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Abstract

Gross ecosystemroductivity (GEP in tropical forests varieboth with the environment and
with biotic_elanges inphotosynthetiénfrastructure but our understanding of thelative effecs

of these faetorscross timescales is limiteHlere, we used a statistical model to partition the
variability of sevenyeass of eddy covariancelerivedGEPIn a central Amazon evergreen forest
into two main causes: variation environmental drivergsolar radiation, diffuse light fraction,

and vapor pressure deficif)atinteract with model parameters that govern photosynthasd
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biotic variation in caropy photosynthetic light-usefficiency associated witlchanges in the
parameters themselveSur fitted modelwas able to explain most of tivariability in GEP at
hourly (R=0.77) to interannu (R?=0.80 timescalesAt hourly timescale, we found thaZ5%
of observedGEP variability could be attributed tenvironmental variabilityWhen aggregating
GEP to thelengertimescales (daily, monthly, and yearlyhowever,environmental variation
explained progressively less GEP variabilay monthly timescake it explained only 3%, much
less than“biotic variation in canoghotosynthetic lightise efficiency, which accouet for
63%. These results challenge modeliagproaches thatssumeGEP is primarily controled by
the environmentt both shortand longtimescales.Our approachdistinguishing biotic from
environmentalwariabilitcanhelpto resolve debatesboutenvironmental limitations ttropical
forest photesynthesis. For examphee found thatbiotically regulated canopphotosynthetic
light-useefficiency (associated with leaf phenologgyreasedvith sunlightduring dry seasons
(consistent with light but not water limitatiaf canopy developmentbutthatrealizedGEPwas
nonetheless loweelative to its potentialféciency during drythan wet seasons (consistent with

water limitationfof photosynthsis in given assemblages of legvekhis work highlights the

importance' of“accounting for differential regulation ®EP at different timescales, and of
identifyingsthe underlying feedbacks and adaptive mechanisms.

Introduction

The Amazon basin stores half of global tropical forest biomass (Saatetdj 2011), harbors

vegetationsthat, substantially influences lasgale carbon andiater budgets (Phillipgt al/,

2009; Lee &Boyce, 2010; Fer a/, 2013), and exchanges mass and energy with the atmosphere
in ways that may amplify or mute climate change (Bonan, 2008; Lee & Boyce, 20E0;af,u
2013). A majority of the climate modekojections from the Coupled Model Intercomparison
Project Phase.5 (CMIP 5) showed a drier and warmer fututedarentral aneéasterrAmazon
region with_an/increased dry season length (Diffenbaugh & Field, 2013; Jostzér2013

Duffy et als2015). However,large uncertainties exist in the projected responses of Amazon
forests to this,climatic change, primarily driven by different representation of plant physiblogica
processes among vegetation models (Poeseit/, 2013; Huntingfordet a/, 2013).Our limited

confidence in model predictiomsills forincreaseabservations to more broadly teséchanistic
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91 models ofphysiological and ecological processleat underlie the responsetodpical foress to
92 global change.

93 Seasonal and multiyearathsets of eddy covariance (EC) derived fluxes of carbon, water,
94 and energy in tropical evergreen foresEoldenet a/, 2004; Hutyraet a/, 2007; Doughty&
95 Goulden, 2008a; von Rando#t a/, 2013; Restrep&oupeet a/, 2013; Zeriet al, 2014)are a
96 powerful tool for investigating factors limiting biosphereatmosphere exchange in tropical
97 foress, including photosynthesigross ecosystemproductvity, GEP), important forpredicting
98 tropical vegetation responses to climatic change (Nergawa/, 2003).To date, however, most
99 EC-based studies in the tropics have focusedpbntosyntheticresponses to variation in
100 individual environmatal drivers, including solar radiation and diffuse light fraction (Gralem
101 al/, 2003; 'Goulderet al, 2004; Hutyraet al, 2007; Oliveiraet al 2007; Cirinoet al, 2019,
102 temperature (Doughty & Goulden, 2008a0d vapor pressure deficWPD; Hutyra et a/, 2007)
103 Despite high correlation among these drivers, few analyses (Lloyd & Farquhar, 868i8eed
104 the covariation amontpem

105 Besidesienvironmentalfactors biotic changes incanopy photosynthetiefficiency
106 associated"with leaf phenologre also important for foregthotosynthesisbut have been
107 largely neglectedn studies oftropical evergreen forestseaf development and senescerared
108 associatedelaf demography (i.e. thaistribution of leaf agewithin a forest canopgycan cause
109 seasonal changes in boémaf quantity (i.e. canopy leaf areagnd leaf quality (.e. perarea
110 photosynthetic capacityBaldocchi & Amthor, 2001; Gwet a/, 2003a; Goulderet a/, 2004;
111 Richardsonefa/, 2007;Kitajima et a/, 1997 Doughty & Goulden, 2008b; Wwet a/, 2016.
112 With few exeeptionge.g.Kim et a/, 2012 de Weirdtet a/, 2012 Xu et al, 2016), phenology of
113 leaf quantity and qualityn the tropicshas beerassumed constant in both modelling (Povell
114  al, 2013; Sitchet a/, 2015) and empirical studig®oughty & Goulden, 2008, Doughty et a/,
115 2010; Leeetal, 2013).

116 Accurateidentification of the causes of tropicébrest GEP variability may help resolve
117 severallongstanding debates in tropical ecology. We focus here on two key debates about
118 tropical forestfunction: Firgs the question of whethéght or waterresources armore limiting
119 to tropical forest metabolism. Most modeling studies have represented tfopgsabystems as
120 waterlimited, simulating dry season declines in ecosysteale GEP and evapotranspiration
121 (Werth & Avissar, 2004; Leet al, 2005; Christofferseet a/, 2014). By contrast, manmy-situ
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and satellite studies show dry season increas€&or evapotranspiration in Amazon forests
(Shuttleworth, 1988; Saleslex a/, 2003;Hueteer a/, 2006;RestrepeCoupeet a/, 2013 Guan
et al, 2015), but these findinggestill controversial in theemote sensing literatuf®orton et
al, 2014; Biet a/, 2015 Saleskeet a/, 2016).

The_second debate is about whether tropical foregtsateclose to a temperature
threshold abovewhich performance diminishe®bservational studies report declines in forest
productivity'and CQ uptake as temperature increatmvard the upper end of the range under
current climates, and conclude that tropical forests operate close to a high teragdamit that
may easily be exceeded under climate change (Clark, 2004; Doughty & Goulden, 2008as Clark
al, 2013; Cavaleret a/, 2015) There are also studiesguingthatthe observedorest response
to high temperatures likely a stomatal resp@e to VPD due tds correlationwith temperature
(Lloyd & Fargquhar, 2008). High VPDBan induce stomatal closurend thusreduceGEP and
evapotranspirationHence, theobserveddecline in photosynthesismight not bea direct
temperature_response, andght be ameliorated by higher future @@oncentrations under
climate change (Ainsworth & Long, 2005; Levasa/, 2009; Zhanget a/, 2015).

The*goal of this study is to advance understanding of how environmental variation and
biotic change in canopy photosynthetic efficiency independently and jointly redrdaieal
forest phetosynthetic metabolism, in order to provide new insights into the two longgtand
debates mentioned abov&Ve ask: (1) How do environmental variables control hourly
photosynthds in tropical evergreen forests? (2) What are the relative contributbns
environmentakand biotic factors in controlling tropical photosynthesis on tifeesfcam hours
to years? (8)«Given the context of 1 and 2, what can we say about environmatdatibhis and
the temperature sensitivity of tropical forest photosynthesis? In order to attlresgjuestions,
we used a seveyear dataset of EC measurements from a ceeétstern Amazonian evergreen
forest in Brazil(Hutyra et al., 2007; Restrep@oupe et al., 2013; Wuet al.,, 2016) and

partitionedthe variability of GEPinto responses teariouscauses adifferent timescales.

Materials and:Methods

Overview

Here, we summarize the approach we developed in this study for partitioning the variability of
GEP into responses to both environmental and biotic (i.e. canopy photosynthetic gfficienc
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causes at different timescal&ur drategy was to first apply the approach of \&a/(2016) to
derive an estimate afanopy photosynthetiefficiency at monthly timescaleshamelyLUE r,
the lightuse efficiency (LUE = GEP/PAR) under reference environmental conditidaghen
normalized hourly GEP byLUEs within each montho provide a metric for photosynthetic
sensitivity to.environmental driverAt hourly timescals, we then used path analysis (Bassow &
Bazzaz, 1998; Huxmaret al/, 2003) to statistically identify which environmental drivers
influenced"GEP anthe LUE-normalized GEP, and to quantify their relative importance. We
used these results to develop a parsimonious, physiologiasld lighuseefficiency (LUE)
modelfor hourly GEP. We then used Analysis of Variance (ANOVA) to partitiorotieerved
hourly GEPR aeross different timescales (Huia/, 2003; Richardsomet a/, 2007) to determine
the relativesimportance @nvironmental andiotic controlsat timescalesanging from hours to
years. Finally, we tested whether there existed any environmental control oretrennual

dynamics of théiotic factor (i.e.monthlyLUE). The whole analysis flow is shown in Fig. 1.

Site description

The study sitesithe Tapgds National Forest, k67 eddy covariance tower siteég84V, 2°51'S),
near SantarenParg Brazil. It is an evergreen tropical forest on a wvaedlined claysoil plateau,
with a mean upper canopy height of ~40 m (Hutgta/, 2007). Mean annual precipitation is
~2000 mm/year with a-Bonth dry season (monthly precipitation < mongapotranspiration)
from approximately midduly to midDecember. Additional local site information can be found
in Hutyra etal2007)andRestrepeCoupeet a/(2013).

Measurementsf fluxes and environmental drivers
The eddy covarianceHC) method was used to measure the,@change between forest and
the atmosphere from a 64 high tower affapajosk67 site (Saleskat a/, 2003; Hutyraet al,

2007; Restrep&oupe et al, 2013). Our tower dataset includes flux and meteorological

measurements from January 2002 through December 2011, except for periods when operation

was interrupted (most significantly, from January 2006 to August 2008, dubigotree falf. In
total, seven years of hourly EC observations (22025 and 2002011) were used in this study.
The highfrequency raw EC data was processed and aggregated to hourly Devailed
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description of the instrumentation and datam@&cessing protocatan befound in (Hutyraet
al, 2007; Restrepo-Coup a/, 2013).

After systematic data quality control and outlier remoVsl (et a/, 2016), hourlyGEP
was estimated by separating hourly net ecosystem exchange (NEE, in uaiot*€0with
fluxes to the.atmosphere defined as positive) into two components: ecosyspaatiosn (Reco)
andGEPR, whereGEP= Reco- NEE. Reco was approximated by the average of valid nighttime
NEE during"welmixed periods (u* criterio®0.22 m/s; Hutyra et al/, 2007), interpolated into
the daytime“following the approadtescribedin RestrepeCoupe et a/(2013). Hourly GEP
(umol CQ/m?/s) was further aggregated to daily steps (gG/d) by summing up all the
effective measurements*( criterion:>0.22 m/s) within a day.We also calculatéthe average
daily GEPfer each month during our study period.

The EC observations also included environmental drivers: photosynthetically acliagaa
(PAR), air temperature (Tagndvapor pressure deficit (VPOSaleskaet a/, 2003; Hutyraet
al, 2007) Diffuse light fraction is also available from June 2004 to December 200Eh was
measuredsusing a BF5 Sunshine SeliBettaT Devices Ltd, Cambridge, UKihounted at the
tower. As diffuse light fraction (the ratio between diffuse and total PAR)rdtuence canopy
scale photesynthesis (Gar a/, 2002, 2003b; Oliveirat al/, 2007; Mercade@t al, 2009; Cirino
et al, 2034) but was only measured for a short portion ofB8erecord, we used a simple
“Cloudiness Index” (acronym as “CI” hereafter) as a proxy of light quality:

cr=1- LR 0
clearsky
where the observed PARPAR,») was obtained from thewermounted PAR sensor, and the

theoretical PAR {4R,,...,) for clearsky conditions at local elevation was estimated using an

established _model (Weiss & Norman, 1985). CI was highly correlated with measured diffuse
light fraction*(Rig. S1cR?=0.60,p<10°), so we take it as a proxy of diffuse light fraction in our
analysis, with-ebserved values ranging from(@idect sun) td.8 (fully diffuse light).

We wused rainfall measurements from the Tropical Rainfall Measuring Mission (TRMM)
Multi-satellite™Precipitation Analysis (TMPA) (product 3b42V6, integrating micvewand
infrared satellite data with gauge data), which provides 0.25 degree -hadi\3 rainfall
estimate for the Amazon from 1998 to the present (Huffetaa/, 2007). The monthly TRMM
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rainfall measurements centered on the k67 tower site jeans20022005, andyears2009-
2011 were used in this study.

LAl measurements

Leaf area_index(LAl), the quantity component ofeaf phenology, influences ecosystem

photosynthesis primarily by regulating the fraction of PAR absorbed by the forest canopy

(FAPAR). Here, we used classic LAIFAPAR relationship (Doughty & Goulden, 2008b; Xiao
et al, 2004)forestimating FAPAR:

FAPAR = 0.95- expt_EAL - @)
co

S&ZA)
where SZAuis solar zenith angle, and k(=0.5) is the extinction coefficient.

Monthly data of LAl was measured with an L-2000 instrument (LICOR) (2062005;
Brando et a/, 2010) at 100 grid points within a ehectare control plot of the SeEéoresta
drought experiment, about 5 krawayfrom thek67 eddy covariance tower. Ave-year mean
annual cyele=of monthly LAI (range: 35-6.15 mi/m?) was used for deriving a mean annual
cyde of FAPARat k67 (Fig. S2) Since FAPAR showed verlymall seasonalariability (< 2%),

we thusassumed the effeof LAl on FAPAR seasonalityat this foressite couldbe ignored.

Overview ofthe LUE-based photosynthesis modeling
This study. uses théUE-based photosynthesis modeliagproach (Eq. ;3Monteith, 1972;
Monteith &Maess, 1977):

GEP =gx PAR (3)
whereé, or LUE, is the efficiency (mol C@mol photors) with which solarradiation(PAR) is
used in photosynthes{§&EP) The term¢& was calculated by Eq. @avis, 1976; Fieldet al,
1995):

g=%=goxFAPARxfw (4)
where £ptisy'the intrinsic LUEof the canopy under nestressedor reference environment
condition whichis influenced byinternal leaf properties such as leaf nitrogen (Field, 1983) or
leaf age (Wilsonet a/, 2001; Doughty & Goulden, 20080fAPAR is described by a classic
LAI-FAPAR relationship in Eq. 2fe, represents thgoint environmatal effects that down-
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regulate€ (Javis, 1976; Fieldet a/, 1995;Gu et al, 2002;Xiao et al, 2005; Mahadevaat a/,
2008). The LUEbased photosynthesis model used here thus incorpbnat&sds of control on
vegetation photosynthesis: (B shortetimescale photosynthetic responsdriven by light
guantity (PAR andotherenvironmentalriversfen, and @) alongertimescaleresponse driven

by changesiin,leaf quantifwhich affects FAPARandleaf quality (vhich affectsy).

LUE or andGEP,orm
To representhe capability of the canopy to photosynthetically assimila@, independent of
fluctuations in ‘environmental driversye estimatedthe incident lightuse efficiency of the
canopy under=seference conditiondJE ). LUE s was estimatedfollowing Wu et a/. (2016)
(where it was called canopy photosynthetic capacity, or #Cthe ratio of E@lerived GEP and
PAR under reference environmental conditions. The definitidrlJéf s (from Wu et a/.,2016)
generalizesprevious tudies tharemoved the influence ofarying PAR onGEP (Hutyra et a/,
2007; Doughty & Goulden, 2008b; Restrepoupeet a/, 2013; Jone®t al, 2014)by further
removing the=influencef variation inother important environmental drivers (i.e. VPD, &ad
Cl) and SZAThe reference environmental conditions were takemaa®w binsof eachdriver.
PAR=1320+£20Qumol/m2/s, Cl=0.40+00Q, VPD=874+200 Pa, and Ta=27.782C (8.1% of all
hourly GEP"observations, about 20 observations per month, on avevégedssumedhat
LUE,es is constant within a month (roughly the timescale needed for significant canopy changes)
but that it'canvary between months, following changes in LAI or in 4aeea photosynthetic
efficiency.Because LUE is derived from EC measurements, the question arises as to whether it
is an adequately independent predictor of GEP, which is also derived from ECvdipwe
changes (in independemheasurements ofeaflevel photosynthetic capacityor maximum
carboxylatiomn capacity of RubisGdVcmax), Scaled to the canopy, are consistent with changes in
LUEs (Wu et al, 2016) lending confidence to our interpretation of LItEas an accurate
measure of ecosystestale photosynthetic infrastructure.

We note“thatthe EGCderived LUEys, interpreted in the context of the LtHased
photosynthesis modelind:qgs. 34), is proportional t&fyx FAPARwith a scaling constarfit,y re
(Eq. 5; the environmental effect under reference conditions):

LUE,, =5 x FAPARX [, .. (5)

Combining Egs. 3-5, we can further deil@€ePandé as functions oLUE ref:
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1

GEP = x LUE

ref

x PARX [, | (6)

e ref

X LUEFEJ, xf (7)

envref
Eqgs. 67Zthus summarize the photosynthesis process subject to the joint controlsrigamn
timescalddiotie’change in canopghotosyntheti@fficiency (i.e. monthlyLUE ¢, which captures
changes in LAl as well as changes in {kafel photosynthetic efficiency aggregated to the
canopy scale) and shoriamescale environmental drivers (including hourly measurements of
PAR and other variables). By using the -BE&ived monthlyLUE; over the sevenyear
timeserieswe furtherseparatedhe shortetimescale physiological response énvironmental

drivers from the longetimescalebiotic changes in canopy photosynthetificiency:.

LUE
norm = GEP X LUEref av, = e X PA‘R X ];mi (8)
LUE,, @ LUE,,
LUE
_ GEPmrm — ref,avg % (9)

&
nowrm PAR I UEref eny

where LUE erayg iS the mean valuef monthly LUE s over thesevenyear time serigsand

GEPorm andesemwere GEP and £ normalized byLUE s respectively Therefore, according to
Eqgs. 8-9;GERm is proportional toPARXf.,, representing variability in GEP due to shorter
timescale environmental variability alankeikewise, € ,,,iS proportional to the environmental
response sfunctiofien,, representing variability id' caused by shortégimescale environmental

variability @lone

Path analysis for environmental controls on shoiteescalephotosynthesis
Path analysis.is similar to multiple regression approaches, and is especially usefulmwizen a
causal or“correlative information is known among variables (Li, 1979)as been usetb
evaluate environmental controls on plant gas exchange in a téendecaduous forest (Bassow
& Bazzaz;"1998) and a higtlevation subalpine forest (Huxmau a/, 2003).In this study, we
applied it in"a tropical forest to investigate environmental controls on tropaaistf
photosynthesis.

Four environmental variables were considered in our path analysis, including PBR, VP
Ta, andCl, due to their important roles in regulating tropitalest photosynthesis processes
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(Grahamet al, 2003; Goulderet al, 2004; Hutyraet al, 2007;Doughty & Goulden, 2008a,;
Lloyd & Farquhar, 2008Qliveira et al/ 2007; Cirinoet al, 2014). We firstly designed the path
structure for their correlations as follows: (1) atmospheric conditions éitedidoy Cl) and SZA
determine_ the aboveanopy PAR, (2) PAR drives Ta, and (3) Cl and Ta influence VPD. While
other path_structures may be conceptually feasible, our intent was not to exploretihe rela
goodness-ofit of different models, but instead to identify the primary interaction patteongm
these ewironmental drivers

We then“designed two path diagrams explore environmentakffects on EC-derived
GEP\ormandeom (Egs. 8-9, respectively. We applied a log transformatiore tg,, to achieve
the normalitysassumption for path analySigerborghet a/, 2014). All environmental variables
were initially assumed to directly contr@®EPR,om (Or €,0:7). T derive thefinal path diagram,
we ran the path analysis multiple times, removing insignificant patwal(e>0.05) on each
iteration, until all remaining paths were statistically significant.

The path value (PV, arrow thickness in F&y.was cerived from the standardized partial
regressionscoefficients, representing the relative strength of a giveoonshagi. Therefore, PV
in our study allowed us to quantitatively compare the relative influence of variousrenental
variablesarthe photsynthesis. All the path diagrams were solved WM SPSS AMOS 22

(Chicagoglilr, USA) software, by using fultformation maximurdikelihood estimation.

The LUE-based photosynthesis model

To representhow multiple environmental drivers affect shormescale tropical forest
photosynthesisive adopted the methods from previous studies, and deségibed the product
of scalar functions of PARL(caa), VPD (Whscara), Ta (Tscara), and Cl Clscarn) (Javis, 1976;
Field et al, 1995;Gu et a/, 2002;Xiao et al, 2005; Mahadevaat a/, 2008):

]va = Lsmlar X VVsmlar X Tscaiar X C[.Tmiar (10)
1
L = 11
¥ 14 PAR/PAR, (D
W, =1-k, xVPD (12)
Tscalar =1- k"I' X (r _Topt )2 (13)
Cly =1+ kg xCl (14)

This article is protected by copyright. All rights reserved

85UB01 7 SUOWILLIOD BA1.81D) 8|qedl|dde U Aq pausenob a8 sajole YO '8sN JO San. o A%iq1T 8Ul|UO AB]IM UO (SUOTPUOD-PUE-SWS)WI0 A8 1M AleIq 1jeu[Uo//Stiy) SUORIPUOD pue swie 1 8y 8es *[202/20/7T] uo Areiqiauliuo Ao |Im AB]ifeAapuelD oy Sexe L JO AisIeAIuN 8y L Ad 60SET GOB/TTTT'OT/I0PAL00" A Im Afe.q Ul juo//Sdny WwoJy pepeojumod ‘e *LTOZ '9872S9ET



328 The coefficients in Eg} 11 —14were: PARy, whichdescribeshe MichaelisMenten constraint of
329 PAR on photosynthesi#Mahadevarer a/, 2008) k,, kr and k¢;, defined as the strength of the
330 environmental constraints from VPD, Ta and CI, respectively; apdwhich is the optimal Ta
331 for photosynthesis.

332 However;.the defaulte,, (shownin Eq. 10) did not consider the fact of environmental
333 correlations_(Lloyd & Farquhar, 2008). To overcome this problem, we turned to the path
334 analysis: Only“those environmental drivers, which were significantly relatédGH#P,orm or
335 enomin pathranalysis, were selected tbe final form offn,, by retaining their scalar functions
336 while setting the other scalar functions equal to 1. We ctilefinal LUE-based photosynthesis
337 modelas“theseference LUE model

338 To explore’photosyithetic sensitivity response to environmental change, we used the
339 reference LUE moddb simulateGEPR,om as a function oé single proxyCl, assuming thabther
340 environmental variables change linearly with, @bllowing their currently observed joint
341 distribution.(including correlations) (Table SThe analysisvould allow us to explore how each
342 environmentabriverindependently and jointly controls photosynthetic activity, and to perform a
343 more realisticisensitivity analysig environmental effect on photosynthesis.

344

345  Model runs'and posterior analysis

346 To quantify the effects of botkenvironmeral and biotic (i.e. LUE) driverson modeled
347 GEP, we ran our reference LUE model at hourtpescales for a training datasetygars 2003,
348 2005, 2009;7and 2011), and validated the model using an independent gatas2002, 2004,
349 and 2010).:We optimized the model tmynimizing the Euclidian distance between modeled and
350 observedGEPR using “NonLinearModel.fit(Holland & Welsch,1977)in Matlab R2014a. After
351 the optimization, we ran the LUE model with the fitted model parameters for-yahi7hourly
352 measurements but with three differescenarios: (1) the full model (or “full”; forced by time
353 varying environmental drivers interacting with tiwarying LUE(.); (2) only with
354 environmental effects (or “Env”; forced only by timarying environment drivers, assuming
355 LUE,s is constant foall the months); (3) only witlkanopy photosynthetic efficien@ffect (or

356 “PE”; forced only by time-varyindtUE ¢, assuming environmental drivers are constant).

357 For the simulatedsEP from each scenario, we aggregated the hoGEP to the daily,
358 monthly, and yearlyalues respectively.We then applied ANOVA analysis (Eq15-21) to
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partition the variance oEC-derived GEP into different causes“full”, “Env”’, and “PE"),
following the approach used by a similar study in a tempeeteuous forest (Richardsat
al, 2007). We repeated the analysis for the three diffeqgmtiods of integratiorat daily,

monthly, and yearly timescales.

N
SST :Z(J;z,obs _yobs)2 (15)
i=1
Y -~
SSfufﬂ = Z(yf,obs — Vi y (16)
i=1
N ~—~
SSEW = Z(yi,obs _yz,Emi )2 (17)
i=1
N -~
SSpz = Z(yz,obs — V. )2 (18)
=1
SS
RZ — 1_ Jid! 19
il S, (19)
SS
2 — 1_ Env 20
Eny SST ( )
S
Ree =1- g"E (21)

wherey, , refers to EGderived (observecK,BEP,andj};M, j;?m andjz:PE refer to the modeled
GEPfor the /th observation under the model scenarios of “full”, “Env”, aRE" respectively
y.,. is thelmean oEC-derivedGEP. N is the total number of observation under given integrated

timescales! S5 denotes the total sum of squares Edt-derived GEP;SS,, denotes the total

sum of squared error of modeled GEP betwaleservedand ‘full” scenario;SsS,, , denoteshe
total sum ‘of'squared error of model&&P between observeand ‘Env’ scenarig SS,, denotes
the total sum of squared error of modeled GEP between observedPBndcénario Finally,

R, R}

full? Env?

and &?_denote thdraction of EC-derived GEP variability explained byfull model,

environmental drivers, andJE ¢ respectively.

Decouplingthe effects ofa and VPD o C-derivedGEPForm
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To assess theffects ofTa and VPD on photosynthesis, we firgtigrmalizedhourly EC-derived
GEPto deriveGER,om. We then filtered the full-gear hourlyGEPR,,m dataset to focus only on
those measurements with high light (RAB00pmol photons Ms™). This treatment can tease
out the effect of environmental factasther than VPD and Ta. Thewe did two tests to assess
the effects_of.VPD and Ta dBERom. In testl, we binnedGERm by Ta, witha 1°C interval
from 25.5°C t0'31.5°C, and plott&sEPR,,m against VPDwithin each binIn test 2 we binned
GEP ot by VPD, with a 200 pa interval from 0 pa to 2200 pa, and ploteeP,.m against Ta

within each'binThis analysis alloed us toseparateheeffects ofVPD and Ta orGEP,orm.

Exploring environmental controls on inter-annlublk,cs variability
We alsoanalyzedhe correlations between key environmenli@ersand LUE ¢ at the monthly
scale across all our sevgear data recortb explore whether therexistsany environmental

control onLUE ¢ inter-annualvariability.

Results

Relationships-among environmental variables

Thefourenvironmental variables at our nemuatorial tropical forest site were highly correlated
(Figs. S3S4'andTableS1). The path analysis (Fi@) revealed that: (1) PAR had a significant
positive effect on Ta (path value, PV=0.3810"), and (2) Ta had a significant positive effect
on VPD (PV=0.86<10°). In addition, there was a secondary pattween Cl and VPD (P\.=
0.03; p<1@)~Finally, Cl had a direct effect on PAR (P\)=69,7<10°), as expected because ClI
is defined te-be negatively correlated with PAR in EqCllalso had an indirect effect on Ta
(PV=-0.37; p<10°) and VPD (PV=0.36; p<10°). These quantitative results are consistent with
previous findings that clouds and aerosols (positively correlated with Quemntded both the

surface energy.balance and the hydrologic cycle (Benner & Curry, 1998, &32002).

Environmeial controls orshortertimescalephotosynthesis

We observed.that three environmental variables significantly conttokewrmalized light-use-
efficiency €0, @ hourly timescales (Fig. 28): (1) CI had a positive effect anyorm (PV=0.34,
p<10°), and (2) VPD and PAR had negative effects &g, with PV=0.23 and-0.18
respectively. The absolute PV of Cl eg,,»was significantly larger than that of VPD and PAR
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on €,0rm INdicating that diffuse light fractiorapproximatedoy CI in this study might be the
dominant control 08 ;orm

We observed that only two environmental variables controtlesl normalized GEP
(GEPsorm) at hourlytimescales (Fig. 2b): (1) PAR had the expected strongly positive effect on
GEPhorm (PV=0.84,p<10°) andlikewise (2) VPD had a significagtnegative effect oG EPom
(PV=-0.35,p<10°). The absolute PV of PAR dBER,,m was more than twice that of VPD on
GEP,omi, indicating that PAR was the dominant control. Our analysis of environmental sontrol
on rawlight-useefficiency (¢) andGEP respectively (FigS5 showed that both relationships,
LUE versus enyironmental drivers aGdEPversus environmental drivers, were identicad 19,

versus enyironment ar@®EP,qm versus environment, respectively.

Qur path analyses therefore revealed that three environmental variables (Cl, VPD and PAR)

significantly controlledhourly photosynthesis abur tropical forestsite Cl and VPD affected
photosynthetic_activity primarily through influencing.,,» and PAR affected photosynthetic
activity primarily through its direct effect GBEPorm.

LUE modeling=synthesis and validation from hourlyrtter-annual timescales
Given thewresults of our path analyarsd Eq. 5we were able to omit the temperature response
function from the overall environmental response function (Eq. 10), yielding:

LUK 1

GEP=__""" w PARx(1+k., xCDx(1—-k, xVPD)x(— 7 — 22
X x(1+k, xChHyx(1-k, x )><(1+PAR/PARO) (22)

env,ref
Eq. 22constituted our final form of the LUBased photosynthesis model.tioe reference LUE
model.

We first validated the mod@lerformance. We found that the reference LUE m¢@ég!
22) forced by timevarying environmental drivers and monthlyJEs (or “full” model)
explained«f%:.of variability in EGderivedGEPat hourlytimescale(Fig. 39. When aggregating
the modeled.and EGerivedGEPto longer timescales (days to years), our results indicated good
agreementbétween these two metrics at daily, monthly and yearly timeséa@g1/0.73, and
0.80respectively (Fig. 3b-d). We alsofound that the reference LUE model (Eq. 22) foroady
by timevarying environmental driveraith a constantUE (or “Env” model) did similarly
well in explairing thehourly variability in EGderived GEP (R=0.75; Fig. 3e)However, when

aggregating to loger (daily and monthly) timescales, the “Env” model explains much less of the
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variability in EGderived GEP than does the “full” model, with strong evidence at monthly
timescales (Fig. 3c and Fig. 3g). A similar contrast is apparent at annual timesical8d @nd

Fig. 3h), but the evidence is relatively weaker, as we only have -geaerobservations (data
size=7) for annual timescale comparisons.

We also ran the LUE modéEq. 22) driven by the same hourly environmental drivers but
with three temporal resolutions bUE s (monthly, toa mean seasonal cycle (one data point for
each month~of the year), ta constantLUE; derived as the mean of the entire monthly
timeseries Fig."4b). Our results indicated that the LUE model withe highesttemporal
resolution ofLUE s could best capturénter-annualvariability of monthly GEP (R°=0.74 Fig.
4c), followed bya mearLUE ¢ seasonal cycléR?=0.61), anda constantUE ¢ (R°=0.14).

We then used our reference LUE model to parti#P variability to different causes.
We found thatat hourly timescalesmodeled GEP of “full” scenario (driven by both
environmental _andbiotic factors explaining 77% of E&@lerived GEI was most sensitive to
variation in_environmental driver@xplaining 75% of variance inEC-derived GEIF, andas
expected]eastisensitive to variation IJE e (1% of variance irEC-derivedGEP explained)
which is assumed to be constant within a mdkily. 5. Theenvironmental variability becomes
less important in affecting model&EP at progresively longer timescales, with8%, 3, and
11% of _the*variance irEC-derived GEP attributable to variation in environmental drivers at
daily, monthly, and garly timescales respectively (Fig.. Meanwhile, variation in the biotic
response hecomes progressively more important in deternti@ugrivedGEP, with 6%, 63%,
and 766 of'the, variance iiEC-derived GEP can be attributed to variation IJE s at daily,

monthly, and.yearly timescales respectively (Big.

LUE modeling: characterizing environmental responses

The coefficients for théfull” model driven by both time varying environmental drivers and
monthly LUEe;Were reported in Tabl82 including &ny ref (the scaling constant in Eq.) 54,

(the coefficient ofGEP sensitivity to Cl),4, (the coefficient ofGEP sensitivity to VPD), and
PAR, (the MichaelisMenten constraint of PAR on photosynthesis). These coefficients indicated
that photosynthesis was: (1) 88times afficient under fully diffuse lighasunder fully direct

light, and (2) ~1.92 timeas efficient without VPD stresss under the maximum VPD stress
(~2.5 kpa at k68ite).
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With the model coefficients (Tables S2) and empirical correlattoneng environmental
variables(Table S1), wehenassessetiow environmental variables independently and jointly
controlled photosynthesig-ig. 6ashows that photosynthesiespondsmonotonically to ClI,
VPD, and_PAR individually. However, when considering the correlations among envirahment
variables(Fig«.6b), we found that(1) the combined effect of PAR and CI led to a concave
photosynthetic/response, with the maximum photosgigret the moderate CI; and (2) the
combined~effect of PAR, CI, and VPD also led to a concave response, but with increased
curvatureand with the maximum photosynthestsachedvhenCl is around0.42. This optimal
Cl value differentiated a “light limited regime” from a “stomdimited regime” Fig. 6b)

The humpshaped relationship of Fig. 6b has important implications for the environmental
sensitivity ‘of tropical forest physiological responsewet vs. dry seassnRelativeto current
sevenyearenvironmental conditionsye simulated how the k67 foreSEP,,m responded to a
reduction in_Cl (typically associated with more sunlight, less rainfall, and m\¢RB; Table
S3), generally seen during atmospheric drought conditions in the Amazon Rasirresults
showed that=with CI reduction and associatectegase in PAR, VPD and Ta (Fi§9), the
integrated“environmental effect led to an initial increase and then a decrease in wet season
modeledGEPR,,:m and a continuous decrease in dry seasodeledGEPR,om (Fig. 6d. This is
because.wet season environmental conditions tend to be cool, humid, and less brightewhile t
dry season conditions are already hotter, less humid, and brighte6¢ridn addition our
results alse indicated thatodeledGEP,.m at k67 hadsmall sensitivity to moderate fluctuations
in Cl; a reduetion of Cl by 0.1 (a ~20% change in Cl), associated with an increase in midday
PAR of ~220-gfmol/ffis and an increase in midday VPD of ~170(Pag. S6), causing absolute
change®filess than 3% imodeledGER,m in both wet and dry seasons (Fig.&diTable S).

Since modele&GEPR,m of this forest had small sensitivity to environmental variability (Fig.
6d), and dry.season of this forest is more likely to be wiitsitistomatal limited regime” (Fig.
6b and Fig.6c); we found, as expectedthat the mean seasonality of modeled GEiRen by
environmentralone showed inadequsgéasonal variatio(Fig. 7), accounting for only 5% of
mean seasonality abservedSEP.By contrast, the model driven by biotically-controlled LYE
alone well tracked the mean seasonalitpliservedSEP (R=0.9Q Fig. 7),due to a strong dry
season increase in canopy photosynthetic infrastructure, not captured by the envimmynent
model The main deviationfor biotic-only model was late in the dry season (October to
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December)when observedGEP fell significantly below that predicted by LUE, consistent
with environmentdriven stomatal limitation that prevented the canopy’s filbtosynthetic
efficiency from being utilized (Figob and Fig. 6¢. This late dryseason suppression of GEP by
stomatal limitation was captured by both models which included environmentatsd(tie

environment-enly model and the full model).

Dewuplingthe effects offa and VPD o0rGGEPForm

Our analysis“indicated thaBER,,m showed a nearly monotonic decline with VPD when
adjusted for Ta (and PAR and CI) (Fig. 8aest for slopes under each reference Ta is
significantly different from 0, withp=0.0251), but thaGEP,.m showed little change with Ta,
when adjusted for VPD (and PAR and CI) (Fig. 8bedt for slopes under reference VPD is
insignificantly different from 0, with p=0.0875). These results together suggeMRBais even
more direct_control onGER,m. This analysis is consistent with the results from path analysis
(Fig. 2),suggesting tha¥PD is the direct control 0GEP:om.

Environmental‘controls oimter-annuahariability of monthlyLUE ef

Our analysis_showetthat therevasa strong, but lagged, correlation between environmental
variables(PAR, VPD, and Rainfall) abtlE s at monthly timescales over sevgear
observations at k6F(g. 4and Table 1)with LUE s besttrackingPAR from 3 monthsearlier
(R°=0.38, p<10), VPD from 3 months earliefR?=0.24, p<10), Cl from 4 months earlier
(R*=0.38, p<1@), and Rainfalfrom 4 months earlier #20.42, p<10).

Discussion
This work.allows us to address three main questions about the regulation of photosymthesis

tropical forests,.and also to consider limitations in our ability to answes thestions.

How do envirénmental drivers control hou@EPin an evergreen tropical forest?

Our analysis,confirms that variation of environmental drivers is the domawartol on the
variation of tropical foresGEP at hourly to daily timescales (through direct plant physiological
response), as suggested by previous studies (Goaldah2004; Hutyreet al, 2007; Oliveiraet

al, 2007; Doughty & Goulden, 2008a; Cirims a/, 2014). Thisshortertimescalephysiological
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response follows a positive response to variations in light availabilityR(BAd CI) and a
negative response to atmospheric walkdicit (VPD) (Figs. 2and Fig.6). We arealsoable to

model these responses by a parsimonious-ba&ed photosynthesis model (2&; explaining

R’=77% of EC-derivedGEP, Fig. 3a).

This analysis allows us to investigate the cause for previously reportedailses (at a
nearbyevergreen forest sit¢hat at given PAR, hourlEPis higher in the morning than in the
afternoon“(Doughtyet al/, 2006) It had been suggestethat a combination of increased
evapotranspiration demand and ptantiogenous circadian rhythms might explain the afternoon
decline in light 'sensitivity ofSEP in this tropical forest (Gouldert a/, 2004; Doughtyet al,
2006). Our LUEbased photosynthesis model, by including environmental variables beyond
PAR, can“well simulate the diel patterns GEP (Fig. 3 and Fig.S7), confirming that
physiological response to higher afternoon evaporative demand is sufficient to aamount f
observed diel patterns GEP. In addition,our analysisconfirmsthe positive effect of moderate
cloudiness,orGEP as reported by earlier studi€Su et a/ 2002, 2003; Mercadet a/, 2009;
Oliveira etalp2009; Cirinoet al, 2014).

Our study=highlightghe importance of accounting farorrelationsamong environmental
drivers (ewg.LCl, PAR, and VPI), and between these drivers and the underlgiotic factor (i.e.
LUE ) onswhich these drivers ac®uch accounting shows thtte normalized GEPGER,om)
is much less sensitive to environmental variabititgan previously reported e.g.a reference
20% change in CI has only <3% effect @&P,orm (Fig. 6d Fig. S6 and Table 8), about four
fold lessthan®in other studie@liveira et al, 2007; Doughty &Goulden, 2008a; Leet al,

2013; Cirineetal, 2014). The underlying reason for I@ensitivity of GER,om to environmental
variation istwofold: (1) the correlated changes in ClI, PAR, and VPD tend to compensate for one
anotherwhen acting ongiven LUE (e.g. the positive effect of increasing PAR partly
canceled by, the correlated negative effect of increasing VRucing the overall effect of
changing climate oiGEPR,.m, and (2)normalizing forbiotic changes in canopy photosynthetic
efficiency allowed usto more accurately quantify the effects of environmental variation on that
canopy infrastructure, without being confounded by simultaneous changes in both drivers and
the model parameterto respond to those drive(8Vu et al/, 2016) Since GER,m had much

lower seasonal variation than did r&iP (Fig. 7), our work further highlights the importance

This article is protected by copyright. All rights reserved

85UB01 7 SUOWILLIOD BA1.81D) 8|qedl|dde U Aq pausenob a8 sajole YO '8sN JO San. o A%iq1T 8Ul|UO AB]IM UO (SUOTPUOD-PUE-SWS)WI0 A8 1M AleIq 1jeu[Uo//Stiy) SUORIPUOD pue swie 1 8y 8es *[202/20/7T] uo Areiqiauliuo Ao |Im AB]ifeAapuelD oy Sexe L JO AisIeAIuN 8y L Ad 60SET GOB/TTTT'OT/I0PAL00" A Im Afe.q Ul juo//Sdny WwoJy pepeojumod ‘e *LTOZ '9872S9ET



565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
5901
592
593
594
595

of representingariation of the biotic factor(LUE ) in explainingGEP variability over longer
timescales in the tropics (ste question below).

What are the relative contributionserfvironmerd/ andbiotic factorsin controllingGEP

across timeseales?

Our finding. that environmental variation alone explains progressivelyGé&$3variability at
longer and“longer timescales is consistent with similar findings in temperate biomest @fui
2003; Richardsoret a/, 2007; Urbanskeet a/, 2007; Teklemarianet a/, 2010; Marcollaet a/,
2011; Wuet al/,;2012).However this trend $ muchmore pronounced at this tropical site, with
environmentalwariation accounting for onlyL0% or lessof GEP at longer timescales(i.e.
monthly and yearly), as compared to ~3@%morein a temperate forest (Richardsen a/,
2007; Urbansket a/, 2007). This difference might be attributed to much smaller environmental
variability in_the tropics, and tcanopy photosynthetiefficiencyin the tropics being less tightly
synchronizedwith environmental variability(Table 1) Our severyear dataset isiot long
enough tosdraw strong inferences about the controls onanteral GEP variability, and so the
patternfound ‘in‘this studyemains to be testesiith a longer data record and marepicalforest
sitesin future. However,this work shows that the environmental responses that explain most of
the hourly=variability in GEP do not explain its seasonal or{ateal variability highlighting

that understanding and modeling tleng termdynamics of GEP in response to environmental
drivers may be espidly challenging in the tropics.

Variation in canopy photosynthetiefficiency (i.e. monthly LUE,,) may arise from
seasonal anahter-annualpatterns of leaf dynamics (flushing and abscission drive variations in
canopy leaf areand changes in the agensposition of the canopy). Wer a/(2019 suggested
that seasonal variation in leaf demography (i.e. leaf age composition) and in leahgr{iage
agedependent photosynthetatficiency) jointly explained as much as 91% of averag#e
seasonal variability. This suggests tbae way to improvenodel representation is the direct
inclusion _ofsprognostic modeling of demographic processes in leaves and carapi€sr( et
al, 2012).

However, understanding and quantitative representatiothef biological mechanisms
underlyingthis demograpieally-inducedLUE,; seasonality anthter-annualvariability are still
largely lacking. Our analysis showed that there is no dinstantaneous envirorental control
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596 on inter-annualvariability of monthly LUE ¢ (Table 1). Instead,UE . well tracked preceding

597 environmental drivers (i.e. PARith R?=0.38 of 3 months at k67 site (Table 1). This preceding
598 environmentalcontrol on LUE inter-annual variability might be as a consequence of leaf
599 maturation time to transfer from newly flushing leawd#slow photosyntheticeffficiency to

600 mature leaves with maximum photosynthetiticiency (Wu et a/, 2016). In addition, leaf
601 demography may also arise from other biological mechanisms, including adaptatiavsid

602 herbivores orpathogens (Lieberei, 2007) or for optimal carbon acquisition under gasuha
603 interannualy*“varying resource availability (Kikuzawa, 199%Wright & van Schaik 1994;

604 Kikuzawa, 1995;Wright, 1996; Guaret a/,2015; Brienenet a/, 2015). To empirically test
605 environmentalcontrabn LUE s variability, and alsoto reconcile different mechanisms of leaf
606 demography (and demography indudgdE,e) thusrequire an intedisciplinary approach to

607 expand our observation skills across time, space, and spatial resolutions, avel exitical to

608 understanding the long-term response and resiliency of tropical forests to chamgate. cl

609 In addition to demography (Wer 4., 2016),LUE s might also be sensitivie physiological

610 acclimationmofgiven assemblages of leaves to seasonal eamtaal environmental variability,

611 as well as"physiological response drtreme climatic eventsThe physiological acclimation
612 might bewassociated with the plasticity response of tropical trees to {onggscale

613 environmental variability (e.g. StrauBebenedetti & Bazzaz, 1991), which might be embedded
614 in the tradeoffs among covarying environmental variables, and biotic versusnemstal

615 controls on response to those tradeoffs, which is too complex to objectivelyerésotvtower

616 flux observations and the simple modeling proposed here. Therefore, it is yet pending to be
617 tested andw=quantified on the role of physiological acclimation over ldimgescale

618 photosynthetic response in future studies (and, ideally, manipulative experimentgvéipte

619 extreme evenissuch as drought in Amazooould influencelLUE s variability by forcing the

620 variation in carbon allocation among tspstems, and leaves as a response to climatic stress
621 (Doughtyet.al2015) or imposing the forest disturbance and associated tree mortality, and thus
622 changingLUEre: through the changes bothleaf demography anchnopy leaf areaA thorough

623 understading,of how LUE s varies with climate extrees and howLUE, changes during

624 forest postisturbance recoverg thus greatly needed.

625
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Cancanopy photosynthetericiencynormalizedGEP helpto resolve longstanding debates
about environmentdimitations and sensitivity to temperatunetropical evergreen forests

As discussedabove separating the effects of changing environmental drivers foatic
changes in canopphotosyntheticefficiency allows for a more accurate quantification oé th
effects of environmental variabilityResults fronthis holistic approackenableusto revisit two
long-running debates in tropical forest function.

a. Waterversus light limitation. Whether tropical evergreen forests are light limited or water
limited has™been a longstanding and controversial question in tropical ecologppiasl
evergreen forestsmaintain highGEP and evapotranspiration during the dry season whibst
earth systemsmodels simulate dry season declin@&mPand evapotransition (Saleskaet a/,
2003; Bakeretial/, 2008; Leeet al/, 2013; Wuet al/, 2016 RestrepeCoupeet al, 2016).0Our
results here suggestthat both light and water limitations -@zcur and operate at different
timescales in tropical evergreen forests.

Fig. 6a.shows thalight availability (via PARxCI) and water deficit (via VPBnd VPD
induced stomatal closyrare jointly associated with increases and decreases, respectively, in
hourly GEP.“At monthly timescales, we observed increases in boGEP and canopy
photosynthetic efficiencyLUE ) during periods with higher sunlight, even during the dry
season Kigr4 andFig. 7). This observation suggests tleaten during the dry seasowater
supplies are sufficient to suppocanopy developmentwhich increasesLUE ;. However,
simulatiors.that only consider the variation bfJE s overestimatéSEP in the dry seasdiig.

7). This patternsuggestshat dry seasorLUE . is not waterlimited (as LUEs increases with
increasing water deficinh the dryseasos), but thatdry seasorGER,,m, relative to its potential
photosynthetic efficiencyis water limited (ey. decreasesvith increasingwater deficiency or
higherVPD, In the dry seasorfig. 6¢, Fig. 6d and Fig. )Y The increase ihUE . during dry
season might_be facilitated because ground wstierage (recharged by excess wstason
precipitation input) is enough to support the evapotranspiration demand, and thusshasfare
whole overbuilds theapabilityto take advantage of excess light availability in the dry season
(Kikuzawa,*1995; Guawt a/, 2015; Doughtyet a/, 2015).0Our analysiss thusconsistent with
light limitation of canopy development gfhotosyntheticefficiency (LUE), and with water

limitation of stomatal conductance, both simultaneously operating during the dry season.
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b. Tropical forestsensitivity to temperatur®ur findingthat temperature had no detectable
direct effect onGERom (only the indirect effect via VPDFig. 2 and Fig.8) has important
implications for the ongoing debate about the temperature sensitivity of tropestsiddoughty
& Goulden (2008a) and Clarkt a/(2013) argued that carbon uptake in tropical forest was
limited by high temperature, while Lloy8l Farquhar(2008) argued that observed declines in
uptake with temperature were not due to high temperg@rese but to the associated increase
in VPD" that“induced stomatal closure. Our path analysis suggests that in our record of
observations,“temperat affectsGEP indirectly through its effect on VPD (Fig). This
interpretation is confirmed by bivariate analysis of temperature and VPDh whidd detect no
effect of temperature that was independent of VPD @jigTropical forest carbon uptake yna
still be limited“by temperature, but that limit is not evident over the range of temperatures

observed at this forest site.

Possible caveats and limitations

The curreptsstudy has two interpretive limitations. One is the lack of explicit considexasioih
moisture. Soillsmoisture camvean important influence on photosynthesis (Kapos, 1989; Baker
et al, 2008, _Brandcet a/, 2008); excluding it from analysis might affect our dericatopy
photosynthetic efficiencyLUE ) and tn, termsin the LUEbased photosynthesis modeling.
However, even if not explicitly included, its effects are likely well represented indirectly: VPD
and soil ‘'moisture are highly correlated in tropical forests, and they both regldate p
physiological*processesrtiugh stomatal conductance (Mair a/, 2009; Brandcet a/, 2010;

Lee et al, 20143). This suggests thaituch of the soil moisture effect on photosynthesis might
already be captured by the inclusion of VPD in our analysis. Second, even if a substéntia
moisture effect was not captured by VPD, our results are likely robusioiAsoisture should

be lower in.the dry season than in the wet season (Bl 2008; Meiref a/, 2009; Brandet

al, 2010),.the consideration of soil moisture shouldicedmodeled drgeason photosynthesis
(i.e. our current LUE model might overestimate dry season photosynthesis) andericeca
estimate of'dpseasorcanopy photosynthetic efficiency (e.g. Fig. S4 in Wua/, 2016). Thus

our observation of drgeason eenup (increase ilUE) would be even larger, and the effects
we see resulting frohUE, s on GEPwould if anything be stronger than reported here, relative
to the effect of environmental variation GEP(Wu ef a/, 2016).
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The other possible limitation comes from aWE-based photosynthesis modeling approach,
which is a simplified representation of canopy photosynthesie. ad6umed that the
environmental effeston canopy photosynthessould be represented by the mplication of
environmental stressor(Eq. 22),each described by a linear function. Possible nonlinear
responses_and feedbacks are thus neglected in this parameterilratamdition, it is still
uncertain whether the model parameteriaédne site carbe extended to other tropical forest

sites, or' into“the future climate beyond the current environmental relogeever, with these

caveats aside; it is clear that the model successfully reproduces the measured fluxes across a

range of time scales (Figa-d).

Implications
In contrast to modeling approaches that assume metabolic variation in tropicgéerfarests
can be represented largely as a response to environmental variation, our case study of forest
photosynthesis suggests that metabolism in these systems is importantly driven by both
environmentalwariation (at shorter timescales) and by lemgescale mlogical rhythms that
are decoupled’from the environment. By accounting for this decoupling, our approach can
reframe loengstanding debates about functioning of tropical evergreen forestggéists, for
example:«(T) that water availability limits instaneous photosynthetic activity of existing
leaves, but not canopy scale development of overall photosynthetic function (whiskeis
the phenology of leaf production, development, and abscission); and (2) that although forest
photosynthesis,is limited by atmospheric wateficit which in turn limits canopy conductance,
these forests=are not currently reaching a temperature threshold above which phetiosynt
activity declines due to thermal stress.

The method used here to partition environmental laiotic controls on photosynthesis
could also.be used to tackle a range of questions about tropical forest function. For example, i
may be applicable to the study of ecosystem respiration and transpiration, atesseibject
to these controls (Hutgret al., 2007; Phillipset al., 2009; Brieneret al., 2015). In addition, this
partitioning=approach might provide insight into whether there are systemdiceddes
between temperate and tropical zones in the relative importance of envirdnarehtaotic
controls on ecosystem metabolistthe biotic control in temperate biomes (i.e. leaf phenology)
being more tightly synchronized with environmental seasonality than in tropicaébi(Cleland
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et al., 2007). Finally, our results alssuggest that failigp to account for biotically regulated
variations incanopy photosynthetitight-use efficiency (i.e. LUEs), risks inaccurate model
predictions of tropical forest GEP at longer timescales. We have shown tharidigon in
monthly LUE +—arising from plenology of leaf quality (Wt al., 2016) and possibly from
biological responses to climate extremes (Doughty., 2015) and disturbance (Anderegdl .,
2015)—is a key driver of seasonal and intamual changes in tropical evergreen forest GEP.
Therdore "models that accurately simulate seasonal and-antawal changes in biotically
regulated “functions likdLUE s will be critical to predicting future tropical forest carbon

dynamics,
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Table 1. Environmental controls on intannua variation of monthlyLUE s over seven years

at k67 sité™Two metric&? (coefficientof determination) and p (significant level) were used for
measuring the correlations between environmental driversLatgl;. Four environmental
variables were analed including EGderived PAR, VPD, and ClI, and satellite TRMM derived
Rainfall. Time lapse i refers to the variation in environmental drivers is the ith month preceding

the variation" ot UE .

lapse 0 lapse 1 lapse 2 lapse 3 lapse 4 lapse 5 lapse 6

LUE . -PAR (R>=0.04 (R>=0.05, (R>=023; (R>=038; (R>=0.34 (R>=017, (R>=001,
p=0.07) p=0.04) p<10° p<10° p<10° p=0.0003) p=0.34)

LUE ¢ -VPD (R?%=0.00; (R>=002, (R>=0.14 (R>=024; (R>=0.19; (R>=005; (R?=0.00;
p=0.93) p=0.0004) p<10°) p<10°) p<10°) p=0.00002) p=0.68)

LUE -Cl (R?=0.31; (R*>=0.0Q (R?>=0.08 (R=0.28 (R>=0.38 (R>=0.32 (R*=0.09
p=0.005) p=0.79) p=0.01) p<10° p<10° p<10°) p=0.01)

LUE e - (R?=0.03; (R?=0.03; (R?=0.14 (R?=0.3Q (R?=0.42 (R>=0.34 (R*=0.05
Rainfall p=0.14) p=0.40) p=0.0005) p<10° p<10° p<10°) p=0.06)

Figure captions
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997 Figure 1: Flow-chart of the analysis of photosynthesis/ironment relationships in teopical

998 evergreen forest
999

1000 Figure 2= Path<diagrams illustrate environmental controls(anthe logarithm of thecanopy

1001 photosyntheticefficiency-normalized lightuseefficiency, or Logé o), and (b) the canopy

1002 photosyntheticefficiency-normalized GEP GEPR, ). We use seven years of hourly daytime

1003 measurements _at k67 site for the analysis. The thickness of each arrow indicates standardized
1004 correlation coefficients, or path value, (see legend). All the paths shown here are statistically

1005 significant (p<0.001). The sutiagram ofenvironmentalariables is colored grey.
1006

1007 Figure 3: GERmodel validation across a wide range of timescales)(hourly, (b, ¥ daily, (¢

1008 g) monthlyg.and (d, hyearly timescales. GERodet used herénclude the “full” model (top

1009 pané; using.the reference LUMbased photosynthesis model, driven by bbithe-varying

1010 environmental'drivers and monthlyJE ) and the “Env” model (bottom panel; usirgference

1011 LUE-based photosynthesis model, driven tioge-varying environmental driveronly with a

1012 constantLUE.s). The model igrainedby the data of years 2003, 2005, 2009, and 2011, and
1013 validatedsby the independent data of years 2002, 2004, and 2010. Observed GEP refers to eddy
1014 covariance derived GEP. Fig.-8and Fig. 3eg shown for the validation data, and Fig. &dd

1015 Fig. 3h shown.for all 7-year data.

1016

1017 Figure 4: Inter-annual variation of monthly environmentalriables biotic factor LUEef), eddy
1018 covarianeex(EC) derived GEP, and LIbBsed model simulated GEP. (a) Ira@nual variation
1019 of four monthly environmental drivers: satellte TRMM based Rainfally(dgrar) and EE€
1020 derived PAR (red), VPD (blue), and CI (light blue); (b) Ire@nual variation irbiotic factor
1021 represented bysthree temporal resolutionsWE er (Monthly in green, to a mean seasonal cycle
1022 (one data,poaint for each month of the year) in blue, to a cordtdft; derived as the mean of
1023 the entire monthly timeseries in orange) at k67 site; (c)-bmaval variation in E@erived GEP
1024 (black), explained by LUfbased model simulated GEP driven by time varying environmental
1025 drivers and a constahtJE (orange; B=0.14; p<10@), driven by time varying environmental
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drivers and a mean seasonal cycl€OE ¢ (blue; R=0.61; p<10), and driven by time vaiyg
environmental drivers and montHWE ¢t (green; B=0.74; p<10).

Figure 5=Fractionof EC-derived GEP explained by environmental drivers (grey square#)eby
biotic factor (LUEs, grey triangles), and by a fullUE-basedmodel that includes both
components (black circles), as a function of timescale of observation. Partjtebmiong model
components used a sums-of-squares approach, as given by Eqgs 19-21.

Figure 6: Model simulatedohotosyntheticesponse to environmental drivefs,f) under give
biotic control (i‘e. a fixed UE ) based on the reference Liifased photosynthesis model (Eg.

22; coefficients, from Table S2) and correlations among environmental driverse (Bab)

expressed as a function of Cl (with PAR and VPD being expressed as a linear function of CI; see

Table S1). (a) Model simulated environmental response to each environmeérgal[@f in
black square$C/scqi2; EQ. 14); PAR ingrey circles(L scaia PAR EQ. 11); VPD in grey triangles
(Wecaiai Eqe 12)]; (b) Model simulatednvironmental response to joint environmental effects
[total light.effect ingrey line (Clscaar* Lscaa PAR); joint light and water effect in black line
Clscarar< Lssatars PARX Weean)]; (c) Probability distribution of hourlfCl observationgor a given
SZA bin (20<SZA<40° for the wet seasorblack and the dry seasomrgy) under current
sevenyear. conditions (d) Modeled GEP,om response to Cl reduction (corresponding to the
increase inPPAR and VPD; Fig. Blative to current seveyear conditions, for the wet season
(black andsthe dry seasogrey). The grey dashed line (b) and (c)indicatethe optimal CI

whereGEP,om IS at its maximum

Figure 7: Severyear mean annual cycles of monthly-B&rived GEP[flack squares, named as
“EC-delived GEP’), modeled GEP witta constanLUE s and varyingenvironmental drivers
(grey triangles, named as “Eimodeled GEP”), and modeled GEP witionthly LUE s and
constanienvironmental driversgfey circles, named atUE-modeled GEP. The dry season
increase iNLUE (grey circles) is evidently not prevented by water limitation, but consistent

with leaf/canopy physiological response (e.g. dry season stomatal closure)litesl ré&P is
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lower, relative toLUE,¢ Iin the dry season tham the wet seasorError bars are for 95%

confidence intervals; Dry season is shaded in grey.

Figure 8:=Relationships betweecanopy photosynthetic efficiency normalized GEFEP:om,
filtered by PARI500 pmol CO ; m?s™) and VPD in (a), anGEP..mandTa in (b). All the
hourly measurements at k67 site (years 20025, 20092011) were used. Different colored
lines in (a) represent different temperature (Ta) bins (bi?(. Different colored lines and
symbols in#(b)yrepresent different VPD bins (200hpa). The central grey line indicates the
overall bivariate relationship betweeBEPR,,m and VPD (a) and Ta (b), without being
conditioned by Ta in (a), or VPD in (b). Uncertainty bars indicate 95% confidence Inferea
mean of allGER..mVs. VPD slogs in (a), each from a separate Ta bin, is significantly negative
(t-test, p=0:0251), while the mean of GIER,,m vs. Ta slopes in (b), each from a separate VPD
bin, is statistically indistinguishable from O (t-test, p=0.0875).
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i Flow-Chart Explanation

i Eddy Covariance Input data

i ' Extracting biotic factor

: LUE.¢ (monthly resolution)

i GEP Normalizing GEP

i G norm LUEmf xLU ref ,avg USlng LUE]‘Cf

! , Correlation analysis:

| : Relationships between

| Path Anal

! T Amyse environment and GEP_
i ¥ Parameterization and

' | LUE-based GEP Modeling validation of a LUE-based
! GEP model

i y Attributing GEP

! ANOVA Analysis variability to two causes:
| environment vs. LUE,;
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