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Abstract

Global surface temperatures are increasing, and extreme weather events like
heat waves are becoming more frequent and intense, posing a threat to the
functioning and dynamics of tropical forests around the world. The study
reports long-term, high-resolution leaf temperatures data to discuss the ex-
ceedences and continuous exposure times above physiological thermal thresh-
olds, and further expands to evaluate potential heat-induced damages post
a hot and dry period and understand the overall vulnerability of a tropical
forest in Western Ghats. The leaves are consistently approaching and exceed-
ing C'O, assimilation thresholds spending considerable amounts of time under
non-optimal temperatures. Average continuous times of exposure above 750
- temperature at which Photosystem II quantum yield reduces to 50% - are
not yet suggestive of prevalence of irreversible damages. Estimates of thermal
safety margins for 55 species using the leaf energy budget model were able
to identify species that are likely to be vulnerable under current and future
climate conditions. The results suggest that there is large variation in how
vulnerable physiological function is to extreme temperautres, some species
may be particularly sensitive to heat induced damages in future climates
with increased global temperatures.
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Chapter 1

Introduction

Global land and sea surface temperatures are increasing (Rahmstorf et al.,
2017; Hansen et al., 2010) and would likely continue warming in the future
trailing the rising C'O, levels in the atmosphere. The change in climate
would increase the frequency, intensity and duration of extreme weather
events like heatwaves and drought (Trenberth, 2011). In the tropics, the
maximum air temperatures are expected to increase by 1°C' to 2°C' in 2100
assuming a climate conscious, sustainable society and by more than 4°C
at the extremes if a totally fossil-fuel based society prevails (O’Neill et al.,
2016; Grose et al., 2020). Forests, agriculture and urban plantations of the
tropics could be severely affected by the increase in temperatures and ex-
treme weather events leading to reduction in Carbon sequestration, and
increase in tree mortality rates (Lloyd and Farquhar, 2008; Moore et al.,
2021; Esperon-Rodriguez et al., 2022; Feeley et al., 2020). Decrease in the
accumulation of Carbon in the tropical forests over time (Brienen et al.,
2015) given that these are one of the major Carbon sinks of the world (Pan
et al., 2011) further demonstrates the necessity to study the status of the
tropical forests in an increasingly warming world.

Processes such as photosynthesis, respiration and stomatal closure are
highly sensitive to leaf temperature (Berry and Bjorkman, 1980; Lloyd
and Farquhar, 2008; Lin et al., 2015). Thus, it is one of the major con-
trols of growth and development of a plant. Peak solar radiation with in-
sufficient cooling often leads to leaves reaching temperatures much higher
than that of air (Cook et al., 2021; Fauset et al., 2018; Still et al., 2022).
Physiological thresholds such as optimum (7,,;) and maximum (7,,,,) leaf
temperatures of CO, assimilation and, T5 and T5g - temperatures at which
quantum efficiency of Photosystem II falls to 5% and 50% respectively -



are generally used to characterize the responses of photosynthesis and car-
bon uptake to leaf temperature (Sastry and Barua, 2017; Slot et al., 2021;
Mau et al., 2018). Having measures or estimates of leaf temperatures at
high spatial and temporal scales across species would thus be essential in
understanding vulnerability of forests to thermal stress, as well as impacts
of extreme temperatures and warming at individual and community levels.

Several studies have already shown leaf temperatures either approach-
ing or exceeding these physiological thresholds (Doughty and Goulden,
2008; Kunert et al., 2022; Miller et al., 2021; Aratjo et al., 2021; Doughty
et al., 2023). Studies have reported leaves experiencing temperatures 10°C’
to even as high as 18°C' warmer than that of air (Fauset et al., 2018; Doughty
and Goulden, 2008). Although some studies are optimistic about the po-
tential performance of tropical forests under warming via acclimation and
transpirational cooling (Smith et al., 2020; Drake et al., 2018), the impact
of extreme temperatures and exceeding physiological thresholds are not
clear yet. Acclimation of leaf thermoregulatory traits (Kullberg and Feeley,
2022; Kullberg et al., 2023) and increase in T, by 0.35 to 0.78°C' °C~! as
suggested by (Choury et al., 2022) do not seem to be sufficient to compen-
sate for the potential increase in temperatures over time.

In cases when leaf temperatures are not available or measuring is not
feasable, leaf energy budget modelling is a particularly useful method to
get estimates of leaf temperatures across species over large spatial and tem-
poral scales. It is a process-based approach that solves for leaf temperature
by accounting for the energy fluxes such as radiation, sensible heat and
latent heat across the leaf surface (Jones, 2013; Bonan, 2016; Michaletz
et al., 2016). Air temperature, relative humidity, solar radiation, upwelling
and downwelling thermal radiation are some of the major environmental
parameters that go into the model (Campbell and Norman, 1998; Bonan,
2016). Leaf size, stomatal conductance, absorptivity to solar and thermal
radiation, are some of the leaf thermoregulatory traits that are responsi-
ble for species-specific leaf temperatures (Jones, 2013). Stomatal conduc-
tance could further be parametrized using models to account for stomatal
responses to the environment (Guo et al., 2022a; Janka et al., 2016). Leaf
angles or orientation with respect to the Sun is an often ignored set of pa-
rameters that influences the amount of light intercepted by the leaf (Yang
et al., 2023).

Thus, the overall goal of the study is to measure and understand the leaf
temperatures that a tropical forest in the Western Ghats experience, and
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to identify species that could potentially be vulnerable to physiological
thermal stress in the future. The specific objectives of this study are to,

1. Parametrize and implement, as a computer code, the leaf energy bud-
get model

(a) Account for leaf orientation and stomatal responses to environ-
mental parameters

(b) Validate the model and do sensitivity analysis to study impor-
tant regulators of leaf temperature

2. Measure leaf temperatures experienced by a tropical forest in the
Western Ghats

(a) Long-term, high resolution leaf temperatures and maximum
temperatures of forestry and agroforestry species

(b) Potential heat induced damages to Photosytem II light harvest-
ing machinery of photosynthesis and qualitative analysis of leaf
necrosis post a hot and dry period

3. Estimate thermal safety margins for 55 species in the tropical forest
and assess vulnerability to thermal stress under current and future
warming scenarios



Chapter 2

Leaf Energy Budget Model:
Paremeterization and
Sensitivity Analysis

2.1 Introduction

Leaf temperature influences several physiological processes of a plant such
as photosynthesis and respiration (Berry and Bjorkman, 1980; Lloyd and
Farquhar, 2008). Given how leaf temperatures can be decoupled from that
of air (Cook et al., 2021), it is important to have measures or estimates

of leaf temperatures when studying temperature thresholds to heat as op-
posed to the use of air temperature as a proxy for leaf (Dong et al., 2017;
Tserej and Feeley, 2021). Furthermore, failing to include leaf temperatures
in climate models and in studies of forest productivity can lead to erro-
neous conclusions (Rey-Sanchez et al., 2016). Leaf energy budget model is
a process-based, mechanistic approach of predicting leaf temperatures by
accounting energy fluxes across a leaf surface (Jones, 2013; Bonan, 2016;
Michaletz et al., 2016). It is particulary useful when good measures of leaf
temperatures are not available, and when predicting leaf temperatures of
the past and the future.

Several studies have used the model to calculate thermal safety mar-
gins - difference between a physiological threshold and maximum leaf tem-
perature - to study the vulnerability of plants to thermal stress (Cook
et al., 2021; Perez and Feeley, 2020; Kullberg and Feeley, 2022). Given
that the leaf temperatures ultimately affect the growth and development



of plants, studies have tried to understand the geographic distributions,
habitat preferences, and productivity of plants in relation to their ther-
mal tolerances (Rey-Sanchez et al., 2016; Feeley et al., 2020; Song et al.,
2020; Lee et al., 2015). If leaf temperatures and environmental parameters
such as vapor pressure deficit and light levels are known, the model can

in turn be used to predict the leaf traits particulary stomatal conductance
(Vialet-Chabrand and Lawson, 2019) to study patterns of water loss and
CO, uptake. Furthermore, the parametrizations of the energy fluxes using
environmental and leaf thermoregulatory traits allow detailed sensitivity
analyses to pick out important regulators of leaf temperature.

Air temperature, solar radiation and relative humidity were demon-
strated to be the important environmental parameters that determine the
leaf temperature (Lee et al., 2015; Perez and Feeley, 2020). Some stud-
ies have also used the model to explore regulatory behaviours of water use
strategies suggesting a potential trade-off between thermal regulation and
water loss via transpiration (Fauset et al., 2018). Leaf size or effective leaf
width and stomatal conductance have been suggested to be the most im-
portant thermoregulatory traits of leaf temperature (Leigh et al., 2017,
Feeley et al., 2020). Studies have also looked at the effects of traits like
absorptivity, emissivity, and parameters of stomatal conductance models in
regulating leaf temperatures (Guo et al., 2022b). Although leaf orientations
with respect to the Sun can significantly change the amount of intercepted
light by the leaf, the angles are seldom taken into account in the implemen-
tation of leaf energy budget models (Yang et al., 2023). By not taking the
leaf angles into consideration, it inherently assumes that the leaves are hor-
izontal to the ground and only a few studies explicitly mention this (Kull-
berg and Feeley, 2022; Fauset et al., 2018).

There are several implementations of the model that have been pro-
posed. The first, and perhaps the most used version is the Penman-Monteith
Equation (Monteith, 1965) derived from the linearized form of the Clausius-
Clapeyron relationship to calculate evapo-transpiration (Penman, 1948).
Over the years, several revisions of the equation were put forward in order
to simplify the calculations and to also account for the stomatal repsponses
to environmental variables, free and forced convection, net isothermal ra-
diation and such (Janka et al., 2016; Schymanski and Or, 2017; Guo et al.,
2022b; Monteith and Unsworth, 2013). There are also a few alternative
approaches that do not use the Penman equation of evapo-transpiration
but rather use a quarternary approximation (Meyers and Paw U, 1987;
Michaletz et al., 2015) or a lamda W function (McColl, 2020). Lineariza-
tions were primarily done to make the model simpler, easy to implement
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and to reduce computational expenses. For at least three decades, com-
puters have been efficient enough to solve the leaf energy balance (Section
2.2) without any linearizations and as such, the approximations of evapo-
transpiration or net-isothermal radiation can be ignored while also account-
ing for stomatal responses to environmental parameters (Bonan, 2016; Guo
et al., 2022b; Janka et al., 2016).

The main objective of this chapter is to implement a leaf energy bud-
get model that can take into account the stomatal responses to light levels,
temperature, relative humidity and vapor pressure deficit as well as the rel-
ative orientations of the Sun and the leaf. An empirical model of stomatal
conductance, Stewart-Jarvis (Stewart, 1988; Jarvis, 1976), was incorpo-
rated in to the model. Solar irradiance models (Shukla et al., 2015) cou-
pled with basic vector algebra using leaf and solar angles were applied to
formulate an equation to estimate the intercepted light by an inclined leaf
(Section 2.4). The model was then validated against measured leaf temper-
atures and sensitivity analyses were done to study the importance of the
parameters used in the model in regulating leaf temperatures.

2.2 Leaf Energy Balance

The temperature of a leaf is determined by the energy flux across the leaf
surface and the energy stored within the leaf. Radiative flux R,,, sensible
heat flux C'; and the latent heat or transpirative flux A\E are the energy
fluxes across a leaf surface (Michaletz et al., 2016; Jones, 2013). If S is the
stored energy which is a function of the change in leaf temperature 7; with

time t, then
as d1,
n—C— A= — ~ —
fn = C dt dt

forms the leaf energy balance (Michaletz et al., 2016).

(2.1)

If the leaf is at steady state, i.e., the leaf temperature does not change
with time (% = 0), then the net energy flux across the surface should be
zero (Michaletz et al., 2016; Campbell and Norman, 1998; Jones, 2013).
The steady state assumption is valid as the time constants of leaf temper-
ature responses to changing climatic variables is on the order of a few sec-

onds to a minute (Jones, 2013; Premugh, 2020).

Ry,—C—AE=0 (2.2)

Since several of these terms are dependent on leaf temperatures (Eqs.



2.3, 2.4, 2.5), the equation can then solved for the leaf temperature given
the other parameters of the fluxes.

Energy Fluxes
Net Radiation Flux

The radiative flux comprises the solar or shortwave radiation from the Sun
R, the thermal or longwave radiation emitted from the ground Ry ,,, the
sky R down and the leaf R, itself.

R, = asRy + ay(Ryup + Ridown) — 260T} (2.3)

where 26,07} is the thermal radiation emitted by either surfaces of a flat
leaf calculated using the Stefan-Boltzmann’s Law (Jones, 2013; Campbell
and Norman, 1998).

Here, «; is the absorptivity of the leaf to the solar radiation (Campbell
and Norman, 1998). Leaves have higher absorptivity towards PAR or Pho-
tosynthetically Active Radiation as opposed to NIR or Near-Infra Red
light. Instead of using an overall a; as it is here, the equation can be fur-
ther parametrized using the specific absorptivities and fractions of the light
spectrum. Similarly, a; is the absorptivity of the leaf surface to thermal
radiation, and ¢; is the emissivity of the leaf.

Sensible Heat Flux

The sensible heat flux is the advective energy transfer between the leaf and
the atmosphere through a thin layer of nearly stagnant, and turbulent air
surrounding the leaf surface called the boundary layer. It is driven by the
leaf-to-air temperature difference, and is controlled by the heat transfer
through the boundary layer defined using the boundary layer conductance
gon, (Jones, 2013).

C = pa cpa gon (11 — Ta) (2.4)

where p, is the density of air (boundary layer), ¢,, is the specific-heat ca-
pacity of air, and 7T, is the air temperature.
Latent Heat Flux

The latent heat flux or evapo-transpirative flux is the heat loss via tran-
spiration through the stomata and the leaf boundary layer (Jones, 2013).
It is driven by the amount of water in the leaf and the amount that the
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surrounding air can carry (vapor pressure deficit) and is regulated by the
amount of water that can escape the leaf, defined by the stomatal conduc-
tance g, and the rate of vapour transfer through the boundary layer, de-
fined by the boundary layer conductance to water vapor gp,.

ac a
AE = P vp Go(€sat(T1) — €a) (2.5)

where 7 is the psychrometric constant which relates the water vapor pres-
sure and the air temperature (Jones, 2013), g,, is the total water vapor
conductance (Eq: 2.6) (Michaletz et al., 2016; Jones, 2013), ezt (17) is the
saturated vapor pressure at leaf temperature and e, is the vapor pressure
of the air surrounding the leaf. Here, the difference ez (7;) — e, constitutes
the vapor pressure deficit of the leaf. The total water vapor conductance
(gw) is a function of stomatal conductance (g;) and leaf boundary layer
conductance to water vapor (gp,). gs and gy, are two conductors connected
in series where the water has to escape the stomata and then the boundary
layer, and thus standard equations of combining conductances can be used
to estimate g, (Eq. 2.6).

9sGbw
Gu = 2.6
Js + Gvw ( )

Leaf Boundary Layer Conductance
Boundary layer conductance to heat

The heat transfer through the boundary layer depends on the thickness of
the layer and how quickly the air molecules can diffuse from the leaf sur-
face to the atmosphere, both of which are primarily driven by the wind
speed of the free air around the leaf and the characteristic dimension or ef-
fective leaf width of the leaf (Michaletz et al., 2016; Jones, 2013). Effective
leaf width is the diameter of the largest incircle on the leaf lamina (Leigh
et al., 2017). There are several models used to predict the boundary layer
conductance to heat (Eqs: 2.7, 2.8, 2.9).

U
Gon = 0'007(z)0'5 (2.7)

Eq: 2.7 calculates gy, through either surfaces (Jones, 2013) in m/s unit
and is generally applicable for laminar flow of air around smooth and broad
leaves. It can be multiplied by a factor of 1.5 to apply for turbulent con-
ditions (Michaletz et al., 2016). It is parametrized by wind U(m/s) and
characteristic width L(m) of the leaf.
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Goh = 0.005(12)05 (2.8)

Eq: 2.8 is a similar one that calculates one-sided boundary layer conduc-
tance (Campbell and Norman, 1998; Bonan, 2016). A rather general equa-
tion, Eq: 2.9, explicitly uses the turbulence factors using non-dimensional
numbers characterizing the nature of flow, such as Nusselt’s number Nu
(function of turbulence), and diffusion coefficiens of heat D 4s.

DsNu
Goh = AL Dy, (2.9)

A formulation of Eq: 2.9 was used by (Guo et al., 2022b) where the g,
was split into forced and free convection.

Boundary layer conductance to water vapour

The water that escapes stomata is then limited by the conductivity through
the boundary layer. Under turbulent conditions, it can be assumed to be
the same as that of boundary layer conductance to heat (Egs: 2.10, 2.11)
(Michaletz et al., 2016; Bonan, 2016).

Gbw,one—sided = Gbh,one—sided (210)
Gbh two—sided
Jbw,one—sided = tf (211)

Similar to Eq: 2.9, a general equation for g, can be written as

D, Sh
g = =7 (2.12)

where D,, is the diffusivity of water vapor in the boundary layer, Sh is a
constant called the Sherwood number (a function of turbulence).

Thermal Radiation

Thermal radiation emitted by the objects surrounding the leaf are par-
tially absorbed by the leaf. These are primarily the downwelling radiation
emitted by the sky or objects like clouds in the atmosphere, as well as up-
welling radiation emitted by the Earth’s surface. In addition to the absorp-
tion, the leaf itself emits thermal radiation (Eq. 2.3).
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Downwelling Sky Thermal Radiation

A general approach to estimate the sky thermal radiation is to apply the
Stefan-Boltzmann’s Law using the emissivity and the temperature of the
Sky (€sky and Ty, respectively).

Il,down = €sky O Ts4ky (213)
Often, both €4, and T, are unavailable. Either climate datasets like
ERA5 (msdwlwrf variable in single levels) or approximations like Eq. 2.14

(Jones, 2013) or Eq. 2.15 (Carmona et al., 2014) can be used to estimate
the sky thermal radiation.

~ 4
[l,down,clea'rsky ~ o (Tair - 20)

2.14
[l,doum,cloudy ~ o T(;lir ( )
where T,;, is the air temperature in Kelvin.
I down = (—0.344
3.36 * 0.001 * T}, +
(2.15)

1.94 % 0.001 * Rh+
0.213 * cc) * sigma * Tos,
where Rh is the relative humidity (%), and cc is the cloud cover, a value

between 0 (clear sky) and 1 (full cloud) to represent the fraction of the sky
covered with clouds.

Upwelling Ground Thermal Radiation

Ground at a given temperature emits thermal radiation upwards which is
intercepted by the leaf. If T} is the temperature of the ground in Kelvin
and ¢, is the emissivity of the ground, then the upwelling thermal radiation
can be calculated using the Stefan-Boltzmann’s Law as follows (Campbell
and Norman, 1998),

Lp=¢40T) (2.16)
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2.3 Stomatal Conductance: Stewart-Jarvis
Model

Stomatal conductance is the amount of water vapor that escapes from a
unit area of leaf through the stomatal openings per unit time (Michaletz

et al., 2016; Bonan, 2016; Jones, 2013). It is usually expressed in the units
of mmols HyO m~2s7! or in m/s. Stomatal conductance, primarily a func-
tion of the stomatal opening parameterized by stomatal density, pore length,
and guard length, is highly responsive to climatic variables like solar radi-
ation, air temperature, vapor pressure deficit, soil water potential, atmo-
sphere COy, etc. (Bonan, 2016). Depending on the purpose of modeling,
having a good estimate of stomatal conductance would be important.

Several models were proposed to predict stomatal conductances based
on empirical response curves, or based on optimality theory of C'Oy uptake
and water loss (Damour et al., 2010). Stewart-Jarvis Model is an example
for a model that makes use of the stomatal response curves to climatic pa-
rameters (Jarvis, 1976; Stewart, 1988). Ball-Berry Model (Ball et al., 1987)
and Medlyn Stomatal conductance (Medlyn et al., 2011) are examples of
the latter types of models. Models like the former are generally simple and
easy to implement where as the latter ones can become exceptionally com-
plicated with several assumptions (Damour et al., 2010; Bonan et al., 2014)
and requirements of additional models to predict assimilation rates (Far-
quhar et al., 1980; Guo et al., 2022b).

Stewart-Jarvis Model

The g, at a given set of environmental conditions are estimated using the
maximum operational stomatal conductance and the response curves of g,
to the given environmental variables. The model is relatively flexible in ac-
comodating any number of variables as long as there is sufficient confidence
in the response curves. Equations 2.17, 2.18, 2.19 and 2.20 are an exam-
ple of a model that parametrizes g; using PAR, air temperature (7,;.) and
vapor pressure deficit D (Jarvis, 1976; Stewart, 1988).

gS(PAR, Tairv D) = Gs,mazx * f(PAR) : f(Tair) : f(D) (217)
Where f(PAR), f(T,) and f(D) are functions of PAR, T,; and D that

return a factor between 0 and 1. The curves shown in the Fig. 2.1, defined
by the Equations 2.18, 2.19 and 2.20 are examples of an implementation of
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Figure 2.1: Response curves of g, to PAR, T,;, and D plotted using
the equations 2.18, 2.19, and 2.20. The parameters that were used in the
aforementioned equations are marked in the respective figures

the Stewart-Jarvis Model.

d
PAR) = ——— 2.18
I ) 1+e/PAR (2.18)
To=Tmin . ( Tmaz—Ta \A Trmaz—Topt f < 0
f(Tair) = Topt—Tmin (Tmaz—TOPt) (Tozot—Tmin )’ e (219)
0, otherwise.
1, if D < Dyin
f(D)={ —5P=Luin_ 4 1 if Dy, < D < Dy (2.20)
0, if D> Do

2.4 Accounting leaf angles in absorbtion of
solar radiation

Solar Radiation

Solar radiation or the shortwave is the high-energy radiation mostly in the
visible, near UV and near infra-red (NIR) spectrum. For a leaf, it is the
main source of energy when the other two fluxes, sensible heat flux and
transpirative heat flux are in the opposite direction.

Components of solar radiation

The shortwave radiation reaching the Earth surface can be split into two
components: direct, and diffuse radiation (Igbal, 1983). Direct radiation
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refers to the radiation that is coming directly from the Sun without much
interference. Whereas diffuse radiation reaches the Earth through scatter-
ing in the atmosphere and reflecting off ground or, in case of a leaf, reflect-
ing off other leaves in the canopy (Fig: 2.2). Sometimes diffuse radiation is
split into diffuse radiation to account for scattered radiation coming to the
Earth surface, and reflected radiation to account for the radiation reflected
off of the ground (Shukla et al., 2015).

On a clear day, around 10 to 30% of the global radiation at the Earth’s
surface constitutes diffuse radiation (Jones, 2013, pg. 22).

Leaf and Solar Angles

To calculate the light intercepted by an inclined leaf, the relative orien-
tation of the Sun and the leaf is to be known. Angles that can define the
position vectors of the leaf and the Sun in the 3 dimensional spherical coor-
dinate system is sufficient to calculate the interception.

Leaf: The vector along the mid-rib of a leaf can be defined using two an-
gles: zenith #; and azimuth ¢;. The former is the angle from the vertical to
the mid-rib vector whereas the latter is the angle between the projection of
the mid-rib vector on the ground and a vector pointing North (Fig: 2.2).
For a planar leaf, these two angles are not enough as the plane can have

a tilt around the mid-rib. But for most leaves of most species, this tilt is
minimal and can essentially be ignored.

Sun: Sun’s position vector, similar to the leaf, can be defined using the
same two angles: zenith 6, and azimuth ¢4 (Fig: 2.2). Where 6; is angle
from the Vertical to the position vector of the Sun, and ¢ is the angle be-
tween the projection of the position vector on the compass plane and a vec-
tor pointing North.

It is to be noted here that the 3 dimensional coordinate system of both
the leaf and the Sun should be the same with the origin at the axil of the
leaf, the x-y plane parallel to the ground and the z-axis normal to the ground.

Absorbed shortwave by an inclined leaf

Several models were proposed to estimate the absorbed solar radiation by
an inclined plane. Most of these models were derived primarily to calculate
solar panel outputs and to get optimum angles for maximum wattage. But
these models can be adapted for a leaf as the basic theories are still appli-
cable.
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Figure 2.2: Components of the solar radiation (left) and, Leaf

and Solar Angles (right). Mid-rib of the leaf is the vector in bold. The
dotted vector defines the position vector of the Sun. N, E, W, and S cor-
responds to the compass directions - North, East, West and South. 6, and
fs are the zenith angles of the leaf and the Sun respectively. Similary, ¢,
and ¢g are the azimuth angles. © is the angle between the normal to the
leaf’s plane and the Sun’s position vector..

Direct Radiation - Lambert’s Cosine Law

If © is the angle between the surface normal and the direct light rays, then
the light intercepted by the surface in question is given by the Lambert’s
Cosine Law (Campbell and Norman, 1998; Igbal, 1983).

[s7dir = [s,diTD : COS(®) (221)

where I 4, is the direct radiation intercepted by the surface and I 40 is
the radiation along the direction of the sunrays.

Often, what is measured or availabe in climate data sources are the direct
radiation on a horizontal surface, sometimes referred to as the Direct Nor-
mal Irradiance or DNI. For such cases, use the Sun’s zenith angle to calcu-
late the direct radiation on the incline plane.

cos(O)

[s ir — Is ir,horizontal © /4 N 2.22
,d ,dir,h, tal COS(95> ( )

cos(©) can be calculated assuming that the leaf lamina has no tilt around
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the mid-rib, and thus, the normal to the lamina is a function of the zenith
and the azimuth angles of the leaf.

cos(©) = —sin(bs) cos(¢s) cos(6;) cos(¢) —
sin(f,) sin(¢s) cos(6;) sin(¢;) + (2.23)
cos(fs) sin(0)

Diffuse and Reflected - Liu & Jordan Model

Estimating diffuse and reflected radiation is slightly complicated and re-
quires a few assumptions. As such, there are several models that try to
predict the diffuse and reflected on an inclined surface. Isotropic models
like the Liu & Jordan Model (Eqgs: 2.24,2.25) (Liu and Jordan, 1960) as-
sume a uniform distribution of diffuse radiation across the horizon whereas
anisotropic models assume distributions that might have higher density of
diffuse radiation along the Sun’s direct rays (Igbal, 1983).

1+ sin(@l)

2
1-— sin(@l)

2

where I 4i¢r and I .5 are, respectively, the diffuse and reflected compo-
nents intercepted by the leaf with zenith angle 0;. I 4ifnor is the diffuse
radiation falling on a horizontal surface, also referred to as Diffuse Hori-
zontal Irradiance or DHI, and I giopar nor is the global or the overall solar
irradiance on a horizontal surface.
Out of several tens of models reviewed by Shukla et al. (2015) and Antonanzas-
Torres et al. (2019), Liu & Jordan Model was chosen because of its easy
implementation and its relative performance.

Isairs = Isdiff hor - (2.24)

[s,ref = [s,global,hor *Pg (225)

Total intercepted solar radiation

Combining equations 2.22, 2.23, 2.24, and 2.25, the total solar radiation
falling on an inclined leaf can be calculated as,

cos(O) 1 — cos(6)) 1 + cos(6))
Rs :Is irhor’ T o\ [s ir,hor Is ) or) T o IS i or'T o
dir,h cos(03)+pg< dirshor s, dif f.hor) 5 s diffh 5 )

(2.26)
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Table 2.1: Symbols and values/sources of data of the environmen-
tal parameters used in the modelling framework. A few parameters
were measured at the site (Section 2.5), and the rest comes from literature
and global climate datasets (Section 2.5). SPA stands for Solar Positioning
Algorithm.

Symbol Parameter Unit Value / Data Source Ref
T, Air Temperature oC

Rh Relative Humidity %

I, Global Solar Radiation Wm=2

Uio Wind at 10m ms—! ERA5 - ul0, v10 a
tee Total cloud cover (0 to 1) ERAS5 - tcc a
fsr Forecast surface roughness m ERAS - fsr a
Ty Ground temperature Wm™2 ERAS5 - stll a
0, Solar zenith rad SPA b
bs Solar azimuth (0 to 360) rad SPA b
€g Thermal emissivity of ground 0.97

o Stefan-Boltzmann Constant Wm=2K-* 5.670344 - 1078 c
Cha Specific heat of air Jkg 'K~ 1010 c

@ Hersbach et al. (2018), ® Reda and Andreas (2008), ¢ Jones (2013)

2.5 Implementation of the Model

Environmental Parameters

All the environmental parameters of the model were either measured in the
field, or taken from global climate datasets such as ERA5 (Hersbach et al.,
2018) or from literature (Table 2.1).

Field Measurements

We set up a weatherstation (HOBO H21-002 Microstation) to measure air
temperature (S-TMB-MO002), relative humidity and PAR (S-LIA-MO003),
during the measuring period. The station was setup in a mostly open area
where the PAR sensors were not obstructed by any objects. Both the tem-
perature sensor and the humidity sensor were placed inside a non-aspirated
radiation shield. The data were logged from 14 Feb, 2023 to 20 June, 2023
at 10 minute frequency (Fig. 2.3).
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Figure 2.3: Environmental parameters measured at the tropical
forest in Sirsi, India (Chapter 3). From top to bottom, air temperature,
relative humidity, precipitation (bin width = 2 days), and photosyntheti-
cally active radiation (PAR)

Global climate data - ERA5

Climate variables, in addition to air temperature, relative humidity and
PAR, that were required for leaf energy budget modelling (Table 2.1) were
taken from ERA5 (Hersbach et al., 2018), produced by European Centre
for Medium-range Weather Forecasts (ECMWTF). This global reanalysis
dataset is available at a spatial resolution of 0.28° (~ 31km), and at a tem-
poral resolution of 1 hour. Wind at 10m (ul0, v10), total cloud cover (tcc),
ground temperature (stll) and forecast surface roughness (fsr) were down-
loaded for the fieldsite.

Leaf Traits

Several leaf traits are used in the model. Symbols and values or data sources
of all the leaf traits are given in Table 2.2. Effective leaf width is used in

the calculation of boundary layer conductance (Eq. 2.7). Absorptivities

and emissivity used in the calculations of radiation (Section 2.2, 2.4) were
taken from literature. Traits used in the Stewart-Jarvis Model (Section
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2.3) were taken from previous studies at the site and from literature.

Table 2.2: Symbols and values/sources of data of the leaf traits
used. Several traits were measured (Chapter 3) while the rest were taken
from literature.

Symbol Parameter Unit  Value / Data Source Ref

L Effective leaf width m

Js Stomatal conductance ms1

€ Thermal emissivity of leaf 0.95 a
0.98 b

Qg Absorptivity of leaf to shortwave 0.5 c

Qy Absorptivity of leaf to longwave = ¢ c

0, Zenith angle of leaf mid-rib rad

?s Azimuth angle (0 to 360) rad

Jsmaz Maximal stomatal conductance ms1

Traz Temperature threshold of g, °oC

Topt Optimum temperature of g, °oC

@ Richardson et al. (2021), ® Michaletz et al. (2016), ¢ Jones (2013)

Calculated parameters

A few parameters of the model require additional assumptions or standard
equations (Table 2.3). Wind at 10m and surface roughness from ERA5
were used to calculate the wind at 2m assuming a logarithmic wind pro-
file (Tennekes, 1973; Fleagle and Businger, 1980).

U="Uy-In(2/fsr)/In(10/ fsr) (2.27)

where Uy is the wind at 10m, and fsr(m) is the surface roughness (Table
2.1). 2 and 10 in the equation refers to heights 2m and 10m respectively.

A form of the Clausius-Clapeyron equation was used to calculate the
saturated vapor pressure at temperature 7' (Eq. 2.28) (Murray, 1967; Mc-
Coll, 2020). A standard equation is used to convert relative humidity into
vapor pressure in air (Eq. 2.29) (Janka et al., 2016).

1727 7T

(T = 610. _ber
€sar(T) = 610.8 exp(— =

) (2.28)
where T is the temperature in °C'.
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ea = €sar(Th) - Rh/100 (2.29)

Table 2.3: Equations or models used to calculate additional pa-
rameters of the model. Calculation of Wind at 2m assumes a loga-
rithmic vertical profile. Equations for ey, pa, and ~ are standard equa-
tions/approximations used in the literature.

Symbol Parameter Unit Equation Ref
U Wind at 2m ms~! Eq: 227 a
esat(T) Saturation vapor pressure at T (K) Pa Eq: 228 b
€a Vapor pressure of air Pa Eq: 229 ¢
pa(T,, Rh) Density of Air kgm=3 Eq: 2.31 d

y Psychrometric constant PaK=' Eq: 230 d
Gbh Boundary layer conductance mst Eq: 2.7 de
Jow Boundary layer conductance to water ms~! = G

Juw Total water vapor conductance ms1 Eq: 2.6

@ Tennekes (1973); Fleagle and Businger (1980), * Murray (1967)
¢ Janka et al. (2016), ¢ Jones (2013), ¢ Michaletz et al. (2016)

Both psychrometric constant and the density of air were calculated
(Egs. 2.30, 2.31) based on the table given by (Jones, 2013).

v = 64.904 - 0.644(T, — 273.15) (2.30)

pa(Ty, RR) = (1.2898 — 0.0041 - (T, — 273.15)—
1.2897 — 0.0049 - (T, — 273.15))- (2.31)
Rh/100

Where p, is the density of air (kgm™2), T, is the air temperature (°C'), and
Rh is the relative humidity (%)

2.6 Validation of the Model

The validity of the model was tested against long-term leaf temperatures
measured at a minute frequency in a tropical forest in Sirsi, India (Chap-
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Table 2.4: Correlations and RMSEs of modeled and measured leaf
temperatures. Pearson’s r and p-values are given for the overall time
series and during day time from the long-term, high resolution leaf tem-
perature data (Chapter 3). Root mean squared errors are given for the
overall time series, and day and night times separately. Individual names
correspond to CD as Canthium dicoccum, MU Memecylon umbellatum, OD
Olea dioica, and TP Terminalia paniculata. *** corresponds to p < 0.001

Individual Pearson’sr  Pearson’sr RMSE RMSE RMSE
Overall Daytime  Overall Daytime Nighttime

(°C) (°C) (°C)

CD91 r = 0.97 ¥F* p = (.88 *** 1.91 2.80 0.77
CD91L2 r = 0.97 ¥** 1 = (.93 *** 1.72 2.43 0.90
CD250 r = 0.97 *** 1 = (.88 *** 1.69 2.30 1.03
CD1 r = 0.95 ¥F* = (.89 *** 3.16 4.72 1.08
MU34 r = 0.98 ¥** = (.96 *** 2.32 3.26 1.28
MU34L2 r = 0.92 ¥** = (.8 *** 2.24 3.29 0.92
MU132 r = 0.88 ¥** = (.61 *** 3.09 4.63 1.00
0OD325 r = 0.96 *** = (.92 *** 1.67 2.44 0.74
0D344 r = (0.98 ¥** = (.93 *** 1.48 2.15 0.66
0OD301 r = 0.96 *** 1 = (.88 *** 1.57 2.18 0.92
0OD360 r = 0.97 ¥** 1 = (.89 *** 1.62 2.33 0.78
TP349 r = 0.97 ¥F* = (.93 **r* 2.35 3.54 0.66
TP350 r = 0.98 ¥** 1 = (.92 *** 1.02 1.42 0.58
TP1 r = 0.98 *** 1 = (.95 *** 1.36 1.80 0.94

ter 3). The temperatures were measured using thermistors attached on 14
leaves of 4 forestry species - Canthium dicoccum, Memecylon umbellatum,
Olea dioica and Terminalia paniculata. Air temperature and light levels
(PAR) were also measured (Chapter 3). Relative humidity was measured
for the site whereas the rest of the environmental parameters were taken
from ERA5 (Hersbach et al., 2018) (Section 2.5, Table 2.1). Effective leaf
width, and angles were measured while the rest were taken from literature
and previous studies (Section 2.5, Table 2.2).

Across the 14 leaves, overall, the model is able to predict leaf temper-
atures well, although the agreement is better during night than daytime.

(Table 2.4). The overall RMSEs range between 1.02°C' for TP350 to 3.16°C
for CD1 where as the daytime RMSE range from 1.42°C' to 4.72°C'. Night-
time RMSEs are the least ranging from 0.58°C' to 1.28°C. TP1 (r = 0.98,

p < 0.05), MU34 (r = 0.96, p < 0.05), CD91L2 (r = 0.93, p < 0.05), OD325
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Figure 2.4: Comparison of modeled and measured leaf tempera-
tures of a Terminalia paniculata leaf. Top left panel shows scatter of
measured and modeled leaf temperatures at 1 minute frequency between
April 29, 2023 and May 30, 2023 and the densities for the same are shown
on the top-right panel. Bottom panel shows the traces of measured (red)
and modeled (blue) for a few days incuding the difference (black) between
the two.

(r =0.92, p < 0.05) and TP350 (r = 0.92, p < 0.05) are some of the indi-
vidual leaves that showed the best correlation between the modeled and
the measured leaf temperatures as well as the least root mean squared er-
rors (RMSEs) during daytimes. Predictions of CD1 (r = 0.89, p < 0.05),
MU132 (r = 0.61, p < 0.05) and to some extend, TP349 (r = 0.92, p <
0.05), showed the worst agreement with the observed temperatures during
the daytime having RMSEs of 4.72°C', 4.63°C' and 3.54¢ respectively.

Scatter plots, distributions and time series of modeled and measured
leaf temperatures of the TP1 leaf for a few consecutive days are given in
Fig. 2.4. The scatter plot, and the distributions of measured and mod-
eled leaf temperatures showed very good correlation for this particular leaf
where the model was able to pick up the lower end and the higher end of
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the leaf temperatures relatively well although the variance at warmer tem-
peratures is slightly higher compared to cooler temperatures. The differ-
ences between modeled and measured leaf temperatures showed large devi-
ations during the daytime, particulary during peak solar hours, in contrast
to the night time when the temperatures were relatively stable. A couple
of hours before noon was consistently associated with overestimation of leaf
temperatures across the six days (bottom panel in Fig. 2.4). During the
peak time when leaf temperatures were very high and the Sun was directly
up in the Sky, the differences tend to fluctuate around zero while occas-
sionally hitting temperature differences of around 9°C' as well as —8°C'.

For four leaves (TP1, MU34L2, CD91 and OD344), modeled and mea-
sured leaf temperatures, air temperatures, and PAR used in the leaf en-
ergy budget modeling of the respective leaves are shown for a short du-
ration of a day in Fig. 2.5. As for TP1, modeled and measured leaf tem-
peratures showed excellent correspondence with the PAR that was used
to estimate the solar radiation absorbed by the leaf (Table 2.1, Fig. 2.5).
But for the other 3 leaves shown in the same figure, the PAR had dropped
considerably towards the evening, around 3PM to 4PM and the same was
reflected in the leaf temperature predictions during those times. Similar
patterns of near zero PARs and worse agreement with measured tempera-
tures can be seen towards the late forenoon as well, before 12PM . Further-
more, during peak solar hours, 1PM to 3PM, the model was able to do
well when the measured leaf temperatures and PAR are in good agreement
with each other (first panel in Fig. 2.5) whereas it overestimates when
PAR recorded high light levels that was not reflected by the leaf (3P M
peak in the top-right panel in Fig. 2.5) and underestimates when the leaf
had continued recieving sun light, meaning no reduction in leaf tempera-
tures, but the PAR sensor recorded drop in light levels (bottom right panel
in Fig. 2.5).

Although leaf temperatures were measured of 14 leaves (Chapter 3),
PARs were measured only for 5 leaves. For the 5 PAR sensors, except for
the one nearby TP1 leaf, the sensors were not as close to a wired leaf to
perfectly capture the light environment of the leaf throughout the day.
During the diurnal cycles of Sun movement through the horizon, the rel-
ative position of the PAR sensor with respect to the leaf in the microto-
pography of the tree canopies would significantly impact the recorded light
levels. Furthermore, clouds, particulary scattered clouds, lead to frequenct
fluctuations of light levels that, unless reflected in the measurements of leaf
temperauture and in recorded PARs, would lead to either understimation
or overestimation depending on the mismatch between the amount of light
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Figure 2.5: Comparison of modeled and measured temperatures
for 4 leaves during a few hours in May 03, 2023. . Modeled (blue)
and Measured (red) leaf temperatures, PAR (grey), and air temperature
(black thin line) are given for leaves of - in the order of top to bottom -
Terminalia paniculata, Memecylon umbellatum, Canthium dicoccum and
Olea dioica.

falling on the sensor and on the leaf (Fig. 2.5). This would be worse for
leaves with no PAR sensors in the vicinity. Futhermore, this could be why
the TP1 with good measures of PAR had the modeled agree very well with
the measured leaf temperatures. Thus, it can be speculated that fluctua-
tions in the difference between modeled and measured leaf temperatures
and the not as close agreement between the two during the day time could
be due to the mismatch of light levels particulary at the temporal resolu-
tion followed in the current modeling framework.

2.7 Sensitivity Analysis

Sensitivity analyses were done to study the relative importance of parame-
ters of the leaf energy budget model to explain the uncertainty in the pre-
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dicted leaf temperatures. A sensitivity measure, 5% Saltelli et al. (2005),
was used to study the contribution of a few parameters to the variance in
leaf temperatures produced by a Monte Carlo simulation (Figs. 2.6, 2.7).
Particularly, the impacts of wind, cloudcover (tcc) and stomatal conduc-
tance (gs) on leaf temperatures were studied. These 3 parameters were
chosen as we had no actual measured data available and because the data
from ERA5 was of marginal confidence given the grid size (0.25°), time in-
terval (1 hour) and the fluctuations at short temporal and spatial scales
(Hersbach et al., 2018). Furthermore, sensitivities to leaf size, and the two
leaf angles were also studied as these 3 parameters were measured in the
field for each of the 14 leaves but could have errors associated with them.
Currently, the analyses reported here are exploratory and are primarily
addressed towards understanding the uncertainties that some of the less re-
liable parameters can make on leaf temperatures. More works are required
to properly quantify the contributions of each parameter in the model and
to ask questions regarding major drivers of leaf temperatures.
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Figure 2.6: Relative contribution of uncertainty wind, cloudcover
and stomatal conductance to uncertainty in leaf temperature. Top
panel shows the leaf temperatures (black line) during the three days with
the uncertainty caused by randomly sampling the three parameters from
their distribution (Light grey: minimum to maximum, dark grey: mean

+ SD). The relative contribution was calculated by standardizing the 32
sensitivity measures with the sum of those of the three parameters.
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At each time point (Fig. 2.6), the MC uncertainty (Monte-Carlo) was
calculated by randomly sampling wind and tcc from their known distribu-
tions from ERAS for that day and g, from a distribution skewed towards
zero (Section 2.3). The standard deviations and the range of the leaf tem-
peratures produced by the MC similuations at each time step are shown
as grey bands in Fig. 2.6. From this, a simple sensitivity measure, 32, as
defined by Saltelli et al. (2005) was estimated to get the relative contri-
bution of the three parameters. 3%s were estimated as the square of the
coefficients of a linear regression at a given time t (Eq. 2.32).

liaf,t = Bwind,t wmd;‘ + ﬁtcc,t tCC: + ﬁgs,t g:,t (232)

Where T, ;,, windy, teci and g%, are the standardized (X — X;%) leaf
temperature, wind, cloud cover and stomatal conductance respectively.
Square of the coefficient terms 37,4, B, and G2, then forms the sen-
sitivity measures of wind, tcc and g4 respectively, at time ¢t (Fig. 2.6).

Cloudcover contributed to the uncertainty the most at night while wind
and g5 did at day times (Fig. 2.6). Cloudcover in the model impacts the
thermal radiation emitted by the Sky (Carmona et al., 2014) (Section 2.2).
Indirectly, cloud can affect the light levels and the air temperature. Stom-
atal conductance influences leaf temperatures mostly during the forenoon
and afternoon. At night and at times when leaf temperatures are more
than 40 to 43°C' (T ez, Section 2.3), the stomates are closed and thus the
conductance would be zero. Wind on the other hand, affects both the la-
tent and sensible heat fluxes via boundary layer conductance to heat and
watervapor (Section 2.2). At night times, the latent flux is zero and sensi-
ble heat flux is minimal.

The MC uncertainty and sensitivity measures were estimated for the
measured leaf traits (Table 2.2) as well - effective leaf width, leaf azimuth
and zenith angles (Fig. 2.7). Only leaf width contributed to the varia-
tion at night as leaf angles matter only when there is sunlight. During
day time, both leaf width and leaf zenith impacted the leaf temperatures
significantly. Leaf azimuth did not show much impact probably because
the leaf was near horizontal (80°) and such, rotation within the compass
plane would not change the intercepted light as much (Section 2.4). Leaf
temperatures would show large sensitivity to angles during sunrise and
sunset because of the cosine rule used to calculate the intercepted light as
1/cos(0) — oo as § — 90° (Eq. 2.26, Section 2.4). Leaf width affects the
boundary layer conductance to heat and water vapour (Section 2.2). Thus
at night, leaf width did not cause as much variation in leaf temperatures
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as day time because the sensible and latent fluxes had been marginal. As-
suming horizontal leaves could then lead to significant overestimation of
leaf tempertures as reduction in light interception due to inclination with
respect to the Sun rays wouldn’t be captured.

2.8 Discussion

The main goal of the study was to assess whether the tropical forest tree
leaves are experiencing temperatures beyond their physiological thresholds
even leading to lethality. Parametrizing the leaf energy budget model for
our site and species help use better understand the leaf temperatures ex-
perienced by multiple species under current and future warming scenar-
ios and also enables to infer the key controls of leaf temperatures. The
model was parametrized using climatic variables and leaf traits we mea-
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Figure 2.7: Relative contribution of uncertainty in effective leaf
width, leaf azimuth and zenith angles to uncertainty in leaf tem-
perature. Top panel shows the leaf temperatures (black line) during the
three days with the uncertainty caused by randomly sampling the three
parameters from their distribution (Light grey: minimum to maximum,
dark grey: mean 4+ SD). The relative contribution was calculated by stan-
dardizing the /3% sensitivity measures with the sum of those of the three
parameters.
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sured at the site in Sirsi, India, as well as the data from global climate
datasets. The leaf temperatures measurements (chapter 3) we made were
used to validate the model. Among the 3 major fluxes, solar radiation is
the primary source of heat and is the significant energy term during peak
solar hours as the other fluxes are often insufficient to cool the leaves. Al-
though the net radiation term consists of thermal radiation in addition to
the shortwave components (Eqgs. 2.3, 2.26), the net thermal radiation is
often marginal as the thermal radiation emitted by the leaf often compen-
sates the absorbed sky and ground radiation.

Confidence in the estimated leaf temperatures depends on the accu-
racy of the input parameters such as air temperature, relative humidity,
light levels, wind, leaf width and stomatal conductanc (Tables 2.1, 2.2) as
well as the assumptions used in the parametrization of several terms in the
model (Table 2.3, Eqs. 2.17, 2.15, 2.26). Parametrization of thermal radia-
tion using the (Carmona et al., 2014) and Eq. 2.16 accounted the changes
in downwelling and upwelling thermal radiation as a result of changing air
temperature, humidity, clouds, and ground temperature. Stewart-Jarvis
model (section 2.3) (Jarvis, 1976; Stewart, 1988) was included to account
for the species-specific maximal stomatal conductance (gsmar) and stomatal
responses to leaf temperature (Eq. 2.19), vapor pressure deficit (Eq. 2.20)
and PAR (Eq. 2.18). Inclusion of the effect of relative leaf orientation with
respect to the Sun helped in capturing the diurnal variations in the inter-
cepted solar radiation by the leaves as the Sun moves through the horizon
with sunrays falling at varying angles on the leaf surface.

Model predictions validated against high-resolution (1min), long-term
leaf temperature data (Chapter 3) show overall good agreement although
the day time predictions, especially during peak solar hours, could have
been better (Table 2.4, Fig. 2.5). The fluctuations during such times are
not systematically biased towards overestimations or underestimations
(Fig. 2.4). One likely reason causing the differences between modeled and
measured leaf temperatures as well as deviations at certain times of day,
is the mismatches between the PAR measurements and the light levels
that the leaves were actually experiencing particulary at the high tempo-
ral scale (1min). Exploratory sensitivity analyses done to study the impact
of certain parameters on leaf temperature showed wind and stomatal con-
ductance as two parameters that could lead to large uncertainties during
daytimes (Fig. 2.6), as well as leaf size and leaf angles (Fig. 2.7). Results
of the current sensitivity analyses should only be taken in light of the un-
certainty produced by the lack of confidence in the parameters that were
studied and their distributions. These are not the appropriate metrics to
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ask questions regarding the drivers of leaf temperature and the contribu-
tions of each parameter.

By parametrizing the leaf energy budget model which is based on fun-
damental and well understood principles and by taking into account the
geometrical aspects of the absorbtion of solar radiation, the study showed
that the model works very well for the site and should also work more gen-
erally. Thus, it is a reliable and a practical tool to understand the determi-
nants of leaf temperatures and predict leaf temperatures of the future. De-
pending on the questions being addressed, the model can be implemented
easily with simple parametrizations and it can also be made into a highly
complicated model that takes into account nuanced behaviours of multiple
parameters like the coupled photosynthetic and stomatal responses (Janka
et al., 2016; Medlyn et al., 2011). Understanding and explicitly mentioning
the underlying assumptions of the model could thus be important when us-
ing the model to answer different questions. More works needs to be done
to study the drivers of leaf temperatures across diurnal and seasonal time
scales and to study the impacts of traits such as emissivity, absorptivity,
and several parameters of stomatal conductance models that are usually
treated as generic constants (Guo et al., 2022b; Jones, 2013). Another re-
maining work is to explore the parameter space to ask questions regarding
"homeothermy" or regulation of leaf temperature below air temperature to
primarily address why leaves do not really show homeothermy or even par-
tial homeothermy (Chapter 3) (Still et al., 2022).
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Chapter 3

Measured Leaf Temperatures
in a Tropical Forest of Western

Ghats

3.1 Introduction

Global surface temperatures are steadily increasing due to greenhouse emis-
sions and is expected to continue warming in the future (Rahmstorf et al.,
2017; Hansen et al., 2010). Tropical forests would experience severe trends
of rising air temperatures and extreme weather events (Doughty et al.,
2023; Fauset et al., 2018). Although the tropical forests are one of the ma-
jor Carbon sinks of the world (Pan et al., 2011), forests such as the Ama-
zon are reported to show increases in mortality rates weakening the sink
(Brienen et al., 2015). Several studies have already shown that tropical
forests are approaching or have already exceeded photosynthetic thresholds
(Doughty et al., 2023; Doughty and Goulden, 2008; Mau et al., 2018). The
rising trend of temperature would impact the tropics at difference scales

- from reduced photosynthetic activity (Moore et al., 2021) to changes in
species composition and distributions (Feeley et al., 2020) and viable agri-
culturally important species. Acclimation in physiological thresholds and
leaf thermoregulatory traits of the tropical species would not be sufficient
to compenstate for the current rates of warming (Choury et al., 2022; Kull-
berg and Feeley, 2022).

Leaf temperature tend to be decoupled from that of air during daytime
(Campbell and Norman, 1998; Cook et al., 2021) with the leaf reaching
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temperatures 10 to 15°C warmer. Tsps and T5s - the temperatures at which
the efficiency of Photosystem II of the photosynthetic machinery falls to
50% and 5% respectively - are the commonly used temperature thresholds
of photosynthesis (Sastry and Barua, 2017; Doughty et al., 2023). In or-
der to better understand where tropical forests stand with respect to the
thresholds, it is also important to have good measures of leaf tempera-
tures at high spatial and temporal scales, and across species. Several stud-
ies have reported leaf temperature measurements at different spatial and
temporal scales and using various measuring methods such as remote sens-
ing, and thermistor/thermocouple based readings (Doughty et al., 2023;
Doughty and Goulden, 2008; Fauset et al., 2018).

(Doughty and Goulden, 2008) showed tropical leaves reaching temper-
atures higher than 35°C' with leaf-to-air differences of upto 10°C' and that
the C'Oy uptake, and thus, photosynthesis, being reduced at higher tem-
peratures. Of a few studies that recorded leaf temperatures in the field
conditions, (Fauset et al., 2018) reported one of the highest leaf-to-air tem-
perature differences (~ 18°C') with varying levels of thermoregulatory pat-
terns across species although the temperatures were well below the ther-
mal thresholds of photosynthesis. Studies such as (Aratjo et al., 2021) and
(Doughty et al., 2023) have shown that the tropical forests of the Amazo-
nia were already were experiencing or approaching leaf temperatures above
their thermal thresholds of photosynthesis and argued that it could get
worse in the future and more species could experience irreversible damages
to PSII.

Experiencing temperatures above thresholds like 7%, could lead to irre-
versible damages to photosynthetic apparatus and could have serious con-
sequences to growth, and development of the plants, as well as to Carbon
storage and health of the forest as a whole. (Tiwari et al., 2021) have ar-
gued that the photosynthetic efficiency of the Amazonia might already be
affected by elevated temperatures. (Moore et al., 2021) discussed the ef-
fect of increased temperatures on processes at the scales of molecules and
individuals, and at ecosystem levels and raised questions about the future
of crops and agriculture in a continuously warming world. (Doughty et al.,
2018) suggested that the leaves might darken and reduce the leaf albedo as
a way to mitigate the change in climate. Acclimation in thermal thresholds
as suggested by (Choury et al., 2022) might not be sufficient to offset the
warming the tropics currently experience and potentially in the future un-
less proper steps are taken. Most of the studies discussed above have leaf
temperature measurements for short period of time. Having long-term leaf
temperature data at high temporal resolution are necessary to understand
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exposures at diurnal and seasonal scales.

Thus, the overall objective of the study was to measure the leaf tem-
peratures experienced by a tropical forest in the Western Ghats, and put
the thermal thresholds of C'O,y assimilation and PSII quantum efficiency in
perspective of future climate. High-resolution, long-term leaf and air tem-
peratures were measured for 14 leaves of 4 forestry species using thermis-
tors. In addition, spot measurements of maximum leaf temperatures were
taken for the 4 forestry species and 13 agroforestry species such as Cocoa,
Cardamom, Cinnamon and Vanilla. We then analysed the exposure events
above the thresholds (T}, Tinaz, 15 and T5o - Table 3.3). To better under-
stand the potential damages that the leaves might have endured during the
hot and dry period of 2023, measures of PSII quantum efficiency - Fv/Fm
- of sun exposed leaves and shade leaves of the forestry and agroforestry
species were taken. Furthermore, a qualitative visual inspection was con-
ducted to study any leaf necrosis on these species.

3.2 Methods

Site

Leaf temperatures were measured in a tropical forest in the Western Ghats
located near Sirsi, Karnataka, India (Fig. 3.1). Situated at an elevation of
520m, the forest experiences highly seasonal air temperature and precip-
itation (Fig. 3.1) where the temperatures are high during the months of
March to May with little to no rain, followed by high precipitation from
June to September. The leaf temperature measurements were taken during
the hot and dry summer period where the temperature reaches as high as
40°C" and the precipitation near zero with occasional pre-monsoon showers
towards the end of summer.

While the forests are mostly on hill tops and slopes, agricultural crops
such as cocoa, vanilla, cinnamon, cardamom, clove and areca are cultivated
along the valleys. We focused on 4 forestry species - Canthium dicoccum,
Memecylon umbellatum, Olea dioica and Terminalia paniculata and 13
agroforestry species (Table 3.3) to measure leaf temperatures and study
thermal limits and safety margins. The species were chosen based on their
relative abundance in the area and their importance in the agronomy of
the region. To estimate damages due to extreme temperatures, we did a set
of flourometer measurements to assess the efficiency of one of the light har-
vesting machineries of photosynthesis (PSII), and in addition, did a coarse
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Figure 3.1: Location of the tropical forest in the Western Ghats
and climatology of minimum and maximum air temperature
(grey boxes), and monthly precipitation (open bars) - CRU CL
2.0 (New et al., 2002). Sirsi is located in the central region of the West-
ern Ghats roughly 60km from the Arabian Sea. Measurement period is
marked with a light grey box.

We measured leaf temperatures at different scales. At a canopy scale,
using a thermal camera that captures images of an entire canopy of indi-
vidual trees of several species (Fig. 3.2) at regular intervals. At a leaf level,
we measured temperatures of 14 top-canopy, sun-exposed leaves of the 4
forestry species using thermistors attached on to the leaves. Then for the
agroforestry species, a handheld thermal camera was used to get a distribu-
tion of maximum leaf temperatures during a hot week of the summer.

Thermal camera canopy temperature

A thermal camera (FLIR A2) was used to capture the thermal images of
a canopy on a North-facing hillside in the field site. The images (Fig. 3.2)
were taken at a frequency of 10 minutes between February 25, 2023 and
June 15, 2023.

34



Sensitivity and Calibration of the Thermal Camera

During the month of February, 2023, several tests were done to better un-
derstand the sensitivity of the thermal camera and to account that to cal-
ibrate and thereby correct the thermal images. A black panel with high
emissivity ( 0.95) and a panel with high reflectivity was used to do the
tests by taking images of the panels through out the day while simulta-
neously measuring the panel temperatures using attached thermistors (Fig.
3.2). In addition to the panels, there are several leaves within the field of
view that are also wired with thermistors as a part of our leaf level temepra-
ture measurements (section 3.2). Concurrently, we also had a couple of
thermistors inside the weather-proof case of the camera measuring the tem-
perature of the camera and the air inside the case. This was done as our
previous tests had shown anomalous behaviours when the temperature in-
side the case peaked.

34.5°C

29.2°C

Figure 3.2: RGB and Thermal images of the canopy. The right hand-
side picture was taken on the thermal camera on 2023-03-14 12:07:22 IST.
The left shows an RGB image of the same canopy. The panels, high emis-
sivity and high reflectivity, used for calibration, can be seen at the bottom
right of either images.

Long-term leaf temperature measurements using ther-
mistors

We wired a total of 14 leaves of 3 evergreen species - (Canthium dicoccum,
Memecylon umbellatum, and Olea dioica) and 1 deciduous species - (Ter-
minalia paniculata) with thermistors (Ecomatik LAT-B2) to measure leaf
temperature and air temperature at a frequency of 1 minute (Table 3.1,
Fig. A.1). For 5 of the leaves, we also had sensors placed near the leaves
to measure the Photosynthetically Active Radiation or PAR. The leaves
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were chosen based on their position in the canopy - top canopy, sun ex-
posed leaves, and also based on how accessbile they were.

The measurements were taken between February, 2023 and June, 2023
as this is the hottest period of the year (Fig. 3.1) except for the decidu-
ous species ( Terminalia paniculata) which had no leaves until the end of
April and the thermistors were attached once the individuals of the species
flushed the leaves. Throughout the measurement period, regular inspec-
tions were done to ensure proper functioning of the thermistors, and the
data loggers. Except for a few troubles with the loggers, measurements
were mostly complete throughout the period (Figs. 3.5, 3.6). In addition,
we noted down the angles of all the leaves - azimuth and the zenith of the
mid-rib, as well as the effective leaf width to aid in the leaf energy budget
modeling (Chapter 2, Table 3.1).

Figure 3.3: Placement of thermistors on the leaves. Left side im-
age shows the underside of a Canthium dicoccum leaf with one thermistor
touching the leaf surface and the other to measure the air temperature.
The right side picture shows the same leaf in its position in the canopy
with the thermistors.

Intercalibration of the Thermistors

All the thermistors that were used in the study were calibrated and the
data were then further corrected using a simple linear regression. The cal-
ibration was done by attaching all the thermistors on the underside of a
large aluminium panel coated with black duct tape to increase the absorp-
tivity of solar radiation. The panel was then exposed to the Sun while the
thermistors measured the temperatures for a few hours. The correction was
done using the mean panel temperature of all the thermistor measurements
assuming a non-skewed bias around the mean.
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Table 3.1: List of leaves that were wired with thermistors. Azimuth
angle of the mid-rib of each leaf, zenith angle and the leaf width are also
given. The leaves are named based on the individual tree of each species.
CD: Canthium dicoccum, MU: Memecylon umbellatum, OD: Olea dioica,
and TP: Terminalia paniculata. L2’ refers to the second leaf on the same
tree.

No. Individual Date of Placement Azimuth (N to E) Zenith Width
() (°)  (em)

1 CD250 22 Feb 2023 180.00  145.00 5.50
2 CD91 22 Feb 2023 175.00 165.00 4.50
3 CD91L2 27 Feb 2023 280.00 165.00 6.00
4 CD1 27 Feb 2023 315.00 125.00 7.50
5 MU34 5 Feb 2023 325.00 130.00 5.00
6 MU132 2 Apr 2023 300.00  120.00 4.00
7 MU34L2 2 Apr 2023 300.00  120.00 5.00
8 0OD325 9 Feb 2023 280.00 135.00 4.50
9 0OD360 27 Feb 2023 300.00 105.00 5.00
10 OD344 24 Apr 2023 249.00 160.00 4.00
11 0OD301 25 Apr 2023 352.00 155.00 5.50
12 TP349 2 Apr 2023 245.00 120.00 5.50
13 TP350 2 Apr 2023 342.00 155.00 4.50
14 TP1 29 Apr 2023 246.00  80.00 4.50

Maximum temperatures - Forestry and Agroforestry

For 13 agroforestry species - Cardamom, Cashew, Chickoo, Cinnamon,
Citrus, Clove, Cocoa, Coffee, Lemon, Pepper, Rambutan, Syzygium, and
Vanilla, we measured the distribution of maximum leaf temperatures of at
least 3 individuals during a few of the hottest days of the season. Measure-
ments were done using a handheld thermal camera (FLIR C2) during 1PM
and 3PM from May 08 to May 20, 2023 (Fig. 3.4).

Similary, for the 4 forestry species with the long term temperature mea-
surements, we captured thermal images of multiple leaves, although not
necessarily of the same individuals with the thermistors. Top-canopy, sun-
exposed leaves were chosen in order to get a distribution of higher extreme
leaf temperatures, rather than a representative for the individual as a whole.
All the images were processed using R ((Team, 2021)) and the Thermim-
age package ((Tattersall, 2021)). The temperatures of the leaves were ex-
tracted by drawing boundaries, individually for each leaf.
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Calibration of the Thermal Camera

The thermal camera (FLIR C2) was calibrated by taking images of a high-
emissivity ( 0.95), black aluminium panel (Fig. A.2) attached with a ther-
mistor during several times of the day. The temperature data were then
corrected using a type-I linear regression (Fig. A.2).

Figure 3.4: Thermal image and corresponding RGB image of Co-
coa. Images were taken of individual leaves at a time, from a distance of
10 to 25cm. Temperatures were then extracted by drawing a mask layer
around the leaf boundary using R ((Team, 2021)) and Thermimage pack-
age ((Tattersall, 2021)).

Heat damage risk assessment: Dark-adapted PSII Quan-
tum Yield

In order to better understand the effect of high temperatures, we probed
the leaves for potential heat induced damages. Two different procedures
were followed. One, the photosynthetic efficiency of the leaves, the dark-
adapted photosystem IT quantum yield - F,/F,, - were measured after the
hot and dry period. Second, a coarse percentage of leaves with visible leaf
necrosis were counted.
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F,/F,, Measurements

Photosystem II is part of the photosynthetic machinery that harvests mostly
from the 680nm wavelength region of the visible light spectrum. The en-
ergy that is absorbed by PSII, particularly the pigment chlorophyll-a, drives
the electron transport, with some energy lost as fluorescence and heat. A
measure of the chlorophyll a fluorescence - F,/F,, - of a dark-adapted leaf
represents the maximum quantum yield of PSII (Sastry and Barua, 2017).
A leaf is dark-adapted when it is kept in the dark for at least 20 minutes
such that all the PSII are "open" or ready to accept photons. Here, F,(=
F,, — Fy), F,, and Fj are the variable, maximum and basal flourescence
respectively. Thus, a decrease from the theoretical maximum of 0.8 repre-
sents decreased photosynthetic efficiency.

In the second to third week of June 2023, soon after the hot and the
dry period, we measured F),/F,, of sun-exposed and shade leaves of 4 forestry
species - Canthium dicoccum, Memecylon umbellatum, Olea dioica, and
Terminalia paniculata, and 7 agroforestry species - Cinnamon, Clove, Co-
coa, Coffee, Lemon, Pepper, and Vanilla. Here, the shade leaves were taken
as the controls as they experience less severe light conditions and thus
cooler leaf temperatures as compared to the sun-exposed leaves. The mea-
surements were done for 6 sun and 6 shade leaves, for 3-4 individuals of the
forest species, and 5-6 individuals of the agroforestry species. All the leaves
were collected early morning before 9 AM, and were then subjected to at
least 2 hours of rehydration. Then they were dark adapted for at least 20
minutes followed by the measurement of F,/F,, using PAM 2500 flourome-
ter (Walz, Effeltrich, Germany).

Visible leaf damage

In addition to the F,/F,, measurements, we coarsely estimated the per-
centage of any visible, potentially heat-induced, leaf damage or necrosis.
Sun exposed leaves of at least 3 individuals were randomly counted by
noting down the number of leaves with visible damage. This was done for
the 4 forestry species and for 13 agroforestry species - Areca, Cardamom,
Cashew, Chickoo, Citrus, Clove, Cocoa, Coffee, Lemon, Pepper, Rambutan,
Syzygium, Turmeric, and Vanilla.

Physiological thresholds

Four physiological thresholds were used in the study - 75, 15, T, and
T4 to understand the exposures of leaves above these temperatures. Ty
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is the temperature at which the maximum quantum yield of PSII (F,/F,,)
falls by 50% and designates irreversible damages to the photosynthetic ma-
chineries (Sastry and Barua, 2017). T5, similarly, is the temperature when
it falls to 5% of the maximum chlorophyll a flourescence. Both Ty, and

T values for 40 forestry and 15 agroforestry species in our field site were
taken from a previous study (Premugh, 2020). Either parameteres were es-
timated by fitting a 4-parameter logistic regression on the F,/F,, responses
to leaf temperature at 30 minutes exposure.

Taz and T,y are the maximum and the optimum temperature from
CO, assimilation vs leaf temperature curves. The data for the 4 focal forestry
species were taken from another study (Tiwari unpublished) in which the
measurements were done using Li-Cor 6400xt on live leaves.

3.3 Results

3.3.1 High-resolution, long-term leaf temperature
data

Leaf temperatures measured at high temporal resolution (1min) show large
variations at daily, weekly and monthly scales (Figs. 3.5, 3.6). Daily maxi-
mum, and minimum leaf temperatures varied throughout the measurement
period. A relatively quick increase of 5 to 6°C' in the minimum tempera-
ture was observed in the first week of April which then stayed throughout
the Summer across all leaves with measurements. During March, most of
the Canthium leaves showed a diurnal range of 25°C' which then reduced to
10 to 15°C towards the end of the summer. Similar patterns can be seen in
Olea as well but not with leaves of the other two species.

At diurnal scale, leaf temperatures stay close to air temperature, within
1 to 2°C', during the nighttime, early morning and late evening (Fig. 3.7).
But during the day time, especially when the Sun is directly up in the Sky,
leaf temperatures are as high as 12°C above air temperatures (Fig. 3.7).
Memecylon leaves hit temperatures above 42°C' with leaf-to-air tempera-
ture differences being greater than 5°C' on most days, during times of peak
leaf temperatures (Fig. 3.5). Leaves of the other three species, although
not as high has Memecylon, had daily maximum temperatures above 37°C'
on most days with leaf-to-air temperature differences above 2°C.
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Figure 3.5: Leaf and air temperatures measured through the Sum-
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sured at a minute frequency.
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3.3.2 Maximum leaf temperatures and physiolotical
thresholds

Among the four forestry species (Figs. 3.5, 3.6), Memecylon umbellatum
and Terminalia paniculata occasionally exceed Tsgs, the temperature at
which the PSII efficiency reduces to half (Fig. 3.8) whereas all four species
do exceed their Tss. 14 leaves of the 4 species have their daily maximum
temperatures well above their optimum temperatures for C'O, assimilation
throughout the measuring period (Fig. 3.8). For Memecylon, almost half of
the days had peak temperatures above T,,,,, meaning no photosynthesis at
those times.

Table 3.2: Physiological thresholds of the 4 focal forestry species
and the time of exposure. Exposure is the average time in minutes
spent by the leaf continuously above the thresholds where as the maximum
exposure is the maximum time spent.

Leaf Topt/Tinaz/T5/T50  Exposure Maximum Visible
Exposure Necrosis
(°C) (min) (min) (%)
CD250 29/42/46.43/50.79 370/ 0.42/ 0 /0 496/14 /0 /0 0
CDh9a1 29/42/46.43/50.79 410/ 0.40/ 0 /0O 507/6 /0 /0 0
CD91L2 29/42/46.43/50.79 342/ 2.92/ 0 /0 439/43 /3 /0 0
CD1 29/42/46.43/50.79  355/27.62/ 1.16/0 440/62 /6 /0 0
MU132  30/43/44.08/47.81 378/ 6.48/ 3.27/0.04  500/30 /11 /1 0.22
MU34 30/43/44.08/47.81 357/46.16/29.99/3.03 475/180/130/30 0.28
MU34L2 30/43/44.08/47.81 302/ 3.10/ 0.93/0 466/8 /5 /0 0.28
OD301  31/40/43.94/49.46 242/ 2.92/ 0.31/0 431/31 /6 /0
OD325  31/40/43.94/49.46 279/11.64/ 0.82/0 382/77 /4 /0 0.08
OD344  31/40/43.94/49.46 254/ 7.63/ 0.61/0 414/19 /5 /0 0.05
OD360  31/40/43.94/49.46 206/ 6.16/ 0.32/0 382/20 /3 /0 0.15
TP349 32/42/44.22/49.07 174/ 8.16/ 3.14/0 376/50 /24 /0 0
TP350 32/42/44.22/49.07 140/ 0.25/ 0.00/0 348/8 /0 /0 0
TP1 32/42/44.22/49.07 330/46.32/20.57/0.11 479/145/51 /1 0

The time spent consecutively above each physiological threshold were
calculated for each of the 14 time series (Table 3.2). One of the Memecy-
lon leaves that had several events of exceeding T5os spent, on average, 3
minutes above the threshold with a maximum continuous exposure of 30
minutes. The rest of the 13 leaves barely spent any time above T5gs. Above
Ts, only two leaves (Memecylon and Terminalia) spent any considerable
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amount of time - 30 and 20 minutes respectively on average with a maxi-
mum of 130 and 51 minutes. The same two leaves, on average, spent three
quarters of an hour to upto 3 hours without any C'O, assimilation. Fur-
thermore, all the leaves were photosynthesizing above optimum tempera-
tures for 4 to 6 hours continuously.

The spot measurements of maximum leaf temperatures during the hot
and dry period of the season were taken for 13 agroforestry species - Car-
damom, Cashew, Chickoo, Cinnamon, Citrus, Clove, Cocoa, Coffee, Lemon,
Pepper, Rambutan, Syzygium, and Vanilla and the 4 focal forestry species
also show leaf temperatures exceeding photosynthetic thresholds - T, and
Ts (Fig. 3.9). Although the data was very sparse temporally, it had more
number of leaves per individual plant and species than with the long term
data. Out of the 17 species probed, 6 species had at least one leaf exceed-
ing T50s and 13 species exceeding Tss. Thresholds and percentage of ex-
posures are given in the Table 3.3. The thermal safety margin, difference
between 95th percentile leaf temperature and Tsq, would put Memecylon,
Cocoa and Lemon at at great risk and Syzygium and Cashew as safe. The
percentage of leaves that exceeds T is relatively much higher for the three
species - 29%), 23% and 13% respectively. In addition to the three species,
Vanilla, Rambutan, and Chickoo show large exposure to Tss.

3.3.3 Potential heat induced damages to leaves

PSII response as F'v/F'm is a measure of photosynthetic efficiency and a
decrease from its maximum level is an indicator of heat induced damages
to leaf machineries. It was measured for sun and shade leaves of 7 agro-
forestry species and the 4 focal forestry species soon after the hot and dry
period ended (Fig. 3.10). Sun leaves show a reduction in the Fv/Fm val-
ues with respect to the Shade leaves of all species but only significant for 4
species (Table 3.4, Fig. 3.10). For Cocoa, Cinnamon and Vanilla, Sun and
shade F'v/Fm values show large variation (0.5 to 0.8) and suggests haz-
ardous levels of reduction in photosynthesis, except for the shade leaves of
Vanilla.

Species level Fv/Fm values (Fig. 3.10) were compared (Fig. 3.11) with
leaf temperatures (Fig. 3.9), thermal safety margins, T5gs, and exposures
above Tsg and T5 (Table 3.3). Leaf temperatures and Tsos show mildly sig-
nificant negative (r = -0.54, p = 0.085) and positive (r = 0.54, p = 0.085)
correlations with F'v/Fm respectively. T'SMs or thermal safety margins
show a significant positive relationship with F'v/Fm (r = 0.63, p = 0.036)
while exposures above Ty, and T5 show strong negative correlations (r =
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Figure 3.9: Distribution of maximum leaf temperatures of 13 agro-
forestry and 4 forestry species. Measurements were taken using a
thermal camera on several sun-exposed leaves of atleast 3 individuals dur-
ing the hot and dry period. Red and blue region denotes exposure to Txg
and T5 respectively.

-0.82, p = 0.0019 & r = -0.62, p = 0.04 repectively).

Visual inspection of leaf necrosis at the end of the summer also indi-
cate potentially heat induced damages although the results are not con-
clusive of extreme leaf temperatures leading to necrotic damages. Among
the agroforestry species, Rambutan showed the highest number of leaves
with necrosis (42% of sun-exposed leaves) followed by Coffee (21%), Clove
(15%), Cardamom (15%), Pepper (15%) and Cocoa (13%). The forestry
species didn’t show much necrotic damages except for Memecylon (21%)
and Olea (10%). The percentage score of leaf damages here cannot be at-
tributed solely to high leaf temperatures even though the sampling was
focused to pick up heat-induced damages. The results here, thus, can only
suggest indications of potentially heat related necrosis.
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Figure 3.10: Fv/Fm measured for sun and shade leaves of agro-
forestry and forestry species. Measurements were taken during the
second to third week of June after the hot and dry summer. Red stars de-
note species with significantly different sun and shade Fv/Fm.
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Figure 3.11: Correlation matrix comparing F'v/Fm values and leaf
temperatures, T5ps, and exposures (Table 3.3). Each point is a species
as shown in Fig. 3.10. T'SM refers to thermal safety margin - difference
between Ty, and 95" percentile leaf temperature. Exposure represents the
percentage of leaves with temperatures above T5y or T5. Pearson’s r corre-
lation and p value are given inside each subplot as R and p respectively.
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Table 3.3: Photosynthetic thresholds and exposures. Leaf temper-
atures were taken for sun-exposed leaves of 13 agroforestry and 4 forestry
species using a thermal camera. The exposure is the percentage of leaves
that recorded temperatures above the respective threshold. T'SM or ther-
mal safety margin is the difference between 95th percentile leaf tempera-

ture and Tkg.

Median Exposure Exposure

Species Tieay Ts Tso  Tieaf>T5 Tiear>T50 TSM

(°C)  (°C) (°C) 7o % (°C)
Cardamom 39.60 44.75 48.57 9.26 0.00  3.32
Cashew 39.01 45.36 49.73 0.00 0.00 7.76
Chickoo 38.98 42.14 46.70 18.60 1.16  2.31
Cinnamon 40.45 46.06 48.49 5.83 1.94 2.41
Citrus 41.67 45.63 48.62 5.26 0.00 4.39
Clove 39.99 43.98 48.23 0.00 0.00 6.14
Cocoa 44.35 43.93 46.03 61.54 23.08 -0.64
Coffee 40.39 44.51 49.05 0.00 0.00  6.66
Lemon 44.61 45.50 47.03 34.78 13.04  -0.98
Pepper 40.72  44.16 47.77 2.78 0.00 4.04
Rambutan 43.15 45.50 49.16 17.19 1.56  2.68
Syzygium 36.23 46.44 48.01 0.00 0.00  8.27
Vanilla 40.39 42.57 48.95 25.00 0.00 4.54
Canthium 39.47 46.43 50.79 0.00 0.00 4.11
Memecylon 46.53 44.08 47.81 29.03 29.03 -2.44
Oleo 41.75 43.95 49.46 0.00 0.00 4.19
Terminalia 39.76  44.22 49.08 0.00 0.00  5.58

Table 3.4: Two-way ANOVA results on Fv/Fm measurements (Fig.
3.10). SunShade represents the position of the leaf within the canopy - Sun
exposed or shade. The ANOVA was nested with Individual.

Df Sum Sq Mean Sq F value Pr(>F)

Species 10 0.4504 0.04504
SunShade 1 0.1142 0.11416
Species:SunShade 10 0.0534 0.00534
Species:SunShade:Individual 21 0.1106 0.00526
Residuals 578 0.9566 0.00166

Signif. codes: 0O “*%x’ 0.001 ‘*xx’ 0.01 ‘x> 0.05 ‘.
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3.4 Discussion

The high-resolution, long-term leaf temperature data reported here is one
of the only datasets reported so far that captured continuous thermistor
measurements of leaf temperatures at high temporal resolution, across
multiple leaves and through a whole summer season. The longest contin-
uous data we have spanned a little over four months. Most studies that
reported thermistor or thermocouple measurements were at short time
spans of around 10 days (Rey-Séanchez et al., 2016; Doughty et al., 2023;
Fauset et al., 2018) and a lack of long term data could be attributed to
the difficulties associated with measurements in the field (Aubrecht et al.,
2016). The data showed strong diurnal patterns where leaf temperatures
were very high during day times, particulary the peak solar hours (Fig.
3.7), and also showed high seasonal patterns in maximum and minimum
leaf temperatures, and diurnal ranges. The maximum leaf to air tempera-
ture differences across leaves ranged from 4°C' to 12°C' and suggests a lack
of leaf homeothermy supporting recent evidences (Still et al., 2022; Rey-
Sanchez et al., 2016; Fauset et al., 2018) as evapo-transpiration and sensi-
ble heat loss were unable to compensate for the amount of solar radiation
absorbed by the leaves which had been considered as the contributors of
leaf thermoregulation below that of air (Michaletz et al., 2015, 2016; Kull-
berg and Feeley, 2022).

The long term data also showed leaves consistently exceeding ther-
mal thresholds of CO, assimilation (7},,,) and occassionally approaching
and exceeding thresholds of PSII quantum yield (750) - the temperature
above which irreversible damages to photosynthetic machineries could pre-
vail. The leaves spent a considerable amount of time, 2hours to well over
6hours a day on average, experiencing leaf temperatures above the opti-
mum for CO, assimilation while they spent about a minute to an hour,
during day time on average, potentially without any photosynthesis (Ta-
ble 3.2). The maximum leaf temperatures measured for the agroforestry
and forestry species further corroborate the evidences of leaf temperatures
exceeding Tss and Tsgs the impacts of which needs to be studied in more
detail. In a worst case scenario, this could mean that species like Cocoa
and Cinnamon might not be able to grow in these regions and would lead
to serious implications on the overall status of agriculture in the region.
Although T5 or similarly T,,; - temperature at which the PSII quantum
yield starts to drop - is sometimes used as a hard limit on the sturdiness
of photosynthetic machineries and even to leaf lethality (Doughty et al.,
2023), we acknowledge that Tos might be a better metric as a threshold
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for irreversible damages on PSII rather than T,.; (Sastry and Barua, 2017;
O’sullivan et al., 2017).

Furthermore, given the 30 minute exposure times for thermotolerance
assays (Section 3.2) used in estimating T5s and T5gs, the exposure times
of leaves above the thresholds cannot be neglected while making conclu-
sions of potential heat induced damages from exceedance of physiological
thresholds. Currently, there was only one event that had 30 minutes of
continuous exposure above T5y (MU34 - Table 3.2) and the average time
the MU34 leaf spent continuously in a day was 3 minutes whereas the rest
of the leaves barely spent time above Typs. Under future warming, as leaf
temperatures increase in relation to the rise in air temperatures, the events
of exceedence of temperatures as well as the average and the maximum
continuous exposures above the physiological thresholds could increase, and
it could be worse particularly for the species such as Cocoa, Cinnamon,
Coffee, Rambutan, Lemon, Vanilla, Memecylon umbellatum and Terminalia
paniculata that are already exceeding or are approaching the thresholds.

The F'v/Fm measurements and qualitative visual inspection of leaf
necrosis are suggestive of potentially heat-induced damages (Figs. 3.10,
3.11). After the hot and dry period of the Summer, the shade leaves, which
would have experienced relatively cooler leaf temperatures in contrast to
the Sun exposed ones, showed consistently higher PSII quantum efficien-
cies (Table 3.4). Leaves of Cocoa, Cinnamon and Vanilla showed large
variation in the F'v/Fm values suggesting reductions in the overall pho-
tosynthetic activity. Species that recorded higher leaf temperatures and
lower Tygs, or rather the species with low thermal safety margins showed
significant decline in PSII efficieny. Additionally, the species with the high-
est percentage of leaves exceeding either PSII thresholds were associated
with low PSII quantum yield. The visual inspection of leaf necrosis were
also suggestive of heat induced damages to leaf machineries although are
not sufficient to conclude that the heat is causing necrotic damages. Over-
all, the results strongly indicate the presence of heat-induced damages and
photosynthetic declines.

The tropical forest in the Western Ghats could potentially be at risk of
thermal stress as the climate steadily warms and extreme weather events
like heatwaves increase in frequency and intensity. This study adds on to
several recent studies from the tropical forests around the world report-
ing that the leaf temperatures are approaching and exceeding physiolog-
ical thresholds (Doughty et al., 2023; Aratjo et al., 2021; Doughty and
Goulden, 2008; Kunert et al., 2022; Mau et al., 2018). Although controlled

30



experiments with ample water availability had shown that the trees could
tolerate extreme temperatures via transpirational cooling (Drake et al.,
2018), our results of leaf thermoregulation across the 14 leaves of 4 species
during the hot and dry period seem to suggest a lack of sufficient cooling
during peak leaf temperatures. More studies are necessary to properly un-
derstand what the effects of exceedance of thresholds and exposure times
would be on the growth and development of the trees ultimately determin-
ing the spatial distributions of species, as well as Carbon sequestration and
dynamics of tropical forests as a whole. Furthermore, what this means for
the agricultural crops of the tropics and strategies on mitigating the future
warming should also be addressed.
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Chapter 4

Thermal Safety Margins of 55
species under Warming

4.1 Introduction

As global surface temperatures are increasing with time (Hansen et al.,
2010), vegetation of the tropics could be at particular risk. Thus, it is im-
portant to understand how vulnerable the species of the tropics are to ther-
mal stress. Given the potential impacts of climate change on geographic
distributions and species composition (Feeley et al., 2020), identification of
species that are relatively more vulnerable to thermal stress would help in
conservation activities as well as in afforestation drives to choose species
that are more resilient to future warming. As several studies in the trop-
ics have already reported thermal thresholds of photosynthesis (Sastry and
Barua, 2017; Slot et al., 2021; O’sullivan et al., 2017), the leaf tempera-
tures, specifically the maximum temperatures, need to be understood in
order to calculate thermal safety margins - difference between the maxi-
mum leaf temperature and a thermal threshold (Cook et al., 2021) - and
assess how safe the species are to thermal stress in current and future cli-
mate conditions.

Using air temperature as a proxy for the leaf temperature is not ideal
and can lead to erroneous conclusions as leaf temperature tend to be de-
coupled from air temperatures with the leaf-to-air temperature differences
varying drastically across species with recorded differences as high as 12°C’
(Fig. 3.7) (Campbell and Norman, 1998; Cook et al., 2021). Leaf tempera-
tures can be measured in the field using thermistors/thermocouples (Chap-
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ter 3) (Doughty and Goulden, 2008)), thermal cameras or sensors (Chapter
3), satellite (Doughty et al., 2023), and can also be modeled using leaf en-
ergy budget model (Chapter 2) (Kullberg and Feeley, 2022). Leaf Energy
Budget model is a mechanism-based approach based on well understood
fundamental principles and thus is the tool of choice to predict leaf temper-
atures of the future. The model uses climatic parameters such as air tem-
perature, relative humidity, and light as well as leaf traits such as effective
leaf width, stomatal conductance to solve for leaf temperature (Chapter 2).

Kullberg and Feeley (2022) used a leaf energy budget model to study
the thermal safey margins of several tropical and sub-tropical species and
showed that the species are well below the thermal thresholds of PSII.
Studies such as Miller et al. (2021) and Mau et al. (2018) have shown that
the leaf and, even air temperatures, were exceeding the optimal temper-
atures of photosynthesis at least in the top-canopy, sun-exposed leaves.
Kunert et al. (2022) have shown that the temperatures of the Summer
were reaching the critical temperatures of photosynthetic decline (75 or
Terit) and argued that the leaf temperatures, being much higher than air,
would be exceeding the thermal thresholds. Alternate ways of calculating
safety margins as did by Esperon-Rodriguez et al. (2021) and Esperon-
Rodriguez et al. (2022) using the climate niche of the geographic distri-
butions of several tropical tree species of urban Australia have identified
species that could be vulnerable to the changing climate.

The overall objective of the study was to expand on the leaf tempera-
ture measurements (Chapter 3) to get thermal safety margins for the 55
species of the tropical forest in the Western Ghats to understand how the
vulnerable the forest is to physiological thermal stress. Leaf energy bud-
get model (Chapter 2) was used to estimate maximum leaf temperatures
for the Summer of 2023 using climatic parameters measured in the field
and taken from global datasets, as well as leaf parameters either measured
or taken from literature. Daily maximum air temperatures from CMIP6 -
Coupled Model Intercomparison Project 6 - was used to understand how
the climate changes in the coming 10 decades and also aid in predicting
leaf temperatures of the future under different warming scenarios.

4.2 Methods

Thermal safety margins were estimated for 40 forestry and 15 agroforestry
species in the tropical forest in Sirsi, India (Section 3.2). Maximum leaf
temperatures were calculated using the leaf energy budget model (Chapter
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2) with some additional assumptions as outlined here. Environmental pa-
rameters (Table 2.1) were either taken from climate datasets or measured
in the field (Fig. 2.3, Section 2.5). Physiological thresholds (Section 3.2)
and leaf thermoregulatory traits used in the model were taken from a pre-
vious study (Premugh, 2020) and from literature as shown in Table 2.2.

Leaf Energy Budget Model

The model as described in Chapter 2 was used to calculate the maximum
leaf temperatures but implemented without incorporating the effect of
leaf and solar orientation or rather assuming that the leaves are horizon-
tal, and the dynamic stomatal conductance model. Leaf angles were not
included because of unavailability of the data for the 55 species. And for
stomatal conductance, it tend to be near zero during times of extreme
temperatures. Given we are only interested in the maximum leaf temper-
atures and that the species differences in stomatal condutance might not
matter at very low conductances (Section 2.7), we used a constant value of
0.01 g mols m~2s~! for all the species which is a conservative estimate as-
suming a reduction of stomatal conductance to 10% of the maximal stom-
atal conductance (~ 0.1 g mols m=2s71)

For the summer, maximum leaf temperature for each day was estimated
by modeling leaf temperatures between 1PM and 3PM. All the neces-
sary parameters were as defined in the tables 2.1, 2.2, and 2.3. The net
radiation was estimated using the equation 2.3 where R, is the global so-
lar radiation estimated from the field measurements of PAR (Fig. 2.3).
The leaf energy balance (Eq. 2.2) were then solved using the rest of the
fluxes and parameters defined in Sections 2.2 and 2.5 assuming a constant
gs (0.01 p mols m™2s71).

Validating the Model

Validation of the dynamic model with the angles and stomatal conduc-
tance model is discussed in section 2.6. The version of the model used here
was validated using the daily maximum leaf temperatures from the high-
resolution, long-term leaf temperature measurements (Figs. 3.5, 3.6) by
estimating leaf temperatures assuming horizontal leaves and constant stom-
atal conductance. For each day from the long-term time series, maximum
leaf temperature was modeled at times when the leaf hits the maximum
temperature. During each time step, a Monte-Carlo approach was taken

by repeating the modeling process at each time step by randomly sampling
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from the distributions of wind, cloudcover, and effective leaf width to get a
confidence around each data as explained in the section 2.7. The standard
deviations are added as an error bar in the scatters comparing the modeled

and the measured leaf tempratures for the 14 traces (Fig. 4.1).
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Figure 4.1: Comparison of modeled and measured daily maxi-
mum leaf temperatures for leaves of the 4 focal forestry species (Table
3.1). The error bars along the x and y axes represent the Monte-Carlo
Uncertainty estimated by random sampling of parameters. Dashed line
represents equality. CD: Canthium, MU: Memecylon, OD: Olea, and TP:

Terminalia.

In general, there seems to be a slight overestimation of maximum leaf
temperatures by 1 to 2 °C. For two leaves of Terminalia, the difference
is as high as 3 to 5°C". The absence of a better agreement could be at-
tributable to the lack of confidence in the wind and cloudcover data from
ERAS5 particulary at the time scale that we are working with given how
sensitive the model predictions are to the two parameters (Section 2.7) and
the mismatch between the measured PARs and what the leaves actually
see (Section 2.6). The leaves TP1 and OD360 have the best agreement be-
tween the modeled and the predicted where as leaves like CD1 and OD301
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didn’t have PAR sensors that could capture the microtopographical varia-
tions in light levels.

Future Climate - CMIP6 & ERAS

To predict leaf temperatures of the future and infer the vulnerability of the
55 species, we used climate projections from CMIP6 - Coupled Model In-
tercomparison Project 6 - which coordinates different experiments and sim-
ulations of future climate run by different organizations around the world.
For this study, models that followed conditions set by Scenario MIP was
used. Out of experiments that define a set of forcing parameters - emis-
sions and socioeconomic assumptions - called the SPPs or Shared Socioe-
conoic Pathways, SSP126, SSP245 and SSP585 were chosen as they repre-
sent a low, medium and high forcing scenarios respectively (O’Neill et al.,
2016). SSP126 assumes a a sustainable society with a climate forcing of
2.6Wm~=2 in 2100. Whereas SSP245 assumes a world with regional rivalries
and 4.5Wm™2 forcing and SSP585 a completey fossil based society with
8.5Wm~2 of forcing in 2100.

Although daily maximum air temperature (tasmax), near-surface rela-
tive humidity (hurs), downwelling thermal radiation (rlds), and upwelling
thermal radiation (rlus) at a daily scale were availabe from CMIP6, we
could not use the data to directly predict the leaf temperatures. This was
because the daily maximum air temperature - tasmax - from CMIP6 for
our site did not correlate well with the air temperatures measured at the
site during the Summer of 2023 (Fig. A.3). Across the three scenarios, tas-
max ranged between 32°C' and 36°C' in 2023, while the measured data var-
ied between 32°C and 42°C' with the means of the two datasets differing
by 2.5°C" and the maximums by 4°C. Thus, to predict leaf temperatures of
2100, current air temperatures measured at the site was translated by the
change in the mean tasmax air temperatures under the moderate scenario
(SSP245 - 1.7°C) and the extreme scenario (SSP585 - 3.9°C'). Parameters
such as wind, solar radiation and relative humidity would not change con-
siderably in the future and the CMIP6 predictions for these parameters
do not show in changes until 2100. But the upwelling and the downwelling
thermal radiation do change with time at different rates across the scenar-
ios. Though the change in air temperature would capture the increases in
downwelling thermal radiation (Section 2.2) to some extend, the increase in
upwelling thermal radiation won’t be accounted for in the current impleme-
nation of the model. The impact of such would probably be that the leaf
temperatures of the future would thus likely be slightly underestimated.
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Figure 4.2: Daily maximum air temperatures at the surface - tas-
max - from CMIP6 for three scenarios. SSP126 (red) represents a
highly optimistic future with the least amount of warming, while SSP585
(blue) was the worst case scenario and SSP245, a medium level warming.
The straight and the dashed lines are linear and quantile (95" percentile)
regressions. The change in temperatures between the beginning and 2100
is shown on the right side of the plots near the lines. The spread of the
predictions from different models and their sources are given in Fig. A4

4.3 Results

4.3.1 Maximum leaf temperatures and TSMs of the
55 species

Daily maximum leaf temperatures were modeled for the 55 species for the
summer of 2023 (Fig. 4.3). There were several days throughout the three
months that the leaf temperatures have crossed into the range of T5ys. To-
wards the end of April and beginning of May have the highest incidences
of leaf temperatures exceeding T50s as these were the hottest and driest pe-
riods of the season (Fig. 2.3). The daily 95 percentile leaf temperatures
varied from 38°C' to as high 49°C' while the Typs ranged between 46°C' and
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Figure 4.3: Model predictions of daily 95" percentile leaf temper-
atures. Different colors represent the 55 species. Pink rectangular region
shows the range of Txgs.

51.8°C, and T5ss between 40.3°C and 47.7°C (Fig. 4.3, Table 4.1). At the
temporal scale of the current modeling framework, estimating the continu-
ous time of exposure above the physiological threshold is unfeasable.

Distributions of the top 5 percentile model predicted leaf tempera-
tures across the 3 months for the 55 species are shown in Fig. 4.4. 95"
percentile leaf temperatures varied between 43°C' for Clove to 46.4°C' for
Macarenga peltata while maximums varied from 46.6°C to 50°C'. Currently,
the extreme temperatures of most of the species are well above their Tss
and below their Txps. For 24 species, the top 5 percentile leaf temperatures
were atleast half a degree above their Tss. 12 species were exceeding their
Tsos and for Cocoa, Careya arboria, Pepper, Stereospermum personatum,
and Macarenga peltata have more than 25% of the extreme temperatures
(Fig. 4.4) falling above their T5os with thermal safety margins, difference
between Tos and 95" percentile leaf temperatures, were —3°C', —1.8°C,
—1.2°C, 1.0°C" and 1.1°C respectively.

Comparisons between the estimated leaf temperatures with Txs, Tsos
and T'SM s are shown in Fig. 4.5. The maximum leaf tempertures show no
significant correlations with both T5¢s (r = -0.16, p = 0.23) and T3s (r =
0.036, p = 0.8). Looking at correlations between the maximum leaf tem-
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Figure 4.5: Correlations between the estimated maximum leaf
temperatures, Tss, T5ys, and T'SMs. Pearson’s r and p-value are given
as insets and regression lines are shown for significant correlations.

peratures with TSMs and T5gs needs particular attention when making
conclusions as the T'SMs were essentially calculated from the other two
variables. T'SMs showed a strong negative correlation with the maximum
leaf temperature (r = -0.47, p < 0.05) and a strong positive correlation
with Tsos (r = 0.87, p < 87). Thus, it can be said that, in general, species
that experienced more extreme temperatures tend to show low thermal
safety margins and so were the species with low thermotolerance or Txgs.

4.3.2

Leaf temperatures were predicted for the year 2100 assuming an increase
in air temperature of 1.7°C' and 3.9°C' based on CMIP6 predictions for

the region (Fig. 4.2). At 1.7°C increase in air temperature, the range of
95" percentile leaf temperatures varied between 45°C to 51°C' where as for
3.9¢ warming, the range of the percetiles were 47°C' to 52.5°C'. The range
of Txs, 40.3°C and 47.7°C', were already below the range of extreme leaf
temperatures. For the moderate warming scenario where the TSMs ranged
between 2.1°C' and —4.3°C, the number of species with a positive safety
margin dropped from the current 44 species to 24, and for the worst case
scenario where the range of TSMs shifted to 0.4°C to —5.9°C', the number
was mere 4 species.

Future predictions of exposures and TSMs

The percentage of days when the daily maximum leaf temperature ex-
ceeded either Tss and Tsps are shown in Fig. 4.6). Exceedence of Tss do
not necessarily lead to higher exceedence of T5ps. Under current climate,
Turmeric, Careya arborea and Lophopetalum wightianum are the three
species with the highest percentage of days with leaf temperatures exceed-
ing Tss - 86%, 58.1%, and 50.5% respectively. Where 3 species out of the
55 had more than 50% of days with exposure to Tss, the model predicted
14 species in 2100 under the moderate scenario and 37 species under the
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Figure 4.6: Percentage of days when the daily maximum leaf tem-
perature exceeded T; (left) and 75, (right) under different warming
scenarios. Blue is from the leaf temperatures modeled for the current time
(Fig. 4.4) where as green and red are from the leaf temperatures modeled
for the Summer of 2100 assuming an increase of 1.7°C' and 3.9°C' in the air
temperatures (Fig. 4.2).
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worst case. With respect to Tsgs, Cocoa, Careya arboea and Macarenga
peltata had the highest exposures under the current climatic conditions -
18.3%, 8.6% and 5.4% respectively. Whereas 12 species had atleast a day
with exposure to Tsgs in recent times, the number could increase in the
future to 34 and 51 species under 1.7°C' and 3.9°C' warming scenarios re-
spectively.

4.4 Discussion

Leaf energy budget model was used to get estimates of maximum leaf tem-
peratures for the Summer of 2023 for the 55 forestry and agroforestry species.
The species-specificity in leaf temperatures was purely captured by the
variation in effective leaf width. Other leaf thermoregulatory parameters
such as stomatal conductance and leaf angles were not taken as different
for the species in calculation of the maximum leaf temperatures. The es-
timates of maximum leaf temperatures differed within 4°C' to 5°C' across
species. The range of variation in the physiological thresholds - T5s and
Tsos - are also in the order of 5°C'. The results did not show any correla-
tions between the extreme leaf temperatures experienced and the measures
of thermotolerance (Fig. 4.5). In other words, species with the warmest
leaves were not necessarily the most thermotolerant. As such, it cannot be
assumed that the most thermotolerant species are relatively safer against
thermal stress and it also shows the necessity to have measures or esti-
mates of leaf temperatures to put physiological thresholds in perspective.

The study was able to identify species that might relatively be more
vulnerable to thermal stress. Cocoa, Macarenga peltata, Careya arborea,
Pepper, Turmeric, and Artocarpus hirsutus are a few of the species that
are likely to be at greater risks of declining photosynthesis and potentially
irreversible damages to leaf machineries that govern the plant physiology
and, at worse cases, even leaf lethality. The results are insufficient to make
comments on the impacts the leaves of the 55 species would have endured
during the study period as it could not estimate the continuous time of ex-
posure above the physiological thresholds. To get the continuous time of
exposure or the duration of uniterrupted exposure, we’d need leaf temper-
atures at higher resolution (1min or so) for longer periods of time. As the
physiological thresholds used in the study were from 30 minutes thermotol-
erance assays (Premugh, 2020), leaves would probably need to experience
30 minutes of exposures above T5y to sustain irreversible damages. But,
what the current study was trying to achieve was to discern species that
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could potentially be experiencing or likely to be subjected to experience in
the future, scenarios of exposures that can lead to thermal stress and even-
tually damages and leaf lethality. As the global surface temperatures rise
and extreme weather events like heatwaves increase in intensity, duration
and frequency (Rahmstorf et al., 2017; Trenberth, 2011), the species with
the lowest thermal safety margins, essentially the ones whose leaf tempera-
tures were already exceeding Tsps, would likely be the ones to increasingly
experience damage-inducing and lethal exposures.

The primary objective of the study was to assess the vulnerability of
a tropical forest to physiological thermal stress in the Western Ghats un-
der current and future climate conditions. As relatively vulnerable species
are identified, more needs to be done to better understand, particularly,
the impact of exceedence of the thresholds and what it means for the fu-
ture distributions of the species. Vulnerabilities and thus impacts need to
be distinguished between species like Turmeric with a large difference of
approximately 9.3°C' between Ty, and T5 as opposed to Syzygium with a
difference of 2.6°C'. Although the study was able to demonstrate one of the
major applications of the leaf energy budget model, it comes with several
caveats such as the exclusion of species-specific maximal stomatal conduc-
tance and leaf orientations, and the inability to estimate continuous expo-
sure times under the current framework.
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Table 4.1: T5os, percentage of days exceeding T5,s and Tss, and
thermal safety margins of the 55 species under future warming.
Exposures and T'SMs are given for the current climate conditions and
two warming scenarios - SSP245 with 1.7°C' increase in air temperature in
2100, and SSP585 with 3.9°C.

Exposure Exposure

Species Txo Tiear > T5 Tieas > Tso TSM
0/1.7/3.9 0/1.7/3.9 0/1.7/3.9

°C % %o °C

Cocoa 160 £ 1.9 39.8/61.3/30.6 18.3/32.3/538  -3/-4.3/5.9
Careya arborea 473 £1.0 58.1/75.3/100 8.6/18.3/39.8 -1.8/-3.1/-4.7
Pepper AT8 £ 1.4 38.7/52.7/774  4.3/14/312  -1.2/-2.4/-4
Stereospermum personatum 46.9 £ 2.3 23.7/39.8/67.7 1.1/14/31.2 -1/-2.3/-4
Macaranga peltata 48.8 £ 1.3 31.2/47.3/68.8 5.4/15.1/29 -1.1/-2.3/-3.9
Artocarpus integrifolia 472 £19 38.7/60.2/89.2 1.1/10.8/26.9  -0.7/-2/-3.7
Actinodaphne hookeri 474 £ 0.9 21.5/37.6/63.4 1.1/9.7/24.7 -0.6/-1.9/-3.6
Chickoo 46.7+ 1.8  35.5/57/89.2  1.1/5.4/21.5 -0.2/-1.5/-3.3
Dalchinni type 472+ 15 39.8/62.4/94.6  1.1/6.5/204 -0.2/-1.5/-3.3
Flacourtia montana 479 £ 1.7 17.2/28/51.6 1.1/5.4/20.4 -0.1/-1.4/-3.1
Terminalia bellirica 48.5 £ 0.6 25.8/44.1/67.7 1.1/7.5/204 -0.4/-1.7/-3.3
Syzygium caryophyllatum — 47.0 £ 1.2 19.4/33.3/59.1 1.1/3.2/19.4 0/-1.4/-3.1
Canarium strictum 48.5 + 1.5 30.1/48.4/74.2 0/3.2/183 0.1/-1.2/-2.8
FElettaria cardamomum 48.6 + 0.7 23.7/40.9/66.7 0/3.2/183 0.1/-1.2/-2.8
Mimusops elengi 478 £ 1.2 7.5/19.4/38.7 0/1.1/18.3 0.3/-1/-2.7
Syzygium 48.0 £ 1.3  3.2/17.2/34.4 0/2.2/18.3  0.3/-1.1/-2.8
Lemon 470 £ 0.9 1.1/15.1/33.3 0/1.1/17.2  0.5/-0.9/-2.7
Aporosa lindleyana 482+ 1.1  3.2/17.2/35.5 0/1.1/16.1  0.5/-0.8/-2.5
Lophopetalum wightianum — 48.6 £ 1.6  50.5/72/98.9 0/1.1/16.1 0.5/-0.8/-2.5
Syzygium cumini 482+ 1.2 17.2/30.1/53.8 0/1.1/16.1 0.5/-0.8/-2.5
Memecylon umbellatum 478 £ 1.3 19.4/33.3/59.1 0/1.1/15.1 0.7/-0.7/-2.5
Psychotria dalzelli 49.7 £ 1.3 41.9/62.4/87.1 0/1.1/11.8 1/-0.3/-1.9
Sterculia guttata 49.7 £ 1.3 39.8/59.1/82.8 0/1.1/11.8 0.9/-0.4/-2
Terminalia paniculata 49.1 £+ 2.1 29/47.3/72 0/1.1/11.8 0.7/-0.6/-2.2
Turmeric 49.6 £ 15  86/100/100 0/2.2/11.8  0.7/-0.6/-2.2
Cinnamomum zeylanicum — 48.5 + 1.7  5.4/17.2/36.6 0/1.1/10.8 1.1/-0.3/-2
Citrus 48.6 £ 2.3 8.6/20.4/43 0/1.1/10.8 1/-0.3/-2

Table continued in next page
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Artocarpus hirsutus
Knema attenuata
Terminalia chebula
Garcina morella
Coffee

Cashew

Mangifera indica
Rambutan

Vanilla

Clove

Mappia foetida

Oleo dicoca

Alstonia scholaris
Areca catechu
Canthium dicoccum
Diospyros candoliana
Garcina ranthochymus
Garuna gummigutta
Holigarna grahami
Hopea wightiana
Kokum

Lia indica

Randia dumetorum
Vitex altusima
Calophyllum inophyllum
Holigarna arnottiana
Izora bradicate
Symplocos beddomei

50.1 £ 2.7
495 + 14
48.9 £ 1.2
48.9 £ 0.8
49.0 £ 1.2
49.7 £ 1.7
493 + 24
49.2 £ 1.5
489 £ 14
482 £ 1.9
494 £ 0.8
495 £ 1.3
50.6 £ 1.2
50.0 £ 1.7
50.8 £ 2.3
49.7 £ 1.6
49.7 £ 2.0
50.3 £ 14
51.0 £ 1.0
50.8 + 2.4
492 £ 1.3
50.0 £ 1.3
494 + 0.8
499 £ 1.1
50.1 £ 2.5
51.8 £ 1.6
51.6 = 1.9
51.2 £ 1.6

39.8/57/77.4
30.1/47.3/74.2
18.3/34.4/54.8
17.2/28/53.8
19.4/34.4/59.1
17.2/30.1/52.7
20/47.3/73.1
8.6/20.4/43
36.6/53.8/84.9
15.1/29/54.8
1.1/9.7/26.9
22.6/38.7/66.7
0.7/20.4/43
18.3/34.4/57
6.5/17.2/37.6
40.9/62.4/94.6
1.1/11.8/29
1.1/15.1/32.3
5.4/17.2/35.5
17.2/28/51.6
19.4/33.3/60.2
17.2/30.1/53.8
1.1/7.5/23.7
4.3/18.3/35.5
1.1/3.2/19.4
6.5/18.3/37.6
37.6/53.8/81.7
1.1/4.3/20.4

0/1.1/9.7
0/1.1/9.7
0/1.1/9.7
0/1.1/8.6
0/0/6.5
0/0/5.4
0/0/4.3
0/0/4.3
0/0/4.3
0/0/3.2
0/0/3.2
0/0/3.2
0/0/1.1
0/0/1.1
0/0/1.1
0/0/1.1
0/0/1.1
0/0/1.1
0/0/1.1
0/0/1.1
0/0/1.1
0/0/1.1
0/0/1.1
0/0/1.1
0/0/0
0/0/0
0/0/0
0/0/0

1/-0.3/-1.9
1.1/-0.2/-1.9
1.2/-0.1/-1.9
1.2/-0.1/-1.8
1.4/0.1/-1.6
1.5/0.2/-1.4
1.6/0.3/-1.5
1.7/0.3/-1.4
1.6/0.3/-1.5
1.8/0.5/-1.3
1.8/0.5/-1.2
1.9/0.6/-1.1
2.6/1.3/-0.4
2.1/0.8/-0.9
2.8/1.5/-0.2
2.3/1/-0.8
2.2/0.9/-0.9
3.1/1.7/0
2.8/1.5/-0.1
2.8/1.5/-0.2
2.7/1.3/-0.5
2.4/1.1/-0.6
2.8/1.4/-0.4
2.6/1.3/-0.5
3.3/2/0.2
4/2.6/0.9
3.8/2.5/0.8
3.4/2.1/0.4
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Chapter 5

Conclusions

Air temperatures in the tropical forest in Western Ghats are predicted to
increase by 2°C' to 4°C' in 2100 (Fig. 4.2) as with the climate change in
the tropical forests around the world (Williams et al., 2003), and the over-
all global warming (Rahmstorf et al., 2017) and changes in precipitation
regimes and extreme weather events (Trenberth, 2011). Thus, the increase
in leaf temperatures, which would influence the physiological processes of
plants, would have serious implications on the dynamics of these forests.
The crux of the study was then to understand the leaf temperatures ex-
perienced by multiple species of a tropical forest in the Western Ghats, to
assess potential heat-induced damages and put the physiological thresholds
of C'Oy assimilation and Photosystem II quantum yield into perspective.
Long-term leaf temperatures at high temporal resolution for 4 forestry
species and maximum leaf temperatures during the hottest and driest pe-
riod of the season for 13 agroforestry species were measured. Fv/Fms of
Sun-exposed and shade leaves were then probed to capture potentially
heat-induced declines in the PSII quantum efficiency, as well as a quali-
tative analysis of leaf necrosis. To further build on the leaf temperatures
and physiological thresholds of a few species, leaf energy budget model was
implemented and applied to get estimates of maximum leaf temperatures
for 55 species under current and future climate conditions.

The high-resolution, long-term leaf temperature data is one of the only
datasets reported so far that were able to capture continuous variations of
leaf temperature through the summer for multiple leaves of 4 species. In
addition to the strong observed diurnal and seasonal patterns (Figs. 3.5,
3.6, 3.7), leaves consistenty exceeded physiological thresholds of CO, as-
similation potentially spending hours with less optimal rates of photosyn-
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thesis, as well as occassionally approaching thresholds of PSIT quantum
yield. The observed ranges of continuous exposure times above T5s and
Tsos across the 14 leaves are not sufficient to suggest that they could be en-
during irreversible damages, generally associated with exposures above T5gs
(Sastry and Barua, 2017), to leaf machineries responsible for the physiolog-
ical processes such as photosynthesis and respiration. A steadily warming
world could lead to increase in the extreme leaf temperatures and the ex-
posure times possibly to levels that can lead to irreversible damages and
eventually to leaf lethality.

The Fv/Fm measurements taken to assess the impacts are sugges-
tive of potentially heat-induced damages to PSII as species with the high-
est percentage of leaves exceeding the thresholds showed significant de-
clines in PSII quantum efficiency (Figs. 3.10, 3.11). In addition to the
consistently lower F'v/F'm values of Sun-exposed leaves as compared to
the shade leaves across the probed species, the measurements showed large
variation for three agriculturally important species - Cocoa, Cinnamon and
Vanilla indicating reduced photosynthetic output. For these species, the
continuous exposure times were unknown, but the 4 species, for which we
have the long-term data, do not show concerning levels of declines. Fur-
ther, the thermal safety margins, estimated using the leaf energy bud-
get model, predicted that the number of species with exceedance of Txg
could increase to 34 to 51 species in the future depending on the amount
of warming. Although the exposure times of these identified vulnerable
species are unknown, it is likely that the rise in temperatures and increase
in intensity and durations of events like heatwaves, would lead to harmful
exposure times for these species. Further work is required to understand
the effects of exceedence and exposures times of leaf temperatures above
the thresholds on the physiological processes and ultimately the growth
and development of the plants.

Although there are arguments of leaves being able to regulate their
temperatures below that of air (Michaletz et al., 2016; Kullberg and Feeley,
2022) and controlled experiments had suggested that the trees would be
able to transpirationally cool and cope through extreme events like heat-
waves (Drake et al., 2018), the patterns of leaf-to-air temperature differ-
ences that were recorded through the summer do not seem to show that
the cooling would be sufficient to adequately lower leaf temperatures, par-
ticularly during peak solar hours. As such, it is unlikely that under fu-
ture warming, that the leaves would be able to mitigate the changes and
keep the exposure times above the thresholds below harmful and lethal
levels. A detailed sensitivity analysis can help here in understanding the
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major drivers of leaf temperatures and to ask why leaves are unable to
regulate extreme temperatures. Another aspect of vulnerability that was
not considered in the study are the acclimation of physiological thresholds
(Choury et al., 2022) and leaf thermoregulatory traits (Kullberg and Fee-
ley, 2022; Kullberg et al., 2023) in response to rising temperatures. Though
further works are required to properly address questions regarding accli-
mation of thresholds and parameters, what we know so far do not seem to
suggest that the acclimation rates would be sufficient to compensate for
the predicted changes in temperatures.

The overall results suggest that the tropical forest of Western Ghats are
vulnerable to physiological thermal stress and evidences for a few species
are indicative of prevailing heat-induced damages. This study adds on
to several recent studies from the tropical forests around the world re-
porting that the leaf temperatures are approaching and exceeding phys-
iological thresholds (Doughty et al., 2023; Araujo et al., 2021; Doughty
and Goulden, 2008; Kunert et al., 2022; Mau et al., 2018). This strongly
suggests the necessity of having long-term leaf temperature data like the
ones that we reported here and still more needs to be done to properly re-
port the impacts of exceedences of thresholds and exposure times. Further
works are required to understand how much the trees would be able to ac-
climate to alleviate the effects of extreme temperatures.
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Appendix A

Supplementary figures
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Figure A.1: Temporal trace of the panel temperature measure-
ments used in calibration. The colored lines/points are different ther-
mistor heads, and the dotted line in the left figure is the mean tempera-
ture.
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Figure A.2: Calibration of the handheld thermal camera. Images
were taken of high-emissivity panel attached with thermistors. The line
represents an ordinary least squares linear regression with standard error as
the grey shade. Temperatures were then extracted by drawing a mask layer
around the leaf boundary using R (Team, 2021) and Thermimage package

(Tattersall, 2021).
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Figure A.3: Comparison of daily maximum air temperature mea-
sured at the site and CMIP6 - tasmax. The points are several days of
the Summer of 2023 and the colors are the different scenarios from CMIP6
- SSP126, SSP245 and SSP585.
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Figure A.4: CMIP6 model outputs from multiple experiments un-
der different Scenarios - SSP126, SSP245, and SSP585. Colors are
the different sources that produced the outputs. The data shown in Fig.
4.2 were calculated by taking the daily means of these outputs.
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