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Abstract
Tropical plant hydraulics in a changing climate: importance for species distribution and

vulnerability to drought

By
Clarissa Fontes
Doctor of Philosophy in Integrative Biology
University of California, Berkeley
Professor Todd E. Dawson, Chair

Amazonian droughts are becoming more frequent and intense, having a profound effect
on water availability for plants. However, we still have limited abilities to predict the
effect of climate change on plant species survival and distribution in mega-diverse
systems like the Amazon. Plant hydraulic traits coupled with the assessment of
environmental characteristics emerge as an important tool to assess species physiological
performance and resilience, especially during extreme climatic events. Here we
investigate plant hydraulic strategies and physiological performance of tropical tree
species (i) across contrasting environments, (if) during an extreme drought event and (iii)
during the course of a day to understand how water availability may shape species
distribution and plant vulnerability to drought in the Amazon Basin.

In the first chapter, I investigate if the current patterns of species’ distribution in the main
Amazonian habitats can be explained by species hydraulic strategies and how variation in
the hydraulic properties of Amazonian forests influences species-specific vulnerability to
drought across different habitat types. I found strong segregation between species from
wet vs. dry environments in relation to their functional traits, suggesting that water
availability could be a strong predictor of species functional composition in the different
Amazonian environments. Also, the xylem of dry-habitat species are more embolism
resistant, but it may not be correct to assume that these species will be the ones
performing better under a warmer and drier climate.

The second chapter assesses plant physiological performance during a strong El Nifio.
This is the first study in the Amazon to measure in situ tree physiological stress before,
during and after a natural drought event. I show that the warmer and drier conditions
imposed by the El Nifo greatly amplified trees’ physiological stress and could affect
growth, phenology and potentially lead to tree mortality. Given the extreme nature of the
this El Nifio and that temperatures are predicted to increase in the tropics, this work can
serve as a case study of the possible impact climate warming can have on tropical trees.

In the third chapter, I analyzed the diurnal patterns of stomatal conductance, water
potential, and sap velocity during the dry season and investigate how they change with



canopy temperature and vapor pressure deficit. I found that unlike preview reported,
plants have a re-hydration period during the hottest time of the day probably due to an
imbalance between stem sap-velocity and leaf transpiration rates. This study helps to
elucidate the array of processes influencing diurnal patterns of plant-water balance in
tropical trees.
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Convergent evolution of tree hydraulic traits in Amazonian
habitats: implications for community assemblage and vulnerability
to drought

CHAPTER 1

Abstract

Amazonian droughts are becoming more frequent and intense, having a profound effect
on water availability for plants. However, little is known about how variation in the
hydraulic properties of Amazonian forests influences species-specific vulnerability to
drought across different habitats types. Here we ask if (i) the current pattern of species’
distribution in the main Amazonian habitats (flooded, valley, plateau, and white-sand
forest) can be explained by species hydraulic strategies, (ii) if species from dry vs. wet
environments differ in their vulnerability to embolism that would compromise their
ability to transport water, and (iii) if wet-habitat species are more vulnerable to
hydrological droughts than dry-habitat species. To answer these questions we measured
16 traits from 16 congeneric species distributed in four Amazonian habitats. We found
strong segregation between species from wet vs. dry environments in relation to their
functional traits, and hydraulic characteristics (e.g vessel hydraulic diameter and
hydraulic conductivity) were the main traits driving this pattern. Thus, water availability
can be a strong predictor of species functional composition in the different Amazonian
environments. The Psos (water potential when plant loose 50% of its conductivity) of dry-
habitat species were significantly more negative (47.7%) than wet-habitat species.
However, we did not see any difference in stem safety margin between species from
different environments. Therefore, the xylem of dry-habitat species are more embolism
resistant, but it may not be correct to assume that these species will be the ones
performing better under a warmer and drier climate.

Introduction

The Amazon Basin occupies an area of approximately 7 million Km? and is the
largest and most biodiverse tropical rainforest in the world (Ribeiro ef al., 1999). The
main vegetation types found in the Amazon Basin are mature ferra-firme forests (plateau
and slope forests; ~ 63% of Amazon Basin), woodland savanna/white-sand forests
(~24.5%), floodplain/inundated forests (4.2%), and grass-dominated areas (~ 4.8%;
Saatchi et al.,, 2007). These distinct habitats mainly differ in soil type, plant water
availability, and topography. This great environmental heterogeneity has been proposed
as one of the main explanations for the high diversity of tree species in Amazonian
tropical ecosystems (Connell, 1978; Smith et al, 1997; ter Steege et al., 2000).
Environmental hetereogeneitty can promote ecologically-mediated speciation and habitat
specialization and thus, increase beta-diversity among areas (Tuomisto ef al., 2003; Fine
& Kembel, 2011; Fine, 2015; Leibold & Chase, 2017). Indeed, several studies have
reported high tree species turnover in the different Amazonian habitats (e.g. ter Steege et
al., 2000; Valencia et al., 2004; Stropp et al., 2011; Schietti et al., 2014). And a large
number of studies have tested for edaphic and topographic habitat specialization among



tropical trees (e.g. Phillips et al., 2003; Fine & Kembel, 2011; Damasco et al., 2013;
Toledo et al., 2017). However, despite the strong differences in plant water availability
among these diverse Amazonian habitats, relatively little attention has been paid to how
this water availability, or limitation, can be linked to tree species distribution and
Amazonian megadiversity (but see Schietti ef al., 2014; Oliveira et al., 2019), which is
particularly important to understand in face of the rapid climatic and land-use change
currently taking place in the Amazon Basin.

Extreme drought events are becoming more frequent and intense in the Amazon
Basin (Jenkins et al., 2010; Marengo et al., 2011; Fu et al., 2013; Stocker et al., 2013)
and many studies have linked warmer and drier conditions to increased levels of tree
physiological stress in tropical areas (Doughty & Goulden, 2008; Bonal et al., 2016;
Fontes et al., 2018b; Tng et al., 2018). Precipitation is also predicted to decrease across
the Amazonian region (Stocker ef al., 2013), and if true, this will have profound effects
on water availability for trees. Water is an essential resource for plants and contrasting
environments with distinct levels of water availability may select species that have
different hydraulic strategies (Engelbrecht ez al., 2007; Blackman et al., 2014; Cosme et
al., 2017). Some studies have suggested that inundated forests of the Amazon Basin may
be more vulnerable to hydrological droughts than plateaus species (Zuleta et al., 2017,
Oliveira et al., 2019). However, the physiological mechanism for this assertion has not
been fully explored and the drought vulnerability of species from different Amazonian
habitats has yet to be tested. Thus, if we are to understand the effect of future climate in
the biggest tropical forest in the world, it is of paramount importance to know how water
limitation may shape species distribution in the contrasting Amazonian habitats, and how
these communities differ in their vulnerability to water deficit.

Hydraulic traits such as Psy (the water potential at which plants lose 50% of their
hydraulic conductivity) and stem safety margin (SM; how close the plant is to reaching
its Psg) are widely used to assess vulnerability and response of plants to drought (Choat
et al., 2012; Skelton et al., 2015; Fontes et al., 2018b). They have also been shown to
influence plant growth, fecundity and survival rates (Poorter et al., 2010; McDowell,
2011; Fan et al., 2012). Hydraulic traits can be particularly important in delineating the
carbon uptake and water loss trade-offs and life-history strategies that influence
population demographics and species distribution across environmental gradients (McGill
et al., 2006; Anderegg et al., 2014). However, we have little knowledge about hydraulic
trait variation across tropical rainforest tree taxa. Therefore, the Amazon is still
underrepresented in global plant hydraulic trait datasets, probably because of the high
species diversity, the difficulties in accessing remote areas, and the fact that hydraulic
traits are time-consuming to quantify.

In the study presented here we measured 16 leaf, wood and hydraulic traits of 16
congeneric trees species exhibiting contrasting distributions across four main Amazonian
habitats, making this study 2 times larger than previous research on plant hydraulic
strategies in the Amazon. We selected two environments where water is constantly
available throughout the year (flooded and valley forests) and another two habitats where
water is limited during the dry season (white-sand and plateau forests) to test the
following hypothesis: (f) Amazonian trees occurring in wet habitats (flooded and valley
forests) are more vulnerable to xylem embolism than species from dryer environments
(plateau and white-sand forest); (if) Despite the differences in xylem vulnerability to



embolism between wet and dry habitats, stem hydraulic safety margins across the four
environments will not be significantly different; (iii) Sister species from contrasting
environments in the Amazon will differ in their leaf, wood and hydraulic traits. We
hypothesize that these trait differences evolved repeatedly and independently in the
distinct close phylogenetic lineages due to selective environmental pressure (ecological
speciation).

Materials and Methods
Study site

The study was conducted in two areas, Reserva Bioldgica do Cuieiras/Estagdo
Experimental de Silvicultura Tropical, also known as ZF-2 (2°36°33°’S, 60°12°33”°W),
and at the Uatuma Sustainable Development Reserve (USDR) where the Amazon Tall
Tower Observatory, ATTO, is situated (2°08°38”’S, 58°59°59°°W). The ZF-2 and ATTO
are located, respectively, ~90 km northwest and ~150 km northeast of the city of
Manaus-AM, Brazil. The ZF-2 site has 31000 ha of dense humid terra-firme forest, with
a mean canopy height of approximately 28m (Roberts et al., 1996; Kunert ef al., 2017).
The mean annual precipitation between 2002 and 2016 was 2140 mm, and the mean
annual temperature was 28.17 °C (Fontes et al., 2018b). The ATTO site, consists of
several forest ecosystems. Upland terra-firme forests (plateaus) are found on higher
altitudes (approximately 130m a.s.l.), while seasonally flooded black-water forests
(igapo) dominate along the main river channel. White-sand forests (campinarana) are
found between the river terraces and the plateau (approximately 35-45 m a.s.l). The
annual average precipitation and temperature between 2012 and 2014 were respectively,
2376mm and 28°C. The dry season for both areas is between July and September when
precipitation is below 100mm. For more information about ZF-2 site description refer to
Fontes et al. (2018a); Fontes et al. (2018b) and for ATTO see Andreae et al. (2015);
Targhetta et al. (2015).

We measured 16 leaf, wood and hydraulic traits (Table 1) of 16 species (11
congeneric species) occurring in four contrasting environments: flooded forest, valley,
plateau and white-sand forest (Figure 1). Flooded forest (FF) and white-sand forest (WS)
species were sampled in the ATTO site, while valley (V) and plateau (P) species were
sampled at the ZF-2 reserve. Therefore, each site has a wet (FF or V) and a dry (P or WS)
environment. These four habitats cover the main gradients of soil texture, fertility, water
availability (water table depth) and forest structure found in the Amazon Basin. The soil
texture in the flooded black water forests of Uatuma river is predominantly clay and are
nutrient poor with pH values (H,0) of 4.05 = 0.2 (Targhetta ef al., 2015). These forests
have a low tree species richness with 26-49 species ha™ and the mean flood height is 2.77
+ 0.9 m for up to 230 days year (Table S1; Andreae ef al., 2015). Valley habitats are the
lower riparian areas with the sand content in the soil varying from 77 to 83% (Ferraz et
al., 1998). Valleys are mostly flat with the water table close to the surface (up to 1 m
deep) and soils are seasonally waterlogged during the rainy season (Tomasella et al.,
2008). Plateaus are generally flat or have gentle slopes (<7%) with altitude varying
between 90 and 120 m. The soils have a high concentration of clay (80-90%), are well
drained, and the water table is c¢. 20 m deep (Tomasella et al., 2008). Finally, the white-



sand forests are characterized by nutrient-poor soils with high acidity (Targhetta et al.,
2015). Sand content in the soil is high, 93.3 +1.5% and water table depth can reach 4m
deep. White-sand forests have a high incidence of solar radiation and leaf temperature
can be 3-5°C higher than in plateau forests (Medina ef al., 1978; Rinne et al., 2002). This
habitat can become very dry and hot during the dry season. In summary, the main
environmental differences between the four habitats are soil texture/fertility and water
availability (water table depth), as shown in Figure 2. Also, FF and V areas have little
water constraints (water is available throughout the year), while P and WS habitats are
more water limited and can experience very low water conditions during the dry season.
For more information about the differences in forest structure among the four
environments refer to Table S1 in the supplemental information.

Environmental Variables

We used soil texture (clay and sand percent), and water table depth (minimum and
maximum) to characterize soil and water availability in each of the plots where the
individual trees were collected (Figure 1). Water table depth for the ZF-2 site from 2014
to 2016 was provided by the LBA Hydrology group. The raw data is available upon
request to the LBA Hydrology group through the link: https://docs.google.com/forms.
Soil texture data for ZF-2 were obtained from Ferraz et al. (1998). For the ATTO site,
data of water table depth and soil texture were extracted from previous studies (Andreae
et al., 2015; Targhetta et al., 2015).

Species selection

The species were selected from the database of permanent plots (diameter at
breast height > 10 cm) located at ATTO (Targhetta ef al., 2015) and ZF-2 reserve (Fontes
et al., 2018a; Fontes ef al., 2018b). Sixteen tree species (Figure 1) were sampled to
answer hypothesis i and ii. A subset of these species, being 3 congeneric triplets
(Eschweilera, Swartzia, Protium) and 1 congeneric pair (Licania; 11 species at total),
were used to investigate hypothesis iii (Figure 1). Fifteen out of the sixteen species are
included in the 10 most abundant families in these two regions (Burseraceae,
Chrysobalanaceae, Fabaceae, Lecythidaceae, and Sapotaceae) and have distributions
mostly restricted to one of the four environments. For the congeneric dataset, we have at
least one species from each genus occurring in a wet (FF or V) and a dry habitat (P and
WS; Figure 1).

Trait selection

Stomatal density and specific leaf area: Stomatal imprints were obtained by
applying clear nail polish on the abaxial surface of fully expanded and mature leaves.
After 3-5 minutes drying period, the impressions were peeled off the leaves, placed on
microscope slides and embedded in glycerin for examination. Leaf imprints were
examined at x400 magnification using a Leica DM2500 light microscope (Leica
Microsystems Vertrieb GmbH, Wetzlar, Germany) and stomatal density was determined.
A digital camera (Nikon digital sight, DS-Fil) attached to the microscope was used to




take a photo of the analyzed impression areas. Three plants per species, three leaves per
plant and three photos/areas per leaf were examined.

Specific leaf area (SLA; cm” g') was estimated as the ratio of fresh leaf area to
leaf dry mass. Leaves were collected between 7:00h and 9:00h, and immediately placed
in plastic bags with a moist paper towel. Fresh leaf area was measured using a portable
leaf area meter (CI-202 CID Inc., Cama, WA, EUA) after ~2 hours of being collected.
The leaves were dried at 60°C for 72 h and their dry mass was measured with an
analytical balance (0.001g precision). Three to five plants per species and 7-10 leaves per
tree were measured.

Carbon and nitrogen isotope composition: leaves were oven dried at 60°C for 72h
and then grounded to a fine powder. Powder of dried leaves was analyzed for N and C
stable isotope abundances using elemental analyzer/continuous flow isotope ratio mass
spectrometry haused in the Center for Stable Isotope Biogeochemistry at the University
of California Berkeley, USA. Analyses were performed using a CHNOS Elemental
Analyzer interfaced to an IsoPrimel100 mass spectrometer. Long-term external precision
for C and N isotope ratio analyses are £ 0.10%0 and + 0.20%o, respectively. Abundances
measured are denoted as & values and are calculated according to the equation:

8"C or 8N = (Ryample/ Rstandara - 1) X 1000 [%o]

Reample and Rgiandara are the ratios of heavy-to-light isotopes of the sample and the
respective standard.

Wood specific gravity and xylem anatomy: to measure the wood specific gravity
(WSG; g cm™), for each tree we collected three branch fragments in the last growth unit
with a diameter of ~ 1 cm and a length of ~5 cm. Outer bark and pith wider than 1mm in
diameter were removed. Branch samples were saturated with water overnight and
saturated volume was estimated using the water displacement principle. Briefly, branches
were immersed in a beaker with water located on top of an analytical balance (0.001g
precision). The wood sample was placed just below the water surface with the aid of a
needle. The volume of the wood was estimated as the mass of displaced water
(Williamson & Wiemann, 2010). After measurement of the saturated volume, samples
were dried at 101-105 °C for 72 h and dry mass was determined. Branch specific gravity
was measured as the dry mass divided by the saturated volume. Three to five plants per
species and three branches per plant were measured.

For anatomical trait measurements, we collected one branch per tree and three
individuals per species from 11 species (3 congeneric triplets and 1 congeneric pair).
Each branch fragment was harvested from the last growth unit and had a diameter of 1-2
cm. Branches were placed in plastic vials and stored in cooler with ice until they were
transported to the field station (30 min to 1 h after being collected) where they were
frozen for tissue preservation. Before we started the anatomical procedure, samples were
slowly thawed in water and in the fridge overnight. We cut cross-sections (20-30 Im
thick) for each branch sample with a rotary microtome (Spencer 820, American Optical,
Buffalo, NY). Cross-sections were stained in 0.5% Toluidine Blue for 10 minutes and
rinsed. Cross-sections were dehydrated in ethanol series at 50% (for 1 min), at 75% (for 3
min) and at 100% (for 5 min) before mounting. Up to eight cross-sections per sample
were embedded in glycerin for histological examination. We selected one cross-section




per sample and used a digital camera (Nikon digital sight, DS-Fil) mounted on a light
microscope (Leica DM2500, Wetzlar, Germany) to shoot three photographs with APO
x10 lens, covering different parts of the cross-section, allowing the estimation of the
variability in vessel size. Image analyses were conducted with Image] — Fiji4
(https://imagej.net/Fiji/Downloads). For images with good contrast, we performed an
automated delimitation of the vessels with a threshold function in Fiji. For those with
lower contrast, we manually filled the vessel areas. Anatomical traits measured in the
three photographs of each branch sample were then averaged to determine individual
values. For each image, we measured individual vessel area (to estimate mean vessel area
= VA; um?), vessel diameter (D), and counted the total number of vessels per unit area
(vessel density = VD; n um™). Vessel diameter was estimated as D = (D; + D,)/2, where
Dy is the maximum vessel diameter and D, 1is the minimum vessel diameter in pm. We
calculated three metrics of hydraulic efficiency, vessel function as VF = VA x VD, the
ratio between size and number of vessels, S = VA/VD; and the mean vessel hydraulic
diameter (um), Dy = (X.D*/n)” where n is the total number of vessels in an image
(Zanne et al., 2010; Scholz et al., 2013).

Water potential, xylem resistance to embolism, leaf hydraulic conductivity and
stem conductance: midday water potential (Wmidday; MPa) was measured at least once a
month during the peak of the 2015 dry season (August-October) between 11:30h and
13:30h using a Scholander pressure chamber (PMS, Corvallis, OR, USA; accurate to 0.5
MPa; Scholander et al., 1965). Three full-developed sun shoots (2-5 leaves) per plant and
three to five plants per species were sampled. Shoots were harvested, immediately
wrapped in a damp paper towel, aluminum foil and bagged in separate zip-lock with a
moist paper towel to avoid further water loss. For each shoot, the assessment of xylem
water potential was made c. 5 min after the leaves were collected.

We used Psyp (the water potential at which 50% loss of hydraulic conductivity
occurs) and stem hydraulic safety margin (SM) as indicators of xylem vulnerability to
hydraulic failure. SM was calculated as SM = P, - Pso, where Pp, is the minimum stem
water potential measured during the dry season of 2015 (August-October). We measured
Pso for branches of mature trees with stem diameters between 15-25 cm. For each of the
16 species, we collected 3 sun-exposed branches from 3-5 individuals. The branches were
longer than the maximum vessel length measured for the species. Maximum vessel
lengths were measured in a minimum of 3 individuals per species (Jacobsen et al., 2007)
and varied from 29-87cm in FF, 46-57cm in V, 8.5-77cm in P and 18-56cm in WS
forests. Hydraulic vulnerability curves were constructed using the bench dehydration
method (Sperry ef al., 1988) using an ultra-low-flow meter (Pereira & Mazzafera, 2012;
Pereira et al., 2016). Branches were air-collected early in the morning (5:30 — 6:30 AM
local time) and were transported to the field station in dark plastic bags after 30 min-1
hours after being collected. Branches were bench dried for different amount of time (0
min to 3 hours) and placed in dark plastic bags for 2 — 8 hours so leaf and xylem water
potential would equilibrate. A total of 2-3 leaves from each branch were used to estimate
water potential. The branch was then cut under water into 5 segments (4-5 cm long each
and ~ Icm were shaved off each end), connected in series to the hydraulic apparatus and
initial conductance was measured (Pereira ef al., 2016). The tension of the branches was
relaxed prior to excising the segment on which measurements were performed. Branches




were then flushed for ~25 min at 100 kPa with 20 mM KCL solution, filtered to 0.1 pm
(inline filter; GE Water and Process Technologies, Trevose, PA, USA) and vacuum-
degassed for at least 1 hour. After flushing, the maximum conductance of the same
branch segments was assessed. The percent loss of hydraulic conductivity (PLC) was
measured for each of the segments using the hydraulic conductance measurements taken
before and after the flushing.

The same apparatus and solution used to assess hydraulic vulnerability curves
(Pereira & Mazzafera, 2012; Pereira et al., 2016) were employed to measure native stem
hydraulic conductivity and leaf specific conductivity (respectively &, and ki.f). To
determine k; and k., Wwe air-collected one branch per tree and three individuals per
species from 11 species (3 congeneric triplets and 1 congeneric pair). Branches 2-3x
longer than the maximum vessel length measured were collected at predawn and
immediately placed in double-plastic-bags containing a wet tissue paper to minimize
post-cutting dehydration. A total of 2-3 leaves from each branch were used to estimate
water potential. Branches were cut under water, trimmed, connected to the hydraulic
apparatus and stem hydraulic conductivity (k;) was measured (Pereira & Mazzafera,
2012). The distal diameter of these segments varied from 2 to 4mm and they were 0.4 to
1.10 m in length. All leaves located distally from the measured branch were collected and
their area was calculated using a portable leaf area meter (CI-202 CID Inc., Cama, WA,
EUA). ki..r was calculated as &; divided by the total leaf area of the branch (Venturas et
al., 2016).

Statistical analysis

To evaluate if species occurring in contrasting environments differ in their vulnerability
to hydraulic failure we performed an ANOVA with Psy and SM values, using the four
different environments as treatments. We used the post-hoc Tukey Honest Significant
Difference test (Tukey HSD) to identify which habitats were different from one another.
The Tukey HSD test was used instead of the regular 7-test because it allows treatments to
have uneven sample sizes (number of species sampled in each environment was not
always the same). A principal component analysis (PCA) was used to evaluate the
difference in soil texture and water table depth between the 52 plots where the species
were sampled. PCA was also used to assess the patterns of covariation between traits and
to describe hydraulic strategies of species in different environments. We used ANOVA
and Tukey HSD with the mean value of species traits to determine if species from the
same genus occurring in contrasting environments differed in their leaf, wood, and
hydraulic traits. We used the Shapiro-Wilk normality test to check if traits had a normal
distribution. Traits that did not meet the assumptions of a normal distribution (Ngtomata,
kiea; kn, C:N ratio, VF, S:N ratio, Din, VA) were log-transformed.

We built a phylogenetic tree for our species using the backbone phylogeny of
APG III (R201208029) available in Phylomatic v.3 (Webb & Donoghue, 2005). Branch-
lengths were estimated using Grafen’s transformation (Grafen, 1992). Analyzing species
within clades allows for a phylogenetically independent contrast, nevertheless we tested
for a phylogenetic signal of all traits using the Blomberg K (Blomberg ef al., 2003) and
Pagel lambda (Pagel, 1999), with significance tested by 999 permutations. For all
statistical analyses, we used R v.3.3.0 with base packages (R Core Team, 2014).



Results

Xylem resistance to embolism formation (Psp) ranged from -0.59 to -2.1 MPa
across species (Figure 3, Figure S1). Species from wet environments, such as valley (V)
and flooded forests (FF), had similar Psy values (Tukey HSD test, p-value = 0.74) but
these species were also significantly more vulnerable to xylem cavitation (47.7% higher
Pso values) than species from plateau (P) and white-sand forests (WS; Tukey HSD test, p-
value < 0.01). The only exception was the FF species Eschweilera tenuifolia which had a
Pso of -2.1 MPa (Figure 3b). Despite the differences in embolism formation between wet
and dry habitats, xylem hydraulic safety margins (SM) across the four environments were
not significantly different (Figure 4; ANOVA test, p-value = 0.324). Also, we found that
all the studied species operated with very narrow (< 1 MPa) safety margins, indicating
that regardless of their water availability, the different Amazonian habitats can be equally
vulnerable to extreme droughts. A similar result was found when a more conservative
hydraulic safety margin was used (SMP88 = P, - Psg; Figure S2).

Species from wet (FF and V) and dry (P and WS) environments differed in most
of their leaf, wood, and hydraulic traits. Furthermore, these trait values were not
significantly different between FF and V or P and WS (Table S2), indicating a
convergence of these functional traits based on environment water availability. Wet
habitat species had significantly higher values of SLA (29.7% higher), C:N ratio (15.8%),
Whidday (43.3%), Pso (47.7%), kieof (80.9%), ki (71.5%), Dmh (8%) and VA (15% higher),
while drier environments had higher value of WSG (2% higher; Figure 5). The number
of stomata, vessel fraction (VF), vessel size: number ratio, xylem safety margin, stem
hydraulic conductivity, 8'* C and 8'°N did not differ significantly between the congeneric
species occurring in the four contrasting environments (Table S3). Species mean,
minimum and maximum values of the sixteen functional traits are shown in Table S3.

The first PCA component explained 39.9% of all variation and was dominated by
VA, Dmbh, kjeqr and ky, Widday, Pso, SLA (Figure 6). The second axis accounted for 17.3%
more of the variation and was mainly controlled by WSG and C:N ratio (Figure. 6).
Thus, the score of the species on the first axis is a composite of wood anatomical and
stem/leaf hydraulic traits where high scores indicate high values of VA, Dmh, ki ki,
Whidday, Pso, SLA, and low scores indicate opposite traits. The second axis reflects wood
density and resource acquisition vs. protection, and high scores indicate denser wood
while lower scores are associated with higher C:N ratio. FF and V species were mostly
grouped in the right side of the PCA space, with the exception of the species E. tenuifolia
which is found in FF but have a high vulnerability to embolism formation. P and WS
species were located in the left side of the PCA space. Furthermore, this pattern was
mainly driven by hydraulic traits, suggesting the importance of water availability for
species distribution in the tropics (see Table S3 for loadings of PCA 1 and 2). Finally,
there was no phylogenetic signal for any of the 16 traits analyzed in this study (K ranged
from 0.18 to 0.43 and A from 7.082 ¢ to 0.57; Table S2), indicating that these traits are
not conserved in the phylogeny. These results show that species from wet habitats are
more similar to each other than they are to their sister species growing in drier
environments.



Discussion

Our study reveals that xylem embolism resistance varies significantly between
wet and dry environments at small spatial scales within four Amazonian habitats.
However, we show for the first time, that across Amazonian tree species regardless of the
environment they currently occupy and its water availability, operate at narrow safety
margins (SM; < 1 MPa), indicating that the studied species may be equally vulnerable to
extreme drought events. We also found that congeneric species were not grouped
together in relation to their leaf, wood and hydraulic traits. Instead, species from wet
habitats, such as FF and V, were more functionally similar to one another than to their
congeneric species growing in the adjacent dry environments (P and WS forests). Our
results suggest that these differences evolved repeatedly and independently in the distinct
close phylogenetic lineages due to selective environmental pressure.

Embolism resistance and hydraulic safety margins

We found that species from P and WS forests have significantly lower Psy and
Pgs values than their congeneric species growing in V and FF (Figure. 3 and Figure S2).
This result supports the idea of an increase in xylem cavitation resistance as water
availability decreases (Santiago ef al., 2018; Oliveira et al., 2019). Low values of Psy and
Pgs can be linked with low xylem efficiency but high xylem safety (Sperry et al., 2008;
Gleason et al., 2016) and they are frequently used to compare different species’
vulnerability to water deficit (e.g. Powell et al., 2017; Santiago et al., 2018; Oliveira et
al., 2019). In V and FF habitats the water table is close or even above the surface,
suggesting water is constantly available for plants. Since it is energetically costly to build
wood and leaf tissues that are resistant to water deficit (van Gelder ef al., 2006; Sobrado,
2009), it may not be advantageous for species growing in these environments to invest in
a safer hydraulic system. Thus, plants that have a greater hydraulic efficiency may be
stronger competitors in these habitats, while trees that have slow resource acquisition
characteristics may be selected against or outcompeted from these wet environments. On
the other hand, species found in P and WS areas may need to tolerate higher xylem
tension to be able to establish in drier habitats. In plateau areas the water table is deep (~
20m deep) and plants have to rely on a resistant hydraulic system or on deeper roots to be
able to preserve or acquire water during the dry season (Brum ef al., 2018; Oliveira ef al.,
2019). In white-sand forests, the water table is not very deep as in P areas (~ 4m deep)
and it can even get waterlogged during the rainy period. However, during the dry season
the sandy soils dry out quickly and in combination with high solar radiation can cause
plants to experience extreme water stress (Targhetta ef al., 2015; Zanchi et al., 2015).

Psp and Pgg values only provide us with information about the water potential at
which plants have lost 50% of their hydraulic conductivity due to xylem cavitation
(Bucci et al., 2016; Santiago et al., 2018). However, to know when or how close a
particular plant species is to reaching that level, we need to have midday water potential
data from the field, to be able to calculate xylem hydraulic safety margin (SM= Puin -
Psp). Narrow SM can benefit plants by allowing the maintenance of gas exchange under
a more negative xylem tension (Brodribb & Holbrook, 2004; Sperry, 2004). Yet, species
with such SMs are at a higher risk because narrow SMs make them more vulnerable to



water deficit like those that would occur during a severe or unusual drought events.
Thus, the knowledge of SM may be more informative than only documenting xylem
vulnerability to cavitation because, SMs indicate how close a plant operates to the loss of
its hydraulic capacity (Meinzer et al., 2009; Bucci et al., 2016). Indeed, we found that
despite the differences in vulnerability to embolism between wet and dry habitats (Figure
3), SMs across the four environments were not significantly distinct (Figure 4). A similar
pattern was documented in a global analysis by Choat ef al. (2012), suggesting that the
same processes driving large scale patterns of xylem vulnerability and SMs are also
operating at local and regional scales. Therefore, water availability seems to be a strong
environmental constraint on species distribution across the Amazonian habitats and only
species with high embolism resistance (low Psg) can survive in drier environments.
However, it may not be correct to assume that these species will be the ones performing
better or less likely to die from hydraulic failure under a warmer and drier climate.

We found that some species from FF (Swartzia laevicarpa), P (Protium
hebetatum) and WS (Swartzia acuminata) were operating under negative safety margins
(with less than 50% of its hydraulic conductivity; Figure 4), suggesting these species
were experiencing some degree of water stress during the time of data collection. During
our study, the most severe drought registered in the last decade hit Central Amazon, with
profound effects on plant physiological performance (Fontes et al., 2018b). Our results
indicate that this drought amplified the degree of trees’ physiological stress in trees from
across all the main Amazonian habitats. It also corroborates the idea that species from
wet and dry environments are equally vulnerable to changes in climate. Finally, even
though the difference in SM among the four environments were not statistically
significant, we did observe a trend in increasing SM with a decrease in water availability
(Figure 4). More research on the patterns of xylem vulnerability and SMs across the
different environments in the Amazon is needed before broad conclusions can be made.

Leaf, wood and hydraulic traits across contrasting Amazonian habitats

We found a strong trait variation between wet (FF and V) and dry (P and WS)
Amazonian ecosystems. Species from P and WS forests were more functionally similar to
each other than to their sister species growing in neighboring FF or V areas. This result
was surprising, especially because WS and P forests are very different habitats and
therefore could have very distinct selective pressures. Plateaus have much higher % of
clay in the soil, higher nutrient availability, trees are taller (canopy height of ~ 30m) and
the understory has lower solar radiation and higher relative humidity (Fine et al., 2006;
Baraloto et al., 2011; Stropp et al., 2011; Fortunel et al., 2012; Damasco et al., 2013;
Stropp et al., 2014). Thus, the fact that P and WS forests were not significantly different
in any of the hydraulic traits measured in this study, reinforce the idea that water
availability can be a strong predictor of species functional composition (Fortunel et al.,
2013; Cosme et al., 2017; Medeiros et al., 2018).

Species from dry environments had a higher leaf mass per unit area (lower SLA),
lower wood specific gravity (denser wood) and C:N ratio than their sister species from
wet areas (Figure 5 a, b and 1). These results suggest that dry-habitat species may invest
more in tissues that enhance the retention of captured resources, protection againts
herbivores, mechanical strength and/or longer leaf life-spans (Reich et al., 1997,
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Westoby, 1998; Fortunel ef al., 2013; Kunstler et al., 2016) than their congeneric species
from wet environments. In contrast, species from FF and V areas had a bigger vessel area
and wider vessel hydraulic diameters (Figure 5Se-f). According to the Hagen-Poiseuille
equation, the flow rate of water in the xylem should be proportional to the fourth power
of its radius. Furthermore, while narrow vessels may be either vulnerable or resistant to
cavitation, wide conduits tend to be vulnerable (Hacke ef al., 2017). Thus, wider vessels
can transport water more efficiently and allow plants to acive higher hydraulic
conductivity but, it also makes them more vulnerable to water stress (higher risk of xylem
cavitation; Figure Sc-h; Sperry et al., 2006; Gleason et al., 2016; Hacke et al., 2017).
These results are consistent with the findings of Cosme et al. (2017) who reported similar
trait combinations for species associated with valley vs plateau habitats. Therefore, our
results suggest that species from wet Amazonian habitats have a tendency to possess
more ‘““fast-resource-acquisition strategies”, sensu Reich (2014) while trees in the dry
environments have traits that enhance resistance and resource conservation.

We acknowledge that the traits measured in this study may not represent all of the
most important traits underlying habitat partitioning (Fortunel et al., 2013; Fortunel ef al.,
2014; Diaz et al., 2016; Cosme et al., 2017). However, we were able to detect a
combination of traits that would prevent wet-habitat species from establishing in dry
areas of the Amazon forest. FF and V species had traits associated with fast-resource
acquisition but with higher vulnerability of their hydraulic system. Species to establish in
P and WS areas need to cope with lower water availability, and water stress may be a key
environmental filter limiting the survival of species that can not sustain elevated xylem
tensions. In contrast, competition may be the main process impairing the establishment of
P and WS species in wet Amazonian environments. Having a slow-resource-acquisition
strategy, such as the species found in P and WS areas, is disadvantageous in
environments where resources (e.g. water) is constantly available and these species are
probably outcompeted by others that are faster in capturing resources (Chapin, 1991;
Reich, 2014).

All of the wood, leaf and hydraulic traits we measure showed a non-significant
phylogenetic signal (Table S2). This findings suggests that functional traits within wet vs
dry environments in the Amazon are more similar than expected, and they evolved
repeatedly and independently in close phylogenetic lineages. These patterns can be
explained by convergent evolution in functional traits along life-history trade-off axes, in
combination with local environmental sorting processes (Fortunel ef al., 2013; Gleason et
al., 2016; Leibold & Chase, 2017). Moreover, the different environmental conditions
found in the Amazon may be a key factor in promoting local speciation by imposing
strong environmental pressure in local populations (Leibold & Chase, 2017). This study
provides further evidence that tropical tree communities are not randomly assembled.
Instead, niche-based processes, such as competition and environmental filtering, are key
processes shaping community assemblage in these megadiverse species systems
(Baraloto et al., 2012; Fortunel et al., 2013; Cosme et al., 2017; Oliveira et al., 2019).

Much of the variation we found in hydraulic and anatomical traits was related
with PCA axis 1, which was also the axis responsible for the clear distinction between
wet and dry habitats in the PCA space (Figure 6). These results highlight the importance
of hydraulic-related traits in species segregation among the environments and have strong
implications for modeling tropical species response to changes in climate. Recently,
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newer models such as TFS-Hydro (Christoffersen ef al., 2016), Community Land Model
version 5 (CLMS), and Ecosystem Demography model 2 (ED2; Xu et al., 2016), have
incorporated plant hydraulic traits making substantial improvements in the predictions of
vegetation response to changes in temperature and water availability (Anderegg et al.,
2016).

To our knowledge, our study is the first to assess plant anatomical (e.g. Dmh and
VA) and hydraulic traits (e.g. Pso, SM, ki,f, ki) in the four main habitats of the Amazon
Basin. We show for the first time that species from wet and dry environments may be
equally vulnerable to future drought events and that water availability can be a robust
predictor of species distribution in the Amazonian forests. Although such findings help us
understand the processes shaping community assemblages in the tropics and predict the
responses of these forests to future drought events, further challenges remain. An exciting
and expanding area of study is the role of trait plasticity and acclimation in species
survival to a dryer and warmer conditions (e.g. Drake ef al., 2018). Also, investigations
like the one presented here would benefit by adding similar data and analyses from
reciprocal transplant experiments among the contrasting Amazonian habitats to test for
local adaptation in tropical tree species’ lineages (e.g Fine et al., 2006). Finally, long-
term studies that can identify the functional traits and genetic mechanisms that underlie
adaptations to distinct climatic regimes will be crucial in understanding species
distribution, ecosystem function and climate feedbacks in the future.
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Figure 1. The evolutionary relationship of 16 tropical tree species selected for this
study. The cladogram is based on the maximum resolved angiosperm phylogeny (APG
IIT R20120829). Colors indicate the four different environments the species are mainly
found.
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Figure 2. Principal components analysis (PCA) on soil texture (%Clay and %Sand) and
minimum and maximum water table depth (WTmin and WTmax respectively) across the
network of 52 forest plots. The first two axes of the PCA account for 96.8% of the total
variation among the plots where individuals were sampled. The different colors represent
the habitat the individuals were collected from. FF = flooded forest, P =plateau forest, V
= valley forest and WS = white-sand forest.
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Figure 3. (a) Boxplot of water potential at 50% loss of xylem hydraulic conductivity
(P50) among the different habitats. The lines in the box indicate the mean, and the lines
above and below the box indicate the maximum and minimum values respectively. (b)
P50 values of the 16 studied species. Tukey’s HSD test is indicated in bold letters, with
significance of 0.01 (ANOVA p-value = 0.010). Colors represent the four habitats,
flooded forest (FF): dark blue, valley (V): light blue, plateau (P): yellow and white-sand
(WS): red.
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studied species. SMs among the four environments were not significantly different
(ANOVA p-value = 0.324). Colors represent the four habitats, flooded forest (FF): dark

blue, valley (V): light blue, plateau (P): yellow
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(Licania) of congeneric species associated with four contrasting environments (FF:
flooded forest, V: valley, P: Plateau and WS: white-sand forest). Lines connect
congeneric species occuring in different environments, and values of significance (p-
value) for the ANOVA test are shown for each trait. According with the Tukey HSD test,
for all traits, there was no significant difference between the two wet (FF and V) or the
two dry (P and WS). All relationships are shown in original measurement units, but for
the ANOVA and Tukey HSD tests we used log-transformed values of number of stomata,
kieas; ki, C:N ratio, vessel fraction, vessel size to number ratio, mean xylem hydraulic
diameter and mean vessel area to achieve normality. The different colors indicate the four

phylogenetic lineages (red: Lecythidaceae, green: Chrysobalanaceae, blue: Burseraceae,
purple: Fabaceae) sampled.
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Fig.5 were included: WSG = wood specific gravity (g cm™), VA = mean vessel area
(um?), Dmh = mean vessel hydraulic diameter (um), kiear = leaf hydraulic conductivity
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Dry and hot: the hydraulic consequences of a climate change—type

CHAPTER 2 drought for Amazonian trees

Abstract

How plants respond physiologically to leaf warming and low water availability may
determine how they will perform under future climate change. In 2015-2016 an
unprecedented drought occurred across Amazonia with record-breaking high
temperatures and low soil moisture, offering a unique opportunity to evaluate the
performances of Amazonian trees to a severe climatic event. We quantified the responses
of leaf water potential, sap velocity, whole-tree hydraulic conductance (X,,), turgor loss
and xylem embolism, during and after the 2015-2016 El Nifo for five canopy-tree
species. Leaf/xylem safety margins (SM), sap velocity and K, showed a sharp drop
during warm periods. SMs were negatively correlated with vapor pressure deficit but had
no significant relationship with soil water storage. Based on our calculations of canopy
stomatal and xylem resistances, the decrease in sap velocity and K, was due to a
combination of xylem cavitation, and stomatal closure. Our results suggest extremely
warm droughts greatly amplify the degree of trees’ physiological stress and can lead to
mortality. Given the extreme nature of the 2015-2016 El Nifio and that temperatures are
predicted to increase, this work can serve as a case study of the possible impact climate
warming can have on tropical trees.

Introduction

The paleoecological records show that the Amazon basin has experienced droughts
in the past (Irion et al., 2006; Mayle & Power, 2008; Marengo & Espinoza, 2015),
however the frequency, duration, and intensity of these climatic events have recently
accelerated, imposing a novel and significant challenge for plant communities (Jenkins
et al., 2010; Stocker et al., 2013; Doughty et al., 2015). Currently, there is a lack of in
situ data on how the combination of high leaf temperature and low soil water may impact
the way plants regulate their water consumption in the tropics. In 2015-2016 a strong El
Nifio occurred, with record-breaking high temperatures and low precipitation (Jiménez-
Muioz et al., 2016), offering a unique opportunity to evaluate how Amazonian trees in
their natural environment respond physiologically to severe changes in water supply and
demand.

Future droughts are projected to become increasingly severe due to warming
(Trenberth et al., 2014). Air warming intensifies tree stress by driving a non-linear
increase in vapor pressure deficit (VPD), causing greater water loss through plant stomata
and from the soil surface (Jung ef al., 2010; Eamus ef al., 2013; Allen et al., 2015).
Moreover, canopy leaves in tropical forests are usually warmer than air temperature, and
an increase of 3°C in air temperature can elevate VPD by 45% (Will et al., 2013). Studies
show that leaf photosynthesis and stomatal conductance decline at leaf temperatures
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above the optimal value of around 30-35°C (Doughty & Goulden, 2008; Doughty ef al.,
2015), and trees are also at a greater risk of losing water transport capacity or suffering
hydraulic failure during hot droughts (McDowell ef al., 2008; Anderegg et al., 2013;
Anderegg et al., 2014). Because wet tropical ecosystems are thermally stable, many
tropical plants may lack the ability to avoid highly negative xylem pressure caused by
extreme climate warming (Janzen, 1967; Doughty & Goulden, 2008; Gleason et al.,
2016).

Plant hydraulic characteristics are thought to play a critical role in survival during
drought (e.g. Bartlett ef al., 2012; Oliveira, 2013; Powell et al., 2017). Traits commonly
used as indicators of plant water stress tolerance are the leaf water potential at the turgor
loss point (W), and stem xylem vulnerability to cavitation (Tyree & Sperry, 1989;
Maréchaux et al., 2015; Binks et al., 2016). These two traits represent live (leaf cells) and
dead (xylem) tissues that play key roles in plant performance and survival. Oddly, few
studies on tropical trees have measured both of these traits and therefore may give us an
incomplete picture of a plant’s resistance, tolerance and overall response to high
temperature and water deficit.

Leaf turgor loss (myp) or leaf wilting point, is a useful metric to quantify leaf and plant
drought tolerance and is usually calculated using leaf Pressure-Volume (PV) curves
(Binks et al., 2016; Williams ef al., 2017). A more negative my, enables a plant to acquire
water from drier soils and to maintain leaf function at lower leaf water potentials (Bartlett
et al., 2012; Binks et al., 2016). Similarly, plants’ ability to resist xylem cavitation at
high xylem tension is advantageous because it allows them to transport water and fix CO,
under drier conditions (Tyree & Sperry, 1989). The most commonly used indexes of
xylem embolism resistance are Wso and Wss quantified as the value of xylem water
potential (W¥x) causing 50% or 88% loss of xylem hydraulic conductivity (e.g. Choat et
al., 2012; Trifilo et al., 2015; Powell et al., 2017). These leaf and xylem metrics (myp, ¥'so,
and Wss) can then be used to calculate hydraulic safety margins (Delzon & Cochard,
2014).

Here we present two-years of leaf and xylem physiological measurements, along
with climatic data to investigate how the combination of high atmospheric water demand
and low water supply, imposed by the 2015-2016 El Nifio, impacted the performance of
five different Amazonian tree species. We present local climatic and environmental data
to characterize the soil water deficit (supply) and the increase in vapor pressure deficit
(VPD; demand) during the 2015-2016 drought. Then we test the following hypotheses:
(1) species’ leaf, and xylem hydraulic safety margins (SM) will narrow with an increase
in VPD or decrease in soil water supply; (2) the decline in sap velocity during the drought
will be mainly explained by a decrease in whole-tree hydraulic conductance caused by
increased xylem resistance due to a spread in xylem embolism.

Materials and Methods
Study site

The study was conducted at the 55m K34 tower (2°35.37'S, 60°06.92'W), situated
3km away from the main dirt road in the Reserva Biologica do Cueiras and located 90km
north-northwest of the city of Manaus, Brazil (Aragjo et al., 2002). The site (known as
ZF-2) is administered by INPA (Instituto Nacional de Pesquisas da Amazonia) under the
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Large-Scale Biosphere—Atmosphere Experiment in Amazonia (LBA) program. The mean
monthly temperature is 26°C, and annual rainfall is around 2000 to 2600 mm, with a dry
season between July and September (Sombroek, 2001; Higuchi et al., 2011). The
vegetation in this area is old-growth, terra-firme rainforest, with a leaf area index of 5-6
and an average canopy height of 30 m. The soil on this medium-size plateau area is
mainly Oxisols with high clay content (Luizao et al., 2004).

Plant measurements and experimental protocols

Leaf water potential, sap velocity and pressure-volume measurements were
sampled from five tree species (one individual per species) around K34 tower. Pouteria
anomala ((Pires) T.D.Penn.) (Sapotaceae) 35.3cm in diameter at breast height (DBH,
1.3m) and 31m in height, Pouteria erythrochrysa (T.D.Penn) (Sapotaceae) with 36.5cm
DBH and 29.3m in height, Eschweilera cyathiformis (S.A.Mori) (Lecythidaceae) with
14.3cm of DBH and 19.8m height, Couepia longipendula (Pilg.) (Chrysobalanaceae)
with 28.1cm of DBH and 23.9m in height, and Eschweilera sp. (Mart. ex DC.) with
29.7cm of DBH and 27.8m in height. These three genera encompass ~25% of all
individuals found in the area (based on unpublished studies in permanent plots located
~2km from the study site) and are good representatives of the overall community. Four of
the trees were upper canopy with direct sunlight exposure; E. cyathiformis was a mid
canopy tree that receives mostly indirect sunlight. For plant hydraulic measurements an
additional 12 individuals, 16 individuals at total (3-5 per species), were sampled as
described below.

Leaf water potential: Leaf water potential (Wie.r) Wwas measured using a Scholander
pressure chamber (PMS, Corvallis, OR, USA; accurate to 0.05 MPa; Scholander ef al.,
1965). One sun leaf per study tree was collected hourly from 6:00 to 18:00 and Wiear
measurements were made as soon as the leaf was cut from the branch. The leaves were
always collected from the same height (20m + 5m). The Wie,r measurements were carried
out once a month from July 2015 to July 2017, characterizing the Wi, s variation during
and after the 2015-2016 El Nifio.

Pressure-volume curves: the measurements were carried out from November to
December 2015. Three small branches (~ 1 m length) from each studied tree were
harvested in the late afternoon, submerged in tap water and placed in a dark room to
encourage overnight hydration. Pressure-volume (PV) curves of ten leaves per tree
species were generated the next morning using bench drying and repeat pressurization
methods (Tyree & Hammel, 1972; Hinckley et al., 1980; Sack et al., 2003). As the leaves
dried out, together with Wie.r, leaf mass was determined from the average of three leaves
with precision of +/- 0.1mg. Complete leaf PV curves were generated after 3-8 hours of
dehydration period. Dry mass was determined after 72h at 70°C. Points on the PV curve
that were indicative of over hydration (so-called ‘plateau effects’) were identified and
corrected as suggested by Kubiske and Abrams (1991). Species turgor loss point (myp)
was calculated using the measured PV curves as described in Koide et al. (Koide et al.,
1989) . Although my, has been shown to vary through time, our sampling was at the peak
of the drought. Therefore the my, measured in this study likely represents the extreme
negative my, these species manifest.
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Xylem vulnerability curves: we assessed species’ xylem vulnerability to
cavitation and generated xylem vulnerability curves for four of the focal species (P.
anomala, P. erythrochrysa, E. cyathiformis and C. longipendula). In addition, we
sampled 2-4 additional individuals per species (a total of 3 to 5 individuals/species) found
in nearby plots. These additional trees appeared visibly healthy, had similar diameters (+
5 cm in DBH) and canopy positions as the focal tree species near K34 tower and all
branches were collected from ~20-25m height. Maximum vessel lengths were estimated
from the mean maximum vessel length measured (varied from 10.5 to 48.5 cm) on a
minimum of 3 individuals per species (Jacobsen et al., 2007b). Xylem vulnerability to
cavitation was then measured using the bench dehydration method (Sperry et al.,
1988) using an ultra-low-flow meter (Pereira & Mazzafera, 2012; Pereira et al., 2016).
The xylem pressures when 50% of conductivity is lost (Ws0), and when 88% of
conductivity is lost (Wsg) for each species were then determined using the fatigue-
corrected PLC curves (Hacke et al., 2001; Jacobsen et al., 2007a; Paddock III et al.,
2013). We followed the protocols of Pereira and Mazzafera (2012) to assemble the
hydraulic apparatus and determine the vulnerability curve. For more details on how the
PLC curves were generated please refer to the SI (Methods S1).

Leaf and xylem safety margins: Leaf safety margin (SM.,r) was calculated as
SMicaf = Wmin — Wrrp; where Wi, is the minimum leaf water potential measured in a
particular day, and Wrpis the leaf water potential at turgor loss point (calculated using
pressure-volume curves). Xylem safety margins (SMpso, and SMpsg) were calculated as
SMpso = Wmin - ¥psoand SMpgs = Wmin - Wpss ; where Wpso and Wpgg are, respectively,
when 50 or 88% of the xylem hydraulic conductivity is lost.

Sap velocity and whole-tree hydraulic conductance: Sap velocity measurements
started in March of 2015 before the 2015-2016 drought hit Central Amazon. We installed
one heat ratio sap flow sensor (Green et al., 2003; SFM1, ICT international) per focal tree
at breast height with a 5 min measurement cycle. Throughout the experiment, we moved
(~2) the sensors to different locations on the stem. Tree biophysical characteristics for
each tree, together with Sap Flow Tool version 1.4.1 (ICT International/Phyto-IT) were
used to calculate sap velocities from raw data downloaded from the SFM1 sap flow
sensors in the field. Sap velocity was measured from March of 2015 to February 2017 for
the species P. anomala, P. erythrochrysa, E. cyathiformis and Eschweilera sp.. Due to
field logistics and sensor availability, the sap flow measurements for C. longipendula
were discontinued in mid-September 2015.

According to Darcy’s Law, AWicar (A%icat = Wmidday - Ppredawn) and normalized sap
velocity data (Q; Gorla et al., 2015) were used to estimate whole-tree hydraulic
conductance (K,,) as follows (for details see SI Methods S2):

Kwt = Q
AWleaf

To investigate the mechanism behind the decrease of K, and sap velocity during
the drought we calculated xylem resistance and canopy stomatal resistance. Normalized
xylem resistance (1/K;) was determined using percent loss of conductivity from minimum
water potential measurements and xylem vulnerability curves as follows: Ky;; = 100-
PLC; where PLC;is the percent loss of conductivity at water potential i. The normalized
value of K was obtained by dividing K/ij to Kspmaxj.

(Equation 1)
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The canopy stomatal resistance was calculated using Fick’s law, RH, Tai; and Tiear
as follows (Murray, 1966; Ewers & Oren, 2000):

E .
Gs = PD (Equation 2)
AVPD = (ei * RHi) — (eo * RHo) (Equation 3)
75s— L
e =0.611* 10" 237747 (Equation 4)

Where E is the transpiration rate, which in steady state is equal to sap flow (Q)
and AVPD is the vapor pressure difference in kPa between leaf substomatal chamber (e; *
RH;) and atmosphere (e, * RH,). RH; and RH, are relative humidity, expressed as a
decimal, inside (we assumed is equal to 1) and outside (air) the leaf, respectively. e; and
e, are saturated vapor pressure in kPa inside and outside the leaf, respectively. Finally, T
is either equal to canopy/leaf temperature (to calculate e;) or air temperature (when
calculating e,) and is expressed in degrees Celsius.

Environmental variables

Vapor pressure deficit (VPD): A set of thermohygrometers (HC2S3, Campbell
Scientific, Logan, UT, USA) were deployed at several heights along the K34 tower,
above and beneath the canopy (Araujo et al., 2002). Air relative humidity and
temperature, used to calculate VPD, at 28 - 35m height were measured every 60 seconds
and recorded as 30 min averages. Computation of VPD was performed following the
Clausius-Clapeyron equation. This dataset was provided by the LBA experiment. Thirty
minutes averages of VPD were used in all the analyses.

Leaf, canopy and air temperature: Leaf temperature was assessed at the peak of
the El Nifio (September 2015) with a NIST calibrated thermal imaging camera (FLIR-ES,
Omega Engineering, 160 x 120 IR resolution; 2% accuracy). Photos were taken hourly
(6:00-18:00) at a distance of 1m just prior to leaf removal for Wi.,r. To measure canopy
surface temperature (Tcanopy), five infrared radiometer sensors (SI-111 and SI-131,
Apogee) with an ultra-narrow field of view (14° half-angle; approximate view area of 0.2
mz) were installed ~20cm from the target branch on the K34 tower at 21.8, 22.8, 24.0,
25.3, and 28.8m height. Five-minute averages of crown temperature were recorded on a
data logger (CR-3000 Campbell Scientific® for the SI-111 analogical sensors and EM-50
Decagon® for the SI-131 digital sensors). Five minute average data was used for all the
analysis. In addition we used the AIRS (Atmospheric Infrared Sounder 1° of resolution)
surface air temperature data (AIRS3STM Ve, available
at giovanni.gsfs.nasa.gov) centered on the Amazon field site to assess long-term series of
surface air temperature before, during and after the 2015-2016 El Nifio.

Precipitation, soil moisture and water table depth: monthly rainfall data, from
2002-2016, was provided by the LBA hydrology group. Most of the data used in this
study come from the T7 pluviometer, located at the K34 tower. When data from T7 was
not available, data from the S1 pluviometer located ~3 Km away from the K34 tower was
used. The LBA hydrology group also contributed with monthly soil moisture (~150m
from the K34 tower) and water table depth (~500m from the K34) data from January-
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2014 to April-2016 (SI Table S1). This dataset has soil moisture information until 300 cm
depth. However, the days/times of data collection did not overlap with the water potential
measurements. Therefore, we were not able to run time-stamp analyses with this dataset
and we only used it to characterize the fluctuations of volumetric soil water in the first
300 cm of the soil during the drought event. To perform coordinated and time-stamp
analyses, we had an additional dataset where daily volumetric soil water content (VWC)
was measured every 30 min, from September 2015 to July 2017. These measurements
were performed with a Water Content Reflectometer (CS655 Campbell Scientific, Logan,
UT, USA) located ~12m from the K34 tower. VWC was measured at five soil’s depths:
10, 20, 40, 60 and 100 cm. Soil water storage (SWS in cm) in the first 100 cm of the soil
was calculated using the formula:
n
SWS = 0i,t x AZ (Equation 5)

1

l

Where n is the number of layers in the soil profile, 8;;1s the volumetric water
content in layer i at time ¢, and A4Z is the depth increment from layer i to i+1.

Statistical analyses

We used linear mixed-effect models (individual trees as random effects) to
evaluate the relationship between VPD, canopy temperature, and SWS and plant’s safety
margins. For these analyses we tested four models, Model 1: all species share the same
slope and intercept; Model 2: the species have different intercepts but the same slope;
Model 3: species have different slopes but the same intercept; and Model 4: species can
have different intercepts and slopes. We report the results of the models with the lowest
AIC value. To test which environmental variable, VPD or SWS, best explained species’
safety margin values, we compared three models, Model VPD: VPD as the only
independent variable, Model SWS: SWS as the only independent variable and Model
VPD + SWS: VPD and SWS as the independent variables. Analysis of covariance
(ANCOVA) with a random species effect was used to assess the relationship between sap
velocity before and during the 2015-2016 El Nifio and VPD, and between sap velocity
and SWS during and after the drought. All models were implemented in R v.3.0.2 (R
Development Core Team, 2013).

Results

Record-breaking high temperatures and high vapor pressure deficits were observed
during the 2015-2016 drought

During previous droughts (e.g. 2009-2010) high temperatures or low precipitation
were observed (Fig.1). However, during the 2015-2016 El Nifio, higher temperatures (2%
or 1.2°C higher) and lower precipitation (~25% or 31 mm lower) for the months of
August-December, compared to the long-term average were recorded (Fig. la). In
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particular, a 20% (22.8 mm) reduction in precipitation was observed during August-
December of 2015 relative to the same period in 2010 (SI Fig.S1), thus 2015 may be the
hottest year in Amazonia in the last 100-years (Jiménez-Muioz et al., 2016).

The record low in precipitation during the 2015-2016 El Nifio contributed to ~8%
(0.2 cm’ cm’) and 11% (2.12 m) lower volumetric soil water content and water table
depth, respectively, in relation to the dry season of 2014 (Fig. 1b). However, the absolute
changes in soil water content in the first 3m of the soil were small, suggesting water
supply for plants were not very limited during the study period.

Satellite observations revealed that September 2015 exhibited the warmest
monthly averaged surface air temperature of any other month over the past 13 years at the
study site (Fig. 2b). Daytime air temperatures in September were nearly 1.0 °C warmer
than any month from other dry years (2005 and 2010). A maximum daytime canopy
temperature of upper canopy leaves increased 5-7°C during the drought compared to the
pre-drought period (Fig. 2a). Furthermore, during the peak of the EI Nifio
(September/2015), individual sun-exposed leaf temperatures of the study trees reached ~
47°C £+ 1°C, almost 10°C higher than the maximum canopy temperature registered in that
month (Fig 2a,c). Due to an increase in air temperature and a decrease in air relative
humidity, VPD also increased in the El Nifio months (Fig. 2a), reaching ~5 kPa during
the day and 1 kPa during the night (in September 2015), 40% and 95% higher
respectively, then after the drought (Fig. 2a).

HI: Species’ leaf, and xylem hydraulic safety margins will narrow with an increase in
vapor pressure deficit or decrease in soil water supply

We analyzed leaf and xylem safety margins (SMie.r and SMpsogs respectively)
during and after the 2015-2016 El Nifio to determine the sensitivity of plants to vapor
pressure deficit (VPD) and soil water storage (SWS). Daily minimum leaf water potential
(Wmin) measurements throughout the drought (August to December 2015) were
significantly different (paired-sample t-test: p-value = 7.179 ¢”) and up to 1.9 MPa (59%)
more negative than during the same period in 2016 (Fig. 3). Even though we found a high
variation in species response to the drought (Fig. 3 and SI Fig. S2) plant’s SMs,
regardless of species, were highly sensitive to changes in VPD (Fig. 4) and Tcanopy (SI
Fig. S3). An increase of 1 kPa in VPD caused a decrease of 0.43 and 0.34 MPa in SMjcar
and SMpsy, respectively (SI Table. S2). Applying a more conservative xylem safety
margin (SMpss) showed a similar relationship between SM and VPD (Fig. 4c).

On the other hand, the relationship between SMiear, SMpgg and SWS was non-
significant (p-value = 0.842 and 0.171 respectively). The relationship between SMpso and
SWS was weak (estimate = -0.13 and p-value = 0.0378) and species had statistically
similar slopes but random intercepts (SI Table S3). In addition, when comparing the
models used to test the effect of VPD, SWS and VPD + SWS on trees” SMs, only Model
VPD was statistically significant (p-value = 0.005; SI Table S4). Furthermore, predawn
measurements during the drought were high (~0.3 MPa; Fig. 3) and had a weak
relationship with SWS (SI Fig. S4 and Table S5), suggesting that soil water availability
was not limiting during our study period. These results indicate that atmospheric demand
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but not soil water supply was driving the decrease in plants’ SMs observed during our
study period.

H2: The decline in sap velocity during the drought will be mainly explained by a
decrease in whole-tree hydraulic conductance caused by increased xylem resistance due
to a spread in xylem embolism.

Sap velocity and whole-tree hydraulic conductance (K,,) during the peak of the
2015-2016 drought had a ~35 and ~70% reduction, respectively, compared to values
recorded before and after the El Nifio (Fig. 5). The decline in sap velocity was correlated
with an increase in VPD, but had a weak correlation with soil water storage (Fig 6a and
b; SI Table S6), corroborating our findings that atmospheric demand had a greater impact
on plant’s physiological performance than water supply during our study period.
Furthermore, species that substantially crossed their Psy during the El Nifo (e.g. E.
cyathiformis) were not able to completely recover sap velocity to pre-drought values (Fig.
3 and 5), indicating that the drought caused permanent damage to species’ xylem. Finally,
based on our calculations of canopy stomatal (1/G;) and xylem (1/K;) resistances, the
decrease in sap velocity and K, was due to a combination of xylem cavitation, and
stomatal closure (Fig. 7a-c). Therefore, we reject our hypothesis that the decrease in sap
velocity and K,,; was mainly explained by an increase in xylem cavitation.

Discussion

This study reveals how leaf water relations and xylem transport characteristics in
five Amazonian trees species, responded to a severe hot and dry climate event, and
whether these responses were related to an increase in VPD, a decrease in SWS and
xylem embolism formation. The studied trees showed great sensitivity to unusually high
canopy temperatures and VPD but not to superficial soil water content. Moreover, during
the El Nifo, due to a high atmospheric demand, tree transpiration declined. Finally,
despite the stomatal closure, the studied trees showed increased xylem embolism that
affected their ability to transport water to tree crowns under the warmer and drier El Nifio
conditions.

Effects of the 2015-2016 drought on local climatic variables

The precipitation and soil water data in the central Amazon (Fig. 1) indicate that
the 2015-2016 El Niflo was the most severe drought seen in the last decade, surpassing
the so-called ‘once in a century’ droughts of 2005 and 2010 (Lewis ef al., 2011; Marengo
et al., 2011; Jiménez-Muioz ef al., 2016). Along with the very low water supply, the
atmospheric demand for water from the forests also increased (Fig. 2). The long-term air
temperature data corroborate the findings that 2015-2016 El Nifio contributed to the
hottest year in the last decade (Jiménez-Mufioz ef al., 2016). Leaf temperatures were also
record-breaking, reaching values (~ 47°C; Fig 2) that have been shown to denature leaf
proteins such as Rubisco and cause oxidative damage to photosynthetic structures
(Salvucci et al., 2001). VPD was also considerably higher (~40-95%) during the drought
than after the El Nifo (Fig. 2), exacerbating physiological stress on plants by increasing
plant water loss and reducing net carbon uptake (McDowell ef al., 2008). Our results,
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showing the physiological responses of five Amazonian trees to this novel and extremely
hot and dry conditions, provides an important example of how trees may be impacted by
future climatic events.

HI: Species’ leaf, and xylem hydraulic safety margins will narrow with an increase in
vapor pressure deficit or decrease soil water supply

A significantly negative relationship between leaf (SMier) and xylem (SMpsp and
SMpsg) safety margins and VPD was found (Fig. 4), indicating that plants’ live and dead
tissues are both sensitive to an increase in temperature and VPD. In addition, the high
temperatures recorded during the drought, coupled with low air relative humidity, caused
most species to operate under negative safety margins (SMeirand SMpsp). These results
suggest that future extreme warming events can be particularly stressful for some
Amazonian trees, and corroborate findings that warmer temperatures greatly amplify
tree’s stress and potentially mortality (Doughty & Goulden, 2008; Trenberth et al., 2014;
Allen et al., 2015; Doughty et al., 2015).

Interestingly, the predawn leaf water potential (Wpreqawn) values were high (Fig. 3),
suggesting that soil water availability was never limiting during our study period. This
interpretation is consistent with the small absolute changes in soil water content (Fig. 1b)
in the first 300 cm of the soil, and with the weak relationship found between SMpsy and
SWS (Fig. 4 d-f) and sap velocity and SWS in the first 100 cm of the soil (Fig. 6b). As
concluded by a previous study at the same site, more than 40% of the total demand for
transpiration is supplied by the first 100 cm of the soil, whereas the first 300 cm
contributed with approximately 76% (2.03 mm/day) (Broedel ef al., 2017). However they
noticed that during drought events plant water uptake occurred below 480 cm, suggesting
these trees might rely on deeper soil water during extreme dry years. A recent study
conducted in a seasonal Amazonian forest found a niche segregation of root water uptake
in the soil, allowing multi-species coexistence in that forest (Brum et al., 2018).
Therefore, we cannot exclude the possibility that the studied trees are using deep water to
survive extreme droughts and future studies should investigate the relationship between
SWS and SMs along a deeper soil profile. Nonetheless, the studied trees were still
operating under negative SMs during the drought (Fig. 4), indicating that the atmospheric
water demand was higher than the water supply causing these trees to experience low
xylem tensions during the day.

Xylem safety margins can be defined in different ways (Meinzer et al., 2009;
Martin-StPaul et al., 2017). Here we used two safety margin metrics: SMpso (Wmin - ¥s0),
which is the most widely used, and SMpgg (Wmin - Wss), which is a more conservative
safety margin calculation. While negative values of SMpso were recorded during the
2015-2016 drought, SMpgg narrowed but were always positive (Fig. 4). In addition, none
of the studied trees died during the 2015-2016 El Nifio, and were still alive in 2017 (tree
mortality of other trees nearby was not evident either), supporting the findings that for
angiosperms the lethal level of cavitation is close to 88% of embolized vessels (although
this still has not been tested in Amazonian trees; Urli ef al., 2013; Delzon & Cochard,
2014; Adams et al., 2017; Choat ef al., 2018). Furthermore, during our two-years of Wc,r
measurements (Fig. 3), we did not register SMpsy greater than 1.7 MPa (Fig. 4). These
results support the conclusion that most trees operate close to their cavitation threshold
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(Choat et al., 2012), probably because narrow SMs maximize gas exchange while
avoiding hydraulic failure (Sperry, 2004).

The extreme climatic conditions imposed by the El Nifio, caused some trees to
cross leaf myp,, suggesting leaf tissues were also under water stress. The loss of leaf turgor
pressure causes leaf wilting resulting in complete stomatal closure (Brodribb et al., 2003;
Sack et al., 2003; Bartlett et al., 2012). Our results corroborate other findings that plants
can sustain low Wje,r for a substantial amount of time and still recover after a re-hydration
period (Skelton et al., 2017). The high Wpredawn values (Fig. 3), suggest that even though
plants crossed their my, during the day, they were able to re-hydrate at least some of their
leaf tissues during the night (through stomatal closure) preventing tree death.
Furthermore, when leaf temperature reaches 37-50°C, which was the case during the
2015-2016 drought (Fig. 2), leaf proteins start to denature, and carbon assimilation
processes are impaired (Salvucci et al.,, 2001; Slot & Winter, 2017). High leaf
temperatures are well known to stimulate the overproduction of reactive oxidative species
(ROS; Hasanuzzaman et al., 2013), triggering programmed cell death under excessive
ROS accumulation (Suzuki et al., 2012). These findings help explain the many upper
canopy wilted, and heat damaged leaves observed in the field during the drought. About
half of them were able to recover, and the other half dried out and could not regain
function.

H2: The decline in sap velocity during the drought will be mainly explained by a
decrease in whole-tree hydraulic conductance caused by increased xylem resistance due
to a spread in xylem embolism.

As canopy temperature and VPD during the El Nifio continued to increase, sap
velocity and whole-tree hydraulic conductance (K,,) showed a significant decline (Fig.
5). Under a severe drought, plants can (1) close their stomata to reduce water loss through
transpiration, at the cost of carbon assimilation and leaf cooling, (2) leave stomata open
(or partially open) and allow xylem tension to increase, risking the integrity of their
hydraulic system and (3) can drop all or most of their leaves to prevent further water loss
(Cochard et al., 2002; Sperry & Love, 2015; Martin-StPaul ef al., 2017). All of these
three strategies could cause sap velocity (SV) and K, to decrease, however, during our
study period we did not observe significant leaf loss that may explain the drop in SV
[personal communications K. Jardine and B. Gimenez]. Therefore, we only considered
stomatal resistance and xylem resistance (embolism formation) in our analyses.

To investigate the processes behind the reduction in sap velocity and K, in our
studied trees, we calculated the canopy stomatal (1/G;) and xylem resistances (1/Kj)
during and after the El Nifio. We found that species that crossed their Psy (E. cyathiformis
and P. anomala) had high values of 1/K; Canopy stomatal resistance was also high
during the El Nifio and decreased after the drought. These results suggest that as xylem
tension increased and vessels experienced cavitation, plants down-regulated stomatal
conductance but were unable to completely prevent xylem embolism. Also, for most of
the studied trees, a decline in sap velocity was also observed after individuals reached
their Pso, and did not go up again to pre-drought values, even when a recovery in
precipitation occurred (Fig 5). If only a small portion of the xylem embolizes, the upward
movement of water in the tree may continue with minor impact on plant performance
(Tyree & Sperry, 1989). However, widespread embolism in the xylem, like we report in
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this study, forces trees to operate with less functional xylem, reducing trees’ capacity to
transport water from the soil to leaves (Sperry & Love, 2015; Cosme et al., 2017), and as
a consequence, a decrease in sap velocity and K, is observed. These findings indicate
that daily cavitation and embolism refilling under tension is not routine for these
Amazonian trees. Drought-induced xylem cavitation is thus a symptom of distress, and
plants would have to rely on the growth of new vessels to continue to transport water
(Sperry, 2013; Delzon & Cochard, 2014; Klein et al., 2014).

However, if some of the studied trees were experiencing a dangerous increase in
xylem tension, why were they not able to completely close their stomata to prevent
further increase in xylem cavitation? A reasonable explanation is that the studied trees
may lack the ability to respond rapidly to conserve water under severe droughts. Plants
growing in environments where drought events are recurring, usually exhibit rapid
stomatal responses to water deficit (Brodribb & Holbrook, 2004; Sperry, 2004).
However, wet tropical forests are thermally stable, and large fluctuations in water supply
and demand do not frequently occur. Most Amazonian plants may not need to rely on
drought-resistance hydraulic strategies to survive drier conditions because of water
generally does not represent a limiting resource in rain-forest ecosystems (Janzen, 1967;
Doughty & Goulden, 2008). Therefore, the ability of Amazonian trees to survive future
climatic events may depend on how well they will be able to acclimate to hotter and drier
conditions (Doughty & Goulden, 2008). Another explanation may be the maintenance of
transpiration as a leaf thermoregulatory mechanism (Lin et al., 2017). These trees may be
favoring to assume hydraulic risks instead of damaging their photosynthetic apparatus.
These would be particularly beneficial if trees were able to recover from xylem
cavitation, however the ability of plants to refill embolized vessel is still questionable
(Cochard & Delzon, 2013).

Although our sample size was limited due to logistical constraints, we report the
longest record of diurnal leaf water potential measurements for Amazonian trees to date.
We assessed stem and leaf hydraulic response to an extreme climate-change type of
drought and demonstrated that five focal Amazonian species are susceptible to climate
warming. We would like to point out that our results hold true for the five-individual tree
species sampled in this study and more research on the impact of natural droughts on
Amazonian trees are needed before any extrapolation is made. Furthermore, linking
drought stress vulnerability, with vapor pressure deficit and leaf temperature can
strengthen the current understanding of plant function, and facilitate the identification of
relationships indicative of ecosystem sensitivity or tolerance to drought. Therefore,
studies like ours that measure in situ trees’ response to a severe drought event are vital if
we are to predict what will happen to plant communities under a warmer and drier
climate.
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Figure 1. (a) Precipitation and surface air temperature departure from the long-term
monthly mean (2002 — 2016) for the period of August-December at the K34 tower. (b)
Volumetric water content (cm® cm’; VWC) in the first 3m of the soil (black dotted lines),
and water table depth (m; WTD; red solid lines) during January 2014 to April 2016.
VWC and WTD were measured, respectively, ~150 m and ~500 m from the K34 tower.
VWC and WTD have a sharp decrease during the El Nifio (red box) compared with the
previous dry season of 2014 (green box).
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period of September 2002 — August 2017. (¢) Diurnal thermal leaf surface temperature
photos taken for each studied species during the peak of the El Nifio (September 2015).
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Figure 4. The relationship between (a-c) leaf and xylem safety margins and vapor
pressure deficit (VPD; n= 52-60) in kPa — species had statistically different intercepts but
similar slope, p-value ranged from 1.17 ¢® to 6.24 ¢®; and (e-f) leaf and xylem safety
margins and soil water storage (SWS; n=74-89) in cm - The only statistically significant
relationship (p-value = 0.0378) was SMpsp vs. SWS, where species had random intercepts
but the same slope; for five Amazonian tree species at K34 tower. Where leaf safety
margin (SMiear) = Wrrp - Wmin; TLP = leaf turgor loss point; xylem safety margin Psg
(SMpso) = Wso — Wmin; Xylem safety margin Pgg (SMpgs) = Wso — Wmin. The black lines
indicate the relationship between SM and canopy temperature without considering
species identity. A summary of the statistical results from the best models (lowest AIC
values) can be found on the Supplemental information Table S3 and S4.
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A recovery in leaf water potential during midday in Amazonian

CHAPTER 3 trees is driven by an imbalance between water demand and supply

Abstract

Water availability is the primary factor limiting terrestrial plant productivity on a global
scale. One metric for evaluating how plant-water status may limit plant performance (PP)
under water limitation is through fine-scale measurements of leaf water potential (W),
which reflects the balance between water uptake and water loss. In tropical ecosystems,
Yy is assumed to reach its minimum during midday and it is presumed to rarely limit PP.
Here, we present in situ observations of the diurnal patterns of ¥ in conjunction with
canopy temperature, vapor pressure deficit (VPD), sap velocity, and leaf-level gas
exchange of four central Amazonian species during the dry season. We show a repeatable
and dramatic recovery (20-70%) in Wp during midday (11:00-13:00), when Wy is
expected to be at its minimum. This recovery pattern was accompanied by an imbalance
between stem sap velocity and leaf-level transpiration rates, as evidenced by an increase
in the sap velocity/transpiration ratio. Measurements of net photosynthesis peaked in the
early morning and were decoupled to transpiration (£) and stomatal conductance (g;).
Photosynthesis showed a clear midday/post-midday depression associated with canopy
temperatures exceeding the optimal value for net photosynthesis (~32 °C). Leaf
temperature and VPD were higher between 12:00-15:00 when the second decline in W
was usually observed. This study helps to elucidate the array of processes influencing
diurnal patterns of plant-water balance in tropical trees and suggests that one should not
assume that W in tropical trees reaches its minimum around noon.

Introduction

The fundamental processes that impact the water balance of plants are water
uptake, water transport and water loss (Larcher, 2003). The balance becomes negative if
water uptake by the roots (e.g. as measured by sap flow) is insufficient to meet the
requirements of water loss by transpiration (Tyree, 1997). Transpiration is an inevitable
consequence of photosynthesis, but it also has a significant cooling effect (Lambers ef al.,
2008). In the absence of transpiration, leaf temperature can rapidly rise to potentially
lethal levels. Water loss through transpiration commonly shows a high correlation with
both leaf temperature and vapor pressure deficit (VPD; Asbjornsen et al., 2011), and leaf
stomatal conductance (g;) can serve as a controlling mechanism which prevents plants
from losing too much water (Lange et al., 1971; Jarvis & McNaughton, 1986). As a
consequence, the imbalance between water loss and uptake creates a pressure gradient
from roots to leaves, which is the driving force of water movement in plants (Wheeler &
Stroock, 2008). This pressure gradient is measured through leaf water potential (Wr). A
Y| close to zero means little water loss (small potential gradient between soil and leaf)
and the more negative Wy is, the lower the sap velocity/transpiration ratio is at a given
point in time (Jarvis, 1976; Holttd & Sperry, 2014). Thus, the flux of water through the
soil-plant system is mainly controlled by the rate of water loss through stomata, and leaf
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water potential is one of the most useful metrics for evaluating the balance between sap
flow (water coming in) and transpiration (water going out of the plant).

The creation of the pressure chamber (Scholander ef al., 1965) enabled routine
measurements of negative xylem pressures. Since then, leaf and/or xylem water potential
has been widely used to estimate plant or soil water status and plant vulnerability to water
deficit (Klepper, 1968; Koch et al., 1994; Andrade et al., 1998; Klein, 2014). Studies of
diurnal patterns of W, often show an early morning decline, with a minimum reached
during midday in the tropics, and a recovery occurring in the late afternoon as solar
radiation decreases (Koch et al., 1994; Hiromi ef al., 2012; Barigah et al., 2014). Based
on these findings, subsequent studies often measured only predawn (a proxy for soil
water potential, W) and midday Wi(e.g. Huc et al, 1994; Zhang et al., 2013;
Nandanwar ef al., 2015). However, WL can be influenced by many factors (e.g. stomatal
conductance, VPD, leaf temperature, soil water availability, rates of nightime sap flow;
Dawson et al., 2007) and more detailed diurnal plant-water studies are needed, especially
in diverse systems like the Amazonian forest, if species and environmental variability are
to be fully understood.

Here we investigate fine-scale (hourly) diurnal patterns of plant water balance of
four Amazonian tree species. Our first goal was to characterize the temporal dynamics of
water uptake (via sap velocity), water loss (via leaf transpiration), and the consequences
of an imbalance between the two on ¥ Second, we wanted to identify the degree to
which stomatal behavior and atmospheric water demand regulated water loss in the
presence of water deficits and high canopy temperatures.

Because water availability has been shown as a key factor most strongly
restricting terrestrial plant production on a global scale (Lambers et al., 2008), studies of
plant-water balance will not only benefit our understanding of the diversity of plant
responses that impact ecosystem net primary productivity but in our case, will also
improve predictions of climate change effects on tropical vegetation. Plant-water
information is increasingly being used in vegetation models and is essential in developing
and evaluating plant hydraulic subroutines and other emergent model projections
(McDowell et al., 2013; Anderegg, 2015; Anderegg et al., 2015; Sperry & Love, 2015;
Christoffersen et al., 2016). This is an advantage because changes in ecosystems are often
driven by physiological processes at the scale of individuals (Moorcroft ef al., 2001), and
plant-water use is an important driver of multiple processes at the individual level.
Therefore, detailed characterization of plant water balance can also serve as an important
benchmark for dynamic vegetation models.

Material and Methods
Study site

The measurements were conducted on four individual trees around the K34 tower
(2°35.37'S, 60°06.92'W) in the Reserva Biologica do Cueiras (also known as ZF-2),
located 90 km NNW of the city of Manaus, Brazil (Araujo et al., 2002). The site is run by
INPA (Instituto Nacional de Pesquisas da Amazonia) under the Large-Scale Biosphere—
Atmosphere Experiment in Amazonia (LBA) program. The mean monthly temperature at
the study site during our research (July, August and September of 2015) was 27°C, and
mean monthly rainfall was 87.97 mm. The dry season is usually between July and
September when precipitation is around 100 mm/month (Sombroek, 2001; Higuchi et al.,
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2011). The vegetation in this area is considered to be undisturbed, mature, terra-firme
rainforest, with a leaf area index of 5—6 and an average canopy height of 30 m. The soil
on this medium-size plateau area is mainly Oxisols with high clay content (Luizdo ef al.,
2004).

Measurements

Leaf water potential, sap velocity, canopy temperature and vapor pressure deficit:
measurements of leaf water potential and sap velocity were made for four species (1
individual/species) around a 55m tower (K34) located 3 km from the ZF@ road inside
the forest during the dry season. The species sampled were Pouteria anomala ((Pires)
T.D.Penn.; Sapotaceae) with 35.3 cm of DBH and 31 m in height, Pouteria erythrochrysa
(T.D.Penn; Sapotaceae) with DBH = 36.5 cm and 29.3 m height, Eschweilera
cyathiformis (S.A.Mori; Lecythidaceae) with 14.3 cm of DBH and 19.8 m height, and
Couepia longipendula (Pilg.; Chrysobalanaceae) with 28.1 cm of DBH and 23.9 m in
height. All trees are upper canopy with direct sunlight exposure; the only exception is the
individual of E. cyathiformis which is a canopy-to-under-story tree (receiving mostly
indirect sunlight).

Leaf water potential was diurnally measured using a Scholander pressure chamber
(PMS, Corvallis, OR, USA) according to the method described by Scholander et al.
(1965). Three sun leaves per tree was collected hourly from 6:00 to 18:00 and leaf water
potential measurements were made as soon as the leaf was cut from the branch. The
leaves were always collected from the same height (= 2m). The ¥ measurements were
carried on July 14 and August 8 of 2015. In addition to the species sampled at K34 tower,
an extra hourly (every hour from 6:00 to 18:00) ¥, set of measurements were made in
another tower (K14) located ~ 15 Km from K34 where the present study took place. This
full-day measurement was carried out on July 29 of 2015 and five tree species were
sampled (one individual/species), Brosimum parinarioides (Ducke; Moraceae), Guarea
(F.Allam. ex L) sp. (Meliaceae), Protium hebetatum (Daly; Burseraceae), Lacistema
aggregatum ((P.J.Bergius) Rusby; Lacistemaceae), Tetragastris panamensis ((Engl.)
Kuntze; Burseraceae). All these individuals are upper canopy trees and receive direct
sunlight throughout day. We wanted to investigate if the diurnal patterns of Wy recorded
for the four species studied at K34 were representative and if similar pattern is found for
species located in a different area.

Sap velocity was continuously monitored in the main trunk (~1.3 m above the
ground) of each of the four K34 study trees, every 15 min during the dry season (July to
August of 2015) using Heat Ratio Method sensors (HRM-sensors; ICT International Ltd,
Armidale, NSW, Australia;Burgess et al., 2001). HRM probes measured sap velocity at
two radial depths in the xylem: 0.75 (outer sensor) and 2.25 cm (inner sensor). The inner
sensor data presented problems due to latex exudation for the species Pouteria anomala
and P. erythrochrysa so in this study only the outer sensor data was used. The sap
velocity was calculated using the software Sap Flow Tool version 1.1.4 (ICT
International Ltd, Armidale, NSW, Australia).

Canopy surface temperature (Tcanopy) Was measured continuously from July to August of
2015, every five minutes using five infrared radiometers (IR) sensor (SI-111, Apogee Inc). The
sensors were installed on the K34 tower at 21.8, 22.8, 24.0, 25.3, and 28.8 m height, using 2 m
aluminum poles that extended into the forest canopy. Each sensor was mounted at the end of the
aluminum pole, at a ~45-degree angle, pointed at a target leaf cluster. Each sensor was placed ~20
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cm from the target to limit field of view errors. The two lowest sensors (i.e., below 24 m) were
characterized as partially sunlit leaves measurements, while the three highest sensors were fully
sunlit leaves. A CR-3000 datalogger (Campbell Scientific) was used to store the Tcuopy data.
Except E. cyathiformis, the only species that is an understory tree, all of the T unopy measurements
corresponded to the same study trees in which W and sap velocity were recorded.

Vapor pressure deficit (VPD) data were made available by the LBA program (Instituto
Nacional de Pesquisas da Amazdnia — INPA) and were obtained from the micrometeorological
station located at K34 tower. VPD was calculated using air temperature and relative humidity
data collected at 35.3m height, every 30 minutes (average of 30 points gathered during the 30
minute period) and using thermo-hygrometers (HMP45AC, Vaisala Inc., Woburn, MA, USA).

Leaf gas exchange measurements: Diurnal patterns of net leaf photosynthesis (A),
stomatal conductance (g;) and transpiration (£) were measured continuously (5:00-17:00)
from fully-developed leaves of Pouteria anomala at ~ 25m height. A portable
photosynthesis system (Licor 6400XT, Licor, Lincoln, NE, USA) was installed on the
tower at the appropriate height with the leaf chamber head extended up to 1 meter from
the tower using a Magic Arm (Manfroto, Italy). Natural sunlight was used as the light
source (clear top chamber), CO; in the reference line was held constant at 400 ppm, and
the air flow rate entering the chamber was held constant at 400 micromol/min. Leaf
temperature was kept constant during each measurement period and set to values that
were determined based on readings of the CST system described above. Once the set leaf
temperature stabilized, the IRGAs (Infrared gas analyzer) were matched and a leaf was
placed in the chamber and data was recorded every 15 seconds for 10 minutes. Following
this, the data logging was paused, and the leaf was removed before setting a new leaf
temperature and repeating the cycle. Stabilization of the new leaf temperature was rapid
in the morning when temperatures were < 30 °C but required up to 20-30 minutes
to stabilize in the afternoon once leaf temperatures reached values over 35 °C. For
each measurement cycle, a new leaf was chosen from one of the several branches near the
tower and repeat measurements on each leaf (15-20 total) were made in the morning and
afternoon. Gas-exchange measurements for P. anomalaleaves were carried out
on September 3, of 2015.

Results

Diurnal patterns of leaf water potential, sap velocity, canopy surface temperature and
vapor pressure deficit

During July and August of 2015, daily minimum leaf water potential (‘Y1) varied
from -0.6 to -2.4 MPa. The species Pouteria anomala had the most negative ¥
registered during this period (Figure 1). For all species, ¥ showed a rapid decline in
early morning followed by dramatic recoveries (20-70% of the minimum early morning
value) around mid-day. During the afternoon, a second decline in ¥ was usually
observed with a full recovery in the evening (Figure 1).

Diurnal measurements of ¥ were also made for the same individuals one year
later (July and August 2016), and a similar pattern was found (S1 Supplementary
Materials). Also, to test if the same trend was observed for other tree species in the area,
on July 29, 2015 we measured W of an additional five species located around the K14
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tower, ~15 km away from the studied trees, and similar results were found (Figure 2),
demonstrating a general pattern of W recovery around the noon hour.

Maximum sap velocity varied from 8.86 (E. cyathiformis) to 19.78 cm.h’
(Couepia longipendula) and started to increase as soon as the Wi went down (Figure 1).
Even with its tight relationship with Wy (the gradient between W and W is the driving
force for the movement of water), sap velocity did not show large oscillations during the
day as observed for W and it only decreased at the end of the day (after 16:00) when
plants were well hydrated (Figure 1). Also, sap velocities near the ground (~1.5m) had a
strong correlation (r = 0.87) with canopy temperature in the upper canopy (~25 m).

Canopy temperature (Tcanopy) showed a steady increase until 10:00 when it starts
to oscillate from 28 to 34 °C until reaching its daily maximum between 12:00-15:00
(Figure 1), which is when the second decline in W was usually observed. Vapor pressure
deficit (VPD) also reached its daily maximum between 12:00-15:00 when atmospheric
demand for water was highest (Figure 1 and data not shown). VPD showed a strong,
positive correlation with sap velocity for all four species (Figure 3 left panels), however,
this relationship changes during the day (Figure 3 right panels). From 6:00 to 11:30 there
was a positive correlation between VPD and sap velocity, but from 11:00 to noon this
relationship started to shift, and this was usually the time when we observed the recovery
in W From 12:00 to 15:30 sap velocity did not respond as positively to an increase in
VPD, and this was when the second decline in ¥; was noticed (Figure 3). After 16:00 as
VPD declined, sap velocity also decreased and a recovery in W was observed. Even
though this pattern was detected for all four species, there was substantial variation in
VPD dynamics for the different plants. The species Couepia longipendula and Pouteria
anomala were more responsive to an increase in VPD (sharp increase in sap velocity until
it reached a plateau), while Eschweilera cyathiformis and Pouteria erythrochrysa were
slower in responding to changes in VPD and did not reach an apparent plateau like the
other two species (Figure 3).

Transpiration, photosynthesis and stomatal conductance

Detailed temporally-resolved diurnal observations of leaf gas exchange in the
species Pouteria anomala revealed peaks in net photosynthesis (4) in the morning (9:00-
10:00) followed by a slow decline during the day (Figure 4, Table 1). 4 decreased ~50%
from between ~9:30 to ~10:30, the peak of leaf transpiration (£) and ~ 30 to 80% during
the peak of Tcanopy and VPD. Thus, a suppression of net photosynthesis was observed
from 12:00 to early afternoon during the hottest part of the day, usually after Tie.r reached
~ 35°C (Figure 4). Even though 4 decreased after midday, stomatal conductance (g;) did
not show large oscillations after ~11:00, suggesting that stomata were not completely
closing. On the other hand, £ followed VPD and leveled off after noontime. Therefore, 4
and E were decoupled from each other (Figure 4, green and blue boxes). A was correlated
more with Tier than by g, suggesting a biochemical regulation, whereas £ was driven
mainly by the interaction of conductance and VPD.

Discussion

Because photosynthesis (4), stomatal conductance (g;), transpiration (£), canopy
temperature (Tcanopy) and vapor pressure deficit (VPD) increased in the morning, a rapid
decline in leaf water potential (W) was observed, which has also been reported in other
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tropical studies (Koch ef al., 1994; Brodribb & Holbrook, 2004; Fisher et al., 2006;
Hiromi et al., 2012; Barigah et al., 2014). However, what has not been described in
previous studies is a partial recovery (20-70%) in ¥ around the solar noon when most
plants have hit their peak water deficit (atmospheric water demand is increasing but water
supply is not) and would therefore not be expected to have the capacity to recover. Two
declines in W were detected during the day with a recovery occurring around mid-day
(Figure 1). Moreover, this surprising result was not restricted to the trees close to the K34
tower (S1 - supplementary materials). In July, 2015 diurnal ¥ measurements of five
different trees species around the K14 tower showed similar results (Figure 2).
Furthermore, for some of the tropical studies that have been reviewed, hourly values of
Y1 have been observed to recover around noon. For example, Fisher et al. (2006) found
that one of their study trees in the east Amazon showed a gradual recovery in YL
throughout the afternoon and a Dipterocarpus pachyphyllus tree studied in a Borneo
forest also presented a similar pattern in Wi as described here (Hiromi et al., 2012).
Therefore, a recovery in Wi around midday may be a general pattern that has not been
widely recognized.

The first decrease in Wi occurred just around the time 4, g; and E were at their
highest values (9:00 — 11:00; Figure 1 and 4). During this period, canopy temperature and
VPD increase and even though they had not reached their daily maximum just yet, the
water exiting through E was enough to increase the gradient between W and the soil
water potential (Klepper, 1968; Zhang et al., 2013). As a result, sap velocity (and thus
water flow) showed a sharp increase, and more water began to flow from the soil to the
plants (Figure 1). Therefore, the first decline in Wy typically occurred during the peak of
A and E, but before the maximum daily canopy temperature (~ 35 °C) and vapor pressure
deficit (VPD ~ 3 kPa) was reached, which was around 12:00-15:00 (Figure 1).

After the first early morning decline, Wi was not constant throughout the rest of
the day as expected and reported by studies from temperate environments (Klepper,
1968). On the contrary, an increase in ¥y ranging from 20-70% was clearly documented.
This partial recovery in ¥ around noon is probably the result of an imbalance between
water coming in through sap velc and water being lost by transpiration. After ~11:00
photosynthesis decreased while £ and g; showed a small reduction before stabilizing (£
increases again around 14:00), however, Tcaopy and VPD had not yet reached their
maximum. During this ‘window of time’ water was still going in through sap velocity
(sap velocity showed little variation during the day) but the amount of water being lost
through E decreased due to a reduction in conductance (note: £ = AVPD X gtal).
Furthermore, sap velocity and VPD from 6:00 to 11:30 showed a positive relationship
(Figure 3 blue dots) suggesting that during this time frame water was not limited.
Consequently, we observed a recovery of W around noon. It is important to note that the
time of the declines and the recovery periods in Wi may vary among species and on
different days because environmental conditions do change. However, for all trees during
6:00 — 18:00, we consistently observed the two declines in Wi and a recovery period
between them.

A second decline in ¥y followed the recovery described above, and it usually
occurred during a peak in both Tcanopy and VPD (Figure 1). This decline was expected
because the gradient between leaf and air moisture increased and therefore intensified,
and as a result high transpiration rates were observed even though stomata conductance
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stayed relatively constant (£ = AVPD X gi1). Also, the relationship between VPD and
sap velocity in the afternoon decreased in a different trajectory than it increased,
suggesting that from ~ noon to 18:00 (Figure 2 red dots) less water is available for plants.
After the second decline in Wy the xylem tension started to slowly become less negative
again, VPD and transpiration decreased and by 18:00 the trees were usually well
hydrated. The hysteresis detected between sap velocity, VPD, Tcaopy and stomatal
conductance for the four species, is discussed in detail by Gimenez et al. (in
preparation).

These findings raise the question of why this recovery period in ¥ has not been
described before. Our data suggest that the observed patterns may result from the plant’s
inability to maintain a favorable W and therefore sufficient leaf turgor to permit leaf
stomata to remain open. Alternatively, when demand for canopy water exceeds its
supply, appropriate recharge of depleted water stores in the functional xylem could lead
to an over all hydraulic limitation and the patterns of sap velocity and water potentials
that we observed. Those species with high water transport capacity would be able to
replace water that is lost through transpiration more quickly, and therefore, a recovery
would be seen just before the maximum transpiration rate is achieved (Brodribb et al.,
2007; Campanello ef al., 2008). Because our investigation sampled a wide range of
phylogenetic groups it seems unlikely that these patterns (e.g. isohydric and anisohydric
species or hydraulic strategies) are species specific. It is also important to note that only a
small number of tropical studies (e.g. Fisher et al., 2006) have actually measured ¥ on
an hourly basis, and hardly any studies have done so in Amazonian forests. Most studies
collect W1 only during the early morning (pre-dawn), mid-day, and late afternoon (e.g.
Huc et al., 1994; Zhang et al., 2013). As a result, previous findings would not have
detected the types of patterns we have reported here and therefore could have
underestimated the minimum daily Wy, because our study clearly shows that plants do not
necessarily reach their minimum around solar noon, Instead, studies that aim to capture
the lowest ¥ of the day should make multiple measurements between 11:00 — 15:00.

Our findings also suggest that dynamic vegetation models may need to be refined
since credible simulations of soil-plant-atmosphere interaction require that diurnal
patterns of W1, g;, transpiration, photosynthesis and sap velocity be characterized in terms
of process parameterization and assumptions to correctly interpret the projections of
future vegetation changes (Christoffersen et al., 2016). For example, Anderegg et al.
(2017) found AIC differences greater than 3 when they considered plant hydraulics (e.g.
leaf water potential) into the Ball-Berry-Leuning model. In conclusion, this study sheds
new light on how patterns of leaf water potential are driven by the imbalance between
leaf transpiration and sap velocity in tropical zones. We suggest that researchers consider
including hourly assessment of Wy in their study design and caution that previous
approaches that estimate minimum Y in tropical trees using midday measurements are
likely to underestimate minimum water potential.
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Figure 1. Diurnal patterns of canopy temperature (Tie,s), sap velocity, vapor pressure
deficit (VPD) and leaf water potential of four tree species (Eschweilera cyathiformis,
Pouteria anomala, Couepia longipendula and Pouteria erythrochrysa) in a Central

Amazonian forest during July (left panels) and August (right panels) of 2018.
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Figure 2. Diurnal patterns of leaf water potential of an additional five tree species around the K14

tower, located 15 Km apart from the K34 tower where the study was conducted. The

measurements were carried on in July 29 of 2015.
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Figure 3. Relationship between sap velocity and vapor pressure deficit (VPD) for
the species Eschweilera cyathiformis, Pouteria anomala, Couepia longipendula and
Pouteria erythrochrysa, during the month of August, 2015 (left side) and during a daily
cycle measured on August 8 of 2015 (right side, same day and time leaf water potential

measurements were carried out). Day measurements (6:00-18:00) are represented by
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circles and are divided into pre-noon (blue circles, 6:00-11:30) and post-noon (red

circles, 12:00-18:00). Measurements made at night (18:30 — 5:30) are represented by
black asterisks.
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Figure 4. (a) - In-situ diurnal observations of leaf temperature Tie.r, net photosynthesis

(4), transpiration (E), and stomatal conductance (gs) from leaves of a Pouteria anomala

branch in the upper canopy (25 m height) in the Central Amazon during September of
2015. Green box represents the peak of photosynthesis, and the blue is the peak of

transpiration (b) — Diurnal vapor pressure deficit (VPD) measured at 35 m height during
September 3 of 2015.
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