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Abstract

Plant ecophysiological trade-offs between different strategies for tolerating stresses are widely theorized to shape forest
functional diversity and vulnerability to climate change. However, trade-offs between hydraulic and stomatal regulation dur-
ing natural droughts remain under-studied, especially in tropical forests. We investigated eleven mature forest canopy trees
in central Amazonia during the strong 2015 EI Nifio. We found greater xylem embolism resistance (Ps; = —3.3 +0.8 MPa)
and hydraulic safety margin (HSM =2.12+0.57 MPa) than previously observed in more precipitation-seasonal rainforests of
eastern Amazonia and central America. We also discovered that taller trees exhibited lower embolism resistance and greater
stomatal sensitivity, a height-structured trade-off between hydraulic resistance and active stomatal regulation. Such active
regulation of tree water status, triggered by the onset of stem embolism, acted as a feedback to avoid further increases in
embolism, and also explained declines in photosynthesis and transpiration. These results suggest that canopy trees exhibit
a conservative hydraulic strategy to endure drought, with trade-offs between investment in xylem to reduce vulnerability to
hydraulic failure, and active stomatal regulation to protect against low water potentials. These findings improve our under-
standing of strategies in tropical forest canopies and contribute to more accurate prediction of drought responses.
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Introduction

Communicated by Kate McCulloh. Tropical forests cover 10% of the global surface, stock 25%
of the world’s carbon, and are responsible for a third of the

safety in individuals Amazon trees facing extreme drought. This is global net primary productivity .(Malhl etal. 1998; CrOWt,h (?r
novel for tropical forests, and provides new insight into potential et al. 2015). Through changes in temperatures and precipi-
climate change responses in a seasonally wet tropical ecosystem tation, climate change might potentially lead to a decrease
that is particularly at risk during El Nino climate events. in productivity of forests and increase tree mortality (Allen
et al. 2015), as has already been reported for different biomes
(Phillips et al. 2009, 2010; Anderegg et al. 2016; McDowell
et al. 2018). In tropical forests, tree mortality is linked to
Coordination of Environmental Dynamics, reduced forest productivity and has been related mainly to
iiﬁ;(’zr(‘)‘;lalsn(si%t‘;ggéﬂfgnﬁz:ﬁmhes’ Manaus, the occurrence of extreme drought events (Doughty et al.
’ 2015; Brienen et al. 2015; Aleixo et al. 2019). Such episodes
have the potential to severely alter the composition of plant
communities and thus modify forest functional characteris-
tics at the ecosystem level (McDowell et al. 2018). However,
unlike in other global biomes that have experienced massive
Department of Ecology and Evolutionary Biology, University die-off events (McDowell et al. 2015; Fettig et al. 2019) or
of Arizona, Tucson, AZ 85721, USA .
strong mortality responses to drought (Venturas et al 2016),
mortality events in tropical Amazon rainforests observed

We found tradeoffs between stomatal regulation and hydraulic
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so far have been more subtle and nuanced, highlighting the
need to better understand mechanisms of drought tolerance
in Amazon forests.

In 2015, a severe drought occurred across large areas
of the Amazon. It was associated with the El Nifio/South-
ern Oscillation (ENSO), breaking the records of previous
extreme drought events in 2005, 2010, and 1997-1998 El-
Nifio, the strongest in the modern record for central Ama-
zonia (Jiménez-Muifioz et al. 2016). This 2015 drought
provided a unique opportunity—a natural drought experi-
ment—to investigate hydraulic traits associated with mecha-
nisms of drought tolerance. Specifically, both structural and
physiological traits involved in tree drought tolerance can be
of interest: (i) xylem embolism resistance traits, which quan-
tify the thresholds of tree hydraulic integrity under water
deficit (Mitchell et al. 2013), and (ii) stomatal conductance
regulation, which controls water and carbon gas exchange at
the leaf surface as well as the level of xylem tension (Sperry
2000). Stomatal closure in response to water deficit repre-
sents a cost in terms of carbon assimilation, plant growth,
and temperature regulation (Lloyd and Farquhar 2008); fur-
thermore, it has been already observed to be the primary
cause of reduced photosynthesis rates in central Amazonian
trees during 2015 EIl-Nisio (Santos et al. 2018).

Theoretical work seeks to improve predictions of woody
plant response to drought by appropriately integrating xylem
embolism resistance with stomatal conductance regulation
into models (Sperry and Love 2015; Anderegg et al. 2018;
Wu et al. 2019). Observations and experiments are being
used to test such theories (see citations in Wang et al., 2020),
but evidence from the tropics is more limited. Previous tropi-
cal forest field experiments in which trees were subjected to
a partial exclusion of rainfall showed that taxa with traits
associated with lower xylem embolism resistance had higher
drought-induced mortality rates (Rowland et al. 2015a),
supporting the hypothesis that xylem hydraulic traits might
explain cross-species patterns of drought-induced mortal-
ity (Anderegg et al. 2016). However, neither the Rowland
et al. (2015a) study of an experimental drought, nor other
studies of hydraulic responses of tropical trees to natural
drought (Fontes et al. 2018; Barros et al. 2019) were able to
explicitly observe whether stomatal response co-varies with
embolism resistance at the individual level, a key prediction
of the theory that remains untested in tropical forests. A goal
of this work is, thus, to investigate the extent to which xylem
susceptibility to embolism can be counterbalanced by active
stomatal regulation under natural drought conditions—a key
knowledge gap since such a trade-off determines the limits
of physiological functioning under drought stress (Fauset
et al. 2019; Wang et al. 2020).

Closely related is the question of whether the emergent
hydraulic safety margins (HSM) measured in this forest
during an extreme drought are consistent with the growing
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database of HSMs around the world. HSM, a measure used
to assess the capacity of a species’ hydraulic system to
resist embolism that has been shown an effective predic-
tor of tree mortality during drought (Anderegg et al. 2016;
Powers et al. 2020), is estimated as the difference between
the water potential at which the plant loses 50% of hydraulic
conductivity (Ps,) and the minimum water potential (P,,;,)
observed in the field. A common interpretation is that the
likelihood for a hydraulic system to suffer embolism is lower
for larger magnitudes of HSM. A global-scale survey found
small HSMs for angiosperms around the global biomes,
despite the wide variation in absolute measures of embolism
vulnerability such as Ps, (Choat et al. 2012). Global conver-
gence to a common HSM suggests that forest biomes would
be equally vulnerable to hydraulic failure across a range of
precipitation environments. The extreme drought conditions
of the 2015 EI Nifio event provide an ideal opportunity to
observe P_;, and the associated HSM outside of the range
of ‘normal’ tree function and to test the robustness of tree
hydraulic system to embolism. Literature reporting hydraulic
safety margins and P, ;, data for drought (Brum et al. 2019)
and non-drought conditions (Choat et al. 2012) provides the
needed background to compare HSM from different forests.

Here, we ask two main questions: (1) Is the hydraulic
safety margin observed for central Amazon canopy trees
during a severe natural drought event consistent with what
had been previously observed for tropical trees? (2) What
are the trade-offs between stress-tolerance mechanisms in
tropical forest trees subjected to a strong natural drought?
We hypothesize that canopy trees in central Amazon operate
under lower hydraulic safety margins because stomata oper-
ate at the edge of the supply capacity of the plant’s hydraulic
system to balance carbon uptake and leaf temperature regu-
lation during drought.

Materials and methods
Study site, species, and experimental design

We conducted our study in a central Amazon forest at the
Large-Scale Biosphere—Atmosphere (LBA) Experiment in
Amazonia K-34 tower site (2.59° S, 60.21° W). The average
annual precipitation is 2600 mm (1998-2014), with dry sea-
son defined as the months with < 100 mm month™!, typically
occurring between July and October (Sombroek 2001). Air
temperature ranges within 24-27 °C and relative humidity is
75-92% (Aratjo et al. 2002). During the dry season of years
without drought anomalies, soil water content (the top 30 cm
layer) usually drops ~ 12% relative to the absolute magnitude
of the wet season (Cuartas et al. 2012).

We measured traits for eleven individual canopy domi-
nant trees of nine species (Table S1). The intent was to



Oecologia (2021) 197:13-24

15

sample a representative distribution of traits in the com-
munity, and infer drought responses in terms of trade-
offs among the traits. Since the logistics of making meas-
urements high in the canopy of diverse tropical forests
severely limit ability to sample the taxonomic diversity
of species, and to carry out effective replication (since
conspecific are often spaced tens to hundreds of meters
apart), differences in species responses are not distin-
guished. However, a comparison to larger, community-
scale datasets from the study region (across 261 indi-
viduals in central Amazon) suggests that forest canopy
functional variability was well represented in terms of at
least one of the key ecophysiological traits, specifically,
leaf mass per area (LMA, see supplemental Fig. S1).

We made measurements in four campaigns, captur-
ing seasonal variation of tree function across May,
July, September, and October 2015. Sampled trees were
accessed from a 30-m long walkway installed 25 m
above the ground. Three species, Eschweilera truncata,
Licania micrantha, and Scleronema micranthum, are
among hyperdominant species in the Amazon, contrib-
uting a large biomass fraction in the region (ter Steege
et al. 2013; Fauset et al. 2015). The trees were located in
the proximity to the energy and carbon eddy-flux tower
(K-34) in the terra firme (i.e., topographic high) region
of the watershed that has seasonally deep groundwater
(~37 m) (Cuartas et al. 2012).

Environmental conditions during 2015 El Nifio event

Monthly precipitation series were analyzed for the period
of 1998-2015, while relative humidity, air temperature,
and soil moisture for the year of 2015. The data were
obtained from the LBA/K-34 site database. Soil mois-
ture was observed at six depths (10, 20, 30, 40, 60, and
100 cm) during May, July, September, and October of
2015 (PR1, Delta-T Devices, UK). Precipitation data were
used to calculate the maximum climatological water defi-
cit (CWD). Specifically, CWD is a cumulative sum of the
difference between monthly rainfall and evapotranspira-
tion with the negative difference implying water deficit
(Aragdo et al. 2007; Malhi et al. 2009).

To demonstrate the El Nifio impact on central Amazon
climate, the maximum air temperature (obtained from a
station managed by the Brazilian National Institute of
Meteorology, INMET Manaus station, 3.13° S; 59.95°
W) and precipitation anomalies were calculated (Saleska
et al. 2007), and as a function of the multivariate El Niiio
Index for the period of 1998-2015 (MEI, National Ocean
and Atmospheric Administration web-site, https://psl.
noaa.gov/site_index.html.

Diurnal and seasonal leaf water potential
measurements

Leaf water potential was measured with a pressure chamber
model 3005-1422 (Soil Moisture Equipment Corp, USA),
following the protocol of Scholander et al. 1964; Turner
1981. Sampled trees were accessed from the walkway and the
measurements were performed directly in the canopy. Only
mature, healthy, and fully expanded leaves with no signs of
aging or senescence and exposed to sunlight were selected for
the measurements. We evaluated the diurnal variation of leaf
water potential by making measurements on three leaves per
individual, six times during the day (at hours 6:00, 8:00, 10:00
12:00, 14:00, and 16:00), of which we consider the meas-
urements at 6:00 as representative of predawn water poten-
tial (P,4) and at 12:00 as midday water potential (P,,q). The
sampled leaves were collected and immediately placed into a
pressure chamber, which was moistened with a piece of tower
paper to prevent water loss during the measurements (Turner
1981). The four measurement campaigns captured seasonal
variation across each of the months of May, July, September,
and October 2015 (Fig. S2).

Xylem vulnerability

For each of the eleven trees, three branches were collected
between March and April 2016. At predawn, long branches
(see details in Fig. S3) were collected using an 8-m long pole-
pruner standing on a canopy walkway. We sampled branches
exposed to sunlight, reaching 95%—-100% of the total height
for all of the eleven trees. The collected branches were kept in
black humidified plastic bags prior to the measurement ses-
sion to ensure the maintenance of water potential. The samples
were brought back to the lab within 1 h of branch collection.
Tree embolism resistance was measured with the pneumatic
method (Pereira et al. 2016; Zhang et al. 2018). The vulner-
ability curve was obtained by plotting the percent loss con-
ductivity (PLC) in response to declining xylem water poten-
tial (¥,). We subsequently bench dried branches to a range of
¥ values which were measured using a Scholander pressure
chamber (PMS, Pressure Chamber Instrument, Oregon, USA).
Measurements were made on 2-3 branches per individual tree.
Before each measurement, we bagged branches for 40 min to
equilibrate the xylem water potential. To calculate Py and P,
(the “air-entry” point water potential, commonly used as an
estimate of the xylem tension at which pit membranes within
the conducting xylem are overcome with air seeds, indicating
the start of embolism), we fitted a nonlinear two-parameter
Weibull equation (Eq. 1):

PLC = [ — e /D" (1)
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where W, is the xylem water potential, b is the scale param-
eter and K are the shape parameters estimated. The coef-
ficients were estimated using nonlinear least-squares fitting
with the optimx function of the optimx package in R (R
Development Core Team 2011).

Hydraulic safety margin

Hydraulic safety margin (HSM) was computed as the dif-
ference between the midday leaf water potential (P,,4) of
the plant reached during the drought and P5,. We compared
the observed central Amazon tree HSMs during extreme
drought with HSMs observed in eastern Amazon trees dur-
ing the extreme EI Nino drought of 2015 (Brum et al. 2019),
and central American trees with seasonal droughts (Choat
et al. 2012). See details in Supplementary Information
(Table S2). Note that the Choat et al. 2012 data set used dif-
ferent methods for estimating the P5, component of the HSM
than those used in this study (the pneumatic method based
on Pereira et al. 2016). Much evidence supports the inter
comparability of these methods (Zhang et al. 2018), while
some (Pratt et al. 2020) report that the pneumatic method
may produce a relatively lower magnitude of P5, and HSM
in some cases.

Leaf gas exchange

Stomatal conductance (g,), leaf transpiration (E), and photo-
synthetic rate (A,) were measured in situ in leaves attached
to branches using a portable infrared gas analyzer (LI-COR
6400XT, Nebraska, USA). Only mature, healthy, and fully
expanded leaves with no signs of aging or senescence and
exposed to sunlight were selected for the measurements.
Sampling heights ranged from 77 to 100% of the maximum
tree height in the sample (32.5 m), with leaves of seven trees
sampled at their full heights. Four leaves per tree were meas-
ured each day and each individual leaf was measured every
2 hours during the diurnal course (at 8:00, 10:00, 12:00, and
14:00). In total, 176 leaves were measured (4 leaves/tree/
day x 11 trees X 4 days, i.e., 2 days during pre-drought and
2 days during drought). Each leaf was allowed to acclimate
for 10 +5 min before each measurement. To exclude the
impact of variability in leaf ambient environment, and focus
on how seasonal evolution of leaf gas exchange depended
on the xylem and soil water status, each measurement was
carried out in controlled conditions. Specifically, the gas
analyzer was set up for a saturating photon flux density
(PPED) of 2000 umol m~2 s~!, air flow. of 400 umol s~!,
CO, concentration of 400 umol mol~!, leaf temperature of
31 °C, and H,O vapor concentration of 21 mmol mol~! (as in
Santos et al. 2018). We note that our approach of setting the
measurement chamber environment to common reference
conditions is a standard practice across many studies (Resco
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et al. 2009; Stpaul et al. 2012; Chmura et al. 2015; Li et al.
2015; Hernandez-Santana et al. 2016) especially for those
that focus, as we do here, on the regulatory effects of soil and
xylem water conditions. This design, however, likely under-
estimates the full drought effect on leaf gas exchange in the
forest, as the leaf gas exchange measurements take place
in a moderate environment in between the in situ extremes
experienced in wet or dry seasons. To the extent that we
nonetheless discern effects of drought, we consider these
findings to be conservative.

Relative changes in gas exchanges during the El
Nifio

To understand the dynamics of stomatal control, we quan-
tified the sensitivity of El Nifio-induced changes in g, by
computing its difference between dry and wet periods (dg,).
Specifically, the ‘wet’ reference condition was taken as the
maximum value of g, recorded in May and July of 2015
(measurements at 8:00 or 10:00) and the ‘dry’ EI Nifio con-
dition corresponded to October 2015 (also at 8:00 or 10:00).
A negative dg, value means a reduction in stomatal conduct-
ance. Also, we calculated the intrinsic water-use efficiency
(IWUE=A_,/g,) in May, July, September, and October.

Wood density, DBH, and height

We measured wood density with the water-displacement
method using three branch segments (2—4 cm in diameter)
of each tree. After removal of the outer bark, the volume
was estimated from the saturated samples that remained
immersed in distilled water for 12 h to ensure complete sat-
uration. We calculated density using the dry mass ratio (at
105 °C) of branch segments by the volume. For diameter at
breast height (DBH) measurements, the tree circumference
was measured at 1.30 m above ground level using a 5 m
diameter tape (Forestry Supplies, Mississippi, USA). The
tree height was obtained with a measure tape using climb-
ing techniques.

Statistical analysis

To test the differences between hydraulic safety margin esti-
mated for trees in central Amazon and other sites, we used
analysis of variance (ANOVA) for averages with different
repetitions (see details in Table S2) and compared sites using
planned contrasts (Field 2018). We tested the main effects of
seasonality on stomatal (g,), leaf transpiration (E), photosyn-
thetic rate (A,), and intrinsic water-use efficiency (iWUE)
with generalized linear mixed models (GLMM): months as
the fixed effect, and trees as the random effect. We compared
wet (May and July) vs. dry (September and October) seasons
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with planned contrasts. To test the sphericity assumptions,
we used the Mauchly test (Field 2018).

To investigate possible trade-offs between stomatal con-
trol and embolism resistance, we used generalized linear
models (GLM). To test the importance of stomatal control
for keeping the minimum water potential at safe levels dur-
ing the drought peak, we tested a relationship between the
minimum water potential (Pp;y0e) VS- & in October. To
investigate a possible connection between stomatal control
during the dry season and the plant hydraulic system, we
tested the effect of the “air-entry” water potential P, on dg..

We used a nonlinear relationship between sto-
matal control (6g, as y) and tree height (as x):
y=—a+bxexp(—c(x—19)). We used t.test and nls func-
tions, and /me4 package (Bates and Maechler 2007) in R for
computing all of the statistical tests in the data analysis (R
Development Core Team 2011).

Results
Environmental conditions during 2015 El Nifio event

The 2015 EI Nifio was the most severe drought at the study
site in recent years. Precipitation during the dry season
decreased to 36 mm in August, 27 mm in September, and
59 mm in October, reaching the lowest CWD in the recorded
history (Fig. S4a). The overall reduction of annual precipita-
tion in 2015 was around 800 mm, nearly 30% lower as com-
pared to the historical mean of 2600 mm over the 1998-2015
period, extending the dry season to 5 months (Fig. S4a). The
warmest period occurred between September and October
2015, and the average air temperature (37 °C) was higher
than what was observed during the previous two strongest
droughts on record in this region: by 1.5 °C as compared to
the drought conditions in October 1997, and by 3.0 °C in
January 1983. The extreme conditions of 2015 reduced soil
water availability by 23% in comparison to the preceding
rainy months (Fig. S4b). The temperature increases and the
reduction in air humidity led to a high atmospheric vapor
pressure deficit (4.4 kPa) (Fig. S4c). Anomalies of precipita-
tion (Fig. S4d) and temperature (Fig. S4e) at the study site
were correlated with the 2015 EI Nifio event intensity repre-
sented by MEI (i.e., the Multivariate ENSO index).

Seasonality of leaf water potential and hydraulic
safety margin

For all trees, leaf water potential exhibited strong diel and
seasonal changes in 2015. We found that daily minimum
water potential (P;,) did not always happen at midday
(Ppq), nor did annual minimum happen during seasonal
drought peak (P ), as might have been expected (Fig. 1).

minlOct

The average predawn leaf water potential (P4, a proxy for
root zone soil water potential) was 57.5% lower during the
dry season drought peak (-0.4+0.2 MPa in October ver-
sus an average of —0.17 +0.02 MPa during the May—July
wet season), consistent with precipitation (CWD)-defined
drought (Fig. S4a). However, midday water potential P4
was 20% higher (more hydrated) during the dry season when
compared to the wet season (Fig. 1, upper left panel). During
the CWD-defined drought peak (October), minimum leaf
water potential P, o (average of —1.15+0.43 MPa across
all trees) occurred around 10am, and was slightly lower than
midday water potential P, 4, (average of -0.98 +0.45 MPa;
Fig. 1). Note that when considering all months, the overall
P, and P_, averages across all trees were — 1.7 +0.5 MPa
and — 1.22 +0.35, respectively, both lower than in October,
emphasizing that the lowest measured leaf water potentials
occurred prior to the October peak of climatic drought.

The average of xylem embolism resistance (Ps,) was
—3.3+0.8 MPa, similar to the values reported for a site
with a higher seasonality in the eastern Amazon (Fig. 2a).
During the peak of drought (October), P, 4 observations of
central Amazonian trees (from this study) were similar to
magnitudes observed in trees in central America (Choat
et al. 2012) under non-drought conditions (Fig. 2b). Con-
sidering the seasonal water potential behavior we calculated
the average hydraulic safety margins (HSMs) in central
Amazon trees, considering P,;,(1.5+0.61 MPa), P, 0c
(2.0+0.55 MPa), and P, 4 in October (2.1 +0.57 MPa).
Overall, HSM was greater than what had been observed for
other tropical rainforests (0.5 +0.77 MPa) (Fig. 2c, d). As
we noted in the methods, the HSM method used in some of
the other tropical forests (as reported in Choat et al 2012)
was different than that used here, but the different methods
have been found to be consistent (as reported in Zhang et al
2018); others report that the methods are inconsistent, and
that the method used here may underestimate the magnitude
of the HSM (Pratt et al. 2020), in which case the difference
reported in Fig. 2c would be even larger and our finding of
a high HSM and conservative operating strategy would still
have strong support.

Coordination between hydraulic and stomata traits

We found four main relationships that represent coordina-
tion between hydraulic and stomatal traits. First, more nega-
tive minimum water potential during the year P,,;, and dur-
ing drought (P i,0c) (Fig. 2e) was associated with higher
xylem embolism resistance (more negative Ps;), as would
be expected if trees that endure greater hydraulic risk (more
negative P, 0.) are structured to have greater hydraulic
safety (more negative Ps).

Second, seasonal increases in intrinsic water-use effi-
ciency (iWUE) indicate that photosynthesis declined
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Fig. 1 Composite diel patterns a for the wet (May, July; n=63) and
dry (September, October; n=66) season months represent aver-
ages + SE. Diel average + standardized error (SE) of leaf water poten-
tial for each of the eleven studied trees during each of the four sea-
sonal measurement campaigns (in May, July, September, and October
of 2015; n=3), capturing the evolution of the EI Niiio event (b-l).

proportionally less than stomatal conductance for most trees
(Fig. 2f). Likewise, the seasonal changes in assimilation
(A, and transpiration (E) can be observed directly: dry sea-
son E reduced by 48% and A, only by 40% (Fig. S5). At the
same time, stomatal conductance was found to be inversely
related to P ;0. (Fig. 3a). This suggests that drought condi-
tions (as reflected in P, ) are linked through hydraulic
regulation (stomatal conductance) to the carbon assimilation
and hydration level of these trees.

Third, we found key trade-offs among hydraulic traits
across individuals that support a central tenet of hydraulic
regulation theory that stomatal conductance regulation is
closely linked to hydraulic safety in structuring strategies
for drought response. In particular we observed a trade-off
such that trees with more hydraulic vulnerability (with a
higher water potential at which embolism starts, i.e., less
negative “air-entry” point P;,) were also those that more
tightly regulated water loss through stoma (i.e., had greater
decline in stomatal conductance, dg,) between wet and dry
seasons (Fig. 3b).

Finally, higher embolism resistance (i.e., less negative
Ps;) is found to be positively related to tree height and
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The predawn (6 am) average was low in the dry season (p=0.0029),
while the minimum water potential in the dry season was higher in
comparison to the wet season (p=0.0024, paired ¢ test on dry vs.
wet season differences, n=11 trees). Smoothed lines through obser-
vations allow visualization of distinct diel patterns for each tree and
month (or season)

diameter at breast height (DBH) (Fig. 4a, b). Concurrently,
there is a negative relationship between the drought-induced
stomatal conductance reduction and tree height (Fig. 4c),
suggesting a height-structured trade-off between hydrau-
lic safety and stomatal regulation. P, was also found to be
negatively related to wood density (Fig. 4d). Thus, smaller
trees with more dense wood tended to be hydraulically safer
and use less stomatal regulation.

Discussion

Ecophysiological measurements carried out on trees sub-
jected to one of the strongest droughts recorded in central
Amazon resulted in two key findings that address the ques-
tions posed in the introduction: first, the unexpectedly high
hydraulic safety margins in central Amazonian trees, and
second, strong evidence for trade-offs between hydrau-
lic safety and stomatal regulation, which has been widely
hypothesized but not previously seen as tradeoffs in tropi-
cal forests across individuals. We discuss these two find-
ings, as well as a third one that points to a likelihood of
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central America (“C. America”) and in the Eastern Amazon (“E.
Amazon”) (a—d) and hydraulic trait dynamics among the 11 trees
in this study (e, f): a Water potential at which plant loses 50% of
hydraulic conductivity (Ps,) and b Midday leaf water potential P4
in trees from the central Amazon (this study, dark grey), as compared
to data for central America (Choat et al. 2012), and Eastern Amazon
(Brum et al. 2019). ¢ Hydraulic safety margin (HSM) of trees from
central Amazon (this study), central America (Choat et al. 2012),
and Eastern Amazon (Brum et al. 2019). The species with replicate
samples (two of the nine species) from this study were represented
by their average values so the boxplot represents the distribution of
species-specific values. d Leaf water potential (taken as P_4) vs.

a height-structured trade-off between resistance to xylem
embolism and its active stomatal regulation.

Do canopy trees in central Amazon have a narrow
hydraulic safety margin?

Hydraulic safety margins (HSM) of central Amazon trees
are larger than that of the trees located at an eastern Ama-
zonia site with more pronounced precipitation seasonal-
ity (Brum et al. 2019). There are two factors determining
HSM that define drought susceptibility of a given species:
the intrinsic ability of xylem tissue to tolerate embolism
(Ps5,) and the lowest level of leaf hydration experienced by

Ps,, showing greater HSM (greater vertical distance between sam-
ple points and 1:1 line) at this site (dark points) than in other stud-
ies (lighter points); e Minimum water potential in October 2015
(Ppinioc) and minimum water potential over the entire 2015 (P,;,)
versus Ps), showing that drought-period hydraulic safety margin
(HSM, the vertical distance between each point and the 1:1 dashed
line) is greater than HSM estimated for the entire 2015. f Seasonal
dynamics of intrinsic water-use efficiency iWUE). The asterisk sym-
bol (*) denotes data significantly different from the planned orthog-
onal contrasts. Boxplots in panels a—c, f represent the data distribu-
tions as the median (central horizontal line), the interquartile range
(top and bottom lines of each box), and the range of the data (whisk-
ers) up to 95th percentile

the plant in the field (P,). A priori, we hypothesized that
canopy trees in the central Amazon would operate with
small HSMs, in accordance with the proposed global con-
vergence in the vulnerability of forests to drought (Choat
et al. 2012). Moreover, we also expected a decrease of P,
during the 2015 EI Nifio event which in turn would further
decrease the safety margin. Contrary to the expectations,
the studied canopy trees in central Amazon showed high
HSMs, both in absolute magnitude (Ziegler et al. 2019)
and in comparison to what previous studies have demon-
strated (Fig. 2c, d). This was due to both the less negative
P4 than expected—similar to observations in tropical
rainforest in central America, (Fig. 2b)—and a relatively
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Fig.4 Key relations between hydraulic traits and tree size (a—c)
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high resistance of xylem tissues to embolism (i.e., more
negative Ps, Fig. 2a), with magnitudes similar to those
observed at a more pronounced seasonal water deficit site
located in the eastern Amazonia (Brum et al. 2019). One
may note that if the minimum leaf water potential achieved
during drought peak (P, 0c) 1S used to compute HSM,
safety margins would be larger than those estimated with
the overall P,;, (i.e., comparing the vertical distances from
the two sets of symbols to the dashed line in Fig. 2e). This
suggests that plants can increase HSM during a drought
(if one considers P, P inoc OF P,,q— prior to and during
the drought) by controlling daytime declines in laf water
potential (Fig. 1). In the following section, we discuss evi-
dence suggesting that the unexpectedly high leaf water
potential (and therefore safety margins) during the drought
was linked to stomatal control.

min?

Coordination between stomatal control and water
status in Amazon canopy trees

We found that stomatal control is key for keeping leaf
water potential of central Amazon trees at safe levels to
avoid dehydration during extreme droughts. Many studies
have already shown the importance of stomatal function
as an important mechanism of water regulation in seasonal
droughts (Bonal et al. 2000; Brodribb and Holbrook 2004;
Miranda et al. 2005) but only a few studies have been able to
assess this question in tropical forests during severe droughts
(Skelton et al. 2015; Fontes et al. 2018), or as part of an
individual-level trade-off between physiological regula-
tion and structural embolism resistance. We show for the
first time that under a natural extreme drought, individual
canopy rainforest trees exhibit strong stomatal regulation
that coordinated with embolism resistance acts to prevent
dehydration.

Specifically, we first note that the minimum daily water
potential during 2015 seasonal evolution (P;,) did not
always occur at midday (P,,) or during seasonal drought
peak (Ppinoc)- Second, the lower predawn leaf water
potential during the dry season (Fig. 1, upper left panel)
clearly indicates that the drought-induced reduction in
the soil water content (Fig. S4b) affected tree water status
overall, but tree responses varied depending on the degree
of stomatal control coordinated with xylem condition. (i)
The less negative than expected minimum daytime xylem
water potential at the drought peak (P, 0.) appears to
be associated with trees that had lower stomatal conduct-
ance during the drought (Fig. 3a, left side) that prevented
water loss and dehydration. As P_;. o Was also found to
be associated with embolism resistance (Ps,) (Fig. 2e), this
suggests an indirect coordination of stomatal regulation
with xylem safety characteristics: trees that can main-
tain higher stomatal conductance (and thus endure more

negative P, o.) during an extreme drought are also those
that invest in a more resistant hydraulic system (Fig. 2e;
Fig. S6a, b). (ii) We found a direct relationship between a
wet-to-dry season reduction in stomatal conductance with
xylem vulnerability characteristics — the embolism starting
point P,, (Fig. 3b). The interpretation is that trees partially
closed their stomata (which allowed to reduce xylem ten-
sion) likely as a feedback mechanism, to avoid further tis-
sue embolization due to transpiration water loss and the
corresponding drop in water potential. Trees with xylem
more prone to cavitation (i.e., less negative P,,) adjusted
their stomatal conductance more strongly to keep hydrau-
lic integrity at safe levels (Fig. 3b). These inferences on
concerted coordination between stomatal response (g, 6g,)
and xylem intrinsic characteristics (Ps,, P;,) and the state
of hydration (P;,, Py and P 0.) as well as the large
hydraulic safety margins suggest a conservative strategy
exhibited during a strong natural drought by these top
canopy forest species.

As a consequence of stomatal control, plants incurred
some cost in terms of carbon gain, but it was partially miti-
gated by the seasonal increase in water-use efficiency for
most trees. The photosynthetic rate declined proportionally
less than transpiration, increasing the iWUE (Fig. 2f), as
expected, stomatal control to maintain the state of hydration
did not necessarily imply proportionally the same impact on
the efficiency of carbon gain, even though the total uptake
was reduced. Understanding whether such a linkage exists is
however especially important for Amazonian trees because
there have been reports showing low hydraulic regulation in
response to average drought conditions (e.g., by stomata in
Domingues et al. 2010; Rowland et al. 2015b). This would
imply that trees can predominantly rely on xylem architec-
ture to cope with abnormal drought conditions; here, we sug-
gest this might is not the case and that hydraulic regulation,
including directly observed stomatal regulation (Fig. 3),
plays a significant role in protecting more embolism-vul-
nerable plants from drought.

The extreme 2015 El Nifio event conditions were par-
ticularly useful to address the role of stomatal regulation in
controlling transpiration rates and, as a result, keeping the
xylem tension at safe levels. During the drought, maximum
VPD increased by over 100%: from 2.1 kPa during the pre-
ceding wet period, to 4.4 kPa during the peak of the drought
period. The dry atmosphere, in combination with the low
soil water content and increasing embolism levels, triggered
a stomatal response that prevented the occurrence of even
lower P00 Specifically, plants with high resistance to
embolism could maintain high transpiration and CO, uptake,
but also showed reduction of these rates. For example, the
studied Swartzia tomentifera tree exhibits high embolism
resistance (Ps,=—3.05 MPa) but also had a high stoma-
tal reduction and transpiration, reinforcing the idea that
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occurrence of embolism in the field was the trigger for the
regulatory response, including observed stomatal responses.

Overall, the main mechanisms previously suggested to
explain the high forest resistance to drought in tropical cli-
mates were: deep rooting, soil niches for water uptake, high
embolism resistance for plateau species, the redistribution of
water in the soil, and direct water uptake by leaves during dry
season rains and nighttime dew events (Nepstad et al. 1994;
Oliveira et al. 2005; Hole et al. 2007; Ivanov et al. 2012; Binks
et al. 2016; Brum et al. 2019). Here we found evidence for
an additional key mechanism: strong coordination between
the state of xylem hydration and the degree of hydraulic and
stomatal regulation, which result in higher xylem safety. The
prevalence of drought resistance traits across different taxa
suggest that past drought events likely shaped trait evolution
of central Amazonian trees.

Height-structured trade-offs between embolism
resistance and stomatal regulation

We found evidence that in central Amazonian trees this trade-
off between embolism resistance and stomatal regulation is
height-structured. Specifically, tree embolism resistance (Ps,)
decreased with tree height and DBH, but increased with wood
density (Fig. 4a—d). Concurrently, the level of stomatal con-
trol increased with tree height, suggesting trade-offs between
investment in xylem and reliance on active stomatal regulation.
That is, given the 2015 drought impact on soil water potential,
taller trees were more vulnerable to embolism (less negative
Ps5;) but exhibited a higher degree of stomatal conductance
reduction (Fig. 4c). Evidence for a height-structured relation-
ship has already been presented at this site (Santos et al. 2018),
showing smaller stomatal conductance reductions in under-
story trees. Even for xylem tissues with lower risk of experi-
encing a high level of embolism, we show that the response
was associated not only with xylem traits (such as Ps), but
also with the ability of trees to regulate stomatal closure during
drought to prevent tissue dehydration. This finding of a height-
structured trade-off is consistent with other height-structured
trade-offs such as root niche segregation, proposed for a site
in eastern Amazonia (Ivanov et al. 2012; Brum et al. 2019).
Previous research has demonstrated that taller trees are
more susceptible to mortality during droughts (Bennett et al.
2015). This suggests that the long hydraulic path and expo-
sure to a drier atmosphere likely result in a drastic reduction
of whole-tree conductance, placing the oldest and biggest
Amazonian trees in imminent risk of drought-induced mortal-
ity (McDowell and Allen 2015). Nonetheless, another study
provided evidence that mortality during extreme droughts
in the Colombian Amazon is not structured by height but
by wood density and hydrological environment (Zuleta et al.
2017). Our results support both previous observations: we
found a relationship between the embolism resistance with
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both tree height and wood density (Fig. 4a, d). The evidence
of wood-property and tree-height structured relationships
coupled with the tight coordination between stomatal regu-
lation and hydraulic vulnerability highlight the complexity
of tropical tree responses to droughts and calls for further
research on whole-plant regulation mechanisms.

Conclusion

Overall, contrary to our initial expectation, trees in cen-
tral Amazon operated far from their hydraulic limits when
exposed to an extreme natural drought, thereby exhibiting
a hydraulic conservative strategy. Specifically, increases in
stem embolism might have acted as a feedback mechanism
triggering the stomatal closure to avoid further embolism,
while explaining declines in photosynthesis and transpi-
ration. Here, we present clear evidence of coordination
between stomatal and hydraulic traits at the level of individ-
ual trees, a finding that has been expected but not yet clearly
demonstrated or quantified for tropical trees during natu-
ral droughts. This coordination is likely to have important
implications for the regulation of carbon and water balance
at large scales. We expect that the hydraulic mechanisms
implied by such coordination should be useful for devel-
oping more accurate model predictions of ecosystem-scale
responses to droughts across the Amazon region.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-021-04924-9.
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