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Abstract Leaf phenology in the humid tropics largely regulates the seasonality of forest carbon and
water exchange. However, it is inadequately represented in most global land surface models due to
limited understanding of its controls. Based on intensive field studies at four Amazonian evergreen forests,
we propose a novel, quantitative representation of tropical forest leaf phenology, which links multiple
environmental variables with the seasonality of new leaf production and old leaf litterfall. The new
phenology simulates higher rates of leaf turnover (new leaves replacing old leaves) in dry seasons with more
sunlight, which is then implemented in ORCHIDEE, together with recent findings of ontogeny-associated
photosynthetic capacity, and is evaluated against ground-based measurements of leaf phenology (canopy
leaf area index and litterfall), eddy covariance fluxes (photosynthesis and latent heat), and carbon
allocations from field observations. Results show the periodical cycles of solar radiation and vapor pressure
deficit are the two most important environmental variables that are empirically related to new leaf
production and old leaf abscission in tropical evergreen forests. The model with new representation of leaf
phenology captures the seasonality of canopy photosynthesis at three out of four sites, as well as the
seasonality of litterfall, latent heat, and light use efficiency of photosynthesis at all tested sites, and improves
the seasonality of carbon allocations to leaves, roots, and sapwoods. This study advances understanding of
the environmental controls on tropical leaf phenology and offers an improved modeling tool for gridded
simulations of interannual CO, and water fluxes in the tropics.

1. Introduction

The tropical evergreen forest of Amazonia holds 34% of terrestrial carbon stocks and makes up a significant
fraction of the global carbon sink (Beer et al., 2010; Pan et al., 2011; Rodig et al., 2018). Improved model
representation of the region's carbon and water fluxes is important if we are to assess their ongoing and
future changes (Fu et al., 2013; Pefiuelas & Filella, 2009; Wright et al., 2017). However, most Earth system
models (ESMs) still fail to accurately model the responses of Amazonian evergreen forest to seasonal and
interannual climatic variations; this is in part due to the poor representation of tropical phenology in current
ESMs (Restrepo-Coupe et al., 2017; Wu et al., 2016).

Despite its perennial canopy, the Amazonian evergreen forest shows significant leaf phenology, that is, sea-
sonal variation in satellite-detected greenness (Bi et al., 2015; Huntingford et al., 2013; Saleska et al., 2016;
Schimel et al., 2015; Wu et al., 2018) and ground-detected variation in leaf age cohorts, with cohorts of
new leaves emerging and increasing in the dry season (Doughty & Goulden, 2008; Brando et al., 2010;
Lopes et al., 2016; Wu et al., 2016; Detto et al., 2018). Although the seasonality is modest, compared to other
regions, several recent studies converge to show that tropical leaf phenology dominates regulating the
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Figure 1. Mean seasonality of simulated LAI and GPP at the BR-Sal site from Trendy V7, plus observations. (a) LAI; (b)
GPP.

seasonal cycles of carbon and water fluxes (Albert et al., 2018; Doughty & Goulden, 2008; Wu et al., 2016).
The underlying reason is the higher leaf turnover (newly produced leaves replacing old leaves) during the
dry season (Brando et al., 2010; Lopes et al., 2016; Wu et al., 2016; Detto et al., 2018), with new maturing
leaves having higher leaf-level photosynthetic capacity (PC) than the old leaves being replaced. This
phenomenon drives a dry season increase in canopy photosynthesis.

Despite the importance of leaf phenology in the forests of the humid tropics, it remains unclear what cli-
matic and biotic drivers provide the predominant control on leaf drop and leaf flush timing (Tang &
Dubayah, 2017). Several hypotheses from former studies (Saleska et al., 2003) suggested that leaf onset
may be driven by precipitation, soil moisture, or vapor pressure deficit (VPD), which are related to water
availability (Asner & Alencar, 2010; Brando et al., 2010; Davidson et al., 2012; Lee et al., 2013; Saleska
et al., 2016). Leaf onset may also be related to higher shortwave downwelling radiation (SWdown) or photo-
synthetically active radiation (PAR), that is, to more sunlight being available at the top of canopy (Bi et al.,
2015; Guan et al., 2015; Xu et al., 2011; Huete et al., 2006; Wu et al., 2016). Thus, the environmental triggers
driving the leaf phenology are uncertain (Bi et al., 2015; Huete et al., 2006; Morton et al., 2014; Wu
et al., 2018).

Only few land surface models (LSMs) attempted to represent the seasonality of canopy photosynthesis in
evergreen tropical forests: the Simple Biosphere model (Baker et al., 2008), Lund-Potsdam-Jena managed
Land model (Saleska et al., 2003), Terrestrial Ecosystem Model (Poulter et al., 2009), Organizing Carbon
and Hydrology in Dynamic Ecosystems model (ORCHIDEE) (de Weirdt et al., 2012), and the ecohydrologi-
cal model Tethys and Chloris. However, most of these models fail to relate the leaf flushing (de Weirdt et al.,
2012) or the leaf shedding (Manoli et al., 2018) or both to climatic drivers. Figure 1a lists the mean season-
ality of simulated leaf area index (LAI) at the BR-Sal site across 16 LSMs from the Trendy V7 exercise (Sitch
et al., 2013; Peng et al., 2015; Le Quéré et al., 2018). We see that most simulated LAI either show little sea-
sonal variability throughout the year or exhibit a significant drop in the dry season that contrasts with the
camera-based observations (Figure 3 in Wu et al., 2016). Regarding the performances of these LSMs in simu-
lating tropical gross primary production (GPP) seasonality, up to 13 out of 16 LSMs show a remarkable GPP
decrease during the dry season period (Figure 1b), which is not in agreement with the eddy covariance flux
at BR-Sal site. Obviously, there is a large spread across current LSMs and satellites regarding the seasonality
of LAI and GPP products.

In addition, although seasonal variation in carbon allocation to leaves, stems, and roots are now measured
regularly at field sites, these processes remain poorly represented in most ESMs. For example, when
Amazonian evergreen forests enter the early dry season, allocation of carbohydrates to new leaves was found
to increase, while the allocation to stems and roots decreased, in the data presented by Poorter et al. (2012),
Doughty et al. (2015), and Restrepo-Coupe et al. (2016). By contrast, many models have constant carbon allo-
cation coefficients for leaves, stems, and roots for tropical evergreen forests (Krinner et al., 2005; Potter et al.,
2001). Obviously, the mismatch between modeled and observed carbon seasonal allocation to leaves versus
stems and roots is related to the poor representation of leaf seasonality. Therefore, we expect an improved
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Table 1

Description of the Four Eddy Covariance Flux Tower Sites in Amazonian Forest

Sites Name

BR-Sal  Santarem-Km67
BR-Sa3  Santarem-Km83
BR-Ma2 Manaus-Km34

GF-Guy Guyaflux (French Guiana)

Longitude (°) Latitude (°) Soil type Precipitation SWdown PAR (umol-m
(mm/year) (W/mz) —2s7h
Dry Wet Dry Wet Dry Wet
—55 —2.85 Ferralsols (FAO) /Oxisols (USDA) 917 1,610 236 193 381 326
—=55 —3.02 Ferralsols (FAO) /Oxisols (USDA) 308 1,102 205 172 357 281
—60.2 —2.61 Ferralsols (FAO) /Oxisols (USDA) 653 1,481 213 192 421 341
—-52.9 5.28 Acrisols (FAO) 756 2,366 225 174 500 400

Table 2

understanding of tropical forest leaf phenology should also lead to improved simulation of carbon allocation
to stems and roots.

This study focuses on the process of coincident production of new leaves and litterfall of old leaves,
which implies that more carbon gets allocated to new leaves and that the shedding rate of old leaves
is increased just before to produce a younger leaf age demography in the canopy; this process is impor-
tant in producing the higher photosynthetic rates of the dry season (Chave et al., 2010; de Weirdt et al.,
2012; Wagner et al., 2012; Wu et al., 2017; Xu et al., 2017). This argument is supported by field observa-
tions from Wu et al. (2016) and by Xu et al. (2017) of ontogeny-associated PC. In this paper, we (1) illus-
trate the fact that current LSMs do not capture the seasonality of tropical evergreen forests phenology;
(2) explore environmental drivers that trigger new leaf formation and old leaf shedding in Amazonian
evergreen forests; (3) link leaf phenology with the seasonality of carbon allocation to leaves, roots,
and sapwood in the equations of the ORCHIDEE LSM, with a parsimonious modeling strategy; and
(4) simulate the seasonality of canopy leaf phenology, carbon and water fluxes, and litterfall and evalu-
ate model results with observations.

In the canopy photosynthesis submodel of the ORCHIDEE LSM, the shifts in carbon allocation to new
leaves and the litterfall of old leaves are defined by empirical functions of SWdown and VPD, respectively,
combined with an ontogeny-dependent leaf PC function (Xu et al., 2017). Model results are tested in two
steps. First, we fix the dates on which new leaves are triggered. This procedure tests only the new carbon
allocation and leaf demography model: The fixed dates are adjusted to best reproduce the observed seaso-
nal cycles of GPP measured at four sites. Second, we model the onset of young leaves from SWdown and
VPD drivers. The model outputs are evaluated against in situ camera observations of LAI cohorts, litterfall,
carbon allocation, and eddy covariance measurements of GPP and evaporation (LE) at four forest sites
in Amazonia.

2. Sites and Data

2.1. Sites

Four eddy covariance flux tower sites (BR-Sal, BR-Sa3, BR-Ma2, and GF-Guy, see Table 1) located in

Amazonian evergreen forest were selected for model evaluation (Keller et al., 2001; Araujo et al., 2002;
Wau et al., 2016; Bonal et al., 2008). All the meteorological variables show
significant seasonality at each of the four sites. The average rainfall rates
in the wet season at BR-Sal, BR-Sa3, BR-Ma2, and GF-Guy are, respec-

Empirically Based Dates (Unit: Weeks Since the First Week of the Calendar tively, 1.8, 3.6, 2.3, and 3.1 times higher than those in the corresponding

Year) When Mean Anomalies of Environmental Factors (Precipitation,
SWdown and VPD) Change Sign and of Beginning of the Mean Canopy
Rejuvenation Period Determined by LAlLyouug at Four Eddy Covariance
Flux Tower Sites in Amazonia

dry season. Similarly, the SWdown during the dry season is 22%, 19%,
11%, and 29% higher than during the wet season, and PAR in the dry sea-
son is on average 16%, 17%, 23%, and 25%, respectively, higher than during

Date (unit: weeks) according to environmental factors, that is

the wet season. In summary, the meteorological seasonal variability at the

four sites shows enhanced light availability and reduced water availability

silizs Lnzepl Ao Sivelee VPD LAlLyoung during the dry season as compared to the wet season. The periods of the
BR-Sal 24 26 27 28 precipitation, SWdown, and PAR data are listed in supporting information
BR-Sa3 25 25 26 28 Table S1. The timing of the dry and wet seasons at the four sites are
LLENED, - 28 2 2y . defined using VPD, as listed in Table 2. The dry seasons at the four sites
GF-Guy 27 27 30 28

always happen during the second half of the year.
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2.2. Simulation Setup for the ORCHIDEE Model

For each site, ORCHIDEE was forced using 30-min average top-of-tower observations of SWdown, longwave
downwelling radiation (LWdown), air temperature, air humidity, precipitation, wind speed, and surface
pressure. The vegetation at the four sites was set to the plant functional type evergreen broadleaf forest, with
100% cover. The soil types, used to define soil textures in the soil hydrology model, are shown in Table 1 (de
Weirdt et al., 2012; Malhi et al., 2009). The ORCHIDEE parameter of maximum LAT (mz/mz) was set to 6
according to de Weirdt et al. (2012) and Wu et al. (2016). When LAI reaches this maximum value, no more
carbon is allocated to leaves (as described in Section A5 of Krinner et al., 2005). Xu et al. (2017) observed that
canopy leaf mass per area (LMA) differ significantly among Amazonian evergreen forest sites (Figure S1),
but understory LMA (Figure S1) and maximum carboxylation rate (V. max) (Figure S2) only differ slightly.
So, a constant maximum V max value (51.4 umol-m™%s™") was prescribed at all the four sites, and we also
ignore the differences of understory LMA. For canopy differences, the specific leaf area (SLA = 1.0/LMA)
was fixed to a value of 15.3 mm?/mg C. This corresponds to a LMA value of 65 g/m?, within the range of
10-250 observed by Xu et al. (2017) across species and sites. This SLA value is set for the oldest leaf age class,
and we applied scaling factors, of 0.8, 0.85, and 0.9, to decrease the SLA for leaf Age Classes 1 to 3, respec-
tively, as younger leaves are thinner.

A first spin-up was run for all sites by recycling climate forcing data during the period 1980-2010 for more
than 300 years until all vegetation carbon pools had reached a steady state (Traore et al., 2014) using the
model spin-up approach described by Lardy et al. (2011). After that, we carried out a set of simulations from
the end of the spin-up state during the periods of observation coverage at each site (Table S1).

2.3. Observed LAI, Carbon Allocation Fractions, Litterfall, GPP, and LE

Mean monthly LAT cohorts were calculated from top-of-canopy images of a Tetracam Agricultural Digital
Camera at the BR-Sal site from January 2000 to December 2005 (Wu et al., 2016). The camera-inferred
LAIs were classified into three cohorts based on different leaf ages: young (<2 months); mature (3-5
months); old (>6 months). Detailed information on camera data processing is given by Wu et al. (2016).

Aboveground total litterfall at BR-Sal site was collected approximately every 14 days using 40 circular, mesh
screen traps randomly located throughout the 19.75-ha tree survey areas (Rice et al., 2004). Litterfall at BR-
Sa3 was measured in an 18-ha plot adjacent to the eddy flux tower using 30 litter baskets and collected every
14 days (Figuera et al., 2011). Litterfall at the BR-Ma2 site was collected from 0.5 m? traps at monthly interval
on 25 traps randomly located in a 1-ha plot (Wu et al., 2016). Litterfall at the GF-Guy site was collected
approximately every 20 days in 40 different traps distributed at the corners of 10 inventory plots located in
the eddy covariance footprint of the GF-Guy tower (de Weirdt et al., 2012).

The monthly mean fractions of carbon allocated to leaves (fieqs), r00ts (fro0r), and sapwood (fyqp) Were taken
from the observations at the Tambopata and Caxiuana sites by Doughty et al. (2015). The Caxiuana site is
very close to (~410 km) the BR-Sal site (Figure S3), and its climate, forest, and soil type (Table S2) are also
comparable to those of the BR-Sal site. As there are very few Amazonian forest sites where allocation data
are available, we used here the field allocation data of the BR-Sal site to evaluate the simulated carbon allo-
cation fractions at the BR-Sal site.

To evaluate the simulated results, we used the daily averaged GPP (g C-m~2.day ™), latent heat fluxes (LE)
(W m™?) from the eddy covariance flux tower sites, survey-collected total litterfall (g C~m_2-day_1), mean
monthly camera-observed LAI cohorts, and fractions of carbon allocated to roots, leaves, and sapwood.

We selected data from the FLUXNET 2015 database (https://fluxnet.fluxdata.org/data). Eddy covariance
measured GPP in the database was calculated half-hourly following the methods described on the website
http://fluxnet.fluxdata.org/data/fluxnet2015-dataset/data-processing/ (Papale et al., 2006). The net ecosys-
tem exchange (NEE, g C-m~%day™") of CO, was partitioned into ecosystem respiration (Resp, g C-m
~2.day™!) and GPP using the method of Restrepo-Coupe et al. (2013). Resp was averaged into monthly bins
from valid nighttime hourly NEE during well-mixed periods (friction velocity > 0.22 m/s; Hutyra et al., 2007;
Wu et al., 2016), and GPP was estimated as GPP = NEE —Resp.

The time periods of eddy covariance flux tower data and litterfall are presented in Table S1.
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efficiency formula in the former version of ORCHIDEE; “Linear” is a linear fitting of V. nax implemented in the
updated scheme (orange) and “Gamma” a gamma function fitting, both used in the new version. Colored bands indicate
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3. Methods
3.1. The ORCHIDEE Model

ORCHIDEE simulates exchanges of water, momentum and greenhouse gases between the atmosphere and
the terrestrial biosphere (Krinner et al., 2005). The modeled carbon processes include phenology, photo-
synthesis, respiration, allocation, and leaf shedding (Figure 2 in Krinner et al., 2005). The standard
ORCHIDEE version (v8.4.1) used here was recently evaluated over high latitudes (Guimberteau et al.,
2017; Guimberteau et al., 2018). Because the model is known to perform poorly for tropical phenology
(De Weirdt et al., 2012; Sitch et al., 2013; Peng et al., 2015); we investigated the canopy phenology of tropical
evergreen forests aiming to improve the modeling of the processes of leaf growth and leaf shedding in
the ORCHIDEE.

The model accounts for age-related decline in leaf-scale PC through a variable maximum rate of carboxyla-
tion of leaves with leaf age. ORCHIDEE has four leaf-age classes in the canopy, the age distribution being
constant throughout the canopy depth. The four leaf-age classes or cohorts are characterized by their frac-
tions of total leaf biomass and mean age. The leaf Class 1 represents the youngest age cohort and Class 4
represents the oldest cohort. To make observations and simulations comparable, we only present results
for two age categories. The modeled leaves older than 6 months were grouped together into a unique old
class, like in Wu et al. (2016), and leaves younger than 6 months constitutes the young class. More precisely,
modeled Cohorts 2 to 4 are merged into the old class contributing to LAI,4, and Cohort 1 corresponds

t0 LALpyung-

Wu et al. (2016) observed a similar seasonality of LAI,,,,,, at both the BR-Sal and BR-Sa3 sites. An increasing
LAI,p,ng indicates the flushing of new leaves and canopy rejuvenation. Canopy rejuvenation at BR-Sal, BR-
Sa3, and BR-Ma2 occurs during the dry season (second half of the calendar year), while oppositely canopy
rejuvenation at GF-Guy seems to happen during the wet-season period (first half of the year, see
section 3.3.2.2).

3.2. Former Model Formulations

3.2.1. Former Age-Dependent Leaf Photosynthetic Efficiency

Leaf-scale photosynthesis is calculated using the Farquhar et al. (1980) biochemical model. The stomatal
conductance is a function of carbon assimilation, atmospheric CO, concentration, and VPD following the
Yin et al. (2009) model. The enzyme kinetic models of photosynthesis (Farquhar et al., 1980) simulate net
carbon assimilation (equation A2 in Krinner et al., 2005) using the minimum of the RuBisCO-limited car-
boxylation rate (equation A4 in Krinner et al., 2005) and electron transport-limited carboxylation rate (equa-
tion A5 in Krinner et al., 2005). The V max at 25 °C is scaled by a relative leaf efficiency parameter (e,
unitless: 0-1) (Ishida & Toma, 1999, Figure 2) which is a function of relative leaf age (a,;, unitless: 0-1).
The value of a,,; is calculated as the ratio of the leaf age in a cohort to the critical leaf age (a.,), or leaf long-
evity. Following Schoettle and Fahey (1994), a. is set to 730 days for the evergreen tropical forest plant
functional type (PFT). Leaf efficiency e, at leaf flushing (a,,; = 0) is given an initial value of 0.3, then
increases to reach a maximum value of 1.0 at a,,; = 0.01, stays constant until a,,; = 0.5, and finally drops
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back linearly to the minimum value of 0.3 at a,,; = 1.0 for the oldest leaves (Figure 2b). The leaf age and a,;
are used to determine the fraction of leaves that is shed (Krinner et al., 2005).

3.2.2. Former Leaf Demography Model

The default canopy demography model of ORCHIDEE has three processes solved on a daily time step: car-
bohydrate allocation to new leaves in Class 1, turnover from leaf age Class i to the next older one i + 1, and
leaf shedding.

For the carbon allocation process (new leaf development), the fractions of net primary production (NPP)
allocated to the growth of leaves (fi.q) (equation A36 in Krinner et al., 2005), r00ts (fo0,), sapwood (fsap),
and storage and reproduction organs all depend on water and light stress (Krinner et al., 2005). NPP allo-
cated to leaves is transferred into the first leaf age class. Water stress on photosynthesis (carboxylation rates)
and stomatal conductance is a dimensionless scalar calculated from relative soil moisture in the root zone.
These stress factors are weighted according to the exponential root density profile which decreases with
depth and is fixed in the model for a particular PFT; that is, they are independent of the dynamic biomass
of the fine roots (equation A18 in Krinner et al., 2005).

For the leaf turnover, a constant fraction of the leaf biomass of Class i is transferred to Class i + 1 (equation
A26 in Krinner et al., 2005) at each daily time step, and the ages of the four leaf classes are updated accord-
ingly (equation A27 in Krinner et al., 2005). For leaf shedding, this process starts when a leaf age class
reaches an age larger than half the value of a,;;. Then, leaf loss rapidly increases (with a power law of expo-
nent 4) as the age of the oldest leaf class approaches the critical leaf age (equation A22 in Krinner et al.,
2005). There is no leaf onset but only leaf aging and canopy rejuvenation in the former version of
ORCHIDEE model.

3.3. New Model Developments
3.3.1. Updated Model of Age-Dependent Leaf Photosynthetic Efficiency

Xu et al. (2017) established a leaf age-related V. max function based on field data that were collected in 20
tropical evergreen forests. Differing from the default leaf efficiency model described above (black dotted line
in Figure 2b), this function gives a V max Which increases rapidly for the first 2 months and then declines
continuously with leaf age, after reaching the maximum V . (Figure 2a). Accordingly, we set the maxi-
mum e,,; = 1 to be reached at a,,; = 0.08.

There are few observations of V; .y at the a.,;; maximum leaf age. Although some studies suggested a mini-
mum e,,; between 0.10 and 0.20 for old leaves in evergreen forests (Niinemets et al., 2015), other studies
observed a lower minimum e,,; of about 0.05 (Misson et al., 2006). Based on the observations of Xu et al.
(2017), we firstly adjusted two linear functions represented by the orange curve on Figure 2a, setting a mini-
mum efficiency e,; = 0, both at leaf flushing (a,.; = 0) and for the oldest leaves (a,,; = a.,;;). We also used a
gamma function to fit the data of V. ,ax versus age (blue curve in Figure 2a). In both curve fits, V, ax would
reach values close to 0 at age older than 730 days, but this critical leaf age is never reached in ORCHIDEE
model given the cohorts turnover and leaf longevity.

3.3.2. Updated Leaf Demography Model

Field data (Wu et al., 2016) shows that the fraction of old leaves sharply decreases just before or at the begin-
ning of the dry season, and this process is coincident with an increase in the fraction of new leaves (Doughty
et al., 2015; Wu et al., 2016). Compared to an older canopy, a younger canopy has larger overall photosyn-
thetic efficiency and higher GPP for the same amount of leaves and environmental conditions. Therefore,
canopy rejuvenation thus maximizes GPP when radiation is highest.

In this study, the leaf flushing and shedding mechanisms were modified by introducing environmental para-
meters and coefficients into the original formulations (equations A36 and A22 in Krinner et al., 2005). This
change simultaneously increases the rate of carbon allocation to new leaves and accelerates the shedding
rate of old leaves during the canopy rejuvenation period.

3.3.2.1. New Leaf Flushing Scheme

Light availability is a major constraint on the allocation of carbon to leaves in Amazonian evergreen forest
(Tang & Dubayah, 2017). Here, we assume that fj.qris related to the light transmission of old leaves, being an
exponential decreasing function of the leaf area index (LAI) of the oldest class (—0.5* LAIL,) (He et al., 2017).
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The fraction of NPP allocated to new leaves in ORCHIDEE is given in equation (1), driven by SWdown and
the vegetation optical depth of old leaves.

£ — min [0.99, (Sxe 05T /) xfleaf] )

where S is the weekly average SWdown (unit: W/ m?), LAL, (unit: m?/m?) is the LAI of leaf age Class 4, and C,
and C, are empirical coefficients set to 35.0 (W/m?) and 6.0 (unitless), respectively. They were calibrated
against the observed seasonality of LAI cohorts (Wu et al., 2016). We use the root-mean-square error
(RMSE) and Nash-Sutcliffe efficiency (NSE) metrics to evaluate the model for LAl ,, and LAI,4 (see
section 4).

3.3.2.2. New Leaf Shedding Scheme

(1) Fixed observed date of canopy rejuvenation

In this first parameterization, we prescribe the dates of canopy rejuvenation when observed LAI,,,,c reaches
one third of the total LAI These fixed empirical rejuvenation dates at the Southern Hemisphere BR-Sal, BR-
Sa3, and BR-Maz2 sites are close to the periods when GPP measurements from the eddy covariance instru-
mentation are observed to increase in the dry season, except for the Northern Hemisphere GF-Guy site
which shows an opposite phase between GPP and LAI,,,,,, (see section 4). Such parameterization with fixed
observed dates has little predictive value across sites, but it allows evaluating, on a first step, if the modified
carbon allocation and leaf turnover modules correctly reproduce the seasonality of LAI and CO, and
water fluxes.

After the canopy rejuvenation date, the shedding rate of old leaves is accelerated as follows:

At [ a \*
AB,»_Bixmin{0.997C3xmin{0.997 (i) ” )

Qerit \ Aerit

where AB; is the loss of biomass at each time step from age Class i, B; is the leaf biomass of age Class i,
Krinner et al. (2005) selected a 4 power law to ensure a rapid loss of leaf biomass when leaf age approaches
the critical leaf age, C; (unitless) is an empirical coefficient set to 5.0 and calibrated using the seasonality of
the measured total litterfall (see section 4). Outside the rejuvenation period, we keep the former leaf demo-
graphy scheme.

(2) Variable dates of canopy rejuvenation

In a second parameterization, we introduced a more mechanistic description of the timing of leaf drop,
testing different environmental factors to predict the canopy rejuvenation period. As opposed to using
prescribed onset dates, a generic scheme brings a larger predictability for gridded simulations and tem-
poral changes in canopy functioning. In order to find the most robust environmental trigger of canopy
leaf rejuvenation for multiple-site applications, we tested three variables: precipitation, SWdown, and
VPD (Figure 3)—as suggested by former studies (Bi et al., 2015; Xu et al., 2011; Saleska et al., 2016;
Konings & Gentine, 2017; Tang & Dubayah, 2017; Giardina et al., 2018). We normalized these variables
first by subtracting their mean annual value and then dividing by their standard deviation and then
identified the dates at each site where these normalized variables cross over the zero line in both
upward and downward directions. We use these dates to determine the leaf flushing and shedding in
the improved ORCHIDEE model, respectively. Table 2 suggests that the precipitation, SWdown and
VPD—determined starting of dry season is on average 3, 2, and 0.5 weeks later than the mean canopy
rejuvenation start date determined by LAI,,e at four eddy covariance flux tower sites in Amazonia.
Therefore, the new ORCHIDEE version uses the upward crossover date of VPD is the best predictor
of the observed canopy rejuvenation date in BR-Sal, BR-Sa3, and BR-Ma2 sites. In contrast, at the
GF-Guy site, the canopy rejuvenation period (i.e., GPP boost) happens during the wet season. Note that
VPD has been proposed as a possible trigger of litterfall of old leaves (coincident with new leaves flush-
ing) in tropical evergreen forests (Myers et al., 1998). We therefore chose the weekly VPD as a simple
empirical trigger in the model to initiate the leaf shedding process and canopy rejuvenation for
multiple-site simulations.
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Figure 3. Mean seasonality of normalized precipitation (blue), SWdown (red), VPD (yellow) and GPP (black) for the (a)
BR-Sal, (b) BR-Sa3, (c) BR-Ma2, and (d) GF-Guy sites. The colored bands indicate the confidence intervals of 95%. The
gray shading areas indicate the canopy rejuvenation periods.

The leaf shedding process that defines the biomass loss from the oldest leaf age class four was thus modified
using weekly VPD as equation (3). For leaf age Classes 1 to 3, we kept the former leaf shedding scheme (
section 3.2.2).

At [ a \*
AB,, —Bmxmin{o.99, (VPD,,/Cs) xmin [0.99, (a ) ” 3)

Qcrit \ Acrit

where VPD,, indicates the weekly mean VPD (unit is kPa), and Cs (kPa) and Cg (unitless) are empirical
coefficients set to 3.0 and 2.5 and calibrated to match the seasonality of the measured total litterfall (see
section 4).

Based on the rationale that under the elevated SWdown in the dry season the shedding of older leaves (LAL)
triggered by VPD results in more NPP being allocated to new leaves, the combination of a young canopy and
stronger illumination is expected to increase the GPP in the dry season.

4. Results
4.1. Leaf Phenology Including LAI, Leaf Age, and Litterfall

To evaluate our model, we selected camera-based measurements, which provide a reliable observation of
total LAI as well as LAI for different leaf age classes (cohorts), to calibrate the coeffecients of equation (1).
The RMSE and NSE between modeled and observed LAI,,g and LAI,q were on average equal to 0.57
(m?*/m?) and 0.76, respectively, in comparison with the camera-based observations at the BR-Sal site.
Figure 4 shows the seasonality of observed and ORCHIDEE-simulated LAT at the BR-Sal site. Clearly, the
observed LAI of both new and old leaf age cohorts show a significant seasonality (Figure 4a). The LAI, 4
decreases and the LAI,,,,,,; increases during the canopy rejuvenation period, but show the opposite behavior
during the rest of the year. The former scheme in ORCHIDEE fails to reproduce any seasonality for the two
canopy LAI cohorts (Figure 4b). The fixed-date (Figure 4c) and variable-date (Figure 4d) rejuvenation para-
meterizations both reasonably capture the observed seasonality of the LAI cohorts because the fraction of
carbon allocated to new leaves is increased and shedding rate of old leaves is accelerated.

The old ORCHIDEE version shows no seasonality of leaf age and leaf photosynthetic efficiency in different
age classes (Figures 5a and 5d). The fixed-date (Figure 4c) and variable-date (Figure 4d) rejuvenations, which
differentiate the carbon allocation and leaf shedding processes between dry and wet seasons, successfully
capture the seasonality of canopy leaf age (Figures 5b and 5c) and corresponding leaf efficiency in each leaf
age class (Figures 5e and 5f). The RMSE and NSE of modeled versus observed LAI cohorts quantifies the
improvement brought the new phenology scheme (Table S3). In general, the leaf age of young and old leaf
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Figure 4. Mean seasonality of the canopy LAI cohorts in BR-Sal eddy covariance flux tower site. (a) Camera-observed; (b)
old scheme; (c) fixed-date rejuvenation scheme; and (d) variable-date rejuvenation scheme. The camera-observed

LALyoyng: <6 months and LAl g > 6 months. The modeled LALpypg: Class 1 and LAIyg: sum of Classes 2, 3, and 4. The

gray shading areas indicate the canopy rejuvenation period.

cohorts both become older in the wet season but are younger in the dry season; the leaf photosynthetic effi-
ciency shows as expected a trend opposite to the leaf age seasonality.

For the two improved litterfall schemes, the equations (2) and (3) yield an average RMSE and NSE of 0.44 (g
C-m~>day ") and 0.39, and 0.32 (g C-m~>-day ") and 0.49, respectively, calibrated using the data of all the
four sites. As shown in Figure 6 (gray curves), the default canopy demography scheme produces little varia-
bility in the seasonal litterfall pattern at BR-Sal (NSE < —10; RMSE =1.73 g C-m_z-day_l), BR-Sa3 (NSE <
—10; RMSE =0.38 g C-m~>-day "), BR-Ma2 (NSE < —10; RMSE = 0.27 g C-m~>-day "), and GF-Guy (NSE <
—10; RMSE = 1.91 g C-m~>-day ™). By implementing the fixed-date rejuvenation parameterization the simu-
lated seasonality of litterfall better coincides with that of observed litterfall at BR-Sal (NSE = —1.24; RMSE =
0.63 g C-m~2-day "), BR-Sa3 (NSE = 0.2; RMSE = 0.51 g C-m™~2.day™ "), and BR-Ma2 (NSE = 0.59; RMSE =
0.17 g C-m~*day "), showing increased litterfall in the canopy rejuvenation season. By contrast, the fixed-
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Figure 5. Mean seasonality of canopy leaf age and V. a4« at the BR-Sal site. (a-c) The leaf age simulated by the old, fixed-
date, and variable-date rejuvenation schemes, respectively; (d-f) the V max simulated by the old, fixed-date, and variable-
date schemes, respectively. The gray shading areas indicate the canopy rejuvenation period.
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Figure 6. Seasonality of total litterfall at four eddy covariance flux tower sites. (a) BR-Sal; (b) BR-Sa3; (c) BR-Ma2; (d) GF-
Guy. The gray shading areas indicate the canopy rejuvenation periods.

date rejuvenation parameterization shows poor performances (NSE = —7.14; RMSE = 1.3 g C-m™~>-day ') in
estimating the seasonality of litterfall at the GF-Guy site.

By using VPD to trigger rejuvenation in the variable-date rejuvenation parameterization, the model also cap-
tures the timing of litterfall, just before the seasonal maximum of VPD during the peak of the dry season
(Figure 6, green curves). The RMSE and NSE of modeled litterfall are significantly improved at three sites:
BR-Sal (NSE = 0.23; RMSE = 0.31 g C-m™>day™"), BR-Sa3 (NSE = 0.53; RMSE = 0.47 g C-m™*day™ %),
BR-Ma2 (NSE = 0.71; RMSE = 0.17 g C-m™*day™ '), and GF-Guy (NSE = 0.14; RMSE = 1.17 g C-m™ >.day ™).

Multiple-site simulations (time period: 1990-2010) using the old scheme and the variable-date rejuvenation
scheme were conducted to compare annual mean total litterfall with observations from 19 other sites in
Amazonia (Chave et al., 2010) (Table S4 and Figure 7). In comparison with the old scheme (RMSE = 0.55
g C-m™>.day™"), the validation results were greatly improved by using the variable-date rejuvenation scheme
(RMSE =0.25¢g C-m~*day ™). The NSE of the variable-date scheme for litterfall shows improvements in

modeling the litterfall seasonality as compared with the old scheme that

has virtually no litter seasonality (Table S5). These results confirm that

< 18 . : : ) .
P NN A P e VPD is a possible precursor of litterfall in Amazonian forest, although
q—.: 15 e NN S we still lack a theoretical basis for the underlying processes.
: M A

% “ 5 4.2. Seasonality of the Carbon Allocation

2 1.2 o e

= o So go o The fractions of NPP allocated to leaves (fieqy), r00ts (fro0,), and sapwood
E 0.9 - o /O ° (fsap) vary seasonally in Amazonian evergreen forest (Da Silva et al.,
= 2 - o X0 N=19 2002; Metcalfe et al., 2008; Schongart et al., 2002; Wagner et al., 2012).
% 0.6 A y %o R*=0.28 Figure 8 shows monthly means of fleqf froor» and fyqp in Amazonian ever-
ha // green forest, averaged from the multiple-site observations of Doughty
% 031 % A Old scheme et al. (2015). The fj.qf varies positively with SWdown (Figure 2), while f,,,;
g 0.0 O Variable-date scheme and fy,p change in the opposite direction; this pattern is consistent with
= ’ 0.0 0r3 0j6 0?9 1j2 1j5 18 other observations in Amazonia (Da Silva et al., 2002; Metcalfe et al.,

Figure 7. Scatterplot of observed against modeled annual mean total litter-

Observed total litterfall (gC m™ day™)

fall at 19 sites in the Amazonia.

2008; Schongart et al., 2002; Wagner et al., 2012). The standard allocation
scheme of ORCHIDEE, as in most LSMs, showed little seasonality of fi..s
Jroon» and fyq, (Figure 8). Regulated by SWdown, the patterns of simulated
Sieaps froon and fyqp, (solid curves, Figure 8) from the new allocation scheme
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Figure 8. Fractions of carbon allocated to leaves (fieqy), r00tS (fro0r), and sap-
wood (fsqp) at BR-Sal. (a) old scheme; (b) new scheme and field observa-
tions. Solid, dash and dot curves indicate the data from field observations,
the variable-date scheme and the fixed-date scheme, respectively. The gray

shading areas indicate the canopy rejuvenation period.

(equation (1)) agree better with the observed allocation (dash curves,
Figure 8). The results, for which noticeably the NSEs of the variable-date
scheme modeled allocation fractions against observations are all larger
than 0 (Table S6), suggest that the seasonality of carbon allocation to dif-
ferent organs of trees, leaves, roots, and sapwood, is consistent with an
initiation by the seasonality of incoming light (SWdown) conditions.

4.3. Seasonality of Carbon and Water Fluxes (i.e., Canopy-Scale
GPP and LE)

Figure 9 shows the time series of GPP for the default canopy demography
scheme, the fixed-date, variable-date rejuvenation parameterizations, and
field measurements at the four eddy covariance sites (Table S5). The mod-
eled GPP is improved by using the fixed-date rejuvenation scheme (BR-
Sal: RMSE = 0.65 g C~m_2-day_1, NSE = 0.23; BR-Sa3: RMSE = 0.58 g
C-m™*day ™!, NSE = —1.45; BR-Ma2: RMSE = 1.55 g C-m~>-day ', NSE
< —10; GF-Guy: RMSE = 0.68 g C-m~%day !, NSE = —0.63) in compari-
son to the default scheme (BR-Sal: RMSE = 0.77 g C-m~>-day ', NSE =
—8.65; BR-Sa3: RMSE = 0.59 g C-m~>day !, NSE < —10; BR-Ma2:
RMSE = 2.08 g C-m~>-day !, NSE < —10; GF-Guy: RMSE = 0.76 g C-m

~2.day™!, NSE < —10). The variable-date rejuvenation parameterization also performs well in simulating
the GPP seasonality at BR-Sal, BR-Sa3, and BR-Maz2 (Table S5). However, the variable-date rejuvenation
parameterization better captures the litterfall seasonality (Figure 6d) but fails to reproduce the GPP season-
ality at the GF-Guy site (RMSE = 1.07 g C-m™>-day™'; NSE = —2.93). We suspect that the phase mismatch of
the simulated GPP against observations at GF-Guy is related to the fact that this site has two dry-season per-
iods and the rejuvenation period (Figure 3d) is not correctly captured by the proposed allocation scheme
in equation (1).

We further evaluated the impacts of the fixed versus variable-date rejuvenation parameterization on the LE
seasonality. For all the four sites, neither parameterization improves the simulations of LE, as compared
with the default canopy demography scheme (Figure 10). The RMSE and NSE are shown in Table S5.
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Figure 9. Seasonality of GPP at four eddy covariance flux tower sites. (a) BR-Sal; (b) BR-Sa3; (c) BR-Ma2; (d) GF-Guy. The
gray shading areas indicate the canopy rejuvenation periods.
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Figure 10. Seasonality of LE at four eddy covariance flux tower sites. (a) BR-Sal; (b) BR-Sa3; (c) BR-Ma2; (d) GF-Guy. The
gray shading areas indicate the canopy rejuvenation periods.

5. Discussion

5.1. The New Model With Environment-Driven Carbon Allocation and Litterfall Improves the
Representation of Leaf Phenology

The existence of a single climatic variable precursor of canopy rejuvenation in tropical evergreen forests is a
complex and debated issue as former studies have attributed canopy rejuvenation to diverse mechanisms
(Saleska et al., 2003; Huete et al., 2006; Bi et al., 2015; Xu et al., 2015; Wu et al., 2016; Tang & Dubayah,
2017). Some satellite-based studies covering the entire Amazon basin have indicated that incoming light is
empirically correlated with tropical leaf phenology (e.g., Guan et al., 2015). Some studies also suggest that
it is not climate but biotic interactions between plants and herbivore population dynamics, or ontogenic pro-
cesses that may trigger leaf renewal. Lopes et al. (2016) attributed the tropical leaf phenology to an evolution-
ary strategy to avoid predation and disease on vulnerable young leaves.

Peak litterfall at the maximum values of VPD during the early dry season (July-September) (Figure 6) sug-
gests VPD as a possible major cause of leaf shedding in all the four tropical forests (Myers et al., 1998). In
addition, our analysis indicates that the tropical forests constrain allocations to stems and roots (Metcalfe
et al., 2008), and shift more carbon to growing new leaves at the beginning of the dry season (July-
September) when the incoming SWdown is stronger (Bi et al., 2015; Xu et al., 2015; Huete et al., 2006; Wu
et al., 2016). Coupling light-driven allocation with the new model gives a good representation of the flushing
of new leaves at three out of the four sites (Figure 4a) and also improves the seasonality of carbon allocation
to leaves, roots, and sapwoods (Figure 8). Data from three out of the four Amazonian sites analyzed here sup-
port the light-controlled leaf flushing hypothesis of Guan et al. (2015) and support the environment-
controlled leaf phenology hypotheses. The underlying mechanisms are probably that the tropical evergreen
forests of this study are not water limited (Guan et al., 2015), having evolved deep root systems giving access
to deep soil moisture reservoir (Christoffersen et al., 2014; da Rocha et al., 2004; Oliveira et al., 2005), and the
dry-season replacement of lower-V, ax 0ld leaves with the newly mature leaves of higher V; ., might be a
long-term evolutionary strategy to optimize the carbon gain (Xu et al., 2017). However, the opposite behavior
of GF-Guy with respect to the other sites is not explained by the variable-date scheme, while the fixed-date
simulations both correlate well with the site observations. It is probably because that our choice of climate
triggers for the flushing of new leaves might not work at sites with two dry-season periods. It is also worth
noting that the simulated canopy rejuvenation starts around six weeks later as compared to the BR-Sal site:
the decrease of the old class (orange curve) and the increase of the young one (green curve) in modeled
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Figure 11. GPP seasonality for different minimums eref (red: 0.0; light red: 0.1; yellow: 0.3) at acrit , and for different are-
f(red: 0.08; light green: 0.3; green: 0.5) at the maximum eref. (a) erel as a function of arel ; (b) Simulated GPP seasonality at
the BR-Sal site. The grey shading areas indicate the canopy rejuvenation period.

panels (Figures 4c and 4d) both lag the observed classes (Figure 4a). Further studies are planned to reduce
this time-lag in.

The consistent relationships between the phenology of new leaf production and old leaf shedding with envir-
onmental drivers across the four Amazonian evergreen forests spanning a large rainfall gradient and having
different species compositions bring new insight into the probably different mechanisms involved in new
leaf flushing allocation and old leaf shedding in response to environment changes. These early results sug-
gest great potential to take advantage of relationships between environmental forcing and leaf phenology to
improve model performance over large spatial and temporal scales in Amazonia.

5.2. The New Phenology With Ontogeny-Associated PC Improves the Simulation of
Carbon Seasonality

Introducing a new representation of the leaf phenology greatly improves the model's simulation of carbon
and water cycles in Amazonian evergreen forest. During the rejuvenation period, the GPP is increased by
0 %, 2%, 0%, and 3% for the BR-Sal, BR-Sa3, BR-Ma2, and GF-Guy sites, respectively, using the old scheme;
by 15%, 8%, 7%, and 8% for the BR-Sal, BR-Sa3, BR-Ma2, and GF-Guy sites, respectively, using the fixed-date
scheme; by 9%, 4%, 9%, and 5% for the BR-Sal, BR-Sa3, BR-Ma2, and GF-Guy sites, respectively, using the
variable-date scheme (Figure S5).

The leaf phenology, particularly seasonal variation in leaf-age-dependent V; 1., dominates the representa-
tions of carbon and water flux variability in the improved ORCHIDEE model. The results agree with pre-
vious studies inferred from field-observations of leaf/branch physiology (Albert et al., 2018), ecosystem-
scale measurements of canopy V. max and GPP dynamics (Wu et al., 2016), as well as the modeling results
from both a big-leaf light-use-efficiency model (Wu, Guan, et al., 2017) and a more complex two-fraction
(sun/shade), two-layer canopy model (Wu et al., 2017).

We further tested the sensitivity of the GPP seasonality to changes in the minimum leaf efficiency (red: e,r =
0.0; light red: e;or = 0.1; yellow: e.ef = 0.3) at a.j, and to changes of a,¢ (light green: a,.r = 0.3; green: a,ef =
0.5) at the maximum es. (Figure 11a). Results show that the minimum GPP values over the year increase
from 7.8 t0 8.7 g C'm_2~day_1 as the minimum e,¢f at a.; increases from 0.0 to 0.3. The maximum GPP
values over the year decrease from 10.0 to 9.0 g C~m’2-day’1 as the a,.r at maximum e increases from
0.08 to 0.5 (Figure 11b). The amplitude of the GPP seasonality depends on the values of the minimum e,¢
at . and values of a,ef at maximum e In comparison, using a gamma function to fit the decrease of
Vemax With age instead of a linear function (Figure 11), the fixed-date scheme also gives robust performances
in simulating the GPP seasonality (RMSE = 1.11 g C-m~*day™'; NSE = 0.04; Table S7).

Note that some studies used alternative methods—variable LAI and constant leaf traits (V. max) as inputs
(Fisher et al., 2007). However, Wu et al. (2016) observed very slight variations of total LAI (seasonal variabil-
ity <0.5 m*/m?) at both BR-Sal and BR-Sa3 sites but an increase of ecosystem PC with light during the dry
season (Figure 1 in Wu et al., 2016). Our results have similar seasonality of V. ax (Figure 5f). Therefore,
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Figure 12. Seasonality of LUE at four eddy-covariance flux tower sites. (a)BR-Sal; (b) BR-Sa3; (c) BR-Maz2; (d) GF-Guy. The grey shading areas indicate the canopy
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although controversial, we are more convinced that the V; 1,5« variability, which influences the turnover rate
from new grown leaves to mature leaves and the deactivation speed of leaf vitality, along with the leaf aging
from mature leaves to old leaves, are the key parameters influencing the seasonal variation of GPP in
Amazonian evergreen forest. To test the robustness of the new scheme, we made a regional simulation
across the whole Amazonian evergreen forests. Preliminary results suggest that at this larger spatial scale
the GPP seasonality is also improved when compared against satellite GPP proxies (Figure S6). Further
work will address spatial patterns of the GPP seasonality across the Amazon.

Our simulation results highlight the importance of having leaf-age-dependent V;, .« controlling the canopy
photosynthesis in LSMs, if we are to accurately represent the GPP seasonal cycle. Most LSMs need further
improvements in this respect. However, the optimal curve used to adjust the V, nax-leaf age relationship
needs to be discussed and validated by more field observations. It is to be noted that leaf aging may impact
not only on the PC but more broadly on the leaf metabolism including leaf respiration, which will in turn
affect GPP. More leaf-level studies are needed to address this issue.

5.3. The New Phenology With a Younger Canopy Impacts on Light Use Efficiency and
Soil Moisture

Wu et al. (2016) observed that an accelerated litterfall of old leaves and the growth of new leaves at the begin-
ning of dry season shifts the canopy toward younger leaves, which explained a ~27% seasonal increase in
photosynthetic efficiency, defined by the age classes and associated age-dependent light use efficiency
(LUE) parameters. Young leaves have indeed a larger LUE (Doughty & Goulden, 2008). Our scheme
(Figure 12) captures such an increased LUE in the dry-season period (Table S8).

Soil moisture deficit is another key factor decreasing the soil water potential and inducing vegetation water
stress (Manoli et al., 2018). This process is imperfectly understood for evergreen forests (Manoli et al., 2018)
as it involves the resistance of water transfer from soil to roots and xylem transport driven by leaf water
potential and stem conductivity. However, as most Amazonian humid forests are not usually water limited,
there is in general no severe soil water stress on canopy photosynthesis, except in the southern part of the
Amazonia (Guan et al., 2015). That is probably why decreasing soil moisture does not always lead to reduced
GPP both in the data and our model results. We found than a younger canopy uses more soil moisture to
sustain the increased GPP in the dry season period (Figure S7). But soil moisture can become limiting like
in drought events in 2001 and 2002 at BR-Sa3 (Baker et al., 2008; Nepstad et al., 2007). That is why for
instance the GPP seasonality at BR-Sa3 has a sudden drop in the dry season, a response different from the
one at the BR-Sal site, even though the two sites are nearby. Effects of increased atmospheric stress
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(VPD) (Figure S8) might also impact GPP on shorter time scales. The observed and modeled responses of
GPP to PAR (Figures S9 and S10) are in qualitative agreement, and both show a positive response of GPP
to light in the dry season. However, during drought events at BR-Sa3 both simulated and observed GPP
decrease as PAR increases due to water stress. The model cannot correctly reproduce the observed relation-
ship between GPP and PAR at GF-Guy (Figure S10d), since it misses the GPP seasonality.

6. Conclusions

This study proposes a mechanistic climate-triggered leaf age demography model in combination with
ontogeny-dependent leaf PC changes. The new leaf age demography evolution scheme performs reasonably
well in modeling the leaf phenology (LAI cohorts, leaf age) at multiple forest sites (BR-Sal, BR-Sa3, BR-Maz2,
and GF-Guy) across Amazonia. The new model scheme leads to improved seasonality of simulated carbon
and water fluxes (GPP, LE). The higher proportion of young leaves with greater photosynthetic efficiency is
the major cause boosting GPP of tropical evergreen forests during the dry season. The new model, coupled
with a priority allocation to young leaves at high sunlight in the early dry season, additionally matches the
observed seasonality of carbon allocation and leaf shedding processes (allocation fractions, litterfall). This
supports the roles of SWdown and VPD as climate drivers that control canopy leaf flushing and shedding pro-
cesses of Amazonian evergreen forests.

The proposed model provides a feasible implementation for gridded simulations of carbon and water fluxes
from Amazonia. However, the new scheme is unable to trigger the GPP seasonality where the leaf flushing
happens in the wet season when there is adequate water but SWdown is smaller, like the situation at the GF-
Guy site. It still remains to be tested if the new scheme holds also true in other LSMs, provided that, like
ORCHIDEE, those models include leaf age cohorts.
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