10

11

12

13
14
15

16
17
18
19
20

21

22
23

24

MS FERNANDA DE VASCONCELOS BARROS (Orcid ID : 0000-0003-
3835-2020)

MR LUCIANO PEREIRA (Orcid ID : 0000-0003-2225-2957)
DR'GRAZIELLE SALES TEODORO (Orcid ID : 0000-0002-5528-8828)
DR BRADLEY O CHRISTOFFERSEN (Orcid ID : 0000-0002-4890-9999)
DR LUCIANA F ALVES (Orcid ID : 0000-0002-8944-1851)

DR RAFAEL S OLIVEIRA (Orcid ID : 0000-0002-6392-2526)

Article type  : MS - Regular Manuscript

Hydraulic:traits explain differential responses of Amazonian forests to the 2015 El

Nino-induced drought

Fernanda V. Barros*!, Paulo R. L. Bittencourt*'?, Mauro Brum*!, Natalia Restrepo-
Coupe*4, Luciano Pereira!, Grazielle S. Teodoro’, Scott R. Saleska’, Laura S. Bormab®,
Bradley @=€hristoffersen’, Deliane Penha’, Luciana F. Alves®, Adriano J.N. Lima!'?,
VilanyM:€=€arneiro'?, Pierre Gentine!!, Jung-Eun Lee!?, Luiz E. O. C. Aragio>'3,

Valeriylvanov!*, Leila S. M. Leal'>, Alessandro C. Araujo!6, Rafael S. Oliveira'.
* These authors contributed equally to this work.

! Department of Plant Biology, Institute of Biology, CP 6109, University of Campinas —
UNICAMP, 13083-970, Campinas, SP, Brazil.

2 College of Life and Environmental Sciences, University of Exeter, EX4 4SB, Exeter,

This is the author manuscript accepted for publication and has undergone full peer
review but has not been through the copyediting, typesetting, pagination and proofreading
process, which may lead to differences between this version and the Version of Record.
Please cite this article as doi: 10.1111/NPH.15909

This article is protected by copyright. All rights reserved


https://doi.org/10.1111/NPH.15909
https://doi.org/10.1111/NPH.15909

25

26
27

28
29

30
31

32
33

34
35

36
37

38
39

40
41

42
43

44
45

46
47

48
49

50
51

United Kingdom.

3 Department of Ecology and Evolutionary Biology, University of Arizona, 85721,
Tucson, AZ, USA.

4 School of€uife Science, University of Technology Sydney, 2006, Sydney, NSW,

Australia

> Institute.de-Ciéncias Biologicas, Universidade Federal do Para, 66075-110, PA,

Brazil.

¢ Earth System/Science Centre, National Institute for Space Research, Av. dos

Astronautasy 10758, 12227-010, Sao José dos Campos, SP, Brazil

7 Department,of Biology and School of Earth, Environmental and Marine Sciences,

University of Texas Rio Grande Valley, Edinburg, TX, USA

8 Society, Nature and Development Department, Federal University of Western Para

(UFOPA), 68035-110 Santarém, PA, Brazil.

? Center for Tropical Research, Institute of the Environment and Sustainability,

Universitysof California — Los Angeles, Los Angeles, CA 90095, USA.

10 aboratériode Manejo Florestal, Instituto Nacional de Pesquisas na Amazonia -

INPA, 69.067-375, Manaus, AM, Brazil.

1 Department.of Earth and Environmental Engineering, Columbia University, New

York, N¥, 10027, USA

12324 Brook Street, Department of Earth and Planetary Sciences, Brown University
Providence, R1;02912, USA

13 Remote Sensing Division, National Institute for Space Research, Av. dos Astronautas,

1.758, 12227-010, Sao José dos Campos, SP, Brazil

14 Department of Civil and Environmental Engineering, University of Michigan, Ann

Arbor, MI 48019, USA

15 Laboratory of Sustainable Systems Analyses, Oriental Amazon Embrapa, 66083-156,

Belém, Para, Brazil

This article is protected by copyright. All rights reserved



52
53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

16 BA Program Micrometeorology Group, INPA, 69.067-375, Manaus, Amazonas,

Brazil

Authors forcorrespondence:

Fernanda de V. Barros, Paulo R. L. Bittencourt and Rafael S. Oliveira

Tel: +55.19 35916177 / +55 19 991331952 / +55 19 988231042

Email: nandavascon@gmail.com / paulo09d@gmail.com / rafaelsolivi@gmail.com

Received: 14 .December 2018

Accepted: 28 April 2019

Total word count (excluding 6.660 No. of figures: 8 (all in colour)
summary, references and

legends):

Summary: 203 No. of Tables: 0
Introduction: 1048 No. of Supporting Information 1

This article is protected by copyright. All rights reserved



mailto:nandavascon@gmail.com
mailto:paulo09d@gmail.com
mailto:rafaelsoliv@gmail.com

70

71
72
73
74

75
76
77
78

79
80
81
82
83
84

85
86
87
88

89

90
91

files:
Materials and Methods: 2590
Results: 1272
Discussions 1649
Acknowledgements: 101
Summary

(1) Reducingincertainties in the response of tropical forests to global change requires
understanding how intra- and interannual climatic variability selects for different
species, community functional composition and ecosystem functioning, so that the

response to climatic events of differing frequency and severity can be predicted.

(2) Here we present an extensive dataset of hydraulic traits of dominant species in two
tropical Amazon forests with contrasting precipitation regimes—low seasonality forest
(LSF) and high seasonality forest (HSF)—and relate them to community and ecosystem
responsestosthe:El Nifio-Southern Oscillation (ENSO) of 2015.

(3) Hydraulic traits indicated higher drought tolerance in the HSF than in the LSF.
Despite more intense drought and lower plant water potentials in HSF during the 2015-
ENSO, greater xylem embolism resistance maintained similar hydraulic safety margin
as in LSF. This likely explains how ecosystem scale whole-forest canopy conductance
at HSF maintained a similar response to atmospheric drought as at LSF despite their

water transportisystems operating at different water potentials.

(4) Our tesults indicate that contrasting precipitation regimes (at seasonal and
interannual time scales) select for assemblies of hydraulic traits and taxa at the
community level, which may have a significant role in modulating forest drought

response at.ecosystem scales.

Key-words: hydraulic traits; 2015-ENSO; drought; embolism resistance; Amazon

tropical forest, plant functional diversity
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Introduction

Increases in the frequency and duration of climatic anomalies, such as drought
events induced.by the El Nifio Southern Oscillations (ENSO), are resulting in higher
plant mortality, including in Amazonia, home of the world’s largest contiguous tropical
forests (Williamson et al., 2000; Phillips et al., 2010; Lintner et al., 2012; Fu et al.,
2013). Amazon forests play a significant role in regional and global carbon and water
cycles, and provide essential ecosystem services (Oyama and Nobre, 2003; Malhi et al.,
2009; Davidson et al., 2011); many efforts thus seek to understand and predict how
these forests respond to drought (da Costa et al., 2010; Joetzjer et al., 2014; Brienen et
al., 2015yRowland et al., 2015).

Most early ecosystem modelling studies used “big leaf” approaches (in which
whole forestresponses are modelled after average growth responses of single plants or a
small number of plants) that do not represent a diversity of functional strategies; these
models tended to predict either large-scale catastrophic forest dieback (Cox ef al., 2004;
Good et'al., 2011) or forest persistence (Friedlingstein et al., 2006; Huntingford et al.,
2013; Cox et ak, 2013). More recent models which account for diversity in functional
growth strategies and landscape heterogeneity tend to simulate more nuanced resilience
emerging from trait-based selection among growth strategies (Sakschewski et al., 2016)
and more hetérogeneous transitions (Levine ef al., 2016). The inclusion of functional
traits in models is therefore expected to improve simulations of forest drought
vulnerability and resilience (Fisher et al., 2015; Gentine ef al., 2016; Xu et al., 2016;
Konings et al., 2017; Manoli et al., 2018).

Two empirical challenges face efforts to improve such models: the need to
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increase knowledge of the composition of relevant functional traits of different systems
(Medlyn et al., 2016), and the need to test how such knowledge about functionally
different individuals scales to ecosystem behaviour — the scale relevant to interactions
with the atmosphere and regional climate. To address these challenges, we investigated
two differentstropical evergreen forests with contrasting climates and different species
compositions by first, characterizing their differences in terms of functional traits, and
then by testing hypotheses for how functional differences would affect whole-

ecosystem responses.

For funetional diversity, we focus on hydraulic traits, particularly those related
to embolism resistance, which are key to explaining such important factors as tree
mortality, drought resistance and species distribution (Anderegg et al., 2015, 2016;
Rowlandretal2015; Oliveira ef al., 2019). Embolism formation in the xylem decreases
water supply.to the leaves, forcing plants to reduce transpiration and, consequently,
reducingphotosynthesis and the energy available for physiological functions (Sperry et
al., 2002; McDowell et al., 2008). The water potentials at which plant tissues (i.e. stem
xylem) lose 50 or 88 % of their conductance (Ps or Pgg, respectively) are common
measures of Xylem embolism resistance (Tyree and Sperry, 1989; Sperry ef al., 2002),
while hydraulic safety margins to Pso (HSMps) - the difference between the minimum
water potential measured in field conditions and Ps - is a frequently used index of plant
drought resistance (Meinzer et al., 2009). Hydraulic safety margins (e.g. HSMps() are
observed in a majority of sampled woody species around the globe to be maintained
within a parrow range despite the large diversity of embolism resistance (quantified as
Pso), which. generally increases as mean annual precipitation declines (Choat ef al.,
2012). Drought-resistance is a key strategy affecting the distribution of species along
water'availability gradients which act as environmental filters, including or excluding
species based on their traits (Engelbrecht ef al., 2005, 2007; Markesteijn et al., 2011;
Esquivel-Muelbert et al., 2017, Oliveira et al., 2019).

For€cosystem level behaviour, we focused on whole-forest canopy conductance
(Gy), an ecosystem level trait that is both likely related to the hydraulic traits we are
measuring and which plays a central role in coupling ecosystems to the atmosphere.
Critically, canopy conductance includes stomatal conductance (aggregated across all
leaves in the canopy), which controls plant water use and couples the plant water and

carbon cycles (Collatz et al., 1991; Lin et al., 2015).
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We ask whether different precipitation regimes in different Amazon forests lead
to community scale differences in hydraulic traits, and in vegetation responses to
extreme drought events. To address this question, we studied hydraulic traits of
dominant tree species in two evergreen tropical forests sites with contrasting rainfall
regimes: aslow'seasonality forest (LSF) characterized by low seasonal and interannual
rainfall variability in central Amazon (near Manaus, Brazil), and a high seasonal forest
(HSF) with substantial seasonal and interannual precipitation variability in Eastern

Amazong(near Santarem, Brazil).

Then, we compared species, community and ecosystem-level responses at these
two forests during a typical dry season period and during one of the most extreme
drought-El Nino events (referred here as 2015-ENSO or just ENSO) ever recorded in
Amazonmrainforests (Jiménez-Muiios ef al., 2016; Panisset ef al., 2018). We

hypothesized.that:

(D) More variable precipitation regimes select for more drought resistant
communities.. We predict dominant species in the HSF have traits associated with higher
drought telerance than the LSF.

2) Communities in environments with higher precipitation variability are less
sensitive to_extreme drought events than communities in environments with lower
precipitation variability. We estimated sensitivity as the change in water potential from
a regular year dry season to the 2015-ENSO dry season. We predict that HSF species
and community are less sensitive to the 2015-ENSO than the LSF, and that embolism
resistance modulates the magnitude of the response. Additionally, we hypothesize the
species response to this El Nifio event is mediated by their hydraulic traits.

3) Community level water use responses to atmospheric and soil drought is less
intense in forests with more variable precipitation. We predict ecosystem canopy
conductaneeyameasure of plant community water use response to environment
changes sissless sensitive to vapour pressure deficit and cumulative water deficit in HSF

than in LSE:

To test these hypotheses, we combine a unique dataset of xylem embolism
resistance, plant water potential (i.e. the physical driver of embolism formation) and
canopy conductance in tropical forests species, in the novel context of a strong El Nifio

event. We propose an approach that allows us to scale species-level hydraulic traits to
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community-level properties, contributing to the critical overarching goal of linking

individual plant trait composition to ecosystem level functioning.
Materials and Methods
Study sites

This study was carried out at two Large-Scale Biosphere—Atmosphere
ExpenimentinsAmazon forest (LBA) sites, with contrasting precipitation regimes. The
low seasonality. forest (LSF) is located in central Amazonia, at the Cuieras Biological
Reserve (K34 site), near Manaus, Amazonas, Brazil (60°21°W, 2°61°S). The mean
annual precipitation is about 2,400 mm, with two months of dry season (precipitation <
100 mm) in'July and August (De Gongalves ef al., 2013, Araujo et al., 2002). The
higher seasenality forest (HSF) is located in the eastern Amazonia in the Tapajos
National Forest (K67 site), near Santarém, Para, Brazil (54°58°W, 2°51°S). It is drier
than the Manaus region, with an annual mean precipitation of about 1,900 mm (Parrotta
et al., 1995)alonger dry season (five months, on average) and higher interannual
climatic variability. Average annual vapour pressure deficit (VPD) at the HSF site is
slightly higher than at LSF (means + standard deviation of 0.94 + 0.3 kPa and 0.84 +
0.34 kPa,respectively), however dry season VPDs do not differ between the sites (1.05
+ 0.18 kPa and 1.08 + 0.26 kPa, for the HSF and LSF respectively; Fig. S1). The LSF
soils are characterized by tertiary sediments covered by clayey Oxisols on the plateaus
and sandy. Spodosols on the valley bottoms (Araujo ef al., 2002), whereas the HSF soils
are clayeys:Oxisols, deeply weathered with no concretions or impeding layers, at least in

the upperyl2 m (Oliveira ef al., 2005, Nepstad et al., 2007).
Species selection

At each site, we selected locally and regionally abundant woody species or
genera, that contribute significantly to Amazon forest biomass (Ter Steege et al., 2013;
Fauset et al., 2015). We studied 17 species in the LSF and nine in the HSF (Table S1;
see Bfum ef al., 2018), which correspond, respectively, to 13.7% and 35% of the total
forest stem basal area. Embolism vulnerability curves were also measured for three
additional species in the HSF (Manilkara huberi, Tachigali chrysophylla and
Minquartia guianensis, representing 6.7%, 3.94%, and 0.07% of total forest stem basal

area).
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The LSF and HSF sites differ in species richness, but mainly in terms of
dominance homogeneity (Carneiro, 2004; Vieira et al., 2004; Longo, 2013), which led
us to sample more species in the LSF to reach a minimum of 10% of forest stem basal
area (Table S1). According to previous surveys, which used trees with stem diameter at
breast height(DBH) >10 cm, the species density at the LSF is about 153.2 species ha-!
(based o 3.5-ha sampling, measured on the plateaus with total basal area of 28.3 m? ha-
I, Carneiro, 2004); while at the HSF the density was 133 species ha'! (4 ha transects
sampling, Vieira et al., 2004; with total basal area of 30.8 m? ha’!, Pyle et al., 2008
updated by Longo, 2013). The dominance in the LSF is more homogeneous, and the
most dominant tree species (i.e. Eschweilera wachenheimii) represents 3.02% of total
basal area; followed by a few species between 1 and 2 % (Carneiro, 2004); whereas in
the HSF, few Species are locally hyperdominant (i.e., Erisma uncinatum, Chamaecrista
xinguensis, and\Coussarea albescens, corresponding to 11.1, 6.1, and 4.6% of the total

basal area, respectively).
Hydraulie traits

Xylem vulnerability to embolism was assessed by the relationship between the
percentageloss of xylem conductivity (PLC) and xylem water potential (). PLC was
estimated from percentage air discharge (PAD) using the pneumatic method (Pereira et
al., 2016). To obtain these curves, we collected sun-exposed branches longer than 1 m
length early in the morning, from one to three individuals per tree species (Table S1)
with DBH across species ranging from 2.7 to 98 cm. For some species, we sampled
only one individual due to difficulties of access to very tall trees (e.g. >35 m height).
We cut the branch under water inside a bucket and covered them with a plastic bag
overnight prior to measurements (following Oliveira et al., 2019 and Brum et al., 2018).
To induce cavitation, we used the bench dehydration method (Sperry et al., 1988). Stem
Y was measured as leaf W after equilibrating the branch inside a black plastic bag, for at
least onesheusprior to making the measurement. We measured leaf ¥ (MPa) with a
pressure.chamber (PMS 1000; PMS Instruments Co., Albany, OR, USA). We calculated
Pso and Pggs defined as the water potentials at which the tissue loses 50 and 88% of its
hydraulic conductivity, by fitting a sigmoidal function to the data (Pammenter and

Willigen 1998):

This article is protected by copyright. All rights reserved



248

249
250
251

252
253
254
255
256
257
258
259
260
261
262
263
264
265

266
267
268
269
270

271

272
273
274
275
276

100
PAD =

Sp
1+ exp(ﬁ(tpx — 1/)p50))

where PAD (percentage of air discharge) and Wy (xylem water potential, MPa) are the
measurementidata, to which the parameters W50 (xylem water potential (when PAD

equals to 50%)and S, (slope of the curve, % PAD MPa!) were fitted.

The minimum leaf water potential (W,,;,) was measured during the peak of the
dry seasom ofian ENSO (Wgnso) and non-ENSO year (Wonenso)- The Whonenso Was
measuredidusing the dry season in August 2016 and December 2014, for the LSF and
HSF sites respectively. The Wenso was measured during the driest period of the ENSO
event in October 2015 for the LSF and December 2015 for the HSF. The driest interval
was determined by the cumulative water deficits for both sites (Fig. 1) (CMWD; see
Microclimatie.and soil data bellow). The leaf ¥ was measured with a pressure chamber
in two ot three leaves of the same individuals we used to measure the vulnerability
curves. Lseaves were collected between 12 and 2:30 pm from sun-exposed branches. For
both sites;itheswater potential was collected over an interval of less than seven days in
each period (ENSO or non ENSO). There were a few short and light rain events in the
LSF duringrthis sampling period, however they were insufficient to increase soil
moisture. The water potential was always measured after at least one day without rain.

In the HSF there was no rain during the months during which ¥ was measured.

Speciesshydraulic safety margins (HSM) with respect to Psy and Pgg (HSMps
and HSMpggrtespectively) were calculated as minimum leaf ¥ (Y onenso and Wenso)
minus Psg, or Pgg respectively. The HSM of the non-ENSO period is thus referred to as
HSM,onenso and that of the ENSO period, as HSMgnso. We assumed that leaf ¥ was a

suitable estimator of xylem YW in terminal branches.
Wood anatomy

We collected wood samples from 24 or 3™ order branches (diameter from ~ 1 to
2 cm, i.e. the same as used for vulnerability curves) for anatomy. We kept the samples
on formalin-acetic acid alcohol (FAA) for a few days and then exchanged with 50%
alcohol to maintain the wood tissue integrity. We did cut the samples using a manual

microtome, dyed them with safranin and toluidine blue, and placed on microscope
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slides. For each individual sample, we took pictures from three regions of different
xylem slices (three per individual), using a digital camera (Olympus DP71) coupled to a
polarizing microscope (Olympus BX51). The images were processed using the Image J
software (version 1.6.0_20) (Schneider et al., 2012). For each image, we measured the
area of'eachwessel, the total vessel area (VA; mm? of vessel area per mm? of xylem
area), and their'density (VD; number of vessels per mm? of xylem area). We calculated
effective"vessel diameters from the area, assuming vessels were circular. From these
data we ealculated the vessel hydraulic diameter (Dy; ) and the theoretical specific
hydraulic conductance of the xylem (Ky; kg MPa'! s'! m™!), using the Poiseuille Law

(Scholz et al. 2013) as:

Dy = (£%f):

n

_(_TP 4
Kn= (12877A)21:Dl

where Dj is\each individual vessel diameter from 1 to » in the photographed xylem area

A; 7 is pi; p and 7 are the density of water (996.7867 kg m) and water dynamic
viscosity (8:9.x 10 Pa s) at 26°C, respectively.

Dominance-weighted traits

We used the species relative dominance (percentage stem basal area of each
species inseach forest) to calculate the dominance-weighted mean (DWM) for each
hydraulieitraity which we use as an estimate of the community-weighted mean (CWM;
Garnier ¢f al’; 2004). The DWM was calculated from a subsample of the species in each
community;once to achieve 50% of the hyperdiverse LSF dominance it would require
sampling at least 53 species. Our rationale relies on the fact that the DWM from a
subsample of species in the community is valid as long as: 1) no single species and trait
value exerts stronger influence over the CWM value; or ii) sample weight and sample
valuefare independent, and the estimated weighted mean of a subsample of the data

should approximate the true weighted mean (see Supplementary Information Methods

S1).

For both LSF and HSF we did not detect any relationship between the trait value and

the species dominance and the most dominant species were not outliers. Furthermore, to
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evaluate whether our results have biases due to the low coverage of basal area of the
LSF, we carried out additional analyses to demonstrate that there was no change in the
estimates when a larger data sample is considered. Since the contribution to the basal
area is homogeneously distributed across many species and the traits are assumed to
vary randomly; this enables us to assume the DWM as a good estimator of the CWM
and scalg results to the whole community. Additionally, we used the biogeographic dry-
affiliation index as a trait of the genera in each site (Esquivel-Muelbert ef al., 2017,
2018; Supplementary Methods S2) to evaluate the community functional composition,

i.e, the dry-affiliation of the whole community at each site.
Microclimatic and soil data

We measured meteorological conditions at both eddy flux towers sites (1999 to
2016; update from Restrepo-Coupe et al., 2016; details in Methods S3). For each
location we used the cumulative monthly water deficit (CMWD; mm) as a measure of
soil water deficit, calculated as in Aragao et al., (2007), except that we used a positive
sign to denote convention for the deficit. CMWD was calculated for each month as the
cumulative excess of evapotranspiration less precipitation, starting in the wet season of

1999 for' ESE;"and 2002 for the HSF:
CMWDwsw=CMWD,,_1+ ET,— Py,

where ET,, is monthly evapotranspiration (mm), P, is monthly precipitation (mm) and
CMWD,;1s the cumulative water deficit for month m (mm) and CMWD,,_, is that for
the previous month. CMWD,,, was initialized at zero for the first month and was reset to
zero whenever it became negative (i.e., there was a water surplus and not deficit). The
annual mean CMWD was 43.6 + 47.3 for the LSF and, 109.1 + 49 .4 for the HSF, while
the mean annual peak of CMWD was 154.8 £ 118.6 mm for LSF and, 333.1 + 110.8
mm for thesHSF (Fig. 1).

To verify that the estimated CMWD was a good proxy for the more
physielogically-relevant soil moisture deficit, we assessed the correlation of CMWD
with monthly-averaged soil volumetric water content (SWC) measurements (cm’cm3)
available at each site. The SWC was measured hourly from October 2015 to August
2016 at the LSF (depths 0of 0.8, 1.6, 2.4. m; L. Borma et al., unpublished data) and from
August 2008 to March 2017 (with a 4-year gap from 2012-2015) at the HSF (depths of
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0.1, 1.0, 2.0 m; Wu et al., 2016, B. Christoffersen et al., unpublished data). We obtained
soil-water retention curves for LSF from L. Borma et al. (unpublished). Using the time
series that overlap between the two sites (2015 and 2016), the monthly CMWD
explained 46% (F(; 9)= 7.57; p = 0.02 for LSF) and 65% (F(; 52y = 95.49; p <0.001 for
HSF) of thesvariation in the soil water content (0 to 2-2.4 m soil depth) (Fig. S2),

confirmifig that CMWD could be used as a suitable proxy for soil water deficit.

Canopy conductance

Towebtain the ecosystem canopy conductance (Gg; mm s!) we used eddy
covariance data from both sites (LBA data from 2002 to 2016, see Methods S3). We
calculated Gg through the inversion of the Penman—Monteith (PM) equation (Methods
S4). Welrestricted estimates of Gg to times when the canopy was dry (all data up to 12
hours afterprecipitation were removed), so we could justifiably assume that most of the
flux was,due.to transpiration. Eddy covariance, microclimatic and soil data are available
at LBA datarepository (LBA DIS; see https://daac.ornl.gov/cgi-
bin/dataset™lister.pl?p=11).

Data analysis

Toraddress our first hypothesis, whether traits from LSF species had less
drought-résistant traits than HSF species, we used a one-tailed statistical Welch's t-test
and to evaluate the differences in dominance weighted means we used a Monte Carlo
approach with the difference in weighted mean as the test statistic, randomizing the site

and repeatingsl 0000 times.

To evaluate our second hypothesis, whether the dry season leaf water potential
(Wmin) of the species was affected by the 2015 ENSO in relation to a non-ENSO year
and whether the effect differed between sites, we used a general mixed model with
species assrandom factor affecting intercept to account for the same species being
measuredsinthe ENSO and non-ENSO year in each site. This has a similar effect of
pairing thesspecies in a paired t test. Additionally, to better understand ENSO effects,
we evaluated whether W,,,;, variation could also be accounted by the atmospheric and
soil water deficits (monthly maximum VPD and monthly CMWD) when the ¥ ,;, was
measured. To evaluate if the species response to ENSO was modulated by hydraulic
traits, we tested whether the difference in species Wy,, from ENSO to non-ENSO year

(AY) was related to hydraulic traits using general fixed effects model.
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For the third hypothesis, we evaluated whether effects of vapour pressure deficit
(VPD) and cumulative water deficit (CMWD), measures of atmospheric and soil water
stress, on G, differed between HSF and LSF. As periods of soil drought usually occur
with atmospheric drought, we had to first remove the correlation between VPD and
CMWD: Forsthis we modelled VPD ~ CMWD and site to obtain a VPD independent
from CMWD measure (VPD; for VPD residuals). In the same way, we modelled
CMWD = VPD and site to obtain a CMWD independent from VPD (CMWD,). With
independent VPD and CMWD measures, we tested whether G, had a fixed VPD, and
CMWD, effect and whether site (HSF and LSF) had an additive or interactive effect on
G;. For the above analysis and for obtaining CMWD, and VPD,, we used general mixed
effect models, with month of the year as random factor affecting slope, to control for
temporal autocorrelation of variables. The same analyses were performed to
evapotranspiration (ET). Finally, to evaluate whether the ecosystem level water use (Gy)
was modulated by hydraulic traits, we analysed if dominance-weighted P50 and

hydraulie, safety margin affected G;.

Part of the difficulty analysing atmospheric and soil drought effects is that both
are usually correlated (i.e. rainless periods usually have drier atmosphere). To remove
this correlation from our dataset, we used only data with CMWD higher than 0, and
obseryations from July to December of 2015. This approach was justified as our goal is
to evaluate drought response of G, and the data from January to June is usually rainy
(precipitation >100 mm.month"). Moreover, LSF had almost no data with CMWD > 0
mm in this'wet period, and it would only carry information about G response to VPD in
wet conditions. For all statistical analyses, data processing, and curve fitting, we used R
(R Core Team 2018, version 3.5), and further information about the analysis functions

and packages'can be found in SI (Methods S5).
Results
Hydraulic traitdifferences between the two forests

The LSF had less embolism resistant hydraulic vulnerability curves than HSF
due to higher P88 (-4.08 &+ 1.83 MPa versus -5.33 = 1.49 MPa, p =0.027; Fig. 2), and a
marginally significant difference in P50 between the two forests (-2.34 + 0.89 MPa and
-2.90 £ 1.15 MPa, respectively, p=0.085; Fig. 2, 3a; see Table S1 and S2 for results
summary). Different P88, even if the P50 was similar, is only possible if HSF has a
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shallower slope than LSF species hydraulic vulnerability curves, consistent with our
observations of a marginally significant difference in slopes (Fig 2; slope difference p =
0.07; Table S2). Corroborating these results, the dry-affiliation index (represented by
the probability of recording a higher dry-affiliated precipitation centre of gravity value
than therobserved by chance) revealed differences on the HSF and LSF community
functional composition (details in Methods S2). We found a dominance of dry affiliated
taxa for HSF compared to LSF (0.73+0.4 for HSF and 0.86+0.3 for LSF; t=4.8, df =
339.9, px< 0.001) (Fig. 4).

The minimum water potential in the non-ENSO year (W, ,onenso) Was higher (p <
0.01) in the LSF (-1.09 + 0.43 MPa) than in HSF (-1.88 = 0.58 MPa), however the
hydrauli¢ safety margins (i.e. non-ENSO HSMps, and HSMpgg) did not differ between
the two ferests«(p = 0.38 and p = 0.23) (Fig. 3c-e and Table S2). The xylem anatomy of
the HSF and.LLSF species also showed significantly differences for all inspected traits:
vessel density, vessel area, potential specific hydraulic conductance and hydraulic
diameter'(Fig:3f-i and Table S2). Xylem vessel area was higher at the LSF site than at
the HSF/site (p=0.03), and so were the hydraulic diameter (p = 0.04) and the potential
specific conductance (p = 0.04) (Fig.3, Table S2), while the vessel density was 71%
higher at HSE (p=0.01; Fig. 3f and Table S2).

The analysis comparing the dominance-weighted mean of LSF and HSF showed
similar patterns, with P88 of HSF forest being lower than LSF and P50 and slope
marginally differently (see Table S2). However, it did not detect differences in
anatomical traits, possible because of the lower statistical power of the test and the high

value of the 95% confidence intervals of the mean for those traits.
Species‘and community level responses to the 2015 ENSO-induced drought

The2015-ENSO climatic effects were observed in both forests, as the CMWD
reached yalues'greater than historical means of the driest months recorded since 1998
(Fig. 1). The2015-ENSO induced CMWD was greatest in the HSF, but absolute and
relative changes from the 1998-2014 average of annual maximum CMWD were higher
in LSF, with an increase of 306.4 mm (197%; 154.8 to 461.2 mm) versus 155 mm in
HSF (46%; 333.1 to 488.1 mm). The W,onenso and Wenso measurements at the LSF site
were performed during a CMWD of 67.4 mm, and 356.1 mm, respectively; whereas in

the HSF, ¥, onenso and Wenso were measured when the CMWD reached 303.2 mm, and
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422.3 mm respectively (Fig. 1 and Fig. 5a), confirming the different CMWDs

conditions when the W,,,;, was measured in both forests.

At both LSF and HSF sites, W,,;, was significantly reduced during the ENSO
period (p.<0.001; see Table S3 for statistical summaries), although the effect of ENSO
on W¥,,;, was.not very high (0.6 and 0.5 MPa drop for LSF and HSF, respectively). Site
had an additive effect on Wi, (p = 0.006) with the HSF W¥,,;, being on average -0.72
MPa lewernthan LSF (Fig. 5a), but there was no interaction between site and ENSO (p =
0.12), indicating the 2015-ENSO effect on W¥,,;, was similar in both areas. The model
explained 68% of W,,;, variability with ENSO and site explained 32% (conditional and

marginal R, respectively).

Atthesspecies level, responses to the 2015-ENSO event were heterogeneous
(Fig. 5b-c). At'the LSF site, Wy, declined in almost all species during ENSO, while at
HSF the responses were more diverse, with a majority of species (Miconia sp., C.
albescens, E. uchi and R. pubiflora, M. itauba) showing a steep drop in Wy, while a
minority (4.0f 9) showing no detectable change (the slight increases seen in Fig 5. are in

the range of the measurement error).

Monthly maximum VPD was related to Wi, (p < 0.001; Fig. 5¢c and Table S3)
but only*with a significant site interactive (p = 0.008) and additive effect (p = 0.001) on
VPD. CMWD was related to Wi, (p < 0.001; Fig. 4b and Table S3) but site had no
interactive or additive effect on W, (p =0.31 and p = 0.11). The CMWD and VPD of
this datasetswere related (r = 0. 56) as the month with higher VPD also had higher
CMWD, which precludes us to infer whether the VPD or CMWD effect is dominating
the Wi, wariability. However, VPD requiring additional explanation of site to explain
W nin Stggests CMWD contains additional information not contained in VPD, possible
the correlation with site, which absorbed site effect on W¥.;,, making CMWD the only

significant effect on the model. This effect can be seen in Fig. 5b-c.

Therleaf water potential change, comparing non-ENSO to 2015-ENSO (AY),
was related to embolism resistance for both P50 and P88 (p = 0.017; r>=0.21 and p=
0.019; r2 = 0.21, respectively; Fig. 6). Species with higher embolism resistance had
higher changes in AY. Site effects on P50 and P88 were not significant for additive
effect (p =0.77 and p = 0.32) or interaction effect (p = 0.15 and p = 0.13), indicating

AVY is similarly modulated by embolism resistance in both sites. Anatomical traits were
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not related to AY (p > 0.20 for all anatomical traits). P50 and P88 had the same
explanatory power of AW (r> = 0.21), likely due to both being strongly correlated (r =
0.74).

Ecosystem level functional responses to drought

CMWD and VPD from July to December were highly correlated (r = 0.41),
particularlyfor HSF (r = 0.53). This correlation was removed using the residuals of one
variableanodelled with the other as predictor and site as additive factor (Table S4). The
residuals of VPD (VPD;) did not carry any more signal of CMWD for both sites (r <
0.01) and the residuals of CMWD (CMWD,) did not carry any VPD signal (r = -0.07).

Canopy conductance (G,) was significantly affected by VPD; (p < 0.001; R?m =
0.40) withsnegadditive or interactive site effect, while CMWD, was unrelated to Gs (p =
0.10; Fig..S3;Table S4). Given the lack of evidence for a VPD-independent signal of
CMWD on G, we remodelled Gg as a function of VPD (Fig. 7). We found each unit
VPD causeda'decreased in G, of 5.1 mm s (p <0.001) and VPD explained 40% of G
variability. Site had no significant additive or interactive influence on G (p =0.91 and p
= 0.08), indicating HSF and LSF respond equally to VPD. Evapotranspiration (ET) was
not affectediby VPD, neither CMWD; (p = 0.32 and p = 0.29), although site had a
significant effect on ET (p <0.001) (Table S5; Fig. S4).

The differences in ecosystem canopy conductance (Gs) values between the two
forests correlated with the variation observed in community ¥ ., as represented by the
dominance-weighted trait (Fig. 8). For the same G, value, the HSF had more negative
community ¥, than LSF, and the Gg seems to respond linearly to HSMps(, which
explained 95% of G; variability, when the two sites were considered together (p = 0.02)
(Fig. 8b):

Discussion

Wesevaluated plant responses at the species, community, and ecosystem levels
during usual years and one of the most severe drought events (EIl-Nifio event in 2015)
(Jiménez-Mufioz et al., 2016) ever recorded in Amazonia. We report species-level
hydraulic traits that contributed to the observed differences in forest drought responses.
Our findings highlight the role of rainfall seasonality and inter-annual variability in

addition to mean annual precipitation as important filters selecting different hydraulic
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traits, strategies and taxa across rainforest sites, and complement analyses based on
MAP differences alone (Choat ef al., 2012; Ciemer ef al., 2019). The dominant species
at the high seasonality forest in Eastern Amazon (HSF) are more drought-aftiliated and
exhibit hydraulic traits with higher embolism resistance (i.e., lower P88), as compared

to the lowsseasonal forest in the central Amazon (LSF).

Despite this difference in the hydraulic system of plants, both forests maintained
the samessensitivity of canopy conductance (Gg) to atmospheric drought. Our data
suggest this.is.possible because of the higher embolism resistance in HSF. Interestingly,
the two forests had similar responses to the 2015-ENSO when we consider their change
in water potential, and at both forests we showed species embolism resistance to
modulate the species level response to ENSO. Importantly, despite the limitations of our
sampling.design, we were able to show that species-level hydraulic traits have the
potential.ef being scaled up to community-level properties, which in turn could help

explaining ecosystem-level water fluxes and drought response (Fig. 8).
Differences.in.drought resistance traits between low and high seasonality forests

Our results indicate that precipitation regime is an important filter in selecting
contrastingsembolism vulnerabilities. The drier condition and the marked seasonality
and interannual rainfall variability in Eastern Amazon make the HSF an environment
with more pronounced water limitation, which in turn, have shaped the dominance of
traits related to embolism resistance, which allowed species to operate at more negative
Y duringwater-limiting conditions. Consistent with these findings, our results indicate
higher preportion of dry-affiliated taxa at the HSF when compared with LSF (Fig. 4)
(Esquivel-Muelbert et al., 2017), and the dominance of drought-resistant taxa in the
HSF also suggests that climate-driven community assembly may be the mechanism
underlying the higher resilience to climatic disturbances observed for forests under
higher rainfall variability regimes in the Amazon (Ciemer ef al., 2019).

The differences between Pgg and Psy show that xylem embolism resistance
(represented by the vulnerability curve) can be affected not only by shifting the curves
towards a certain Psg, but also by modifying their shape (i.e., the slope and the
difference between Ps, and Pgg) (Fig. 2). We observed a lower Pgg in the HSF, which
could be an evolutionary adjustment allowing the species to maintain xylem

conductivity in highly seasonal environments where some embolism may be
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unavoidable, mainly for shallow-rooted species in HSF (Brum ef al., 2018). Thus, we
emphasize the importance of xylem embolism resistance (represented by the
vulnerability curves) as one of key functional traits relevant for explaining the patterns
of plant distribution in biodiverse tropical ecosystems, as proposed for other
environmentsi(Pockman and Sperry, 2000; Brodribb, 2017; Cosme et al., 2017; Trueba
et al., 2017; Oliveira et al., 2019).

Complexsleaf-water potential response to the 2015 ENSO-induced drought

During the 2015-ENSO, the Amazon basin-wide average temperature reached a
record high (the annual monthly maximum was 2.5 °C higher than the climatological
mean) for'thélast century, exacerbating the effect of the 2015-ENSO drought (Jiménez-
Muioz et'al.,2016; Panisset et al., 2018). The warmer conditions increased the
evaporative demand (VPD) at both sites, affecting species hydraulic functioning. Our
results showed a site-specific condition affecting Wi, (Fig. 5), with the CMWD likely
incorporating both the atmospheric signal (VPD) and the soil signal (CMWD) in plant

water potential:

This difficulty of separating soil and atmospheric water stress, as both usually
occur together, is furthermore complicated by the non-linear effect of soil water content
(represented in our study sites by the CMWD) on soil water potential (van Genuchten,
1980), which means it is necessary to have substantial decrease in CMWD for the soil
water potential to increase to levels that induce embolism; and once this threshold is
reached assmall change in CMWD implies in a large change in soil water potential. This
thresholdthas.an important meaning for vegetation, as it represents the point when
plants start experiencing a strong soil drought signal, which depends on: 1) soil type and
soil depth, i) tree rooting depth, and iii) spatial variability, factors that can imply
landscape niches with different degrees of vulnerability. So, depending on the locations
and species, the CMWD can have different meanings, and should be used with caution
as universal index of drought stress for vegetation (Esquivel-Muelbert et al., 2017). For
example, the higher drop in ¥ observed for some species at the HSF could indicate the
placement of their roots in shallow soils and lower stomatal regulation, while deeply
rooted species probably avoid extreme intensity of droughts (e.g., Ivanov et al., 2012;

Nepstad et al., 1994; Oliveira et al., 2005; Brum et al., 2018).

Although we observed a strong climatological drought, we cannot predict its
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consequences to long term functioning of trees, as it does not immediately translate to
ecohydrological drought (Nepstad et al., 2007; da Costa et al., 2010) and some species
were still operating with some hydraulic safety margin. We found the drought was
enough to cause a modest average drop in leaf ¥ (with ¥ stabilization), probably
indicatingsspecies stomatal control with the major effect at gas exchange level, as
observed with the decrease in G, which is likely maintaining ET constant despite
changing VPD as predicted by stomatal optimization models (Sperry and Love 2015;
Eller et al., 2018). We also show the xylem embolism resistance explained part of the
response 1n leaf ¥ during the 2015-ENSO (Fig. 6), which means species with higher
resistance,to xylem embolism could withstand lower water potentials and maintain gas
exchangegunder drier conditions. Thus, to have a more comprehensive understanding
on the diversity of plant water potential responses, studies should consider traits that
influence plant'water supply, demand and storage, some of them very challenging to

measure in the field.
Canopy eondiiétance changes as an ecosystem level response

It\is notable that, despite the HSF and LSF operating at different ¥,,;,, both had
the same eanopy level response to VPD (Fig. 7). This difference between water supply
function responses with no difference in the canopy level water control function
responses 18 likely possible only because the HSF has a more embolism resistant water-
transport system. This is theoretically expected, as the embolism resistance sets the
water potentials plants can operate (Sperry and Love, 2015) and, consequently,

modulate the atmospheric and soil climatic envelope they can tolerate.

In fact, we show here the W ,;, and HSM are traits mechanistically involved in
speciésphysiological responses under different conditions of water availability (Fig. 8).
Moreover, the result that both communities operate under the same safety margin, in
ENSO and non=ENSO, suggests they can keep their gas exchange rates even under
extreme drier conditions than the usual dry season, which probably directly influence
forestiproductivity. This highlights the role of xylem embolism resistance traits in
determining plant functioning and vegetation drought-response (Anderegg et al., 2016;
Anderegg et al., 2018). Actually, including embolism resistance in plant models has
improved the prediction of ecosystem transpiration drought responses in the Amazon

Forest of Caxiuana (Eller et al., 2018), and they also predict lower sensitivity to drought
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than do previous models, a result supported by our data.

Despite changes in the CMWD we did not detect its signal on canopy level
response. In LSF, the effect of 2015-ENSO was only substantial in the superficial soil
layers (around 80 cm depth), suggesting that a higher CMWD (than the one caused by
the 2015-ENSO) is necessary to affect deeper soils and change the soil water content in
a way that would induce notable changes in canopy conductance. On the other hand, in
the HSFsthe-darge variability on soil water content (at least to a depth of 2 m; Fig. S2)
did not affect.Gs either, emphasising the importance of more drought resistant traits
and/or déep roots to modulate canopy water use. This suggests possibly extreme dry
years, and not average years, contribute to filter plant communities, where trees have
adapted their water transport system to drier than normal conditions, which they will
likely experience during their lifespan (Grant et al. 2017). Moreover, as in HSF trees are
currently.operating at lower soil water availability, we believe an additional increase in
CMWD may provoke extreme changes in soil water potential (Hutyra et al., 2005) and
consequently‘in forest functioning. Additional studies will need to consider interactions
between/rooting depth and soil moisture dynamics to gain insights on the behaviour of

forest canopy conductance.
Conclusion

We report significant differences in hydraulic traits between two Amazon
forests: low (LSF) and high seasonal forest (HSF). Our results demonstrate that the
seasonal andunter-annual variability on water stress is a key factor driving hydraulic
functional differences across tropical forest sites. Interestingly, despite differences in
water trafnsport operation and traits, this difference was not translated in different
atmospheri¢'drought responses, suggesting the more drought resistant hydraulic traits in
HSF compensated for the drier soils, equalizing their safety margin and allowing them

to maintain similar canopy level responses to a drier atmosphere in both forests.

Ourstudy shows the importance of embolism resistance in explaining
interspecific variability in drought responses of the two different communities of
species that have contrasting seasonality of moisture availability, thereby linking
relevant traits to species distribution, community assembly and ecosystem functioning.
Further studies should address how spatial and temporal climatic variability at broader

scales in the Amazon region filter a set of hydraulic traits that affect forest functioning,
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which will permit better-informed predictions of vegetation response to climate change.
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Figures

Figure 1. Monthly cumulative water deficit (mm) from 1999 to 2016 for Manaus (a),
and Tapajos (b). Blue and red lines correspond to the periods of water potential
measurements at each site for LSF (low seasonal forest; Manaus) and HSF (high

seasonal forest; Tapajos), respectively: the solid line represents the non-ENSO year
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(2014-2015 for Tapajos and 2016-2017 for Manaus), and the dashed line the 2015-2016
ENSO year. Grey lines represent all other years and the thick grey line is the mean
across all years, including the ENSO year. Asterisks on blue and red lines denote the
months during which the water potential data were collected. Boxplots inserts represent
CMWDrdistribution for each site. Whiskers are either maximum/minimum value or,

when outliers are present, 1.5 interquartile range above/bellow the quartiles 2 and 3.

Figure 2. Hydraulic vulnerability curves for different species at (a) LSF (low seasonal
forest), and (b) HSF (high seasonal forest). The thicker lines denote the dominance-

weighted vulnerability curve for each forest (blue for LSF and red for HSF).

Figure 3.\Hydraulic and anatomical trait distributions for LSF (blue) and HSF (red): (a)
Pso (MPa); (b) Pgs (MPa); (c) minimum midday (12:00 - 2:30 PM) water potential for
the non-ENSO year (MPa); (d) P5o hydraulic safety margin for the non-ENSO year
(MPa); (e) Pgg hydraulic safety margin for the non-ENSO year (MPa); (f) D, -Hydraulic
diameter (mm)y(g) Vessel density (vessels per mm-2); (h) Vessel area (% vessel area per
xylem area); and (i) Potential specific conductance (Ky; kg MPa! s'! m!). Whiskers are
eithenymaximum/minimum value or, when outliers are present, 1.5 interquartile range

above/bellow the quartiles 2 and 3.

Figure 4. (a) The probability of recording a higher dry-affiliated precipitation center of
gravity (P€G),value than observed by chance (PCG 2-tail p-value) for a range of genera
in Amazoniansites varying with the Cumulative Water Deficit for the same sites
obtained®dy Esquivel-Muelbert et al. (2017). Each point represents a different genus in
the Amazon'(grey points), where blue and red points represent the studied genera for
LSF and'HSF, respectively. (b) The PCG 2-tail p-value obtained from the database
available at Esquivel-Muelbert et al. (2017) for the all the genera recorded at LSF (blue)
and HSF (red)..The higher the genus PCG 2-tail p-value, the lower its dry-affiliation
indexi’We can see the lower dry-affiliation of LSF genera (higher PCG 2—tail P—value,
p <0.001), when compared with the HSF genera. Whiskers in b) are minimum value or,

when outliers are present, 1.5 interquartile range bellow the quartile 2.

Figure 5. (a) Dry season minimum leaf water potential (W,,;,; MPa) of high seasonality
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forest (HSF; Tapajos) and the low seasonality forest (LSF; Manaus) species during non-
ENSO year (blue) and the 2015 ENSO year (red). Change in minimum leaf water
potential (W p,;n; MPa) from non-ENSO (circles) to the 2015 ENSO year (triangles) in
the low seasonality forest (LSF, Manaus; blue) and the high seasonality forest (HSF,
Tapajos; red)was a function of monthly CMWD (b) and maximum monthly vapour
pressure/deficit(VPD); (¢) Each pair of points (circle and triangle) represents a different

species.

Figure 6. A relationship between change in minimum leaf water potential from non-
ENSO year t6'2015 ENSO year (AY; MPa) and embolism resistance for the low
seasonalitysforest (LSF, Manaus, blue) and the high seasonality forest (HSF, Tapajos,
red). Relationship between AY and (a) Psy, and (b) Pgg. The solid lines represent the best
linear fit, Whiskers in a) are either maximum/minimum value or, when outliers are

present, 1.5 interquartile range above/bellow the quartiles 2 and 3.

Figure 7. A relationship between July to December monthly mean canopy conductance
(Gs) and cumulative water deficit (CMWD) in the (a) low seasonality forest (LSF,
Manaus); and (b) high seasonality forest (HSF, Tapajos), and between canopy
conductance (Gs) and monthly mean vapour pressure deficit (VPD) for (c) LSF and (d)
HSF. The ¢olour of the data points is proportional to the VPD value in plots (a) and (b)
and tosthe CMWD values in plots (c¢) and (d), according to the colour charts bellow the
panels. Note that high CMWD data points are redder, indicating they also have high
VPD showing the correlation between VPD and CMWD. The p-values* are for the
relationship between G; and VPD, and CMWD,, which are the same variables after
removing'the«correlation between VPD and CMWD using residuals (see data analysis
and results section). Note both sites were modelled together and the p value in panel (a)
also applies to panel (b), and p and R?m values in panel (c) also apply to panel (d).
Triangles points are data from 2015 ENSO. Circles points are monthly data from 1999
to 2016, excluding the 2015 ENSO period. Another version of this figure presenting G,
relationship tosVPD, and CMWD, is presented in Supporting Information Fig. S3.

Figure 82€anopy conductance (mm s'!) in non-ENSO (circles) and ENSO (triangles)
years and for LSF (blue) and HSF (red) versus: (a) the dominance-weighted minimum
leaf water potential (W,,;,; MPa) and (b) Ps, hydraulic safety margin (HSMpso; MPa).
The horizontal bars represent the confidence interval (ci) for the dominance-weighted

mean of W,,;, and HSM. The vertical bars represent the standard deviation (sd), across
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usual years, of canopy conductance in August and December for LSF and HSF,
respectively. We considered as usual (non ENSO) years the period from 1999 to 2016,
excluding data from 2015 ENSO. As ENSO year, we considered October and December
of 2015 for LSF and HSF, respectively, and then we had no monthly sd.

Supporting Information
Figure S1. Times series of climatic and hydrologic variables for the studied sites.

Figure S2: Seil water content time series for the studied sites.

Figure S3./Relationship between monthly mean canopy conductance and residuals of

vapour pressure deficit and cumulative water deficit for the studied sites.

Figure S4. The relationship between monthly mean evapotranspiration and vapour

pressure deficit and cumulative water deficit fo the studied sites.

Table S1. List of species name, family and mean hydraulic traits value for all studied

species at low'seasonal forest (LSF) and high seasonal forest (HSF).

Table S2. Summary of hydraulic traits and statistical results of hypothesis 1, that HSF

has mote drought resistant hydraulic traits than LSF.

Table S3. General mixed model result from the test of hypothesis 2, that species from

HSF are'less'sensitive to ENSO than species from LSF.

Table S4. General mixed model result from the test of our hypothesis 3, that HSF forest

is less sensitive to atmospheric drought and soil drought than the LSF forest.

Tablé"S5. General mixed site-specific model results for evapotranspiration (ET) varying

in function of atmospheric drought, soil drought.
Methods S1 Species dominance and trait distribution in the communities.

MethodssS2. The biogeographic dry affiliation index as a trait to differ LSF and HSF

community cemposition.
Methods S3 Eddy covariance flux measurements.
Methods S4 Canopy conductance calculation

Methods S5 Statistic functions and packages
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