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Understanding the interdependence between stomatal conductance, vapor
pressure deficit and leaf water potential as water stress indicators in the

Amazon
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Sampaio-Filho, Luiz A. Candido, Alessandro C. Araujo, Clarissa G. Fontes, Kolby J. Jardine and
Jeffrey Q. Chambers

Suggested Journal: Environmental and Experimental Botany
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1. Introduction

The Amazon forest is an equilibrium system (Salati and Vose, 1984). One example is the
efficient cycling of nutrients in a soil that is generally weathered and with low concentrations of
phosphorus (Lugli et al., 2019), but at the same time supports a diverse and high biomass forest
(Cardoso et al., 2017; Higuchi et al., 2016; ter Steege et al., 2013). This equilibrium can also be
upscaled to the atmosphere layer, where in the Amazon basin it’s estimated that about 50% of
local precipitation is derived from the terrestrial transpiration (Chambers and Artaxo, 2017;
Eltahir and Bras, 1994; Kunert et al., 2017).

At the leaf level, transpiration rate (E) is a function of vapor pressure deficit (VPD) and

stomatal conductance (g,), according to Fick’s first law. The Fick’s first law can be also used to
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estimate the rate of net CO, assimilation (A,) (Lambers et al., 2008), although there are other
accurate models to estimate A,, especially in C; plants (Farquhar et al., 1980). However, the
Fick’s first law is a simple and good approximation of E and A, due to their inevitable connection
through stomata which maximize carbon gain while minimizing water loss (Cowan and
Farquhar, 1977). In normal conditions g varies approximately linearly with A,, which is also an
indicator of plant water use efficiency (Wu et al., 2020).

The water potential gradient regulates water movement through trees and is anchored by
soil moisture availability on one end, and VPD on the other. Under non-limiting soil water
availability, radiation and VPD are usually the most significant climate variables controlling
water flux in tropical trees (Grossiord et al., 2019; Lloyd and Farquhar, 2008). Although the
water movement in plants does not require any input of biological energy due the capillary force
and the differences in water potential through the soil-plant-atmosphere continuum, the
adjustable stomatal pores provides a highly effective way to avoid xylem embolism (Brodribb et
al., 2017).

In high diversity ecosystems stomata exhibit a diverse range of shapes, sizes, and
numbers across plant species (Bertolino et al., 2019). In the central Amazon, some hydraulic
traits are associated with topographic gradients where species from valleys (with shallow water
table and high sand content) have higher efficient water transport systems compared to plateau
(with deeper water table and high clay content) (Cosme et al., 2017). These species-specific
signatures are probably linked to isohydric and anisohydric strategies which is associated to a
higher or lower sensitivity of stomatal conductance to increases in VPD (Sampaio Filho et al.,
2018). Although no consensus exists on the exact sensing mechanisms and process driving the
stomatal closure response to increased VPD (Grossiord et al., 2020), the characteristics of tree
species associated with adaptation to water availability (e.g., rooting depth, water storage,
stomatal behavior, canopy area and leaf phenology) in high diverse ecosystems, such as Amazon
forest, are critical for the improvement of current Earth System Models (ESMs) (Brodribb et al.,
2020a).

Given the importance of stomatal conductance and VPD, as respectively the mains
biological and physical drivers of tree transpiration, studies focused on leaf-level measurements

are extremally necessary. Previous studies showed that the relationship between transpiration (E)



and VPD is a clockwise hysteresis pattern with higher E rates during the morning period relative
to the afternoon (Bretfeld et al., 2018; Brum et al., 2018; Gimenez et al., 2019; O’Brien et al.,
2004). In contrast, it is possible to observe opposite patterns reflected in a counterclockwise
hysteresis pattern between E and irradiance, with higher E rates during the afternoon period
relative to the morning (O’Brien et al., 2004; Zeppel et al., 2004). As same as it is possible to
observe diurnal differences on E rates comparing the morning and the afternoon periods, the area
of hysteresis loops (H;u.u..) 1s @ good proxy for seasonal variations (Zuecco et al., 2016) and can
be used as an indicator of water stress (Bretfeld et al., 2018; Brum et al., 2018).

In terms of water stress indicators, plant hydraulic characteristics are an important aspect
to consider during dry conditions. Traits commonly used as indicators of water stress tolerance
are the leaf water potential (W) and stem xylem vulnerability to cavitation (Binks et al., 2016;
Fontes et al., 2018). Although, some recent studies pointed that the inclusion of W did not
significantly improve prediction of g in tropical canopy trees (Wu et al., 2020), the use of W, in
g, models should be done by considering a more comprehensive quantification of the entire soil-
plant-atmosphere continuum and pantropical transpiration sensitiveness to drought (Giardina et
al., 2018; Grossiord et al., 2019; Wu et al., 2020). Isohydric species have a strong stomatal
control to prevent ¥ from dropping below a critical threshold level (Fisher et al., 2006), and the
knowledge of W, patterns, as an indicator of water stress, is extremely valuable for climate
models especially in high diverse ecosystems, like the Amazon forest.

In this context, we investigated the current understanding of how stomatal conductance
and VPD influences, at leaf level, the water dynamics of ferra-firme species in the Central
Amazon. To achieve this objective, an extensive data network derived from canopy level
measurements using a leaf gas exchange system (LiCOR 6400XT) in the Central Amazon was
used and computational simulations were performed to test the dependencies between g, and
VPD on tree transpiration according to the Fick’s first law. With the observed temporal patterns
of g, and VPD, in the field, a standard H,,,, model was constructed. Additionally, computational
simulations were performed contrasting the peaks, in terms of magnitude and temporal patterns,
of g, and VPD to observe their effects on transpiration patterns. Based on that we addressed two
major research questions (RQ): RQ-1 What controls the hysteretic pattern of tree transpiration?

RQ-2 The Hj,q. (area of the loops) is a good predictor of plant water stress?



2. Materials and methods

2.1 Study area and species selection criteria

The study was conducted in an old-growth evergreen terra-firme forest located at Reserva
Biologica do Cuieiras, also known as ZF-2, which contains roughly 22,000 ha adjacent to
extensive areas of undisturbed tropical forest (Aradjo et al., 2002) (Figure 1). The mean value of
rainfall is ~2,500 mm year' with the driest months of the year concentrated from July to
September (Araujo et al., 2002), and with relative humidity near 90% throughout the year
(Kunert et al., 2017).

In this study, the species selection was based on two distinct methods due to the difficulty
to access the canopy layers in the Amazon forest. During the years of 2015-16, the species
selection was based on the proximity of the tree crown’s to the K-34 flux tower (02°36'33"S;
60°12'33"W). The K-34 tower have a walk-up platform which enables to access the crowns of a
few species to perform leaf-level measurements (Figure 1A).

In addition, during the 2019 regular dry season, leaf gas exchange experiments were
performed using, for the first time in the Amazon forest, a 26.0 m telescopic boom lift (Genie® Z-
80/60) to access the canopy along the access road to the K-14 tower (02°3520.570" S;
60°6'54.918"W) at ZF-2 site (Figure 1B). Using this equipment, it was possible to perform in
situ leaf level measurements of many species across different canopy positions. The use of a
telescopic boom lift, can be considered as a challenging in the status quo of ecophysiological
experiments in the Amazon forest since most of surveys were conducted using towers, climbing
techniques or/and canopy access walkways.

Mixing these two types of approach it was possible to perform leaf-level measurements
in 30 species distributed in XX botanical families and in different canopy positions. The species,
the method to access the crown and the sensors used in each species can be visualized at Supp.

Tablel.



Figure 1 - Map of Amazon basin with the location of ZF-2 site near the city of Manaus, in the
Central Amazon. In the upper left panel are shown the ZF-2 site limits developed using Landsat
8 satellite images (available in https://earthexplorer.usgs.gov/). The red dot (A) is the K-34 flux
tower and the red dot (B) is the access road to K-14 tower where the telescopic boom lift (Genie®
7Z-80/60) was used. In both areas leaf-level measurements were performed using different species
along different canopy levels.

2.2. Stomatal conductance (g;) measurements

2.2.1 Diurnal patterns of g, in upper canopy leaves accessed by K-34 tower

In this study, the crowns of the species Pouteria anomala and Eschweilera cyathiformis
were accessed using the K-34 tower structure (Figure 1A). Diurnal leaf-level measurements
were performed at 10-min intervals during all over the day (6:00 to 18:00) using a portable leaf
gas exchange system (LiCOR 6400XT®, Lincoln, NE, United States) with a clear top chamber

allowing for natural variation in PAR levels during the sampling period of randomly selected
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days in the years of 2015 and 2016. The CO, reference concentration was held constant at 400
umol mol”! and the Ty, Was set to achieve a target T\, based on the observations of infrared
radiometers sensors (IRR - SI-111 Apogee®) installed in the tower structure and with the target

view to sun-exposed leaves of P. anomala and E. cyathiformis.

2.2.2 Canopy survey of g, patterns using a telescopic boom lift

In addition to the leaf-level measurements of P. anomala and E. cyathiformis at the K-34
tower, leaf gas exchange experiments were performed during the 2019 regular dry season along
the 500 m access road to the K-14 tower, at ZF-2 site (~20 km of distance from K-34 tower -
Figure 1B). The equipment used to access the canopy was a 26.0 m telescopic boom lift (Genie®
Z380/60). Rapid g, measurements were done on sun-exposed leaves during approximately 10
minutes per leaf (until the g, patterns get constant) of different species (Supp. Table 1). The CO,
reference concentration was held constant at 400 umol mol™, as same as Ty at 31°C to achieve
a target T\ and irradiance at 1,000 umol quanta m=s™'. The value of 31°C was based on the
optimum temperatures for photosynthesis (To,) already observed for tropical tree species (Slot

and Winter, 2017).

2.3. Vapor pressure deficit (VPD) measurements

In this study, air temperature (T,;) and relative humidity (Ry;) data were obtained using a
thermohygrometer (HC2S3, Campbell Scientific, Logan, UT, USA) installed above the canopy at
51.1 m height in the K-34 tower structure. T,;, and Ry were measured every 60 s and recorded as
30 min averages during 2015 and 2016. VPD was calculated using the Clausius-Clapeyron
equation. All this dataset was provided by the Large-Scale Biosphere-Atmosphere Program
(LBA) at the National Institute of Amazonian Research (INPA).

2.4. Leaf-level transpiration rates (E) and sap flow rate



According to the Fick’s first law the leaf conductance for net CO, assimilation (A,) can be
derived for leaf transpiration (E) through the following equations 1 and 2 (Lambers et al., 2008).
The main factors that controls E can be expressed by the resistances to water vapor diffusion
along the vapor pressure gradient between leaf and atmosphere and the stomatal conductance as

demonstrated by the followed equation (Woo et al., 1966).

E:gs*[wi_wa) (1)

Where: E is the transpiration rate in mol m? s™'; g, is the stomatal conductance in mol m?s™;
w; and w, are the mole or volume fractions of water vapor in the air in the intercellular spaces
and in air, respectively.

It is possible to derive the equation 1 into the equation 2, where w; and w, can be expressed

as a result of evaporative demand (VPD) as follows:

(2)

BP

VPD)
E=gx*

Where: E is the transpiration rate in mol m™ s™'; VPD is the vapor pressure deficit in kPa; BP is

the barometric pressure in kPa (101.3 — sea level); g, is the stomatal conductance in mol m? s™

In order to intercompare the leaf-level transpiration rates (E) with stand sap flow rates in
diurnal time scales (06:00 to 18:00), sap velocity sensors were installed in two trees (P. anomala
and E. cyathiformis), which were the only two species with their leaves accessible to perform le-
level in situ measurements during the year of 2015. One heat pulse sap velocity sensor (SFM1,
ICT international®) was installed per tree near the diameter at breast height (DBH) following the
quality assessment and quality control (QA/QC) protocols described by (Christianson et al.,
2017). The SFM1 sensor consists of a heater and two temperature-sensing probes to determine
sap velocity (cm h') at 0.75 cm (outer) and 2.25 cm (inner) depths in the stem using the heat

ratio method (Burgess et al., 2001; Green et al., 2003) (Equation 3). The heater needle was



configured to emit a 20 Joule pulse of thermal energy every fifteen minutes (sap heat ratio

measurements for 5 min 32 s following the pulse).

*3600cm b~ (3)

Vi==In|-
sTx MY,
Where: k is the thermal diffusivity of wet wood; x is the distance between the heat source

(heater) and temperature sensors; v, and v, are the increases in temperature (from ambient) at

equidistant points downstream and upstream from the heater

To determine the sap flow rate, the sapwood area (A,) was estimated using the equation
developed by (Aparecido et al., 2019), which adjusted A, as a function of diameter at breast
height (DBH) using 34 trees belonging to 26 species in the same study area (ZF-2). In ZF-2 site,
DBH has a moderate and non-linearly relationship with A, (A, = 0.823 x DBH"™, R *=0.46,
p<0.001) as observed by (Aparecido et al., 2019). Using the equation from Aparecido et al., 2019
the estimated sapwood area for the species E. cyathiformis was 5.47 cm?* and 12.23 cm? for the
species P. anomala. Biophysical characteristics (DBH and bark thickness) for each tree can be
visualized in Table 1 and were used as input into the Sap Flow Tool version 1.4.1 (Phyto-IT®) to
calculate the sap flow rate (cm® h''). The sap flow rate (SF) was obtained by the product between
the sap velocity (V,) and the sapwood area (A;) (SF = As x Vs). A linearly decrease of sap
velocity was considered from the outer thermistor (0.75 cm) to the inner thermistor (2.25 cm),
such that it reaches O at the estimated heartwood boundary. For all those estimative, a standard
value of thermal diffusivity of wood (0.0025 cm? s™), sapwood fresh weight (1 g) and sapwood

dry weight (0.5 g) was adopted.
2.6. Leaf water potential (¥;) and canopy surface temperature (T,np,) measurements
Hourly ¥, (6:00 to 18:00 — 12 hours) was measured using a Scholander pressure chamber

(PMS, Corvallis, OR, USA; accurate to 0.05 MPa). The species selection criteria were based on

the proximity of the crowns to the K-34 tower. Measurements of healthy leaves, without



noticeable condensation on the surface, were made as soon as the leaf was cut from the branch of
the species Eschweilera cyathiformis (S.A.Mori) (Lecythidaceae) with 14.3 cm of DBH and 19.8
m in height, Eschweilera sp. (Mart. ex DC.) (Lecythidaceae) with 29.7 cm of DBH and 27.8 m in
height, Pouteria anomala ((Pires) T.D.Penn.) (Sapotaceae) with 35.3 cm of DBH and 31 m in
height, Couepia longipendula (Pilg.) (Chrysobalanaceae) with 28.1 cm of DBH and 23.9 m in
height and Pouteria erythrochrysa (T.D.Penn) (Sapotaceae) with 36.5 cm of DBH and 29.3 m in
height. In total, two years (July 2015 to August 2017) of diurnal leaf water potential experiments
were conducted at ZF-2 site, as the longest record in the Amazon forest to date.

To measure canopy surface temperature (Tenopy) five infrared radiometer sensors (SI-111
and SI-131, Apogee®; accuracy of 0.2 °C) were positioned from the K-34 tower structure with

the field of view targeting the top of individual tree crowns.

Five-min averages of Tleaf were recorded using a CR-3000 (Campbell Scientific® for
the SI-111 sensors) and EM-50 (Decagon® for the SI-131 sensors) dataloggers. The sensors

were positioned with the viewing heights and viewing angles listed in Table 1.

The SI-111 sensors were configured to scan leaf temperatures every 5 s and record five-
min averages using a CR-3000 datalogger (Campbell Scientific®). The field of view of each
sensor (T, target area) was calculated using the IRR calculator available in the website (https://

www.apogeeinstruments.com/irr-calculators/).

2.5. Data analysis

Data were analyzed using IGOR Pro® version 8.0 (WaveMetrics, Inc. USA) and R v.
3.0.2 (R Development Core Team, 2013) software’s. For the normalization of each variable the
min-max feature scaling method was used to standardize the range of the raw data of g, and
VPD. Hysteresis indices of transpiration (E) were calculated using the shoelace formula (Braden,
1986) (Equation 5), and a paired #-test was performed (o = 0.05) to intercompare the H;,qx of the

species between the 2015 and 2017 dry seasons. The Hj,. is a measure of the size of the



hysteresis loop and enables quantitative comparisons of hysteresis behaviors during, for

example, two contrasting periods like El Nifio and regular season.

1
Hindex= 5 6 4)

Where: A is the area of the polygon, n is the number of sides of the polygon, and (x;, y;),

1=1, 2,..., n are the vertices (or "corners") of the polygon.

Results

(RQ-1) The interdependence between stomatal conductance and vapor pressure deficit on
leaf-level transpiration rates (E)

In this study, the average of VPD daily patterns revealed a sensitive increase during the
morning period reaching a peak in the early afternoon (14:00 — Local Time; average 0.56 + 0.53
kPa), (Figure 2A, B). In contrast, stomatal conductance (g,) daily patterns showed higher
increases in the early morning peaking at 10:00 — Local Time (average 0.14 + 0.10 mol m?s™)
with an expressive decrease along the afternoon period (Figure 2A, B). In average, the temporal
difference between the peaks of VPD and g,in the Central Amazon was four hours.

In addition, clockwise hysteresis pattern was observed between E-VPD with morning
period showing higher E sensitivities than afternoon, due to stomatal effect (g, effect) (Figure
2C). In contrast, counterclockwise hysteresis pattern was observed between E and g, (Figure
2D), with higher E rates in the afternoon relative to the morning period due to VPD effect. The
leaf-level transpiration (E) was represented in absolute units and calculated according to Fick’s
first law (Equation 2). The observed hysteresis patterns were a result of the temporal difference
between the peaks of VPD and g,, as demonstrated in Figure 2A, B. The calculated H,,,,, for E-
VPD was 0.224. The calculated H,,,., for E-g, was 0.174, a difference of 22.3% in comparison to



the H,.. of E-VPD. Both calculated H,,,,, represents the average of VPD values from 2015-16

years and diurnal patterns of g, of 30 species during the years 2015, 2016 and 2019.
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Figure 2 - Average of stomatal conductance (g,) and vapor pressure deficit (VPD) daily
patterns in the central Amazon. The observed VPD peak (red line) was at 14:00 Local Time,
using hourly averages data from 2015-16 at K-34 tower (A, B). The observed g, peak (green line)
from hourly leaf gas exchange data of 30 species was at 10:00 Local Time (A, B). Clockwise
hysteresis pattern was observed between E-VPD with morning periods showing higher E
sensitivities than afternoon (C). In addition, counterclockwise hysteresis pattern was observed
between E-g, (D), with higher observed E rates in the afternoon relative to the morning period.

(RQ-2) The H;,... is a good predictor of plant water stress?

Computational simulations were performed to contrast temporal (TA,) and spatial (NA,)
amplitudes of g, and VPD, using hypothetical values (ranging from O to 1), to posteriorly test
their influences on transpiration patterns according to Fick's first law (equation 2). When the
peak of g, and VPD matches temporally (NA,=0), the relationship between transpiration (E) and

pow

VPD (E-VPD) follows an exponential pattern ( y=y +Ax" ( (Figure 3A), as same as the

relationship between transpiration and stomatal conductance (E-g;). In scenario 1, it is possible to



observe that the adjusted power functions for each scatterplot (E-VPD and E-g,) showed the same
statistical values (e.g., exponent parameter (pow) 2 + 2.05e-09) (Figure 3A). As the peaks of g,
and VPD no longer coincide temporally, the phenomenon of hysteresis emerges (Figure 3B, C,
D). The hysteresis patterns between E-VPD and E-g, are linked to the temporal differences
between the peaks of g, and VPD. The greater TA,, the greater will be the H,,.. (Figure 3B, C,
D). As TA, increases in the different scenarios, the H,,., values of E-VPD increased in a rate of
67% (scenario 2 —> scenario 3) to 14% (scenario 3 —> scenario 4). The area of loops (H,..) of E-
VPD started from zero in Scenario 1 (TA,=0, exponential pattern), to 0.18 (Scenario 2), 0.31
(Scenario 3) and finally 0.36 (Scenario 4). The H,,., values of E-g,increased in in a rate of 83%
(scenario 2 —> scenario 3) to 4% (scenario 3 —> scenario 4). The H,,,,, of E-g, also started from
zero in Scenario 1 (TA,=0, exponential pattern), to 0.17 (Scenario 2), 0.31 (Scenario 3) and
finally 0.32 (Scenario 4). No significant differences were observed between the H,,,., of E-g, and

the H,,4..of E-VPD across the different scenarios (p=0.16, a=0.05, paired z-test).
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Figure 3 — Computational simulations of hysteresis phenomena in transpiration (E), testing different
scenarios along temporal amplitudes (TA,) between the peaks of g, and VPD. In the absence of temporal
difference (TA;=0), no hysteretic patterns were observed between E-VPD and E-gs, where the
relationship follows an exponential pattern (A). The greater TA,, the greater will be the H,,q.. (B, C, D).

g, values were halved in comparison to VPD values in order to test additional effects of a

numerical amplitude (NA,) on H,..., simulating a possible drought induced effect where plants

close their stomata to avoid excessive water loss. With this type of approach, it was possible to

test the effects of NA, on H,,.,. When g, and VPD patterns matches temporally but not spatially

(TA=0; NA, # 0), the relationship between E-VPD and E-g, still follows an exponential pattern
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(Figure 4A), similar to when g, and VPD patterns matches both temporally and spatially (TA,=0;
NA,=0) (Figure 3A). However, although the statistical values are different in terms of the
exponential parameter (pow) and the scaling factor (A).

The simulations contrasting the numerical amplitude (NA,) between g, and VPD in
combination with the temporal amplitude (TA,) on

The numerical amplitude (NA,) between g, and VPD has no effect in the shape of
hysteresis phenomenon of transpiration (clockwise or counterclockwise) (Figure 4B, C, D) o in
the transpiration of tropical trees. The generated hysteresis did not change their area, shape or
slope when only the VPD values were doubled. The isolated effect of increased VPD had no

effect on the hourly hysteresis phenomenon between V and VPD.
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Figure 4 - Simulations of the hysteresis phenomenon and the size of the loop due to the absence of
temporal and spatial difference between the stomatal conductance peak (g,) and the peak of the vapor
pressure deficit (VPD); (A) absence of temporal and spatial difference; (B, C, D) presence of only
temporal difference; (E) presence of spatial difference only; (F, G, H) presence of spatial and temporal
differences. In this figure it is possible to observe that only the temporal difference (B, C, D) is
responsible for the appearance and size of the hysteresis loop between V and VPD, while the effect of the
spatial difference (magnitude of the difference between g, and VPD on the y axis) has no effect on the
appearance and size of the hysteresis loop



(RQ-3) Leaf water potential and canopy temperature
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Discussion

Stomatal conductance and vapor pressure deficit dependencies

Plants can alter stomatal pore aperture by actively adjusting guard cell turgor pressure,
which moderates gas exchange rates between the leaf interior and the atmosphere depending on
the environmental conditions (Bertolino et al., 2019). The stoma is the main pathway of gas
exchange processes (Brodribb et al., 2020b), and stomatal conductance (g,) is a measure of the
“facility” in which these processes occurs (conductance is the opposite of resistance). One of the
most important abiotic factors that affects stomatal conductance is temperature which is strictly
related to VPD (Lloyd and Farquhar, 2008). Generally, stomatal conductance declines under high
VPD and transpiration increases in most species up until a given VPD threshold (Grossiord et al.,
2020). In these conditions, the loss of leaf turgor pressure results in a complete stomatal closure
(Fontes et al., 2018; Sack et al., 2003).

The link between guard cell turgor and stomatal aperture provides a very efficient way to
avoid hydraulic failure under high VPD (Brodribb et al., 2017). In the Amazon forest, VPD and
temperature are narrowly correlated once the relative humidity is, in average, near 90%
throughout the year (Kunert et al., 2017). The temperature effect on g is very similar to the VPD
effect, and it can vary along the different portions of the crown due to light exposure (Rey-
Sanchez et al., 2016). When VPD is low and stomata are fully open, temperature increases
linearly with VPD (Grossiord et al., 2020). In this context, the temperature where g, is optimal
can be different for sun-exposed leaves in comparison to shade leaves and also between canopy
and understory species (Kardiman and Ra&bild, 2018; Tribuzy, 2005). In average, g, was found to
reach maximum values between 31-33°C, which is known as the optimum temperature for
photosynthesis (7,,), previously determined by (Slot and Winter, 2017) studying many tropical
species in Panama.

During drought events such as El Nifio-Southern Oscillation (ENSO) with high

temperature, stomatal closure is the major factor responsible for photosynthesis reduction rates in



both upper canopy and understory trees (Santos et al., 2018). This observations are consistent
with (Brodribb et al., 2020b) statement: “‘from reproduction to production, stomata are the
master regulators”. Nowadays, the challenge is to understand the dynamics of stomatal control
between canopy and shade-adapted species of tropical ecosystems, as demonstrated by (Deans et
al., 2019) which recent studies showed that understory temperate species possessed fast-opening
but slow-closing stomata, consistent with ecological adaptation to maximize light fleck use. This

tand it is prior for the climate models in 21* century (McDowell et al., 2019).

Hysteresis loops as a water stress indicator

In dry conditions trees close their stomata to avoid excessive water loss. During those
periods the plant is metaphorically in a paradigm: closing the stomata prolongs its survival by
reducing water loss, but at the same time decreases the capture of CO,, which can result in higher
risks of carbon starvation (McDowell et al., 2018). In addition, transpiration acts as a cooling
mechanism for the leaves by lowering their temperature and protecting the tissues from oxidative
stress (Drake et al., 2018; Jardine et al., 2015). In the Amazon forest, species have different
strategies to control the excessive transpiration during increased VPD. One example of those
mechanisms are the loss of leaves and the production of flowers (Borchert, 1994), which is
associated with the increase of irradiance in the dry period (Huete et al., 2006). The process of
loss of leaves and posteriorly leaf flushing in the beginning of dry period can decrease the
transpiration rates as well as protection against parasites due the lower humidity (Lopes et al.,
2016).

At leaf level transpiration rates (E) are dependent on g, and VPD according to Fick's first
law. Most of studies use the variables VPD and solar radiation to understand the dynamics of
transpiration (E), evapotranspiration (ET) and stand sap flow (SF) due to the facilities to obtain
those type of data, using sensors installed in flux towers and directly in the trees. The hysteresis
phenomenon occurs when a given independent variable x does not cause the same response in a
given variable y, when the variable x decreases (Zeppel et al., 2004). The temporal difference
between the peak of g, and the peak of VPD can be considered one of the main regulating factors

of the observed hysteresis patterns in transpiration processes as demonstrated by this study (Figs



2, 3 and 4). In terms of ecophysiological studies hysteresis patterns are an important aspect to be
considered in the current Earth System Models (ESMs) (Jasechko et al., 2013), especially during
extreme drought events such as ENSO which is correlated with tree mortality in the Amazon
forest (Aleixo et al., 2019).

In the Central Amazon, during the 2015-16 ENSO, it was found that the transpiration
rates of some species decreased as the dry period extended (Fontes et al., 2018). In contrast,
Brum et al., 2018 found higher transpiration rates, reflected in a higher H,,.,, in eastern Amazon,
when the dry period was compared to the wet period in the same drought event. This contrasting
observations can be explained by the different transpiration sensitiveness according to ecological
status of the forest (e.g. secondary vs mature) (Bretfeld et al., 2018; Mallick et al., 2016a), the
size of the trees (Rowland et al., 2015) and across different precipitation gradients (Grossiord et
al., 2019). Also, the distinct floristic structure associated with the gradient of soil fertility from
east (low fertility) to west (high fertility) with different turn-over rates in the Amazon basin are
also one possible explanation for observed drought sensitivity between the eastern and central
Amazon. Another possible explanation for the observed higher transpiration H,,4, during 2015-
16 ENSO in the eastern Amazon is the presence of deep roots (Nepstad et al., 1994) combined
with hydraulic redistribution, which maintains the availability of water even during drought
conditions (Oliveira et al., 2005). It seems that despite the extremely dry conditions the soil still
have enough moisture to supply the trees enabling the stomata to be opening and avoiding
transpiration threshold resulting in a hydraulic failure.

The magnitude of hysteresis depends strictly on the time lag between VPD, g, and
radiation, while soil moisture regulates these relationships (Bretfield et al., 2018; Zheng et al.,
2014). Using the Fick’s first law (transpiration = g, x VPD), computational simulations
demonstrated that temporal changes between g, and VPD strongly alter transpiration H,,.,, as
same as the spatial difference between these variables (Fig. 3). The greater temporal amplitude
(TA,) between the peaks of gs and VPD, the greater will be the H,,,... Conversely, contrasting the
numeral amplitudes (Na,) between gs and VPD, together with the temporal amplitude, does not
imply in a higher H,,., in comparison to the effects of temporal amplitude alone (Figs 2, 3).
These simulations imply that higher VPDs with a strong stomatal control does not cause a higher

transpiration rates reflected in a higher H,,,..



In this study, counterclockwise relationship between transpiration and VPD was
observed, which can be explained due to the greater stomatal response to VPD and lower leaf
water potential during the afternoon (Zeppel et al., 2004). This behavior is observed by several
authors in different ecosystems (Bretfeld et al., 2018; Brum et al., 2018; Gimenez et al., 2019;
Mallick et al., 2016; Zheng et al., 2014). The Hysteresis phenomena allow to infer about the
biotic and abiotic factors that limit transpiration (Bretfeld et al., 2018; Mallick et al., 2016b;
Zheng et al., 2014) and also makes it possible to infer about how extreme drought events can
affect forest transpiration at different scales (Bretfeld et al., 2018; Brum et al., 2018;
Christoffersen et al., 2016). Thus, the H,,.. from a large number of species is a good way of
constraining ranges of hysteresis effects comparing, for example, drought events with normal
periods on the same site, and using, when it is possible, the same trees. This kind of approach is
highly important to understand the transpiration dynamics and the water use efficiency of the
trees in a changing climate (Hatfield and Dold, 2019), especially in tropical ecosystems with

their high diversity and different range of functional traits (McDowell et al., 2018).

Leaf water potential and atmospheric demand

In places on the globe where temperatures are suitable for plant development, the
occurrence of trees is mainly controlled by the water supply, which is essential for the growth
and formation of new tissues (Meinzer, et al., 2004). The existence of trees only became possible
after the development of a vascular system that allowed a continuous movement of water, in the
order of 1-5 m h' with a low energy cost (Granier 1986). Even with an efficient water conduction
system, it is only after a few days that the water contained in the soil reaches the top of a tree
(Goldstein et al., 1998). One way for plants to minimize this delay is to use the water stored in
tissues with high evaporative demand such as trunk, leaves and branches, which is known as
capacitance (Goldstein et al., 1998; Meinzer, et al., 2004). Capacitance can be defined as the
ratio of change in water content to change in water potential of a tissue and it was being formally
incorporated into Own’s law analogue to models that describe water transport along the soil-
plant-atmosphere continuum (Meinzer et al., 2004, Cowan 1972, Philips et al., 1997).

The differences between water loss and uptake form a pressure gradient from roots to

leaves, being the driving force for water movement in plants (Wheeler and Stroock 2008). This



pressure gradient can be measured by leaf water potential (W) experiments where: values close
to zero means little water loss (low potential gradient between soil and leaves) and more negative
Y, values mean high water loss (high potential gradient between soil and leaves) (Jarvis 1976;
Holttd and Sperry 2014). The water moves from a high-water potential level to lower water
potential level in a process described by cohesion-tension theory (Dixon e Joly, 1894). In this
context, canopy trees are generally under higher evaporative demand conditions which require
more extensive and in-deep root systems to guarantee their physical stability, which reflects
higher soil volumes to access water (Oliveira et al., 2005).

In the central Amazon, species from plateaus are more adaptable to drought conditions,
and, therefore, invests in higher hydraulic safety with higher wood density, lower mean vessel
hydraulic diameter, lower mean vessel area and smaller stem cross-sectional sapwood area than
species in valley (Cosme et al., 2017). These functional traits of plateau species are associated
with isohydric characteristics where the stomata act to prevent W, from dropping below a critical
threshold level (Fisher et al., 2006). Although W, did not significantly improve prediction of gin
tropical canopy trees (Wu et al., 2020), stomatal sensitivity to W, strong relates to xylem
characteristics (Klein, 2014). The hydraulic resistance of leaves such as W, can be highly
variable over short time scales, uncoupling tension in the xylem of leaves from that in the stems
to which they are attached (Meinzer et al., 2008), and it is the possible explanation to difficulty to
incorporate Wy in g, models. Another important aspect to consider is the mechanism of foliar
water uptake (FU) which is a significant process in determining how forests interact with
climate, and could alter our interpretation of current metrics for hydraulic stress and sensitivity
(Binks et al., 2019).

On the other hand, diurnal responses of W, to temperature are more significant and
predictable. The leaf surface of canopy trees can be considered the last layer of the soil-plant-
atmosphere continuum. Changes in W are related to changes in temperature and soil moisture. In
this perspective, canopy temperature (T, ) 15 @ good proxy for daily and seasonal W, variations.
During the sunnier dry season in the Amazon reflected in higher temperature rates (Huete et al.,
2006), plants can sustain low W for a substantial amount of time and still recover after a re-

hydration period due to the passage of clouds or occasional rains (Fontes et al., 2018).



The nonlinear relationship between W) and T, Observed by this study (Fig XX) is
similar to the relationship between W, and soil moisture described by (Carroll et al., 2019),

attesting the pressure gradient coupling of soil-plant-atmosphere continuum.

Conclusion
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