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Summary:

e Satellite and towebased metrics of forestale photosynthesis generally increase with
dry season progression acrassitralAmazonia, but the underlying mechanisiansk
consensus.

¢ Werconducted demographic surveys of leaf age composition, and measured age-
dependence of leghysiologyin broadleaf canopy treed abundant species a central
eastern Amazon sitéJsing a novel leafe-branch scaling approach, we used this data to
independeny test the muctdebated hypothesisarising from satellite and towdrased
observations — that leaf phenology could explain the faeae pattern of dry season
photosynthesis.

e Stomatal conductance anmthemical parameters photosynthesis arehigher for

recently mature leaves th&r old leavesMost branches had multiple leaf age categories
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simultaneously present, and the number of recently mature leaves increased as the dry
season progressed because old leaves were exchanged for new leaves.

e These findings providthe first direct field evidencthat branchscalephotosynthetic
capacityincreases during the dry season, with a magnitude consistembevghses in
ecasystenscale photosynthetic capacdgrivedfrom flux towers. Interactiondiween
leaf agedependent physiology arsthifting leaf agedemographic compositicare
sufficient to explairthe dry season photosynthetic capapdsternat this siteand should

be considered imegetation modelsf tropical evergreen forest

Key words: drought, dry season green-up, leaf ontogeny, phenology, photosynthesis, scaling,

tropical forests.

Introduction

Seasonality is a major source of natural variation in climatic variables, and is known to drive
cycles of plant productivity in many ecosystefidselinget al, 1995; Penuelast al, 2009;
Richardsoretal; 2012). Much of the Amazon rain&st—the largestropical forest in the world
— experiencesrsseasonalityraiinfall due to convection associated with the migration of the
Intertropical Convergence Zonmastakquall lines, and otheneterological system$lorel et

al., 1989; Santost al, 2014; Batista da Silva Ferreigdal, 2015). Ezergreen forestsf central
Amazoniathat experience wet and dry seasons sh@wrious pattern afry season increases in
gross primary productivity (GPP) derived from eddy covarigd&€d (Fig. 1;Salekaet al,

2003; Hutyreet-al, 2007; Restrepo-Coup al, 2013; Wuet al, 2016) in contrast to many
currentland-surface moddlsSMs) thatsimulate decreasing GPP with seasonal declines in
precipitation and soil water availabilifyerbeecket al, 2011; Restrepo-Coup al, 2017)
Landscapescale remote sensing studies complemenisgigeificEC studies and showmcreases
in vegetation_ indicesdreenup’) during dry seasons over much of tentralAmazon basin
(Hueteetwal, 2006; Biet al, 2015). Although the magnitude of thatelliteobservediry season
greenup has beemuestioned (Mortoet al, 2014),it is statistically significan(Saleskaet al,
2016), and it also suggests digasa changes in photosynthetic processes. Identifying the

mechanisi(s) driving the dry season GPP pattern, and develdgds accordinglyjs
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importantfor attribution of seasonal changes to appropriate cdugest al, 2016) and
ultimatelyfor predictions oforest response to global climate change (Rest@pgeet al,
2017)asAmazoniais predictedto experience more severe dry periodthe future(Marengoet
al., 2012).

Hypothesizednechanisms fothe late dry seasonRB increase includé€l) increases in
photosynthesis due to environmental changes (e.g. increased light avail@iaititgt al, 2000;
Gouldenet al, 2004; Ichiiet al, 2005) (2) increases in the quantity of leaves (leaf area index,
LAI) throughoutithe dry season (Gouldetnal, 2004; Mynenket al, 2007) and @) an increase
in average leafevel photosynthetic capaciti?C) (Gouldenet al, 2004; Doughty & Goulden,
2008; De Weirdet al, 2012; Kimet al, 2012; Wuet al, 2016).While thesehypothesesKig. 2)
are not matually exclusive, they have implications for the corrective feaegased to re-
structureLSMs and the type of data required for laspale parameterizatioBeasonal changes
in the environment demand greater understanding of the microclimate of cormptgias
through time; shifts in LAl demand an understanding of when and where leabixehth
dynamics'are altering structuand changein leaflevel photosynthesis require an
understanding-of how the seasonality of this physiological process relates torptegysind
the environment.

Previous studies comparing the hypothesized drivers ofse&sdality provide
evidence that seasor@langes in environment maf quantity arénsufficient to explain
observediry season increasén EGderived GPP (Doughty & Goulden, 2008; Whual, 2016,
2017b).Ecosystenscale PC, a metric of ecosystem carbon uppakeinit incident light that is
derived fram=GPP under fixed environmental conditigt®{osynthetically active radiatipn
vapor pressure-deficiair temperatureand cloudines$}estrepeCoupeet al, 2013; Wuet al,
2016),alsoincreass as the dry season progresfiéig. 1) suggestinghatdry season increasén
photosynthesiarenot simply due to environmental factpbsit to biotic factors such as leaf
guantity(Wu et.al, 2016). However, changes in leaf quantity alone are also insufficient to
accountfor. GPP or PC seasonality according to modeling assessments andogrseshd-
estimates of LAthatshow only modest seasonal variation (Doughty & Goulden, 2008; Brando
et al, 2010; Wuet al, 2016).
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A growing number of studies suppthe third hypothesis, seasonal increases inléa
PC, with leaf phenology (the timing of leaf production and abscission) mediatinegtievel
increasgDoughty & Goulden, 2008; Restrepo-Cowgtal, 2013; Wuet al, 2016).Leaves
undergo structural and biochemical changes during development, agirsgreasgence
(Niinemetset al, 2012; Pantiret al, 2012).Any degree of synchronization of leaf phenology
across crowns during the dry season would produce castabg-shifts in mean leaf age, which
could explain observed seasonal changes inBGttderivedGPP(Doughty & Goulden, 2008;
Wu et al, 2016) andalsoreflectancgChavana-Bryangt al, 2017 Wu et al, 2017a)during the
dry season.

However, the hypothesis that leaf phenologyeases medeaflevel PC and thus
explainsdry*seasoiiPP increasas central Amazotfiorests(the ‘leaf demography-ontogeny
hypothesisjlacks consensus, in part due to timeertainties and limitations inherent in large
scaleestimations of photosynthesis. Remote sensing of humid equatorid$ ferdsdense
canopies is challenging due to cloudiness (Asner, 2001; Sastaaita?2010), signal saturation
(Mynenietal, 2007), and sun-sensor geetny artifactqMorton et al, 2014; Saleskat al,
2016). Rartitioning EC-measured net ecosystem exchanggGPP and respiratory components
assumeshat unobservedaytime ecosystem respiration behaves the same as nighttime
respiration(Reichsteiret al, 2005; Lasslogt al, 2009),an assumption thakoesnot always
hold (Wehret al, 2016; Oikawaet al, 2017).Since he main support for the leaf demography-
ontogeny hypothesi®liesupon estimates dPCthat are themselves derived from-BPP (Wu
et al, 2016),independent tests are needed

To datethere have beemo studies that have directly testiak leaf demography-
ontogenmyhypothesis across individual trees with both-leatl photosynthesis and leaf
demographylata from canopy speciesan Amazon forest where E@erived GPP and PC are
also doserved Most studies of photosynthesis in tropical forests have focused on fully expanded
leaves that were neither immature nor showing signs of senegeesnd@ominguest al,

2014), buthe rarestudies ofagespecific leatraits (Chavana-Bryangt al, 2017) or
photosynthesis (Sobrado, 1994; Ishedal, 1999; Kitajimaet al, 2002; Alveset al, 2014)
show theeffects of leaf agen physiologyare significantin evergreen forests of central
Amazonia, direct observations of crowns (Braetlal, 2010; Lope®t al, 2016)and litterfall
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(Doughty & Goulden, 2008uggest dnseason changes in leaf demograpigsing are studies
that integratdield-based leaf demographic survayish photosynthesis measuremeintshe
sameindividual trees wheresuch coupled measuremehts/e the power to show whether the
timing and magnitude of changes in tR@agreewith EC-derived PCFurthermore, there are
multiple limitations on photosynthesis, including biophysical limitations (e.g. stbmata
conductance) and biochemical limitations (&gsax the maximum carboxylation rate of
Rubisco, andax, the maximum ratef RUBP regeneration; Sharkeyal, 2007) so it is
important o examine multiple constraints across leaves of different ages.

Here we test the hypotheses t{fgtleaf physiology, particularli?C is affected by leaf
age and @) the laf age composition (leaf demography) of individual tree crowns varies during
the dry seasoniin a moist tropical forest of the Amazon. Then we examine the comigicisd eff
of leaf agedependent physiology and leaf demography on brésaPC. We comparehe
magnitude and direction of dry season changes in aggregate beaeldPC with previously
reported EGderived estimates of the canelgyel PC(Wu et al, 2016; Restrep€oupeet al,
2017) to evaluate the consistency of ‘bottom-up’ kedfranch estimates with ‘teggown’ EC-
derivediestimates ¢1C.

Materials and Methods

Site

All trees studied were within the footprint ihfe LBA-ECO EC tower located in the Tapajés
National Forest (TNF; 54°580W, 2°510S, Pard, Brazil) near kilometef@&7) of BR-163
(Hutyraet al#2007).The forest is classified as moist evergreen tropical forest, receiving an
average-of'2022 mni‘yof precipitation, and typically experiencing a 5-mont skason
(months with <100 mm precipitation) from15 July toc. 15 December each year (Rieeal,
2004; Hutyreet al, 2007). The forest is on flat terrain with a mean canopy height4@45 m
(Hutyraet al, 2007). During a typical dry season, canopy treéésia sitegenerallymaintain
pre-dawn.stenwater potentiahbove2 MPa(Fig. 38 Supporting InformatioMethodsS1). For
details about forest composition and structure(Reme et al, 2004; Vieiraet al, 2004), and for
information about soil and water table, d&spstacet al. (2002).
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Tree selection and canopy access

Five canopy trees (284 m tall) were selected fdvothleaf physiology measurements and leaf
demographic survey&risma uncinatunWwarm, Manilkara elata(Allemao ex Mig.) Monach.,
Mezilaurus itaubgMeisn.) Taub. ex Mezlachigali cf. chrysophyll@Poepp.) Zarucchi &
Herend, Chamaecrista xingueng{Bucke) H.S.Irwin & BarnehyTheir selection wabased on
the criteria that they represented abundant species ($apléheywere within the footprint of
theK67 ECtower, and they could be accessed using arborist tree-climbing techniques.
Additionally, ane midcanopyCoussarea paniculat@/ahl) Standl, a secondanilkara elata
accessible from a wallp tower,andaLecythis lurida(Miers) S.A. Moritreewere
opporunistically sampledAccording to a biomass and species survey at thé\s@ea et al,
2004; Pyleetraly'2008)with resolved species nam@oyle et al, 2013) these canopy trees
belong tospeeies accountinfgr c. 33% of basal areat the K67 siteThe crowns of the canopy
trees included sun and shade microenvironments, with the exceptionlotftulrysophylla
which had an umbrella-shaped crown with few shaded branches, a@dgaeiculatg the mid-
canopy treavith all brancheshadedTheT. cf chrysophyllareesandC. xinguensigreehad
compound-leaves, and all other trees $iatpleleavesl eaflets fromcompound leaves were
used for all physiological measuremeaitsl counted as leaves for the ldamographic surveys
because we observed tivadividual leaflets on the same compound Isabwvariation in color
and degree of expansiosuggesting thahdividual leafletscanreach maturity at different times
For sampling_ of leaves and branches for physiological measurements and leaf demogeaphy (s
sections below), single rope access techniques were used to climb into indivoehred of
canopy treeswlzeaving climbing ropes in trees can compromise rope integtigeswere
rigged and'de=rigged with climbing ropes each day of samplimegclimbing requiredsetting

up two rope systems, one for access into the canopy, and one for movement within the canopy
(branch-walking methods with a tie-in point high in the tree in combination withyartdn
These arboristitechniques allowed us to access bratiadtesperienced sun and shade
microenvironmentst heights in excess of 35 ithe midcanopyC. paniculatatreewas
accessedrom above using a tigr point from a larger canopy tree neadsysampled with pole-

pruners.
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Photosynthetic gas exchange
Leaflevel gas exchange at tK&7 site was measured with a portable infrared gas exchange
measurement stam (LI-6400, LI<CORBiosciences, Lincoln, NE) during dry-season fieldwork
campaignsAugust through December 2012, August 2013, &mdQ. paniculataonly) July
2015 Branch samples from the selected trees (Ta@b)evere collected via tree climbing, and
included branches from both sunny and shady microenvironments if both were [Begmet.
gas exchange measurements, branches were cut, gently lowered to the ground with ropes, and
recut under water within 15 min.

For each branch, leaves were then digskinto age categoriesased on (Chavana-
Bryantet al,/2017),and furthelinformed byin situleaf tayging and photo documentation
carried outin‘these focal species to demonstrate leaf develofseelitg. S1 inWu et al,
2017a) Briefly;“independently for each species, leaves were assigned age categories (young,
mature, old) through visual assessment of leaf color, size, rigidity, and positioationr ¢
other leaves and/or bud scésseFig. S1 for examples). ‘Young’ described immature leawes (
months old, not fully expanded and/or not fully green). ‘Mature’ described leavesdhatly
reached maturity (fully expanded, green, and 2-5 months old). ‘Old’ described leaves basal of
young andmature leaves that were not yet senescent (fully expanded, attached below bud scars
when bud scars were present, abdmnonths old).

Gas exchange was typically measured for each age category present on the sampled
branch.Measurement of net GQassimilation rate vs calculated substomatab €C@nhcentration
(A/C; curves) were conducted with a LI-6400 under a standardized set of conditions: block
temperatureswas 31 2°C, photosynthetically active radiatiamas saturating®99-2001jumol m
25! estimated-from a prior test for each tree), relative humidity was codttmteveen 20 and
67%.Previous temperature response curves at this site gpiiwal photosynthesis temperature
of ¢. 31°C (Tribuzy, 2005)or allsamples, leaf area for gas exchange was’6amd stomatal
ratio was assumed to beQxygen concentration was not manipulated, and was assumed to be
21%.For:AlG; curvesthereference C@concentrations were controlled as follows: 400, 100, 50,
100, 150, 250, 350, 550, 75@nol mol*, and then increased by increments of between 200 to
500 to reach saturation at around 208@.show ret assimilatior(A e at 350 umol maét over
the dry season (Fig. 3Beforecurve fitting (see ‘Analysissection), quality control for gas

This article is protected by copyright. All rights reserved



exchange measurements was applied to exclude values associated with instrument error and
other likely outliersNote that if initial gas exchange measurements from a candidate tree
showed signs that recutting under water did na&stablish the water column, then the tree was
excluded from future gas exchange measurements (this was the case for orleetrgihjsa

lurida). After quality control, a total 07 A/C; curveswere available for analysi#. subset of

the Vemaxparameters from these curves was reported ireV¥él (2016). Gas exchange data are
available from the Dryad Digital Repositohttps://doi.org/10.5061/dryad.h83t0).

In situstomatal conductance

Stomatal conductandgs) of the abaxial surface of leaves was measiaituin the canopy

using a steadgtate leaf porometer (Decagon Devices, Pullman, WA) in automatic mofieefor
trees earlysinthe dry seasdoefore 15 OctobeF(g. S2 andninetrees late in the dry season

from 15 October to the end of the dry seaséig( S3).From ae to 29eaves were selected for

gs measurement from each leaf age category present on branches at one to two locations within
the crownthat were accessible via climbifgee later Tabl&€9. When the same trees were
measured-bothrearly and late in the dry season, the same leaves were measured at both time
periods {f a leaf'was missing it was replaced with a nearbydéttie original ageategory.
Whenever possiblegaves were measured sequentially and repeatedly such that each leaf was
measured--6 timesbetween the houisf 08:20 h and 16:55 h over 1-2Multiple

measurements for each leaf were averdgdremetaanalysis (seéhe Analysis subsection
below). Porometer gdata are available from the Dryad Digital Repository:
https://doierg/10.5061/dryad.h83t0).

Chlorophyll'concentration

One to severelves fronfive trees (TableéS1) were collected using arborist canopy access
techniques on.23—-15 November, 2012, wrapped individually in aluminum foil, frozen in liquid
nitrogen-and kept frozen until chlorophyll was extracted Kz8ember UFOPA campus). To
determineChla, Chlb, and total Chla+b) content of leaves, 0.5 g (fresh weight) of each leaf
was macerated in 7 ml 80% acetone, and then filt@iegl filtrate volumavas increasetb a

total of20ml. The supernatant was removed and absorbance was measuredrat&&B647
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nm, forChla andChlb, respectively, using a spectrophotomé¢M®VA Instruments, 3300 UV)
and absorbance was used to estimate chlorophyll content follbvaniggnthaler(1987 see
MethodsS2for equations). (Chlorophyll caentration data are available from the Dryad Digital
Repositoryhttps://doi.org/10.5061/dryad.h83t0).

Leafchemistry

A subsample of six t65leaves per leaf age category per freen branch demography surveys,
includingalmost all leaves used for gas exchange, were also analyzed for leaf ch@grarsent
nitrogenand carborte-nitrogen ratio) Leaves were put into labeled envelopes and dried for at
least 72 h at. 60°C in a drying oven. Leaf carbon and nitrogen composition were determined in
a combugtionTanalyzer coupled to a mass spectrometer for carbon isotopic analysis at the Centro
de Energia'Nuclear na Agricultura (CENASP), Piracicaba, Brazih standard of known

isotopic content was run every 11 samplesaf chemistry data are availablerfrahe Dryad

Digital Repositoryhttps://doi.org/10.5061/dryad.h83t0).

Leaf demography of branches

We coupled.the above measurements of leaf physiology with branch-level leaf demography
surveys of casccurring leaves on the same focal tr@exbleS1).Field-based surveys of the
number of,leaves of different ages on individual branches (leaf demography of byaachies

a useful way to estimate leaf demography of croi@rsavana-Bryantt al, 2017).Leaf
demography was assessed for each tree during the dry season in 2012 (Pemusbe}, in

2013 (Noembey, and in 2014 (March for all trees, and again in JAlygust for three treesJ.o
survey leaf'demography for each treel-mlong branches were collected from sun and shade
microenvironments within the crown, depending upon the microenvironments present due to
crown structure (i.e. only sun branchestfte Tachigalicf chrysophyllatree).For each branch,
leaves were then classified into age categories and coluetees were categorized by age as
described,in the ‘Photosynthetic gas exchange’ section. Sometimes multiple {loBel-m
branches from similar microenvironments were surveyed on the same date, and dweraged

combination of light environment (sun or shade) and sample date for eabbftresanalysis.
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(Leaf demographyataare available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.h83t0).

Analysis
We fitted thephotosynthesis model developed by Farg@tal. (1980), with triose phosphate
use limitation(Harleyet al. 1992) to the A/G response curve data using a curve fitting routine
in the R computing environmer®R (Core Team2016)based on minimum leastjuares
(Domingue<set al, 2010). We report the followingarameter estimatemrmalized to 25°C using
thetemperature dependencies summarized in Shatkaly(2007) V¢max (Maximum
carboxylation capacity)nax (maximumrate of photosynthetic electron transpoat)d TPU
(triose phosphate use).

Because not all trees exhibited leaves of all age categories durisgmpling periods,
and because timing of sampling was constrained by conditions safe for tree-clidatbasgts
had unequal sample sizes frdlid not include all possible combinationgiafe, tree,andleaf
age categoryMeta-analysis, often used for pooling results from multiple independent datasets
(Hedgesetal;71999) thereforeprovided a useful method of summarizing effect sizkeaf age
across multipletreas our study For each tree, we calculated the mean and variance of each
physiological variable for each leaf age category (T&82kS13), then used Idgansformed
response fatiod.) and associated varianog ¢f photosyntletic characteristice contrast
mature leaves the default for measurement in most ecophysiological studies — with young
leaves and with old leavésr each treéseeMethodsS3for equations)We calculated. andv
for the mrameters from A/Ccurves, stomatal conductance, and physiological trait data (total
chlorophyil;Chia : b ratio, percent nitrogen, and carbon : nitrogen rati@nused fixed effect
models fitted by weighted least squaneth the ‘Metafor' packagéviechtbauer, 201Gh R
(version 3.3.1)We evaluated the robustness of each raetysisby removing individual trees
one at a timérom theoverall analys to examinechanges irstatistical significanceNe report
tree sample size (NYinloggedresponseatio (RR), z-score ¢) andP-value.

Metaanalysis of log response ratios was also used to contrast the number of leaves in
different age categories eaitythe dry season compared with late in the dry season.
Demographic survey data (the number of leaves in each age category and the total number of
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leaves) for all branches (sun and shade together) bef@etbber (day of yeahOY = 288 for
each tree wre binned together as ‘early’ dry season, and leaf demographic surveys after 15
October were binned together as ‘late’ dry seasha.wet season demographic surveys from
2014 were not included in this analysis since there was only one wet seasordateviey each

tree.

Upscaling to estimatieranchlevel Vemax

To examine how leaf-level changes in carboxylation capacity could affesysteniC, we
examined the combined effect of leaf aging and leaf demogréghgstimated/.max Weighted

by leaf demgraphy (referred to as ‘brandével Vemax in this study) for sun-exposed branches,
shaded branches, and lalinchegsun and shade poolefdy each tre@and sampling datgs4).

To estimate'the magnitude of the change in brdeabl V.max for sun and side branches of

each treelduring the dry season, we fit linear regressions of Hes@N max VS DOY for the

dry season periogell-constrained by dat®QY 200-350see lateFig. 7a,h. To estimate the
magnitude of the dry season shift in brateel V. maxacross our focal trees, we calculated the
mean sloperand intercept for sshade and allbranches, and tested whether the mean slope was

significantly different from zero using twa&ded ttests(MethodsS4).

Results

Gasexchange

Mature leaveshow an Ae;decrease from early to late in the dry season (lBigalBhough the
significangeris=driven by one tree: Table S2). However, contrastingp&f@meters from gas
exchange-fordeaves of different ages revealeddagendencyFig. 4). Sun and shadeaf A/C;
parameters showed similar adependency, so they were pooled for the analysis of leaf age
meansOf the three age classes, mature leaaeksthe highest value for alC; parameters
AverageV max0fimature leaves was 60% greatethanthat ofyoung leavesn(= 6 trees,
RR=0.51,z=-7.47P <0.0% Fig. 4a), anct. 46 greaterthanthat ofold leavesrt = 6 trees,
RR=0.80, z=-3.44P <0.01).Jnax Of mature leaves was on averag®0® greater than young
leaves 1 = 6 treesRR=0.53, z=-872, P <0.03, Fig. 4b), ancc. 40%greater thawld leavest =
6 treesRR=0.73, z=-673, P <0.01).TPU of mature leavesas on average 34% greaterthan
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TPU of young leaves(= 6 treesRR=0.61, z=-7.70P <0.0% Fig. 4¢), andc. 276 greaterthan
TPU of old leavesn= 6 treesRR=0.76, z=-5.42P <0.01).

In situstomatal conductance

Examination ofneekly mean stomatal conductance) (gsingtreelevel means for mature leaves
for seven treegqualitatively shows no clear trend with dry season progressign3c). Yet
contrasts between; for maturevs old leaves revealed thag depends on leaf agEig. 5g Table
S9. Late in the'dry seasoafter 15 October,mature leaves ha@¥%greatergs than old leavesn(
=7,RR=0.77,z=-5.50P <0.01).While there were not enough contrasts of young and mature
leaveswithin/the same tree to perform a metaalysis qualitative examination gbartial diurnal
cycles foritrees'thdtad young and mature leafjespresent suggethat g; is higher in mature
leaves thanyoung leaveshh itaubaandE. uncinatun{FigsS2 S3). Thus conduancemay
follow a similar patterrwith respect to age as the biochemical limitatiovih) mature leaves

exhibiting higher conductance than old or young leaves.

Chlorophyli~econtent

Chla : b ratio.and total chlorophyll content depended upon leaf@lgie.: b ratio was 29%
higher in'youndeaves than mature leaves<3 treesRR=1.20, z=3.73P <0.01; Fig. 5b), and
37% greater in mature leaves than old leaves § treesRR=0.75, z=-3.80P <0.01).Total
chlorophyll was90%greaterin mature leaves than young leaves: (3 treesRR=0.55, z=-6.00,
P <0.01;Fg. 5¢), butl5% greatem old leaves than mature leaves=(3 treesRR=1.33,
z=3.01,P <0:01).

Leafchemistry

Leaf chemistry showed differences between mature and old but not mature and yogmigesate
Percent nitrogen iteaves was similar between mature and young leanve$(RR=1.00,
z=0.09,P:=0.92; Fig. 5d), but on average&8higher in mature leaves than old leaves 6,
RR=0.93, z=-7.75, p<0.01). The ratio of leaf carbon to nitragas also similar between mature
and young leave@ =5, RR=1.02, z=-0.94P =0.35; Fig. 5€), but C :N of old leaves wa®sn
average9% higher thamatureleaves(n = 6, RR=1.09, z=8.66P <0.01).
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Leafdemography

Dry season leaf demography omrilbranches showed that leaf age compositarredacross the
dry seasoms young leaves became mature leaveolhidaves senesced and abscigeg. 6;
TablesS18-S20. Thedifference between ‘early23 July-15 Octobel) and ‘late’(15 October-5
Deceembe} dry season leafumberwas significant foall leaf age categorie€@n average hie
number of young leavetecreased%% from early to late drgeasor(n = five trees RR=3.05,
z=250, P Z0.01); mature leaves increasé& from early to late dry seas@n = five trees,
RR=0.58, z=-2.97P < 0.01), and old leavetecrease®6% from early to late dry seasgn=

five treesRR=2.01, z=4.79P < 0.01).These changes in composition occurred despite relatively
constant totaleaf number on In branchesThe total number of leaves showed a subtle and
insignificant4% increasdrom early to latedry seasorfn = five treesRR=0.85,z=-1.21,P =
0.23).

Branchlevel V¢max

Linear regression slopes for brarelel Vmaxfor individual trees was significantly positive or
near zero during the dry season (T&hikd). Aggregate branchkevel V¢maxincreased

significantly during the dry season for all leaves samtpé = 0.056, slope SE = 0.0113,
statistic= 4.88,n = 5,P <0.0]), and forsun branches (Fig. 7a, slope = 0.03E= 0.0101t}
statistic=.05,n = 5,P <0.01), but nofor shade branchd€&ig. 7b) as the shade mean slope was
high (0.051) but not detectably different from zeB& & 0.0371f statistic= 1.38,n=4,P

=0.26)

Using-the aggregate slope and intercept to calculate the percent incneasehity
averagdranchlevel V maxbetweenAugust and Novembaeyielded anincrease 0£4.1% for sun
branches (significangnd18.5%for shade branchdsot significant) We comparedranchlevel
Vemaxfor sun and shade leaves to the ecosystemep@ted in Figl from Wuet al, 2016) and

found a'similar rate of increass the dry season progres$e). 79.

Discussion
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We investigated whether leaf physiology varies with leaf age in tropical trees, and whether leaf
demography (the proportion of young, mature, and old leaves) varies during the dry season at a
moist tropical site. Then we coupled fidddsed measurementsleafV maxand leaf

demography for the first ‘bottom-up’ test of the hypothesighieh arises primarily from remote
observations — that the combination of leaf age-dependent physiology and leaf demogvaphy dri
the dry season increase in GPP and PCntraeAmann forestgthe leaf demographgntogeny
hypothesis; Wuet al 2016).We found evidence th&af physiology depends upon leaf age such
that recently mature leaves have higher capacity for photosynthesasttienyoung or old
leaves(Figs 4, 5).0n average he total number of leaves on sampled branchesatidary
significantly acrosshe dry seasqrconsistent with observations of only minor variations in
canopyscale*lAl (Fig 6j), but theage composition of thoseavesdid vary, giving direct

evidence toe'support previous inferences from simple modelse(\&ly 2016, 2017xcthat trees
exchange old leaves for young leaves via leaf turnover during the dry seagsd@).(Combining

the age-dependence of leaf physiology results with the leaf demography results, we found that
branchlevel Vcmax 0f branches with suaxposed leavegacreasd by 24.26 betweerAugust and
Novembermeansonsistent witlthe 26.3%6 average increasadependently observed over the
same periodh-ecosysterevel PCestimated froniEC (Fig. 7¢). Shade leaf dynamiosayalso

cause aincrease irshade branclevel Vqmax (average increases warel8.5%) but high

variation inshadebranchlevel V¢ max preventedis fromstatisticallyresolving thesignal.We
emphasize thaheasuring only mature leaves — the convention in most ecophysiological studies
— neglects leaf demography and could lead to the conclusion that canopy photosynthesis does not
increasewith=dry seasomprogression (for example 4 time series of mature leaves onfiyg.

3b).

Althoughthe five trees sampled represent a small fraction of the taxonomic diversity in
thistropicalevergreerforest our samples representide species accounting for a substantial
portion €. 33%)of tree basal are@able S). Ourresults suggest thiaf phenologympacts
ecosysterlevel carbon exchangat thisevergreen foresthis impliesthat LAl alone should not
be used as an indicator of leaf phenology in tropical evergreen f(ffestsj), LSMs seeking to
incorporate leaf phenology in tropical evergreen forests should include theegelelecy of
limitations on photosynthesis that they represent, sud3,ags Jmax TPU, and g and the
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replacenent ofold leaves with new leaves early irettry season by tropical evergreen trees
couldrepresent a strategy eptimize carbon gain by aligning peBK of the crown with the

period of high light during the dry season, a hypothesis warranting future investigation.

Leaf physiology depends upteaf age

Our finding. of age-dependent development of leaves in tropical trees is consigtehew
general paradigm of leaf ontogeny seen also in temperate (el & Walters, 1991; Wilson
et al, 2001; Nilnemetet al, 2012; Pantiret al, 2012) and also with thémited studiesfrom

trees of the Amazon basiri how leaf ageaffectsphotosynthesis (Doughty & Goulden, 2008;
Alveset al, 2014)and functional traits (Chavana-Bryagital, 2017 Wu et al, 2017a)In this
paradigmsearbon assimilation in young, developing leaves ‘ramps up’ with tireaves Ireach
maturity due'te’ontogenetic processegolving thelight reactionsmachinery(Welschet al,

2000; Niinemet®t al, 2012),the CalvinBenson cycléWilsonet al, 2001; Eichelmanet al,
2004), andstomathconductancéWillmer & Fricker, 1996; Pantiet al, 2012).Mature leaves
have the highest capacity for photosynth@aigson et al, 2001),whichremains at a high level
for some-amount of time (depending upon total leaf lifespan and attters) before declining

as leaves approach senescetéhis study, support for the hypothesis that R@fpeaks in
recently mature leaves before declining in old leaves was found in the@v&@netersMcmax

Jmax @andT.PU; Fig. 4), and also imotal chlorophyll contentKig. 5¢). Percent nitrogen was
higher in mature leaves than old lea{ieig). 5d), perhaps because trees weeginning taesorb
nitrogen for use in new leaf buds and developing leaves (Hikosaka, 20@4¢aves in this

study alsasshewed physiological changes that may be specific to tropical forestsrah, geme
ratio of ehlorephyll a:b is lower in shade leaves, enabling them to absorb mota tiggt
wavelengths less absorbed by sun leaves above (Boardman, 1977). Thus the shift in chlorophyll
a:b ratio with leaf age (Fig. 5b) could represent a strategy to harvest more light in older leaves as
they become increasingly sedhaded by younger (and more apical) leaves in evergreen trees.
EpiphylFeelonization, common in tropical forests, also increases in old leavky € al. 1993
Robertset al, 1998). Epiphylls likely influence photosynthesis via light absorption, nitrogen
fixation, and perhaps even hormones (Cdeiursar, 1996 Anthonyetal., 2002). Although

we observed less epiphyll cover on the canopy leaves we studied compared to longer-lived
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understory leaves in the TNF, more studies of epiphyll effects on photosyntleaseeded in
Amazonia.
Importantly,leaf PC,as indicatedy metrics ofefficiencyrelated to thdight reactions
and theCalvin-Benson cycle (e.g. chlorophyll concentratidgfax, andVemay, does not solely
determineapparent photosynthestomatamayinfluencetheintercellular concentration of
CO; by opening oclosng. Our data suggest that mature leavesetegher stomatal
conductanee than old leavesoccurring on the same treeigs 5a, S2, S3), anthereforehigher
PC shouldfindeednanifest anigher apparent photosynthesis. We speculate that during drought,

stomatalklosure might limit photosynthesis and outweilgé leaf age effect.

Leafdemographyevealsdry ssasoreafturnover

This study-founctvidence ofeaf turnover, the exchange of old leaves for new leaves, during the
dry season withievergreen crownat K67 (Fig. 6). As old leaves senesced and abcidael, t
averagenumber,of old leaves onrh-branches decreased fr@hto 32from early inthe dry
season (prd5 QOctober) to late in the dry season (post-15 Octolbkanwhiletheaverage
numberof'mature leaves across trees increfagedl170 to 273, a 60% increass newly
produced leaves reached maturitis leafturnover occued even though theotal quantity of
leaves orl-m branches did not change significantly from early in the dry seadate in the
dry seasoifz=-1.21,P = 0.23).This finding is consistent with tHeaf demography-ontogeny
hypothesis that mamgvergreen treesxchangeld leavegwith low PC) for recentlymature
leaves(with highPC) during the dry season while maintaining highi (Doughty & Goulden,
2008; Wuetraly=2016). Our findings for this evergreen Amazon forest as¢airkcontrast with
broadleaf-deciduous forests where LAI trackianges in canoC (Barr et al, 2004). Instead,
the PCof this foresttracksleaf age demographics rather than total leaf aéading thatagree
with ecosystenscale analyses at this s{i&/u et al, 2016).

The findingof leaf turnover within evergreen crowns does not indicateaihapecies or
individuals. behaveimilarly. Due to the intensive effort required to survey leaf demography in
tall evergreen treesur study was limited ta small percentage of tresone diverséropical
forest and thus needs to be interpreted as a subsample of phenological behaviors present in
evergreen tropical forestdlthough all of the trees we studied were evergreen (new leaves were

This article is protected by copyright. All rights reserved



produced before old leaves droppedltiple phenological patterns-@zcur inmanytropical
forests(Riveraet al, 2002; Chavana-Bryaset al, 2017; Lope®t al, 2016). kirthermorethe
Manilkara elatatree we examined showed signs of more constant leaf production than other
trees examined in this studguggesting that some tree species have more constant leaf age
distribution than other@-ig. 6¢,d). Another likely source of variation in leaf phenological
behaviar is the range of leaf life-spans found in tropical fof@sghet al, 2004).The present
study focused on canopy trees, but understory plants accounbfd¥ ofLAl in this forest
(Starket al, 2012), and generally have longer leaf life-spd@eichet al, 2004), sdeaf
turnover in understory plants may affactmallfractionof understoryleaves

In addition to species diversityithin a site, there isnvironmetal variation across sites
that couldsimpact leaf phenology. The Amazon bassfudesa gradient in precipitation
seasonalityfrom the northwestern Amazamhich is consistently wet, to the south andehsf
which experience dry seasams to 5 months long (Sombroek, 2001; Restrepo-Cetipé,
2013).Satellitebased remote sensing studies sugtedtthere is a threshold amount of
precipitation below whiclproductivityin tropical forestss driven by moisturgeasonalitfGuan
et al, 2045)Average pecipitation at th&67 siteslightly exceedshat2000 mm y¥*
precipitationthreshold and sgroductivitymaynot be limited by water availabilitguring non-
drought years. [Eld studiesof leaf demography and photosynthesis should be condatteare
tropical foressiteswith various rainfall regimeto further describ¢he relationship between

wet/dry seasonalityeaf phenology, and productivigcrosgropical forests

Implications-efevergreen leaflenologyfor LSMs

Our findingsssuggest that recent incorporations of leaf demography and leaf age depeindence
physiology intoLSMs areprogressowards accurate representation of evergreen tropical forests.
Studies withORCHIDEE, a global processased vegetation mod@rinneret al, 2005),
showedthatwhenV maxWas parameterized asfunction of laf age(four age classesandLAl

was more,or less constattie model produceskasonality in litterfall, leaf age, aMdnax (De
Weirdtet al, 2012). In Ecosystem Demography module version 2 (ED2; Medvigl, 2009)a
phenology modul¢hat linearlyrelatedleaf turnover to incoming shortwave radiation, then
relatedleaf lifespan tdPCusing the empirically based relationship from the leaf economic
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spectrum(Wright et al, 2004; Kimet al, 2012)createdseasonality in LAl and litterfall and
generally improved the ability of ED2 to simulate the carbon fluxes d{&fesite

Here weattributethe observed seasonal GPP patterns to phenological mechanisms, and
the next step is to resolve and modela@heevolutionary constraints that give rise to these
patterns. One such constraint could be carbon acquisiticecehtmodel that optimizesarbon
acquisition as a function of leaf lifespan, when used to analyze 49 speciesrapioatdand
temperate forests (including data from this studygcessfully predicteléaf lifespanand the
rate of decline ilPCwith age in many tropical specie®fferingan approach useful ftuSMs
(Xu et al, 2017). The current study reinfordbge argument thairoviding more mechanistic
detail relatingtropical vegetation responses to climate variability, including seasonatieayi
could help"improve earth system modeljpctions of Amazon forests under climate change
scenarios(Malhet al, 2009; Goockt al, 2011; Huntingforeet al, 2013; Restrepo-Coupst al,
2017, Wuet al.2017c) a longstanding modelinghallenggWhite et al, 1999; Coxet al,
2000).

Dry seasoreafturnoveras adaptation to seasonal light variation

The leaf demegraphy resultaggest that legfroductionof manycanopytropical treesatthe

K67 siteis synchronized with the dry seasdimis timing of leaf turnovemayrepresent a
strategy foreducing leaf herbivorflLowman 1985 Aide, 1988 Coley & Barone, 1996), and
alsofor enhancing carbon gaifiropical evergreen trees with sufficient water suppht
experience wetlry seasonality may align their period of maximB@(when they have many
recentlymaturesleaves) with thdry seasomeriod of high light availabilityExperimental
manipulations-of light quantity show that high light induces leaf production in trdpesl
(Grahamet al, 2003),andacross tropical latitudesbservations of leaf producti@re linkedto
seasonal increasesdaily light quantity(Borchertet al, 2014), showing that high light can be a
cue or proximate control ovéaf production. he degree to whicWwet-dry seasonality has
ultimatdysshapedemporalstrategies oacquisition andhllocationin tropical evergreen trees
through natural selectiastill requires more investigation, but the current study suggestdrthat
season leaf turnover contributesofatimal lightuse acrosthe yar.
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Conclusions

Thisfield-basedstudy shows that the combination of age-dependent leaf physiology and canopy
leaf demographincrease branclevel estimates o¥/cmaxas the dry seasgrogresses, consistent
with independengstimats ofecosystemevel PC (Fig. 7¢). Thesefindings provide the first
evidence from couplel@af and branchevel measurementipporting the leaf demography-
ontogeny hypothesi®r dry seasoPPincreass incentral Amazoniaforests(Wu et al,

2016), ancemphasize¢heactiverole of leaf phenology in controlling carbon and water exchange
in central Amazon broadleaf evergreen foregkais, phenological rhythms of tropical evergreen
forests, although subtle compared with thoseeoifperate deciduous forestsay modulate

similar vegetation feedbacks to the climate sys(Rmhardsoret al, 2013) including not only
seasonality"of'carbon uptake, @nspirationWright et d., 2017)and canopyeflectance
(Chavana=Bryanet al, 2017 Wu et al, 2017a).
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Supporting Information
AdditionalsSupporting Information may be found online in the Supporting Information tab for

this article:

Fig. S1Examples of leaves from each age category for trees used in leaf demography surveys.
Fig. S2 Stomatal conductance by leaf age and time of day trees early in the dry season.

Fig. S3Stematal conductance by leaf age and time of day trees late in the dry season.

Table S1Focal tree information

Table S2Earlyvslate dry season & information bytree

Table S3Young and mature ledf.maxinformation by tree
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Table S4Mature and old lea¥.maxinformation by tree

Table S5Young and mature ledf,ax information by tree

Table S6Mature and old lealax information by tree

Table S7Young and mature leaf TPU information by tree

Table S8Mature and old leaf TPU information by tree

Table S9Mature and old leaf stomatal conductandermation by tree

Table S10¥oung and mature leaf Ghl b ratio information by tree

Table S11Mature and old leaf Chl: b ratio information by tree

Table S12Young and mature leaf total chlorophyll information by tree
Table S13Mature and old leaf total chlorophyll information by tree

Table S14Young and mature leaf percent nitrogen information by tree
Table S15Mature andld leaf percent nitrogen information by tree

Table S16Young and mature leaf carbon to nitrogen ratio information by tree
Table S17Mature and old leaf carbon to nitrogen ratio information by tree
Table S18Earlyvs late dry season number of young leames. 1 m branches
Table S19Earlyvslate dry season number of mature leaves.dnm branches
Table S20Earlyvs late dry season number of old leaves.dhm branches
Table S21Linear regressions of brandével Vemax Vs day of year

Methods S1Stemwater potential.

Methods S2Chlorophyll concentration calculations.

Methods S3Meta-analysis equations.

Methods S4Branchlevel Vq.maxcalculations.

Please note: Wiley Blackwell are not responsible for the content or foalityoof any
supporting information supplied by the authors. Any queries (other than missing material) shou
be directed to.thBlew Phytologis€Central Office.

Fig. 1 Annual cycle of eddy-covariance derived gross primary product@BP and canopy-
scale photosynthetic capac{fyC), averaged over years (2002—-2005 and 2009-2011) at K67 in
the Tapajos National Forest, Brazil. The shaded gray region indicates the dry season. GPP is
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derived from net ecosystem exchange (NEE) by assuming nighttime NEE is representative of
daytime ecogstem respiration. PC, the canopy scale rate of carbon fixation per unit of light
under reference environmental conditions, is derived from averaging the meaB#ed G
photosynthetically active radiatioRAR) ratio when PARyapor pressure deficigrdir

temperature, and cloudiness all fall within fixed narrow ranges (replotted/fhoet al,, 2016).

Error barsare+ 1 SE

Fig. 2 Hypothesizeatauses for increasesgnoss primary productivity (GP®jith dry season
progressionin Amazonian tropical evexgn forestslivided intotwo general categories
changes due to seasonal shifts in environmental difiaerkeft panel)and/or changes due to
vegetationstructure and function (remaining panélsg. latter aredditionallydivided between
changes due'to leaf quantity (depf area indexand/or due téeaflevel physiological function.
Leaflevel function mayhange as a result ohtogeny, plant water status, and/or biotic

interactions.

Fig. 3 Time series during the dry season (gray) showing progrest{@)weekly mean pre-
dawn (05:30.astem water potential for three trdes Erisma uncinatuna Tachigali cf.
chrysophyllaand aChamaecrista xinguengissing available data from 2012 to 2014), (b)
weekly mean net assimilation rgi&,e) of only mature leavessing withiniree meansand (c)
weekly mean stomatal conductance) @ only mature leaves using withimee means
(Supporting Information Table SPigs S2, S3) Within-tree mean# (b, c) are br seventrees
(anErismauneinatum a Tachigalicf chrysophyllaaChamaecrista xinguensiaMezilaurus
itauba aCoussarea paniculatandtwo Manilkara elatatree3. Referencesell [CO;] was 350
pmol mortfor Ae and g from LI-COR 6400. For g circles show conductance from aCOR
6400, and triangles show conductance from a porometer. Net assimilatipishoisa
decreasérom early (before October 15) to late (after OctoberitiGhe dry season when mature
leaves—the age conventionallghosen for ecophysiology studiesre examinedTable &), a
contrast with canopy scale gross primary productivity (GPP) (Fig. 1). Error barslakevange
in (c), andt 1 SD of tree means (b, 0.
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Fig. 4 Age dependence of photosynthetic paramefajsnaximum rate of carboxylatioN ¢may),

(b) maximum rate of electron transpalt{), and (c) triose phosphate use (TPU) derived from
A/C; curves measured for leaves from six trees (sun leaves and shade leaves canthired)

K67 site"Leaf age categms are: young (yellow), mature (green) and old (brown) leaves (where
age is defined as described in the text). Boxplots represent the distribLitnalividual tree
meanswith the bold horizontal line indicating the median, the top and bottom of each box
indicating first and third quartiles, the whiskers extending to the highest and i@Akess that

are within/L.5<'the interquartile range (IQR) of the upper and lower quartiles (respectively), and
the circular dots indicating outliers. Individual treeans come from d@arisma uncinatuma
Tachigalicf chrysophylla aChamaecrista xinguensiaMezilaurus itaubaaCoussarea
paniculatgand@Vianilkara elatatree(see Supporting Information Tabl88-S8for means of

all available*data by tree).

Fig. 5 Age dependence of lephysiologicaltraits: (a) stomatal conductané®m porometer
measuremenigb) Chla : b ratio, (c) total chlorophyll, d) percent nitrogea) C: N ratio. Leaf
age categoriesare: young (yellow), mature (green) and old (brown) leaves (whisrdedoed
as described.inthe text). Shown are leaf age by tree means from trees that had all leaf age
categories sampledh (a—) six trees for leaf chestry @nErisma uncinaturma Tachigalicf
chrysophyllaaChamaecrista xinguensiaMezilaurus itaubaaCoussarea paniculatand a
Manilkara elatatre@; in (d) two trees for g(anErisma uncinatunand aM. elatatree);and in

(e, ) two trees forchlorophyll(anErisma uncinatunand aC. xinguensidree) Boxplots
represent the-distribution of individual tree means (see Supporting InforriatitesS9-S17

for all availablerdata by tree), with the bold horizontal line indicating theanethie top and
bottom of‘each box indicating first and third quartiles, the whiskers extending t@tteshand
lowest values that are within 1.5be interquartile rarg(IQR) of the upper and lower quartiles

(respectively),.and the circular dots indicating outliers.

Fig. 6 Leaf demography time series focusing on the dry season (gray)Tiaph@s National
Forest (TNF)for five trees surveyed in 2012, 2013, and 2014. Sun branches are shown for five
trees, and shade branches are shown for four of the tre@éddtilaurus itaubaad few shade
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branches due to the shape of its crown). The proportions of young (yellogskirolature (green
circles) and old (brown circles) leavae showrfor 1 m branches fror&risma uncinatunsun

(a) and shadé), Manilkara elatasun (c) and shade (dfhamaecrista xinguenssn (e) and
shadd(f), Mezilaurus itaubasun @) and shadéh), andTachigalicf chrysophyllashadei).
Colored lines are polynomials fit to the demography proportion data for the purpose of
visualization. Lower right hand pangl §hows a time seriad leaf area index for this forest

from Brandoet al (2010) with error bars showing + 3E

Fig. 7 Branchlevel V.max (estimated by weightingcmax by leaf age proportion) foaj branches
with sun leaves)h) branches with shade leaves, &)dcompared to canopy photosynthetic
capacity (PC)derived from eddy @nance (as in Fidl). In (a, b), dotted lines show linear
regressiongorindividual trees, and solid lines show mean of all other lines,m&& and

statistical significancef slope of composite black lines indicat&tiefull species names
abbreviated irfa) areErisma uncinaturmmManilkara elata Chamaecrista xinguensi$achigali

cf chrysophyllaandMezilaurus itaubaln (c) the eddy covarianegerived canopy PC (orange
line), isicompared to mean branelvel V max for sun (dashed black line) and shade (solid black
line), with thewvertical axes for PC (right) and bramehel V.max (I€ft) each scaled to range from
50% to 150% of their respective minimum values, and the dry season is indicated by the gray

box. Monthticks are at the first of each month.
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