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Abstract;

Transpiréion from the Amazon rainforegenerates an essential water source at a global and
local scale. However, changes in rainforest function with climate change can disrupt this
processcausing significant reductions in precipitation across Amazania potentiallyat a
global scalet We repotihe only study of forest transpiration following a laiegm (>10 year)
experimental.drought treatment in Amazonian forest. After 15 years of recéialihghe
normal rainfall, droughtelated tree mortalityatised total forest transpiration to decrease by
30%. However, the surviving droughted trees maintained or increased transpirafasebe

of reduced competition for water amicreasedight availability, which is consistent with
increased growth rates. @xequently, the amount of wataupplied as rainfalteaching the

soil and directly. recycled as transpiration increased t0%00his value wa25% greater
thanfor adjacent nordroughted forest. If these drought conditions were accompanied by a
modest incease’in temperature (e.g. 1.5°@ater demand wouldxceedsupply, making the

forestmoreprone toincreasedree mortality.

Introduction

In South America, 285% of precipitation is estimated to be recycled via repeated
precipitationevaporation procegs as air masses travel west over Amazonian rainforest
(Eltahir and*Bras, 1994; Zemp et al., 2014). Up to 70% of the water resources of the
extensiverRiorde La Plata basin are dependent on evapotranspiration from Amaaoier

Ent et al., 2010). Changes in land cover properties in the Amazon basin can thsupt
recycling process, potentially causing significant reductions in precipitaimh in
Amazonia and regionally to the La Plata bg8pracklen et al., 2012)vith large economic
consequencegdlarengo et al., 2016However, how tropical forest transpiration will respond
to future drought and temperature change remains unceBRaspite the climatological
importance of large grossuftes of transpiration from the world’s tropical rainforests
(Lawrence and Vandecar, 2015; Spracklen et al., 2012), predictions of/dwew recycling
from tropical rainforest may change with climaite particularclimate extremes, are poorly
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constrained Y data for this biome (Kume et al., 2011; Restr&oupe et al., 2013). The
frequency and intensity of sulbgional extremes in precipitation and temperature are
predicted to increase this century, leading to incredsedght atseasonal, interannual and
decadal timescald®uffy et al., 2015; Fu et al., 2013low water use by forests will change
remains=unclear. Tropical rainforesggenerally transpire 3070% of incoming rainfall
(Kumagaif 2016) but at their climatic margins, where annual rainfall 92500 mm/yr
(Zelazowski et al., 2011), this value rises to above 90% placing a cap on regasaire

supply, deep soil recharge and river runoff (Kume et al., 2011; van der Ent et al., 2010).

Processesanging in scale fronplanttissue to ecosysterman control how the proportion of
rainfall that™is" recyclecchanges inrespomse to drought. For individual trees, losigrm
responses may linclude physiological changes in water use efficiency, turgor regulation and
the sensitivity.of xylem hydraulics to w#ation, structural acclimation in new root growth
(Eller et al.,.2016; Oliveira et al., 200%); changes in leaf to sapwood or root area ratios
(Wolfe et al;"2016)These responses can help regulatsgmater demand by the canopy,

but ultimately=itwill be the demographic regulation of stand density via competitiavater

that will determine wholsystem water usand stability(Meir et al. 2015a).

Measurementssof sapfludd) are a powerful method to understand the annual and seasonal
shifts in forestwater use including the relationship of transpiration to environmental
variables(Eller-et al., 2015; Fisher et al., 2007; Poyatos et al., 28d8)the physiological
plasticity associated with stomatal regulation in tr@dartinezVilalta et al., 2014). There

are howeversrelatively few reports of continuous sapfldy (neasurements in tropical
rainforest(Fisher, et al., 2007; Granier et al., 1996), none of which have been conducted
following longterm drought (>5 years). Studies during lgagn drought are esstal to
establish whether tropical trees can adjust their water use to drier soils over timescales
approaching thaose of possible changes in climate. By imposing a reduction wasai
availability, large scale througfall exclusion (TFE) provides a unique way to examine the
processes_underlying losigrm responses to increased deficit in soil water potential, and to

examine howwater use and steswdle water cycling are altered.

Here wequantify the effects of a prolonged experimental soil droughtvater use as a
proportion of available rainfall by an efgrowth tropical rainforest in eastern Amazonia. We
use the world’s only longunning tropical forest TFE experiment, at the Caxiuana National
Forest Reserve, Para State, Brédd Costa et al., 20; Meir et al., 2015, Rowland et al.,
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92  2015b) to compare how transpiration atitoughiall recycling (the percentage of canopy

93 throughfall transpired by the forestire altered between a normal forest and a dreught

94 treated forest, with the latter hagirexperienced a 50% TFE treatment since 2002

95 previously reported (Rowland et al., 2015a) the loss of about 40% biomass after 14 years
96 since the"TFE'started. Because measurements of stand scale transpiration were also available
97 for the years 2002003, i.e., at the start of the experiment, but before the large sx@ive

98  mortality occurred, we are also able to determine how total water use and its partitioning

99 changed in response to changes in stand density and structure.
100
101  Materials andviethods
102  Site

103  The site issa=longerm throughfall exclusion (TFE) experiment located at the Caxiuana
104  National Forest Reserve in the eastern Amazon (1°43'S. 51°27W). The site has a mean
105  rainfall of 20062500 mm yt', a pronounced dry season between June and November
106  (rainfdl <100, mm montf) and is situated oterra firme forest, with yellow oxisol soils

107  (Ruivo and Cuhha, 2003).

108 The TFE experiment consists of two 1 ha plots located omyraldth tropical forest. The

109 treatmentplot (TFE) has been covered with plastic panels and gutte2ingid height since

110  2002. This structure excludes 50% of the incoming canopy th#faliglA control plot, on

111 which no rainfall exclusion has taken place, isaked <50 m from the TFE. For further
112  details on/the experimental design and results see: da Cost2261.8lMeir et al. 2015nd

113  Rowland et al.2015.Following 14 years of continuous drought the plot has experienced a
114  40% loss in biomass (equivalent100 Mg C hd), this loss generated a substantluction

115 in basal and thus sapwood area, a reductideaharea indexL(Al ) and an increase in light

116  interceptionsinithe lower canofggee Rowland et al., 204p
117
118  Meteorological and soil moistudata

119  All meteorological variables were obtained fraweather station situated at the top of a 40
120 m tower located in the contrdbrest During the period of 2012016 air temperature,

121 relative humidity, solar radiation and rainfall were monitored halirlgousing HC2S3
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(Campbell Scientific, Logan, USA), CM3 sens@spp and Zonen, Delft, The Netherlands)

and a tipping bucket rain gaugeE525MM, Campbell Scientific, Logan, USA) respectively.
Vapour pressure deficit (VPD) was calculated from temperatnderelative humidity. Soil
access pits are located in the control and TFE plots. In each soil access pit volumetric soil
water content'sensors (CS616, Campbell Scientific, Logan, USA) have been plagatisat de

of 0, 0.5, 1, 2.5 and 4 m, to monitor soil moisture every hduiF(sher et al., 2007, for full
methodology). Here we use the data collected during-2018, the period during which
sapflux Js) data were collected. Hourly relative extractable water (REW) aggregated across
the first two Jmeterswas calculated using the soil moisture data and following the
methodology in/Meir et ak015. Daily values were calculated using a 30 deying mean

so that the"seasonal trend of REW was captured, rather than daily or hourly spikes in soil

water concemations.

Js Data

Js was measured using the heat balance mefGedmak et al., 1973; Cermak et al., 2004;
Kucera et al.;»1977and previously used at the site (Fisher et24lQ7). EMS51 sensors

(Environmental monitoring systembitp://www.emsbrno.gz were used on all trees. The

installationprocess and functioning of these sensors are described in themsupgig
information. Between November 2014 and December 2016 the EMS51 sensors were
installed en 16 trees irhé control plot and 13 trees in the TFE plot. The start date of
sampling variecamongtrees (see Table S1). Trefes which sensorsvere installed in 2016
(seven on the control and three on the TFE) were excluded from the upscaling dsaéy/sis
below) onthe.basis that they had an insufficient data time series. To ensure we csohleip

with confidence sensors were strategically placed across trees with a range of diameters at
breast height«(DBH) values (86 cm) andon common species in the control and TFE glot

known to be both sensitive and resistant to drought stress (see Table S1).

Values ofJs obtained from the EMS54ensorsvere always offset from zero as a constant
part of the heat loss from the heated electrodes is conducted into the xylemTssemove

this effect the data were baselinems performed in other standard sap flux processing
protocols (e.g. Poyatos et al., 2013). To baseline the data, the minimum valuelpfathe

each night was subtracted from all values for the subsequent day, provided evaporative
demand was low (preventing nigfiiine Js, VPD < 0.15 kPa). If nightime VPD > 0.15 kPa,

This article is protected by copyright. All rights reserved


http://www.emsbrno.cz/�

154
155

156

157

158
159
160
161
162
163
164
165
166
167
168
169

170

171

172
173
174
175
176
177
178
179
180
181
182
183
184

a minimum value was linearly interpolated from the baseline values from surrounding days

using theapprox function in R (R Core team 2014).

GapfillingJdsData

Gaps in the data varied from 0% to 63% (average of 8%) and were generally caused by
power failure or broken sensors. Gaps in the hourly basely@ata since sensor installation
were gapgfilled using anautoregressivAR1) style model, accounting for the autocorrelation

in the datas Firstly, théoxcox function in R was used to determine the lambda value to
power transform thels data of each tree (lambda range €0484). Secondly, a linear
regression was performed betweabka powettransformed, the three independent variables
VPD, radiation, REW and six vectors of the powransformedls preceding the dependent
variable by one to six hours. We correlated ehallata point with the six hourly data points
preceding itgas.this was the number required to remove the autocorrelation effect across all
trees (determined using ACF plots). Data frdivbat one of the trees were gap filled with a
model whichthad arf>0.90; the mean model fit waé = 0.93+0.07 (s.e.m.), demonstrating a

very good fit between modelled and measuiked

Statistical Analysis

All statistical analyses aJs data were conducted within R 3.0.2 (R Core T&amand all

errors are shewn as standafeviation. To compare diurnal responses between plots and
seasons an average diurdalpattern was calculated for the control and TFE plots, during
peak wet and'dry season. Peak wet and dry season were determined as the two months with
the highest(Octadr and November) and lowest (March and April) monthly average VPD.
Multiple "linear regressions between mean daytime transpiration pextetree, per plot
(calculated as the averagefrom all trees per plot) and environmental conditions were fitted

to estimate the most important environmental controls on dailylnitially VPD or
temperature with radiation, and REW were included in the model and sequentially non
significant variablesvere excluded in stepwise linear regressidatermined by Akaike's
information criterion For the TFE the use of a single model across both wet and dry season
was compared to the model fit of using separate wet and dry seasois (nodsidering wet
seasn as Feklul and dry season as Adgn). Two models were most effective on the TFE
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185 (see Results) and the same seasonal modelling approach was followed withtribleptmin
186  Therelaimpo package in R (Gromping, 2008)as used to calculate the proportiontioe
187  explained variance which was accounted for by each variable retained in each of the final

188 models.

189  Seasonal relationships of VPD de were created by fitting a sigmaidfunction using the

190  SSllogisfunction inR through average hourlls data for the trees on the control and TFE,

191  binned by, VPD.classes. Separate relationships were created for peak wet and dry season and
192 the data were.normalised using the maximum avelagacross plots and seasons, to make

193  the relationships comparable between plots and seasons.
194
195  ScalingJsto calculate plescale transpiration and its temperature sensitivity

196  ScalingJs fromsthe measured trees for the measured periods to plot level at the yearly time
197  scale involvedhe following steps in order to properly propagate the sources of uncertainty
198 deriving from trego-tree variability inJs as well as uncertainties in the scalingJefwith

199 tree DBH.

200 To obtain‘a“sealing relationship between tieand DBH, we regresseli data from Apil -

201  May 2015 (i.e« peak of wet season and when tree DBH were measured) againgthidBH.
202 allowed ustadditionally included data obtained by Fisher et al. (2007; also collected at peak
203  wet season); all data were obtained using the same measurement (Egthiodnmental

204  monitoring systemshttp://www.emsbrno.gz There was a linear relationship between DBH

205  and mean/daytimas, with anr? of 0.39 and p<0.01 (Fig. S1). This scaling relationship was
206 assumed on the control and TFE plot based on similaritly alues across the two plots

207  during the'wet season (sResultssection) andit wasapplied to the DBH of all trees on both

208  plots measurediin 201see Rowland et aP015a for further details). To account for the

209 uncertainty=insthe parameters of this relationship, 1000 parameter estimates were randomly
210 generatedsfrom’ the model using the covariance matrix for the intercept and slope. These
211 parameteg.were used to create 1000 estimates of average daytime April ands Kéayall

212 trees >10 cm DBH on both plots. The average daydinvaluesfor each tree, for each of the

213 1000 parameter combinations, were then summed to give 100@cplet estimates of

214  transpiration for April and May of the measurement years, accounting for theoaraur

215 DBH to Js relationship.Following this, a second procedure was employed using similar
216  principles to propagate uncertainty from 1,000 estimates of the measured/Aprdata to
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the whole year and across the two plots. We employed thditomsitilinear model per plot,
which described how mean daily varies with climate variables (see above). Because of the
strong autocorrelation between VPD, RH and air temperature, only the bestaegrasag
these three was finally employed in the upscaling procedure (see supplemdotamgtion

for further details)Besides the two estimates fdhe Controland TFEplots a third estimate

of plot-scale tramspiration was generated by applying the estindgtédm the multiple
regression models of Control to the standing biomass of THE e§timate gives downscaled
values of transpiration o@ontrolwith the effect othe loss in basal area on fhEE imposed

on Contro)_and, the changes in transpiration rates with environmental variables irggnain

equal to these on Control.

To estimate the effects of increasing temperatoneplot scale transpiration, the 1000 model
coefficients.from above were -ren with temperature, relative humidity and VPD altered
according to.a 1.5, 2, 3, 4, arid Increase Sin mean air temperature. We emphasisd the
purpose of‘these temperature rise scenarios is not for future prediction, buintatesstie

effects of longterm drought on the sensitivity of the forest to other changes in cliffiage.
scaling procedure was then repeated as above. The transpiration rates at each temperature
level were then compared to the canopy through-fall received by each plot assuming a canopy
storage term,of 21.5% on the contplbt, as measured at the site in 2@Q@Biveira et al.,

2008 and=within the ranges of canopjosage terms measured across other Amazonian
forests(Czikowsky and Fitzjarrald, 2000)On the TFE we scaled down this estimate of
canopy storage to 18.1%®liveira et al, 2008), in proportion with the leaf area index
measured in=LFE relative to Control (See Rowland et al., &@0&Ssuming that canopy
interception, deereases proportionally with leaf area. The analysis was also repeated using a
canopy storageterm of 12% (Czikowsky and Fitzjarrald, 2@®8ccount for uncertainty in
throughfall“resultingfrom differences in LAl across plots (see sensitivity to canopy
interception term section). Also we would expect it to provide a lower limit to the sensitivity

in TFE because of fewer interception surfaces in TiFeE lower LAl and biomass; Rowland

et al, 201%). However due to an inability to accurately estimate LAl on a per tree basis,
which may have changed over time due to the treatment effect and due to the likelyincreas
in atmospheric coupling on the drought relative to the control plot duereasing mortality

over time, we were not able to accurately scale sapflux according to leaf area to estimate

differences irleaf level conductandeetween the plots (e.g. Eller et al., 2015).
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Results

During the study period (November 20Décember 2016}there were strong seasonal
changes in relative extractable water (REW§gcipitation and moderate seasonal changes in
vapour pressure deficit (VPRY our study sit€Fig. 1). An El Nifio event took place across
Amazonia“in_ 20186, but had limited distirtve influence on climate drivers at our site,
which is demonstrated by the El Nifio year not creating substantial climate anomalies relative
to previgus.years (Fig. $2Therefore considering 2015 to represent standard climatological
conditions, we_find average transpiration is 1389+279 (s.d.) mihrogrthe control forest

plot. On thé TFE forest plot a transpiration rate of 964+245 (s.d.) nfrimyesponse to the

50% experimental reduction in throughfall was observed; this repres@d% alecline in
transpiration relative to the control. Transpiration therefore comprised 78%gage = 60

90%) of canepy-througfall on the control, compared to 101% (s.d. range-22ZB%) onthe

TFE (Fig. 2)..Ihese estimates dfiroughfall recyclingat Caxiuana are similar to the mean
values previously quantified at the start of the TFE treatment for the 28823 using
updated estimates for canopy interception for the 8<1% and 78.03%, control and

TFE, respectivelyFig. 2). These estintas are robust to assumptions made regarding the
magnitude of canopy rainfall interception as a proportion of total rainfall and to difésrenc
canopy storage caused by different values of leaf area index across plots (see Supplementary
Table 3.

Relatve to the control, we observed changes in the transpiration rates of trdes DRE

(Fig. 3). However, there was only a 5% difference between 2015 transpiration ©REhe
and the transpiration expected if estimates from the control were downscaléédbthe

40% reduction in biomass and related basal area which occurred between 2002 and 2015
(Fig. 2). This small reduction by low dry season transpiratiascountered with higher wet
season transpiration on the TFE (Fig.3). Increased seasonality in TFE transpiestidriimat
daytimeJs was.modelled more effectively using a separate multiple regression model for dry
(Aug-Jan) and wet (Febul) season on theFE (* dry = 0.60,r> wet = 0.69r% whole year =

0.61, allp values <0.01)Dry season variation in transpiration on TFE was explained mostly
by REW (44%) and radiation (47%). During the wet season, radiation explainedfGo
variance VPD 33% and REW%. On the control plot air temperature (32%) and radiation
(67%) controlled dry season transpiratiof=0.81) and radiation (65%) and VPD (35%)

were the most important for controllimget season fluxes%0.72).
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The reduced dry season transpiratiorx fn the TFE (Fig. 3) was caused by substantially
lower peak daytime (1ladpm) fluxes in the dry season (Fig 4b) compared to the wet
season. In contraghe control plot maintained highds throughout the day in the dry season
relative to the wet (Figda), suggesting low REW constrainddduring periods of high
atmospheriecsdemand on the TFE. The REW constraint resulted in an altetézhsaip
betweenJs and \VPD in the dry seasoon the TFE contrasting with the wet season
relationship, which' wasimilar to that observed on the control (Fig. 5). However, this
increasedseasonality had a limited effect on-ptalle reductions in transpiration relative to

the effect of,the loss of biomass and related basal area and active sapwood area (Fig. 2 & 3).

Using the multivariate linear models which specified hdwwaried with environmental
conditions on the control and TFE plots (8ethod3, we explored how transpiration would

vary on both.plets if an increase in mean temperature eéb X(5and the resultant increases

in VPD were dmposed, assuming all else remained equal. The increase in absolute
transpiration'with a 5C increase in temperature was greater on the control than the TFE, but

was propertionally similar (20%, Fig. 6a). However, the TFE would risk exceeding the
imposed canopy. througfiall supply even at the lowest temperature rise testéd, (Hig.

6a). In contrast, even with’@ rse in temperature, the control forest only reaches a
throughfall*recycling rate of 91% for transpirationjlisbelow that of the TFE within the
current climate. In addition, both control and TFE recycle >100% of the watergbeive
between JuhDecember(dry season)under current climate (Fig. 6b), with this value
increasing substantially with @Grise 1 n temperature (Fig. 6¢). Under the current climate
between July=and October the TFE forest transpires more than 6 times the precipitation it
receives and_this rises to almost 8 timesCwitilse an5temperature, creating a

substantially‘greater imbalaee between transpiration and precipitation (Figpb-
Discussion

Until now thelongterm responses of water use in a tropical forest exposed to soil drought
stress have not been studied. Witdw sapflow data spanning a twear period we are able

to demonstrate that the 40% loss of forest biomass observed on the TFE (Rowland et al
20153 resultedyin a 30% reduction in total forest transpiratidfe are also able to
demonstrate for the first time that the surviving trees are able to maintain or entireas
transpirationrateon a peitree basiscausing 100% of the available rainfall received by the

droughted forest to be used for transpiration. Furthermore we demonstrate that if such
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drought conditions were combined wadlmild temperature rise, further tree mortality would
be inevitable, as forest water demand would substantially exceed sweplgn annual and

multi-annual timescale

Our estimates of transpiration rates dhbughtfall recycling rates (Fig. 2, Table S2) are
consistent with previess measurements and modelling at this-gylolvth rainforest site
(Carswell ‘et al.;, 2002; Fisher et al., 200They suggest a remarkably constant water flux
partitioning.over.the 15 years of the experiment, despite a substantial shiftsinsfioueture
because ofihigh mortality in the TREeated plot. The increase in the recycling rate to 100%
on the TFE suggests tha high sensitivityby the treeto atmospheric demand for water is
maintained “even following loagerm drought. Our datasuggestthat droughinduced
mortality of the tallest trees changed stand water use patterns, facilitating greater growth
competitiondn.the lower canopy, thereby maintaining very high levelsthwbughfall
recycling on.the TFE.This is consistent with the observation (Rowland et al. 2015a) that
small anddmediurrsized trees increased their growth rates after mortality of the tales, tr

by responding-plastically to increased light availability in the lower candmg. Hlypothesis

is also consistentvith current hydraulic theorywhich suggests that trees will continue to
compete forand use upa limited water supply, providetthe advantages accrued from the
relatedcarboen, gain exceeds the cost of hydraulic dan{&perry and Love, 2015; Wolf,
2016) Plastic reductions in water use as REW declines from wet to dry season on the TFE
are likely to only partially alleviate the water siséFig. 3 & 4), which would be substantial
during climate extremes, and would impose increased mortality risk. The intense
regrowth byssmalto-medium diameter treéRowland et al., 2015a3 therefore likely to be

the primary.driver maintaining throudhH recyclingat the high levels seen in 2003-

Following the mortality of the largest trees, competitive release of-$oaaiedium diameter

trees considerably elevated wet season stem growth on th€RDrvEEand et al., 2015aAs
transpirationaccompaniephotosynthesis and responds to increased radiation availability, it

is possible that.the TFE trees have acclimated, with elevated water use in the wet season to
maximise grewth, and restricted growth in the dry season (Fig$. thus explaining the
increased'seasonality in transpiration observed on the TFE (Fig. 1). Cnle sare prevents

us from examining whether sap flux from srrtaimedium diameter trees increased relative

to large trees. Comparison of sap flux values and canopy thfaligh 2002/03 with those

in 2015 provides indirect confirmation of similar levels of competition for wateoviatig

mortality-related release on TFE. Yearlgtandscale sap flow values on the TFE were
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estimated as 953 and 805 mm in 2002945 mm in 2015 (Table S2). Therefore, despite a
40% biomass reduction, water use remained similar over time on a per unit ground area, but
increased on a trdevel basis on the TEElue to having fewer trees per unit groundaare
However we note that auLAl measurements estimate only aboud2a20% reduction in leaf
areaon theTFE-relative to Control (see Rowland et al 2015a), significantly lower than our
estimate ok 30% reduction in transpiration. Measurements of LAI in complex raygred
canopis are notoriouslchallenging(Breda, 2008 and these difficulties may explain the

discrepaney between the two estimates.

A shift from radiation and air temperature controlling dry season transpiration on the control
plot, to REW"and radiation controlling it on the TFE suggests that trees on the TFE adjusted
to limit water use during the dry season when REW was low. The strong controlling
influence of.REW on dry season transpiration on the TFE, but not the control piestsig

low REW restricts dry season transpiration and is most likely linked to significant hydraulic
stress aswater demand approaches or exceeds supply on seascsablémdFig. 6).
Relative to"Control,ite TFE forest maintains higherroughfall recycling ratesalsoin the

wet season (January to June) when precipitation levels are substantially elevatedciig 6b
resulting in a reduced capacity to recover from dry season water shiges. predicted
changes in=VPD, and thus leaf water potentiainlmoed with lower soil water potentials,
under some future climate scenarios, there is potential that trees could rapidly be pushed
beyond theirspeciesspecific hydraulic safety margins (the difference between normally
occurring ‘minimum xylem pressures, and those causing damage to xylem @sgles
restricting water transpgrtpotentially causing xylem embolism (Sperry and Love, 2015;
Sperry et'al., 2016and/or leaf loss, with the ultimate risk of increased droughiced
mortality. Furthermoreas toth annualtropical forest water use approaches total soil water
supply, thelikelihood of hydraulic damage occurring in the xylem becomes greateis This
particularly the case for large canejpp trees, which are exposed to greater variability and
extrems in VPD, high air temperatures, and larger xylem tensions (Bennett et al., 2015;
McDowell and Allen, 2015)which together have been hypothesised to lead to a series of
processes causing droughtluced mortality(Anderegg et al., 2016; McDowell amllen,
2015;Mecuccini‘et al., 2015Rowland et al., 2015a; Sperry et al., 2016; Wolfe et al., 2016).

In future climate scenaripareas of tropical forest experiémg drought stress are also likely
to experienceincreases intemperature well beyond the moderate levels of21.5C
(Christensen et al., 2013; Duffy et al., 2015; Fu et al., 2013; Sanderson et al.,\Z)i§)a
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380 novel modelling approachve demonstratberethat a forest exposed to long term drought

381  far more likely to have transpiration demand exceed supply than-draoghedforest (Fig.

382 6). This is driven mostly by transpiration rates exceeding precipitation supply in the dry
383 season by up to eight times ardroughted foressimultaneouslyexperiencing temperature

384  driven risestin®VPDas would be expected during natural drought. This puts a very large
385  strain on Soil water supply, which the ndroughted forest can easily buffer, due to the
386  higher overallwet seasomecharg of soil water from higher precipitation. Without this-re

387 charge wey demonstrat¢hat even a very moderate rise in temperature necessitates tree
388  mortality in.order to balance transpiration demand and soil water sudgipugh a 50%

389 declinein ‘canopythroughfall on a 10 year timscale is unlikely within current cliate

390 projections; reductions of up to 50% are predictebss partémazonia,n a range of recent

391 climate scenari@nalyseqChristensen et al., 2013, Duffy et,&019. This resultthus has

392  strong implications for future climate change and carbon dgddbackpredictiors, as it

393  suggestghat tropical trees will maintaisubstantiakranspiration fluxegvenin the face of

394 drought and rising VPD, anthat the forest appears to maintaansimilar water balance

395 through thesprecess of tree mortality.

396 The overall picture emerging from these results is that compensation processes acting at
397 tissue tree"and stand leviélave maintained the high levels d¢iiroughfall recycling on the

398 TFE-treated forest over more than a decade. While high mortality teadeduce levels of

399 competition for water, the mortalielatedgrowth releasdor smaltto-medium sized trees

400 tended to increase it. Additional processes, su@tegnationin leafsapwood and leabot

401 ratios couldsalso have affected competition for water. Estinthtedighfall recycling rates

402  are already, abpproximatelyl00% on the TFE after 15 years of reduced soil moisture
403  availabilityy"suggesting that further demands for water can only be faciligtadditional

404  tree mortality:"As recycling rates are already >100% in the dry seagem in urdroughted

405 forest it suggests that rainforest trees must rely on soil (and likely internal) water storage to
406  carry them through to the next wet seagpotentially limiting their capacity to maintain

407  carbon uptakewhilst simultaneouslhalsoelevating their mortality risk. Ithe effects obur

408 50% rainfall reductionor indeed a similar reduction in basal area imposed by widespread
409 logging, were to occur at a large scaleyen the minimum increase in atmospheric
410 temperature which is now deemed unavoidable in the coming cembuig imply severely

411 reduced deep soiaterrecharge and rungfand increased tree mortality risk. Tpetential
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412  implications br regional economies, water sup@gd climatecarbon cycle feedbackare

413  substantial.
414
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425  Figure Captions

426  Figure 1. Meteorological data for the Caxiuana site during the sapflux measurenht pe
427  In panel (a), precipitation (mm dayis shown as grey bars alongside average daily relative
428  extractable water (REWtegrated across three meters soil depth for the control plot

429  continueus black line) and TFE plot (dashed grey line). Panel (b) shows average daily air

430 temperature (°C, grey line) and average daily VPD (kPa, black line).
431

432 Figure 2: How transpiration peegr(red arrows), canopy throudghaH per year(blue arrows)
433 and annualthrougfall recycling rate (% circular black arrows) change on the control (a, c)
434  and TFE«(indicated by panel structure b, d) plots from 2002-3 (a, b) to 2015 (c, d). The
435  diagram'depicts the change in above ground biomass and the shift in forest struatire whi

436  occurred duringithe full experimental period because of tree mortality on the TFE.
437

438  Figure 3: Dailyatranspiration (mm dayfrom December 2014 - July 2016 for the contiot p
439  (black line), the TFE (dashed black line), and the estimated transpiraixaindin the control

440  plot if its values were downscaled to reflect only the effect of basal area loss on the TFE plot
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(dashed grey line). Grey shaded area shows the standardrethe estimates calculated

using a bootstrapping technique (see Methods).

Figure 4; Average diurndk patterns normalised using seasonal maxima per tree during peak
wet (MarchrandyApril, solid black line) and peak dry season (October and November, solid
grey line) fortrees-on control (a.), and TFE (b.). The black dashed line shows thegpeak w
minus the peak dry season response for each panel and the grey shaded area shows the

standard error.

Figure 5: Qptimised sigmoidal relationships betwégand VPD for trees on the control (C,
a. & ¢.) and"FFE (b. & d.) plot in peak dry and peak wet sedsanbinned by VPD and
normalisedsby=max hourlys per year to make relationships comparable across plots and

season.

Figure 6: The effect of increasimgmperature on annual transpiration fluxes for control (C)
and TFE (as), under current temperature climate (T, year 2015 used) and underateeaflim
this year +1°5, 2, 3, 4, and@ accounting for temperature-driven changes in relative

humidity and vaour pressure deficit. Dashed lines (a.) indicate the rainfall reaching the
forest floorion control (black) and TFE (grey). Rainfall reaching the forest floor is estimated
from rainfallaminus a canopy interception estimate of 21.5% (see Methods))bPand c.

show the % of seasonal through-fall recycled as transpiration during the fourgjoatte

year, underthe eurrent climate (b.) and with a 5 °C increase in temperature (@.)n&sln

b. and cw=indicate 100%, where transpiration exceedsitill reaching the soil. Error bars

show the'standard deviation across the 100 estimates made of each scenario (see Methods).
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