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The phenology of leaf quality and its within-canopy variation
is essential for accurate modeling of photosynthesis in
tropical evergreen forests
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Abstract
Leaf quantity (i.e., canopy leaf area index, LAI), quality (i.e., per-area photosynthetic
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capacity), and longevity all influence the photosynthetic seasonality of tropical evergreen forests. However, these components of tropical leaf phenology are poorly
represented in most terrestrial biosphere models (TBMs). Here, we explored alternative options for the representation of leaf phenology effects in TBMs that employ
the Farquahar, von Caemmerer & Berry (FvCB) representation of CO2 assimilation.
We developed a two-fraction leaf (sun and shade), two-layer canopy (upper and
lower)

photosynthesis

model

to

evaluate

different

modeling

approaches

and assessed three components of phenological variations (i.e., leaf quantity, quality,
Correspondence
Jin Wu, Environmental & Climate Sciences
Department, Brookhaven National
Laboratory, Upton, New York, NY, USA.
Email: jinwu@bnl.gov

and within-canopy variation in leaf longevity). Our model was driven by the prescribed seasonality of leaf quantity and quality derived from ground-based measurements within an Amazonian evergreen forest. Modeled photosynthetic seasonality
was not sensitive to leaf quantity, but was highly sensitive to leaf quality and its
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vertical distribution within the canopy, with markedly more sensitivity to upper
canopy leaf quality. This is because light absorption in tropical canopies is near maximal for the entire year, implying that seasonal changes in LAI have little impact on
total canopy light absorption; and because leaf quality has a greater effect on photosynthesis of sunlit leaves than light limited, shade leaves and sunlit foliage are
more abundant in the upper canopy. Our two-fraction leaf, two-layer canopy model,
which accounted for all three phenological components, was able to simulate photosynthetic seasonality, explaining ~90% of the average seasonal variation in eddy
covariance-derived CO2 assimilation. This work identifies a parsimonious approach
for representing tropical evergreen forest photosynthetic seasonality in TBMs that
utilize the FvCB model of CO2 assimilation and highlights the importance of incorporating more realistic phenological mechanisms in models that seek to improve the
projection of future carbon dynamics in tropical evergreen forests.
KEYWORDS

big leaf, gross primary productivity, leaf age, leaf area index, light use efficiency, multilayer,
photosynthetic capacity, sun/shade
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replace (Doughty & Goulden, 2008; Kitajima, Mulkey, & Wright,
1997a; Wu et al., 2016). Importantly, this seasonal variation in leaf

Tropical evergreen forests play a dominant role in the global carbon,

quality was recently shown to be one of the most important pheno-

water, and energy cycles (Fu et al., 2013; Pan et al., 2011; Stark

logical mechanisms responsible for photosynthetic seasonality in

et al., 2016). They account for around one-third of annual terrestrial

tropical evergreen forests (Wu et al., 2016; Wu, Guan et al., 2017).

photosynthesis (Beer et al., 2010) and a quarter of the global above-

However, this advance (e.g., Wu et al., 2016; Wu, Guan et al., 2017)

ground carbon stock (Arag~ao et al., 2014; Saatchi et al., 2011).

was based on a light use efficiency model that can capture tropical

Therefore, even small errors in model representation of the carbon

forest photosynthetic seasonality but lacks the physiological and

pools or fluxes in this biome will result in marked uncertainty in the

structural complexity that is necessary to project the response to

projection of future climate (Cox et al., 2013; Friedlingstein et al.,

the changing climate, particularly rising CO2 concentration.

2006, 2014; Huntingford et al., 2013). A key area of uncertainty is

In addition to leaf quality and quantity, the within-canopy varia-

our understanding and model representation of tropical evergreen

tion in leaf longevity has been well documented in the tropics (e.g.,

forest seasonality, including seasonal leaf display as well as physio-

Lowman, 1992; Miyaji, Silva, & Paulo, 1997; Reich et al., 2004). This

logical function (Guan et al., 2015; Restrepo-Coupe et al., 2013;

large within-canopy variation in leaf phenological characteristics,

Saleska et al., 2003). Most Terrestrial Biosphere Models (TBMs) have

with understory leaves living two or more times longer than canopy

a mechanistic representation of CO2 assimilation that is capable of

leaves, may be attributed either to temporal niche partitioning

simulating the response of photosynthesis to global change (e.g.,

between canopy trees and the understory (Augspurger, Cheeseman,

increasing atmospheric CO2 concentration). However, most of these

& Salk, 2005; Messier, Parent, & Bergeron, 1998; Richardson &

models lack mechanistic representation of tropical forest photosyn-

O’Keefe, 2009), or to an adaptive response to large within-canopy

thetic seasonality (Kim et al., 2012; Restrepo-Coupe et al., 2017; de

variation in environmental variables (Niinemets, Keenan, & Hallik,

Weirdt et al., 2012). To improve our ability to project the impact of

2015; Stark et al., 2012, 2015; Wright, Leishman, Read, & Westoby,

global change on the terrestrial carbon cycle, we need to integrate

2006). As such, within-canopy variation in light and associated biotic

model representation of the mechanisms that regulate tropical forest

properties have also been suggested as an important control on pro-

photosynthetic seasonality with an approach that is capable of

cesses such as leaf development, energy balance, water use, and

mechanistically representing the response of photosynthesis to glo-

photosynthesis (Baldocchi & Amthor, 2001; Ellsworth & Reich, 1993;

bal change.

Morton et al., 2016; Stark et al., 2012).

Within tropical evergreen forests, leaf production from field-

Despite the importance of leaf phenology in regulating photosyn-

based studies (e.g., Girardin et al., 2016; Wright & Van Schaik,

thetic seasonality in the tropics, the combined effects of these three

1994), and canopy photosynthesis (i.e., gross primary productivity,

phenological components on tropical forest photosynthetic seasonal-

GPP) derived from eddy flux towers (Hutyra et al., 2007; Restrepo-

ity are either absent or have not been adequately represented in

Coupe et al., 2013; Saleska et al., 2003) and satellites (Guan et al.,

current TBMs (e.g., Restrepo-Coupe et al., 2017). The majority of

2015; Lee et al., 2013) consistently show seasonal variability. Impor-

TBMs (e.g., Fisher et al., 2015; Rogers et al., 2017) utilize the Far-

tantly, this seasonal variation is not directly related to extrinsic envi-

quhar, von Caemmerer, and Berry (1980) (FvCB) leaf scale mechanis-

ronmental variability (Bradley et al., 2011; Guan et al., 2015; Wu

tic model of CO2 assimilation to simulate carbon uptake together

et al., 2016; Wu, Guan et al., 2017). Instead, increasing evidence has

with a leaf to canopy scaling relationship, which often represents the

shown that tropical leaf phenology is a primary mechanism regulat-

whole forest canopy as sunlit and shade leaf fractions (e.g., Drewry

ing seasonal carbon assimilation (Doughty & Goulden, 2008; Kim

et al., 2010; dePury & Farquhar, 1997). Several modeling attempts

et al., 2012; Restrepo-Coupe et al., 2013; Wu et al., 2016; Wu,

have been proposed to improve the representation of photosyn-

Guan et al., 2017). Here phenology refers to periodic cycles of leaf

thetic seasonality. For example, some TBMs have included seasonal

production, development, and abscission within a forest canopy,

variation in LAI driven by water availability (Baker et al., 2008; Pow-

which produces seasonal variability in leaf quantity (i.e., canopy leaf

ell et al., 2013; Restrepo-Coupe et al., 2017; Sitch et al., 2015; Xu

area index, LAI) and leaf quality (i.e., per-area leaf photosynthetic

et al., 2016); however, the representation of seasonal change in leaf

capacity), and includes the differential leaf turnover associated with

quality and their vertical distribution has rarely been explored before.

the changes in leaf longevity within vertical canopy profiles. Despite

As a result, these models generally fail to adequately reproduce the

a modest seasonality in leaf quantity (e.g., Brando et al., 2010;

photosynthetic seasonality of tropical evergreen forests, simulating a

Doughty & Goulden, 2008; Lopes et al., 2016; Saleska et al., 2016),

dry-season photosynthetic decrease as a consequence of increasing

many tropical evergreen forests exhibit substantial leaf turnover dur-

dry-season water stress, with eddy covariance-derived GPP showing

ing the dry season when monthly precipitation is lower than the

the opposite trend (Baker et al., 2008; de Goncßalves et al., 2013;

evaporative demand (Borchert, 1994; Wright & Van Schaik, 1994;

Restrepo-Coupe et al., 2017; Saleska et al., 2003). Several other

Wu et al., 2016; Lopes et al., 2016). As a result, these forests have a

attempts have shown some improvement in the modeling perfor-

strong seasonality in leaf quality because recently mature leaves

mance of TBM-based photosynthetic seasonality by tuning model

have a higher photosynthetic capacity than the old leaves they

parameters to allow for seasonal variation in leaf photosynthetic
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 s National Forest, near
site (54°580 W, 2°510 S) is located in the Tapajo

assumptions made in these models, such as the application of the

m, Para, Brazil. Tapajo
 s is an evergreen tropical forest on a
Santare

leaf economic spectrum to within-canopy relationships, require sys-

well-drained clay-soil plateau (Rice et al., 2004), with a mean upper

tematic evaluation (Messier, McGill, Enquist, & Lechowicz, 2016) or

canopy height of ~40 m (Hutyra et al., 2007). Mean annual precipita-

compared to field-based metrics of both leaf phenology (e.g., leaf

tion is ~2,000 mm/year with a 5-month dry season (monthly precipi-

production and senescence) and GPP. The model-observation mis-

tation < monthly evapotranspiration) from approximately mid-July to

match and the incomplete mechanistic evaluation highlight need for

mid-December (Hutyra et al., 2007; Restrepo-Coupe et al., 2013).

improving current TBMs which should include a mechanistic repre-

The k67 EC site included seven-full-year flux and meteorological

sentation of leaf phenology effects on tropical evergreen forest pho-

measurements (years 2002–2005, and 2009–2011; Wu et al., 2016;

tosynthesis that includes all three phenological components of leaf

Wu, Guan et al., 2017). Detailed descriptions of the instrumentation

quantity, quality, and differential leaf turnover within a forest

and data preprocessing protocol for the k67 EC data can be found

canopy.

in Hutyra et al. (2007) and Restrepo-Coupe et al. (2013). No gap-fill-

The goal of this study was to develop an approach that would

ing data was used in this study. Hourly EC measurements of net

provide the sufficient phenological representation of the three com-

ecosystem exchange (NEE) was partitioned into ecosystem respira-

ponents to capture the photosynthetic seasonality of a tropical ever-

tion (Reco) and GPP following standard approaches (Hutyra et al.,

green forest in a mechanistic model framework that included the

2007; Restrepo-Coupe et al., 2013): Reco, which was averaged

FvCB representation of CO2 assimilation and a multilayer canopy.

within monthly bins from valid nighttime hourly NEE during well-

We accomplished this by evaluating the performance of model struc-

mixed periods (u* criterion: ≥0.22 m/s), was also used as an estimate

tures that incorporated the three different phenological mechanisms.

of average monthly daytime respiration, and GPP was estimated as -

We asked three questions: (i) Is seasonality of tropical forest photo-

(NEE – Reco). We did not use a temperature function to extrapolate

synthesis reproduced by a model including leaf phenology? (ii) What

nighttime NEE to daytime Reco, as is done at many higher latitude

is the relative contribution of these three phenological components

sites (e.g., Reichstein et al., 2005), because nighttime temperature

in controlling the seasonality of photosynthesis? (iii) Finally, how do

range within most months at k67 is too small to constrain such a

these three components regulate tropical forest photosynthetic sea-

function (Hutyra et al., 2007). Also because Reco is composited by

sonality?.

the two components: (i) the heterotrophic component (which is

Our approach was to modify existing canopy photosynthesis

expected to have higher values in the daytime, due to higher tem-

models to enable coupling with prescribed, field-based phenology of

perature in the daytime than at night; Reichstein et al., 2005), and

the leaf quantity and quality allowing us to simulate canopy photo-

(ii) the autotrophic component, especially the part associated with

synthetic seasonality. In addition, we enabled representation of sun

foliar respiration (which is expected to have lower values in the day-

and shade leaf fractions and a two-layer canopy (upper and lower)

time, due to light-inhibition of mitochondrial respiration in leaves;

to allow us to explore within-canopy phenological variation. As such,

Heskel, Atkin, Turnbull, & Griffin, 2013; Wehr et al., 2016); there-

our model framework allowed us to assess how the three compo-

fore, without the specific information about the relative contribution

nents of leaf phenology independently and jointly regulated canopy-

of these two components, we judged that our approach (using

scale photosynthetic seasonality. To evaluate the model performance

unmodified nighttime values as estimates for daytime Reco) was

and avoid other confounding factors in our analysis, such as seasonal

conservative – especially for a study of seasonality, for which poten-

and interannual environmental variation (Baldocchi & Amthor, 2001;

tial errors in absolute value are less important.

Richardson et al., 2007; Wu, Guan et al., 2017), our target variable

In this study we used the reference GPP (GPPref) as our target

was GPPref, which is eddy covariance-derived or modeled GPP under

variable and benchmark for model evaluation. GPPref represents the

a reference environment. This enabled us to focus on the underlying

CO2 assimilation of the canopy in the absence of environmental fluc-

physiological mechanisms and isolate the biological controls on GPP

tuations and thus provides the capability to evaluate the phenologi-

from seasonality in environmental variables (Wu, Guan et al., 2017).

cal impact on canopy-scale photosynthesis independent of other

The successful attribution of biological controls on tropical forest

sources of variation. EC-derived GPPref was calculated as the

photosynthesis will not only improve modeling of photosynthesis in

monthly average of all seven-year EC-derived GPP measurements

the tropics but also help assess the correct functional response to

under a reference environmental condition, following Wu et al.

environmental variability.

(2016); Wu, Guan et al. (2017). The EC-derived GPPref here scales
linearly with incident light-use efficiency under the reference envi-

2 | MATERIALS AND METHODS
2.1 | Model evaluation
 s k67
To evaluate model performance we used data from the Tapajo

ronment as used in Wu et al. (2016); Wu, Guan et al. (2017) (where
it was called canopy-scale photosynthetic capacity). The reference
environment for GPPref was taken as narrow bins of each
climatic driver:

canopy-top photosynthetically

(PAR0) = 1320  200 lmol m2 s1,

eddy covariance (EC) tower site (with Fluxnet2015 ID of “BR-Sa1”;

 0.1,

http://fluxnet.fluxdata.org/data/download-data/). The k67 EC tower

air-temperature

vapor

pressure

diffuse

radiation

fraction = 0.4

(VPD) = 0.87  0.20 kPa,

deficit

(Tair) = 28  1°C,

active

light

and

solar

zenith

angle
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(SZA) = 30  5°, and 8.1% of all hourly EC-derived GPP measure-

at least once within 15 min of the initial harvest. Gas exchange

ments were selected under the reference environment (~20 mea-

was typically measured for leaves of each age category present

surements per month per year; almost equally distributed across

on the branch. These sunlit leaves (n = 27) were initially classified

months). We used the seven-year mean annual cycle of monthly EC-

into three age classes (Young, Mature, and Old) based on visual

derived GPPref as a benchmark for model validation. The same refer-

assessment of color, size, rigidity, and bud scars (when present)

ence environment is also used for our model simulation of canopy-

(Chavana-Bryant et al., 2017), and then confirmed by in-situ leaf

scale GPPref (see “Model Framework” below).

tagging and associated photographic imaging of leaves at known
ages (from 10 days old up to 1 year old; see Wu, Chavana-Bryant et al., 2017 for more details). These leaf age classes roughly

2.2 | Prescribed phenology

correspond to a young age class (leaves of 1–2 months old), a

Three components of leaf phenology were examined in this study,

mature age class (leaves of 3–5 months), and an old age class

including the quantity, the quality, and within-canopy variation in leaf
turnover rates, all of which are tightly linked with seasonal variability

(leaves of ≥6 months). Very young leaves (recent leaf burst; e.g.,
Figure S1 in Wu, Chavana-Bryant et al., 2017) were too small,

in leaf production, development and abscission within a tropical forest

delicate, or logistically challenging for photosynthesis measure-

canopy (Lopes et al., 2016; Wu et al., 2016; Wu, Chavana-Bryant

ments; therefore, field-derived leaf Vcmax25 of the young age class

et al., 2017). Our prescribed, field-based leaf phenology data at the

(which corresponds to the young leaves of late stage, big enough

k67 site are the same as those used in Wu et al. (2016).

for Licor measurements) was then divided by two to provide an
average across the distribution of the entire young age class. The

1. Field data of canopy LAI, litterfall LAI, and new leaf LAI. The

five-species mean (standard deviation) Vcmax25 for these top-of-

mean annual cycle of monthly canopy LAI (range: 5.35–6.15 m2/

canopy sunlit leaves of young, mature, and old age classes were

m2) was derived from tower-mounted camera image time series

6.8 (1.4), 36.5 (10.7), and 23.4 (5.1) lmol CO2 m2 s1,

(Tetracam Agricultural Digital Camera, Tetracam, Inc., Gaomes-

respectively.

ville, FL; January 2010 to December 2011) using a camera-based

3. The mean seasonality of leaf age demographics and leaf quality.

tree inventory approach. For details about this approach, please

The quality component of leaf phenology refers to per-area leaf

refer to supplementary materials (i.e., section 5 and Figures S5

photosynthetic capacity. At the canopy scale, leaf quality can be

and S8) in Wu et al. (2016). The mean annual cycle of monthly

approximated by the age dependency of leaf photosynthetic

litterfall LAI (range: 0.23–0.66 m2/m2) was derived by converting

capacity (shown above) and the associated leaf age fraction (or

field observations of mass-based foliage litterfall (Mg biomass

leaf age-demography). Leaf age demographics were approximated

month/ha; biweekly measurements from 2000 to 2005; Brando

by a three-LAI-age-class demography model (Wu et al., 2016),

et al., 2010) of the same site into area-based litterfall LAI (m2/m2

with the inputs from mean annual cycles of monthly canopy LAI

per month), with the formula of Litterfall LAI = mass-based Lit-

and new leaf LAI (calculated above). The model-derived three

terfall 9 SLA, applying a mean specific leaf area (SLA) of

LAI-age demographics include the LAI for a young age class

0.816 ha/Mg biomass (Malhado et al., 2009). The mean annual

(leaves of 1–2 months old, LAIY), a mature age class (leaves of 3–

cycle of monthly new leaf LAI production (in m2/m2 per month)

5 months, LAIM), and an old age class (leaves of ≥6 months, LAIO)

was estimated using the formula of dLAI/dt + litterfall LAI, where

(see Figure 1), with the two optimized model parameters from

dLAI/dt is the average canopy LAI change in the 2 months cen-

Wu et al. (2016) which define leaf residence time at young and

tered around LAI of each month (Wu et al., 2016).

mature age classes, respectively. The reason we use these opti-

2. Field-based leaf gas exchange measurements. Leaf-level photo-

mized parameters here is because these parameters were consis-

synthetic capacity, represented by the apparent maximum car-

tent with our field observations of leaf aging processes

boxylation capacity of Rubisco standardized to a reference

(Chavana-Bryant et al., 2017; Wu, Chavana-Bryant et al., 2017),

temperature of 25°C (Vcmax25) (Bernacchi et al., 2013), was

as well as the roughly similar time interval of mature and old leaf

derived from standard leaf gas exchange measurements of photo-

age classes for field-based leaf gas exchange measurements.

synthetic CO2 response curves (A-Ci) for top-of-canopy sunlit
leaves of five canopy trees at the k67 site (species and structural
information for leaf samples are shown in Table S1; data are

In sum, the leaf quality was calculated using a three-age-class
leaf demography-ontogeny model as below (Wu et al., 2016).

available from http://datadryad.org/resource/doi:10.5061/dryad.
8fb47; see supplementary materials in Wu et al., 2016 for more
details on these data). Briefly, the trees we targeted for A-Ci

Lquality ¼

Vcmax;Y  LAIY þ Vcmax;M  LAIM þ Vcmax;O  LAIO
LAIY þ LAIM þ LAIO

(1)

curves represent the most abundant species that account

where Lquality is leaf quality, which represents age composition

for ~24% of the local basal area (Pyle et al., 2008). Prior to gas

weighted leaf photosynthetic capacity, and Vcmax,Y, Vcmax,M, and

exchange measurements, branches (of ~ 1 m length) were

Vcmax,O represent leaf-level Vcmax at young, mature, and old age

assessed using arborist climbing methods, cut, then promptly but

classes, respectively.

gently lowered to the ground with ropes, and re-cut under water
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leaf-level photosynthetic response to the current environmental
variability, but also to the changing environmental drivers associated with global change (i.e., rising CO2 concentration, temperature, and VPD).
2. The leaf to canopy scaling relationship represented by the
DF1997 model. DF1997 simulates canopy photosynthesis as the
sum of the photosynthetic rate contributed by the sunlit fraction
(GPPsun) and the shade fraction (GPPshade) of a forest canopy,
respectively (Equation 2).
F I G U R E 1 Mean annual cycles of monthly LAI in three age
s k67 site (adapted
classes (three different color lines) at the Tapajo
from figure 3a in Wu et al., 2016). The three-age LAI seasonality
was modeled using the same leaf age residence time parameter as
Wu et al. (2016), constrained to sum to total camera-observed LAI
(black squares) at the same forest site. Shading indicates the dry
season [Colour figure can be viewed at wileyonlinelibrary.com]

GPP ¼ GPPsun þ GPPshade

(2)

The DF1997 model is operated by firstly determining the LAI,
Vcmax, and absorbed PAR for each canopy fraction, and then
applying leaf-level photosynthesis model (as above) to simulate the
photosynthesis to each canopy fraction. Canopy total LAI (LAItot)
is partitioned into the sunlit fraction (LAIsun) and the shade fraction (LAIshade), following Beer’s law (Equations 3 and 4; dePury &
Farquhar, 1997; Chen, Liu, Cihlar, & Goulden, 1999; Ryu et al.,
2011):

2.3 | Model framework
2.3.1 | TBM-type canopy photosynthesis models
(DF1997 and ML)

LAIsun

Sun-shade, big leaf, canopy photosynthesis models, which repre-



1  exp  k  X  LAItot
cos(SZAÞ
¼
k=cosðSZAÞ

LAIshade ¼ LAItot  LAIsun

sent the whole forest canopy as a big leaf of the two fractions

(3)

(4)

(sun vs. shade), are commonly used in many TBMs, for example,

where k (=0.5) is the extinction coefficient, and Ω is the clumping

Community Land Model version 4.5 (CLM4.5; Oleson et al., 2013)

index; Ω = 0.66 for tropical evergreen forest (He et al., 2012) was

and the Joint UK Land Environmental Simulator version 4.5

used in this study.

(JULES4.5; Best et al., 2011; Clark et al., 2011; Harper et al.,

DF1997 also partitions the canopy integrated Vcmax (Vcmax,tot)

2016). Canopy photosynthesis is usually represented in these for-

into the sunlit fraction (Vcmax,sun) and the shade fraction (Vcmax,shade)

mulations by the two processes: a leaf scale mechanistic photosyn-

(see Table S3). Here we assumed that Vcmax declines exponentially

thesis

within the canopy following Lloyd et al. (2010) (see Equations 5 and

model

and

a

leaf-canopy

scaling

relationship,

which

represents the whole forest canopy as sunlit and shade fractions

6 below; Figure 2).

using approaches such as dePury and Farquhar (1997; DF1997) or
a multilayer approach (Drewry et al., 2010; ML). These processes

Vcmax;i ¼ Vcmax;0  expðkn  LAIi Þ

(5)

kn ¼ expð0:00963  Vcmax;0  2:43Þ

(6)

are described in detail as below.
1. A leaf scale mechanistic photosynthesis model. Here we couple
a mechanistic FvCB-based photosynthesis model with a stomatal

where Vcmax,0 is the Vcmax of leaves at the top of the canopy; and kn

conductance scheme (Lin et al., 2015; Medlyn et al., 2011) to

describes the exponential decline of Vcmax against the given accumu-

simulate the leaf-level photosynthesis response to the variability

lated LAI from the top of the canopy (LAIi). By tracking PAR at the

in both biotic (e.g., Vcmax25 and Jmax25) and climatic (e.g., PAR,

top of the canopy (PAR0), which is the sum of direct beam (PARb,0)

temperature and VPD) factors (details in Table S2). The Medlyn-

and diffuse radiation (PARd,0) in the visible spectrum (i.e., 400–

type stomatal conductance model was selected because leaves/

700 nm), DF1997 calculates its canopy absorbance by the sunlit

stomata respond to VPD rather than relative humidity. There-

fraction (PARsun) and by the shade fraction (PARshade), using Beer’s

fore, the Medlyn-type stomatal conductance model will likely

law and Seller’s (1987) two-stream approximation for canopy radia-

capture projected increases in VPD better than other alterna-

tive transfer (dePury & Farquhar, 1997; Ryu et al., 2011; Tables S4

tives (Rogers et al., 2017). The only prescribed parameter of this

and S5).

stomatal conductance model is the stomatal slope, and here we

To facilitate the simulation of photosynthetic seasonality with

used the value of 3.77 based on a recent metadata analysis for

DF1997, we prescribed top-of-canopy Vcmax,0 (in Equation 5), that is,

tropical rainforest trees (Lin et al., 2015). Additionally, we refer

Lquality (Equation 1), while assuming that vertical changes in Vcmax

to Lloyd and Farquhar (2008) and Bernacchi et al. (2013) to

within a forest canopy follow a fixed exponential decline rate (as

describe the temperature effect on leaf photosynthesis. As such,

described by Equations 5 and 6). The complete equation set for the

this photosynthesis model has the capability to simulate the

DF1997 model is provided in Tables S2–S5.
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temperature and VPD for the sunlit and shade canopy fractions are
the same as the reference environment.

2.3.2 | Modified TBM representation of canopy
photosynthesis to allow for within-canopy
phenological variation (a two-fraction leaf, two-layer
canopy model)
Many field-based studies have indicated that leaf longevity could
vary greatly depending on the growth environments (e.g., Wright
et al., 2006; Wu, Chavana-Bryant et al., 2017), with understory
F I G U R E 2 Vertical change in leaf-level Vcmax25 with cumulative
LAI from canopy top to forest floor, using the Equations 5 and 6,
following Lloyd et al. (2010). Three color lines represent leaves at
three age classes (Young: 1–2 months; Mature: 3–5 months; Old:
≥6 months), respectively. Vcmax25 of three age classes at the top of the
canopy are derived from leaf-level gas exchange measurements at the
 s k67 site (n = 5 tree species; also see Wu et al., 2016)
Tapajo

leaves displaying longer leaf longevity than upper canopy leaves
(Lowman, 1992; Miyaji et al., 1997; Reich et al., 2004). This suggests
that the leaf turnover rate in the upper canopy should be faster than
that in the lower canopy and understory. However, the withincanopy phenological variation has not been explicitly accounted for
until now. To accomplish this, we modified the ML model framework
(via addition of a second, lower canopy layer) to allow explicit representation of within-canopy variation in leaf turnover, in addition to

3. The leaf-canopy scaling relationship represented by the multilayer
model. ML is an alternative way to scale leaf-level function and

the sun and shade fractions that already allow for within-canopy
physiological variation.

simulate canopy photosynthesis. ML explicitly resolves direct and

In this new model, we divided a forest canopy into the two lay-

diffuse radiation for sunlit and shade canopy fractions at each

ers: (i) the upper canopy layer with the cumulative LAI from 0 (top-

canopy layer using Seller’s (1987) two-stream approximation for

of-canopy) to 2.5 m2/m2, and (ii) the lower canopy layer including

canopy radiative transfer. The number of canopy layers is pre-

the remainder of the canopy. Both layers are assumed to have the

scribed as N, where initial results from a model sensitivity

same phenological pattern and timing, but the amount of leaf flush

showed that GPP was insensitive to N ≥ 15 (Figure S1). We thus

and litterfall that drives phenology is differentially allocated between

used N = 15 for the following simulations. In addition, we calcu-

them. This allocation between layers is specified by ftop, the fraction

lated the LAI of the sunlit (LAIsun,i) and the shaded (LAIshade,i)

of observed leaf turnover (including leaf drop and flush) across the

fractions for each canopy layer i (i = 1, 2,. . ., N), and their

whole forest canopy attributed to leaves in the upper canopy layer,

corresponding per-area radiation absorbed by the sunlit fraction

for example, when ftop = 0.7, 70% of observed forest canopy leaf

(PARsun,i) and the shade fraction (PARshade,i). Last, ML calculated

turnover (and associated amplitude of the LAI and Lquality variables)

the Vcmax of each canopy layer (Vcmax,i) also using Equations 5

is attributed to the upper canopy layer and 30% to the lower canopy

and 6.

layer; under this case, the ratio of leaf turnover rate between upper
canopy leaves and lower canopy leaves can be calculated as (ftop/

The leaf-level photosynthesis model was then used to calculate

LAI_up)/((1-ftop)/LAI_low) = 2.8, where ftop = 0.7, LAI_up (or the

the photosynthesis rate of each canopy fraction for given layer i:

average LAI for the upper canopy layer) = 2.5 m2/m2, and LAI_low

per-area photosynthesis rate for the sunlit (GPPsun,area,i) and the

(or the average LAI for lower canopy layer) = 3 m2/m2. As leaf long-

shade (GPPshade,area,i). The cumulative canopy photosynthesis rate

evity is an inverse of leaf turnover rate, therefore the leaf longevity

was thus equal to the sum of area weighted photosynthesis rate of

for the lower canopy leaves is around 2.8 times longer than the

each layer:

upper canopy leaves when ftop = 0.7. Our differentiation of these

n
X
GPP ¼
ðGPPsun;area;i  LAIsun;i þ GPPshade;area;i  LAIshade;i Þ

two canopy layers (upper and lower) at the LAI cutoff of 2.5 m2/m2
(7)

i¼1

To facilitate the simulation of photosynthetic seasonality with
ML, we also prescribed top-of-canopy Vcmax,0 (in Equation 5), that is,

for the upper canopy is slightly arbitrary, but sensitivity analysis
showed that our modeling results were largely insensitive to the LAI
cutoff and exhibited only minor variation when LAI increased from 2
to 3 m2/m2 (Figure S2).

Lquality (Equation 1).
It is important to note that the models (DF1997 and ML) presented here can simulate leaf phenology effects of both quantity

2.4 | Model experiments

and quality components; however, none of these models accounted

We used our proposed two-fraction leaf, two-layer canopy model

for within-canopy phenological variation, and assumed a constant

as the main modeling test bed for assessing the effect of different

leaf turnover (flushing and abscission) rate throughout the canopy.

phenological components on modeled canopy photosynthetic sea-

Additionally, in our model simulation, we assume that leaf

sonality. This is because previous studies (e.g., Bonan, Oleson,
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quantity and quality displayed good agreement with the timing of

demonstrate that DF1997 and ML can simulate almost identical

EC-derived GPPref seasonality, but missed the depth or relative mag-

GPP fluxes at the canopy scale (which is also confirmed by our

nitude of GPPref seasonality: leaf quantity phenology alone explained

Figure S3), and also because our proposed two-fraction leaf, two-

only 19% of EC-derived GPPref seasonality for DF1997 (Table 1) and

layer canopy model here is identical to ML when no within-

17% for ML and the two-fraction leaf, two-layer canopy model

canopy phenological variation is considered but also enables to

(Table 1 and Figure 3a); the modeled GPPref with both leaf quantity

examine the effect of within-canopy phenological variation by

and quality (but no within-canopy phenological variation) explained

varying ftop. First, we ran the model parameterized by all three
components, aiming to explore how well the model with all phenological mechanisms can capture EC-derived GPPref seasonality.
The model inputs for these phenological components include: (i)
the leaf quantity based on field measurements of the mean annual
cycle of monthly LAI, (ii) the leaf quality based on field-derived
seasonality of Lquality (as calculated by Equation 1, weighted by
field-measured age dependency of Vcmax25 and field-derived leaf
age demographics), and (iii) the within-canopy phenological variation, by assuming leaves of lower canopy layer had 2.8 times
longer leaf longevity compared with that of upper canopy layer
(or ftop = 0.7), which is consistent with the literature (e.g., Lowman, 1992; Miyaji et al., 1997; Reich et al., 2004). We also ran
the models under two additional scenarios, aiming to explore the
relative role of each phenological component on modeled photosynthetic seasonality, with that (i) the model is parameterized with
the observed annual cycle of leaf quantity alone, while assuming
neither within-canopy variation in leaf longevity nor seasonal variation in leaf quality, and that (ii) the model is parameterized with
the observed phenological cycles of leaf quantity and quality,
while assuming a constant leaf turnover rate throughout the
canopy. To further elucidate the mechanisms by which each phenological component regulates canopy photosynthetic seasonality,
we also evaluated the GPPref sensitivity of the sunlit canopy fraction and the shade canopy fraction to the seasonal variation in
leaf phenology (quantity and quality) and within-canopy variation
in leaf longevity (by varying ftop from 0 to 1.0 with the increment of 0.1), respectively.

3 | RESULTS
3.1 | Modeled GPPref seasonality parameterized by
differential leaf phenological mechanisms
We used the two-fraction leaf, two-layer canopy model to explore
how including model representation of the three different phenological components affected the ability of the models to simulate the
canopy-scale photosynthetic seasonality, as compared with ECderived GPPref. Our results show that the model parameterized by
all three phenological components (i.e., quantity, quality, and withincanopy phenological variation) was best able to capture EC-derived
photosynthetic seasonality (Figure 3 and Table 1).
The seven-year mean annual cycle of EC-derived GPPref at the
 s k67 site showed an initial decline in the late wet season,
Tapajo
and then an increase in the dry season (Figure 3). The models
parameterized by leaf quantity alone or parameterized by both leaf

F I G U R E 3 Seasonal variation in EC-derived GPPref (seven-year
mean annual cycle; black squares) and modeled GPPref (gray circles)
incorporating different phenological components, using the twofraction leaf, two-layer canopy model. (a) modeled GPPref
parameterized by seasonal variation in leaf quantity (or LAI) only; (b)
modeled GPPref parameterized by seasonal variation in both leaf
quantity and quality, while assuming a constant leaf turnover rate
throughout the vertical canopy profile; (c) modeled GPPref
parameterized by seasonal variation in leaf quantity and quality, and
differential leaf turnover rates within a forest canopy (i.e.,
ftop = 0.7). Shading indicates the dry season; ftop refers to the
fraction of observed leaf turnover across the whole forest canopy
attributed to leaves in the upper canopy layer
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~80% of EC-derived GPPref seasonality for DF1997, ML, and the
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Equation 1). In addition, our results indicated that the higher sea-

two-fraction leaf, two-layer canopy model (Table 1 and Figure 3b).

sonal variability (~25%) in Vcmax,

The modeled GPPref using the two-fraction leaf, two-layer canopy

seasonal variability in both LAIshade (Figure 4b) and leaf age demo-

model with all three phenological components displayed the

graphics (Figure 1 and Equation 1).

shade

(Figure 4c) is a consequence of

strongest agreement with the seasonal variability of EC-derived

Finally, we assessed the seasonal variability in GPPref as the joint

GPPref in both timing and relative magnitude (R2 = .90; Table 1 and

response to the above two dynamics: canopy absorbed PAR and

Figure 3c).

Vcmax. We used the FvCB model to calculate the GPPref of both fractions (sun vs. shade). Sensitivity analysis of the FvCB model (Fig-

3.2 | Differential photosynthetic sensitivity to
seasonal variation in leaf phenology between the
sunlit canopy fraction and the shade canopy fraction

ure S5) showed that the canopy integrated absorbed PAR and
canopy integrated Vcmax jointly regulated GPPref, with canopy integrated Vcmax dominating the GPPref response under high light condition

(i.e.,

PAR > 800 lmol m2 s1)

while

canopy

integrated

To better understand the mechanisms that underlie canopy-scale

absorbed PAR dominated GPPref response under low light condition

photosynthetic seasonality, we examined the photosynthetic sensi-

(i.e., PAR < 400 lmol m2 s1). Given that the sunlit fraction could

tivity of the sunlit canopy fraction and the shade canopy fraction to

consistently capture sufficient PAR to photosaturate photosynthesis

seasonal variation in leaf phenology (quantity and quality). We theo-

(~860 lmol m2 s1; Figure 4a) over the annual cycle, the seasonal

rized that the seasonal variation in GPPref is driven by changes in

variability in GPPref,

both canopy absorbed PAR (affecting RuBP regeneration limited

(Figure 4c,d), which is mostly determined by the phenology of leaf

sun

closely tracked the seasonality of Vcmax,sun

photosynthesis in the FvCB model) and canopy integrated Vcmax (af-

quality (Figure 4b,c). On the other hand, as the shade fraction typi-

fecting Rubisco-limited photosynthesis in the FvCB model). Figure 4

cally receives subsaturating light (~300 lmol m2 s1; Figure 4a)

summarizes our model diagnosis of these two pathways and their

over the annual cycle, GPPref,

respective influence on modeled GPPref seasonality.

ity for RuBP regeneration (Figure S5). As a result, modeled GPPref,

First we examined the seasonal dynamics of canopy absorbed
PAR under reference environmental conditions (absolute value in

shade

shade

is primarily limited by the capac-

seasonality is small (~7%; Figure S6), which is comparable with

the relative seasonal change in PARshade (~6%; Figure S4), but far
(25%; Figure 4c). The

Figure 4a and relative value in Figure S4). Our simulations showed

less than the relative seasonality in Vcmax,

that the PAR absorbed by the sunlit canopy fraction (PARsun), the

canopy total GPPref thus showed an intermediate seasonal variation,

shade

canopy

fraction

(PARshade),

shade

canopy

with the relative magnitude of annual change falling in between that

(PARsun + PARshade) all showed consistently low seasonal variability

of the two fractions (absolute value in Figure 4d and relative value

(<6%; Figures 4a and S4), despite modest seasonal variability in leaf

in Figure S6).

and

the

entire

quantity (~12%; Figure 4b). This is likely because tropical evergreen
forests display consistently high leaf quantity over the annual cycle
(e.g., LAI range: 5.35–6.15 m2/m2 at the k67 site), and as such
annual FAPAR is typically at or near saturation.

3.3 | Model sensitivity of canopy photosynthesis to
within-canopy phenological variations

We then investigated the seasonal dynamics of canopy Vcmax,

Finally, we used the two-fraction leaf, two-layer canopy model to

which is the integrated sum of leaf-level Vcmax weighted by the total

explore the extent to which within-canopy phenological variations

LAI attributed to the sunlit fraction and the shade fraction, respec-

could affect modeled photosynthetic seasonality. We show that

tively (see Equation 3–5). Focusing first on the sunlit fraction, Fig-

although the timing of the modeled GPPref seasonality follows

ure 4b highlights that the LAIsun is generally stable (~1.5 m2/m2)

observed LAI and LAI-age-demography (Figure 1) and was indepen-

through the annual cycle, despite the observed modest seasonality

dent of within-canopy phenological variation (i.e., ftop), the relative

in total canopy leaf quantity (LAItot = LAIsun + LAIshade). As a conse-

magnitude of the modeled GPPref seasonality is highly sensitive to

quence, the observed higher seasonal variability (~20%) in Vcmax,

ftop (Figure 5a). As ftop increases (more leaf turnover is partitioned

sun

(Figure 4c) is primarily driven by leaf quality, which is associated

to the upper canopy), the relative magnitude of modeled GPPref sea-

with seasonal variation in leaf age demographics (Figure 1 and

sonality increases (Figure 5a). Meanwhile, the correlation between

T A B L E 1 Correlations between the seasonality of eddy covariance-derived GPPref and the seasonality of modeled GPPref using three
different models parameterized by four different inputs of leaf phenology
Model\Phenology

Quantity

Quality

Quantity + Quality

Quantity + Quality + Within-Canopy variation

DF1997

R2 = .19; p = .041

R2 = .69; p < .0001

R2 = .80; p < .0001

NA

ML

R = .17; p = .042

R = .72; p < .0001

R = .81; p < .0001

NA

Two-fraction leaf, two-layer canopy

R2 = .17; p = .042

R2 = .72; p < .0001

R2 = .81; p < .0001

R2 = .90; p < .0001

2

2

2

R2 for coefficient of determination; p, or p-value, for significance of the test; within-canopy phenological variation for the two-fraction leaf, two-layer
canopy model was parameterized when ftop = 0.7; NA for not applicable.
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F I G U R E 4 Differential photosynthetic sensitivity of the canopy sunlit fraction and the canopy shade fraction to seasonal variation in leaf
 s k67 site assessed using the two-fraction leaf, two-layer canopy
quantity (Figure 1) and leaf quality (Figure 1 and Equation 1) at the Tapajo
model under the reference environment: (a) canopy absorbed PAR, (b) canopy LAI, (c) canopy integrated Vcmax, and (d) canopy GPPref. Data are
shown for total canopy (black circles), the sunlit canopy fraction (black triangles) and the shaded canopy fraction (gray triangles); canopy-scale
Vcmax (of per-ground area) is the sum of canopy LAI weighted by leaf-level Vcmax (see Table S3 for equations), and as the LAI of the shade
canopy fraction is higher than the LAI of the sunlit canopy fraction, as such Vcmax of the shade canopy fraction is higher than Vcmax of the
sunlit canopy fraction; shading indicates the dry season

modeled and EC-derived GPPref seasonality also increases with ftop

photosynthetic seasonality, only if the quality component of leaf

and reaches near saturation when ftop ≥0.7 (R2 = .90; Figure 5b).

phenology was incorporated (Figure 3 and Table 1). This is also con-

The underlying reason is associated with the differential photosyn-

sistent with previous field-based remote sensing studies (Brando

thetic sensitivity to leaf quality allocated to the two canopy layers

et al., 2010; Doughty & Goulden, 2008; Lopes et al., 2016; Saleska

(upper vs. lower): as shown in Figure 4, only the photosynthetic rate

et al., 2016), which highlight that variation in photosynthetic effi-

of the sunlit fraction (mostly occupied in the upper canopy layer) is

ciency and the spectral reflectance properties of leaves (Chavana-

predominantly Rubisco limited, and therefore, the photosynthetic rate

Bryant et al., 2017; Roberts et al., 1998; Wu et al., 2016; Wu, Cha-

of the upper canopy layer shows high sensitivity to leaf quality.

vana-Bryant et al., 2017) may significantly contribute to explaining
the satellite-detected dry season “green-up” in tropical evergreen
forests. In addition, our finding supports previous work which

4 | DISCUSSION

showed that model representation of photosynthetic seasonality
could be improved by tuning model parameters to allow for seasonal

Accurate model representation of the effects of leaf phenology on

variation in photosynthetic capacity, that is, leaf quality (Kim et al.,

ecosystem photosynthesis is a critical need for TBMs in general

2012; de Weirdt et al., 2012).

(Richardson et al., 2012) and is essential, necessary first step for cap-

Although the models with different leaf phenological compo-

turing the timing and magnitude of seasonal variation in tropical for-

nents were all able to simulate the seasonal photosynthetic trend,

est carbon fluxes (Christoffersen et al., 2014; Fu et al., 2013;

the relative magnitude of modeled GPPref seasonality varied

Restrepo-Coupe et al., 2013, 2017; Wu et al., 2016). Here we devel-

strongly across the models (Figure 3). The approach of incorporat-

oped a parsimonious approach to effectively couple the effects of

ing all phenological components (i.e., quantity, quality, and within-

leaf phenology (i.e., quantity, quality, and within-canopy variation) to

canopy variation) displayed the strongest agreement with local EC-

the FvCB model for simulating canopy-level photosynthetic season-

derived GPPref, while the approaches incorporating part of the

ality. Our approach could be parameterized and adopted within

three phenological components (e.g., leaf quantity alone in Fig-

TBMs where it would enable improved representation and projection

ure 3a and leaf quantity and quality alone in Figure 3b) only

of the response of tropical evergreen forest photosynthesis to global

explained around half or less of the observed relative annual

change.

change magnitude. These differences in model performance can be

Our results demonstrated that the proposed model (two-fraction

attributed to differential photosynthetic sensitivity of the sunlit

leaf, two-layer canopy) could effectively simulate EC-derived

canopy fraction and the shade canopy fraction to seasonal variation

WU
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F I G U R E 5 Assessing the effect of
within-canopy phenological variation (i.e.,
ftop) on canopy photosynthetic seasonality
using the two-fraction leaf, two-layer
canopy model. (a) Modeled annual cycles
of GPPref (relative to annual maxima) under
different ftop values from 0.2 to 1.0; and
(b) R2 between modeled and EC-derived
GPPref seasonality plotted against ftop.
Shading indicates dry season; ftop refers
to the fraction of observed leaf turnover
across the whole forest canopy attributed
to leaves in the upper canopy layer
in leaf quantity, quality, and within-canopy phenological variation,

Doughty and Goulden (2008) overestimates the leaf quality effect

explained as below:

for the shade canopy fraction.

Leaf quantity. Our results show that there is only a weak effect

Within-canopy phenological variation. Differential photosynthetic

of the quantity component of leaf phenology on GPPref (Table 1).

sensitivity of the sunlit and shade canopy fractions to leaf quality (as

This is because tropical evergreen forests consistently have high leaf

shown in Figure 4) suggests that the return on investment for a new

quantity throughout the annual cycle (Bi et al., 2015; Brando et al.,

leaf is far greater if that leaf is flushed in the upper, sunlit canopy

2010; Doughty & Goulden, 2008; Lopes et al., 2016; Morton et al.,

than in the shade, which was subsequently confirmed by our model

2014; Myneni et al., 2007; Wu et al., 2016), and therefore, the

sensitivity analysis of ftop (Figure 5). This model sensitivity analysis

observed small seasonal changes in leaf quantity had little impact on

demonstrated that by allowing for differential leaf turnover rates

FAPAR seasonality (Figures 4a and S4), and thus had little impact on

within the canopy, especially when attributing the majority of leaf

GPPref seasonality.

turnover to the upper canopy, our model (two-fraction leaf, two-

Leaf quality. Our results show that the phenology of leaf quality

layer canopy) could markedly improve the model representation of

is one of the dominant drivers of canopy photosynthetic seasonality

photosynthetic seasonality (Figures 3 and 5). Importantly, our pre-

in tropical evergreen forests (Table 1), confirming recent work (Wu

scribed higher leaf turnover rate in the upper canopy (i.e., ftop = 0.7)

et al., 2016). Using an FvCB-type canopy photosynthesis model (i.e.,

is also consistent with field-based studies in the tropics which show

two-fraction leaf, two-layer canopy model), we demonstrate that

that the longevity of upper canopy leaves is markedly shorter than

both light absorption and canopy integrated Vcmax regulate canopy-

that of lower canopy leaves (Lowman, 1992; Miyaji et al., 1997;

scale photosynthesis rate (Figure S5). However, only the upper, sun-

Reich et al., 2004).

lit canopy fraction with sufficient light availability and absorption are

Our analysis of the two-fraction leaf, two-layer canopy model

limited by Rubsico (i.e., are light saturated) and show sensitivity to

further show that when the majority of leaf turnover is allocated to

seasonal variation in leaf quality (i.e., Vcmax; Figures 4, S5 and S6). In

the upper canopy, the whole forest tends to become more Rubisco-

contrast, the shaded canopy fraction is predominantly limited by

limited and thus approaches a simpler one-layer big-leaf assumption,

light and not by photosynthetic capacity, and consequently, increas-

such as the model presented in Wu et al. (2016). This explains why

ing photosynthetic capacity in the shaded canopy fraction has little

the simple model of Wu et al. (2016), which does not contain expli-

to no impact on the modeled GPPref. In other words, our results con-

cit representation of within-canopy physiological and phenological

firm the differential photosynthetic sensitivity to leaf quality

variation, still captured the seasonal cycle of GPPref in tropical ever-

between the sunlit and shade canopy fractions. Our finding is thus

green forests. The approach of Wu et al. (2016), which is based on

not consistent with the assumption made by Doughty and Goulden

empirical relationships, is a valuable approach for broad-scale remo-

(2008), who assumed constant photosynthetic rates of the sunlit and

tely sensed monitoring of tropical forest carbon cycling but lacks the

shade canopy fractions with a single scalar to account for seasonal

capacity to project tropical forest responses under future climates

variation in leaf quality, and may explain why the approach of

and global change. Thus a light-use efficiency approach (e.g., Wu
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et al., 2016) is not as valuable for use within TBMs that typically uti-

properties in the tropics (e.g., Chavana-Bryant et al., 2017; Kitajima,

lize the FvCB formulation of photosynthesis to simulate leaf and

Mulkey, & Wright, 1997b; Wu, Chavana-Bryant et al., 2017); even less

canopy photosynthesis (Rogers et al., 2017). As TBMs need to pro-

is known about the spatial heterogeneity in the relationship among

ject the response of photosynthesis to rising CO2, temperature, VPD

photosynthetic capacity, leaf traits, canopy structure, phenology, and

and drought, they require more sophisticated approaches where key

climate across broader-scale (i.e., regional and global) tropical forests

model inputs, such as Vcmax, may be derived from trait databases,

(e.g., Kenzo et al., 2015; Kumagai et al., 2006; Wu, Chavana-Bryant

remote sensing, or internally generated (i.e., prognostic) allowing

et al., 2017). As a consequence, some important physiological mecha-

coupling to biogeochemical processes (e.g., Ali et al., 2016; Fisher

nisms might be underrepresented in current models. For example, the

et al., 2015; Serbin et al., 2015). Therefore, to accurately represent

study presented by Kitajima et al. (1997b) showed that leaf-level Vcmax

canopy photosynthetic processes in tropical forests under a changing

(at mature age class) for the same tropical tree species can vary

climate we advocate the use of the approach outlined here, that is,

depends on the timing (i.e., wet or dry season) when leaves are pro-

the two-fraction leaf, two-layer canopy model coupled to an FvCB

duced. This approach, also known as seasonal leaf phenotypes, sug-

formulation with model representation of the three components of

gested that leaf-level photosynthetic capacity should be modeled as a

leaf phenology we identify here.

function of the timing when leaves are produced, in addition to leaf

Our work also highlights three important directions for future

age which has been explored in this paper. Our model framework has

advances in model representation of tropical evergreen forest photo-

sufficient flexibility to incorporate this additional component of photo-

synthesis. First, to minimize additional sources of uncertainty when

synthetic seasonality, but would require extensive field data and sub-

exploring approaches for the modeling of tropical forest photosyn-

sequent model evaluation to validate our approach.

thetic seasonality we utilized observed leaf phenology (e.g., Figure 1). However, the ultimate mechanisms that regulate seasonal
variation in both tropical leaf quantity and quality are still largely
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height-dependent) and seasonal (i.e., continuous, age dependency)
variation in leaf physiology, phenology, biochemical traits, and optical
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