835
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