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Abstract

Satellite-based observations indicate that seasonal patterns in canopy greenness and productivity in the Amazon are
negatively correlated with precipitation, with increased greenness occurring during the dry months. Flux tower mea-
surements indicate that the canopy greening that occurs during the dry season is associated with increases in net eco-
system productivity (NEP) and evapotranspiration (ET). Land surface and terrestrial biosphere model simulations for
the region have predicted the opposite of these observed patterns, with significant declines in greenness, NEP, and
ET during the dry season. In this study, we address this issue mainly by developing an empirically constrained,
light-controlled phenology submodel within the Ecosystem Demography model version 2 (ED2). The constrained
ED2 model with a suite of field observations shows markedly improved predictions of seasonal ecosystem dynamics,
more accurately capturing the observed patterns of seasonality in water, carbon, and litter fluxes seen at the Tapajos
National Forest, Brazil (2.86°S, 54.96°W). Long-term simulations indicate that this light-controlled phenology
increases the resilience of Amazon forest NEP to interannual variability in climate forcing.
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Introduction

The Amazon rainforest accounts for 50% of undis-
turbed tropical rainforest, and plays a critical role in the
Earth’s water and carbon cycles. Recent terrestrial bio-
sphere modeling studies indicate that anthropogenic
climate change is likely to give rise to profound changes
in the structure, composition, and functioning of tropi-
cal forests over the coming century, and that significant
biophysical and biogeochemical biosphere-atmosphere
feedbacks are likely to occur as a result of these changes
(Cox et al., 2000; Huntingford et al., 2008). In particular,
in the case of Amazon forests, the studies suggest that
both climate and deforestation-induced changes in
tropical forests will feedback onto regional and global
climate, causing reductions in regional precipitation,
increases in regional surface temperature, and increases
in the rate at which CO, builds-up in the atmosphere.
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However, recent observational studies call into ques-
tion the accuracy of current terrestrial biosphere model
predictions for the Amazon (Saleska et al., 2003). Satel-
lite measurements indicate that canopy greenness in
the Amazon is negatively correlated with precipitation
patterns with increased greenness and higher produc-
tivity occurring during the dry season (Huete et al.,
2006, 2008; Myneni et al., 2007). In addition, flux tower
measurements indicate that the canopy greening that
occurs during the dry season is associated with
increased net ecosystem productivity (NEP) and evapo-
transpiration (ET) during the dry season (Hutyra et al.,
2007). This pattern of observed variability is in direct
opposition to prior process-based land surface and eco-
system model predictions, in which ET and NEP both
decline during the dry season, in phase with precipita-
tion (Saleska et al., 2003; Werth & Avissar, 2004).

Subsequently, some terrestrial biosphere and land
surface models have sought to address this discrepancy
by incorporating parameterizations for the root water
uptake into their model formulations. Specifically, Lee
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et al. (2005) incorporated the hydraulic redistribution
into the Community Land Model (CLM), and showed
that the inclusion of hydraulic redistribution into CLM
enabled it to capture the observed seasonality of ET
(i.e., maximum ET in the dry season) in the Amazon
basin; however, photosynthesis still declined during
the dry season. Subsequently, Baker et al. (2008) modi-
fied the Simple Biosphere model to include a deeper
soil column, a dynamic root water uptake function, a
root hydraulic redistribution parameterization, and
sunlit and sunshade canopy fractions into the radiative
transfer parameterization. They found that collectively
these changes in model parameterizations yielded a
seasonal pattern of NEP similar to the observed NEP
seasonality.

The seasonal dynamics of leaf emergence and leaf
fall (i.e., leaf phenology) have also been suggested as a
possible mechanism to explain the dry-season maxima
of carbon and water fluxes (Xiao et al., 2005, Hutyra
et al., 2007). Field observations in the Amazon forests
showed that litterfall peaked early in the dry season
when radiation is maximized (Luizao, 1989; Rice et al.,
2004). Water availability has been proposed as the prox-
imal environmental trigger for the increases in leaf litter
fluxes during the dry season in Amazon rainforests;
however, several experimental studies, including a
study in the tropical moist forest on Barro Colorado
Island, Panama (Wright & Cornejo, 1990), and a study
in the gallery and montane forests of Chapada Diaman-
tina, Brazil (Miranda et al., 2011), showed no relation-
ship between water stress and leaf litter fall. Following
the peak in litter fall, new leaves, which have higher
photosynthetic efficiency (Freeland, 1952), flush in the
dry season when radiation levels are higher (Van
Schaik ef al., 1993; Wright & Van Schaik, 1994; Rivera
et al., 2002; Xiao et al., 2005; Huete et al., 2006). The
higher photosynthetic capacity of young leaves may
thus account for the increased rate of carbon assimila-
tion observed during the dry season.

The focus of this study is on accounting for the
observed seasonal pattern leaf green-up and resulting
carbon fluxes in the dry season, rather than on the
response of Amazonia forest to episodic drought (Sales-
ka et al., 2007; Samanta et al., 2010). These responses
may be related, however, particularly if the seasonal
and interannual responses are induced by similar envi-
ronmental triggers.

As mentioned before, observed seasonality of carbon
and water fluxes may be attributed to one or both of
the root water dynamics (including hydraulic redistri-
bution, dynamic root functioning or deep root system)
and the leaf phenology. For example, Xiao et al. (2005)
hypothesized that seasonally moist tropical forests have
evolved two adaptive mechanisms for strong seasonal

variations of light and water: (1) deep root systems for
access to water in deep soils, and (2) leaf phenology for
access to light. They showed that the satellite-derived
Enhanced Vegetation Index (EVI) captured the seasonal
dynamics of leaf phenology (i.e., its increase in the dry
season) and land surface water index (LSWI) indicated
no water stress in the dry season during their study
period. Furthermore, they could simulate the observed
seasonality of carbon flux (i.e., its dry-season peak)
based on satellite-derived EVI and LSWI in addition to
site-specific climate data of air temperature and photo-
synthetically active radiation. As such, the light-con-
trolled phenology as well as the root water dynamics
can play a crucial role in observed seasonal variations
of fluxes in Amazon rainforest, but most modeling
studies have focused on the root water dynamics (Lee
et al., 2005; Zheng & Wang, 2007; Baker et al., 2008).

In this analysis, we evaluate the patterns of seasonali-
ty in carbon and water fluxes predicted by the original
parameterization of the Ecosystem Demography model
version 2 (ED2) biosphere model against eddy-flux
measurements and forest inventory measurements
obtained at Tapajos National Forest (TNF). After evalu-
ating the predictions of the original model parameteri-
zation, we use a subset of the measurements to develop
and constrain a new light-controlled phenology sub-
model, and show that the constrained ED2 is able to
correctly capture the observed seasonal variation in car-
bon and water fluxes as well as litter fluxes.

Methods

ED? terrestrial biosphere model

ED2 is an integrated terrestrial biosphere model incorporating
hydrology, land surface biophysics, vegetation dynamics and
soil carbon and nitrogen biogeochemistry (Medvigy et al.,
2009). The fast timescale fluxes of carbon, water, and energy
between the land surface and the atmosphere are captured
using leaf photosynthesis and soil decomposition modules
coupled to a multileaf layer and multisoil layer biophysical
scheme. As seen in Fig. 1, each grid cell is divided into a series
of tiles, each containing a size-stratified, functionally diverse,
plant canopy (Fig. 1a). For each tile, ED2 computes the multi-
layer canopy fluxes of water, internal energy, and carbon
(Fig. 1b). Like its predecessor, ED2 tracks long-term changes
in the biophysical, ecological, and biogeochemical structure of
the land surface using a system of size- and age-structured
partial differential equations that capture the dynamic
changes in the subgrid scale structure and composition of the
ecosystems within each grid cell, which result from the fast-
time scale ecosystem dynamics playing out over yearly, deca-
dal, and century timescales (Moorcroft ef al., 2001; Moorcroft,
2003, 2006). This system of equations is able to make realistic
projections of both short-term canopy fluxes and long-term
vegetation dynamics, and can incorporate the impacts of
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Fig. 1 Ecosystem Demography model version 2 (ED2) model
structure and processes: (a) each grid cell is divided into a series
of subgrid tiles that capture subgrid scale heterogeneity in can-
opy structure. (b) ED2 computes the multilayer canopy fluxes of
water (W), internal energy (H), and carbon (C) within each sub-
grid scale tile.

subgrid scale disturbances on the structure and function of the
land surface within each grid cell (Medvigy et al., 2009). This
includes natural disturbances, such as wind-throw and
natural fires, and anthropogenic disturbances, such as land-
conversion and anthropogenic fire activity (e.g., see Hurtt
et al., 2002; Albani et al. 2006).

The initial parameterization of Amazonian plant functional
diversity used in this analysis was taken from Moorcroft et al.
(2001), which represented the dynamics of C, grasses plus
early-successional, mid-successional, and late-successional
tropical tree types that differ in their photosynthetic and bio-
physical properties. As described in Moorcroft et al. (2001),
the three types of tropical trees are designed to approximate a
continuum of successional life-history strategies found within
tropical forest canopies, ranging from fast-growing pioneer
trees that have high mortality rates to slower-growing longer
lived, late-successional tropical tree species.

Tapajos site measurements

The flux tower and forest inventory measurements used in
this study came from the TNF (2.86°S, 54.96°W; Para, Brazil)

near 67 km of the Santarem-Cuiaba highway (Hutyra et al.,
2007). Flux tower measurements using the eddy covariance
technique were commenced in April 2001 and decommis-
sioned in January 2006 (Hutyra ef al., 2007). Biometric plots
(four 50 x 1000 m transects adjacent to the tower) were estab-
lished in July 1999 and have been surveyed in 1999, 2001, and
2005 (Rice et al., 2004; Pyle et al., 2008). Trees > 35 cm diame-
ter at breast height (dbh) of 949 individuals were identified
along four transects, and trees >10 cm dbh were identified
along the narrower transects (four 10 x 1000 m) in the middle
of larger transects (see figure 1 in Rice ef al., 2004). This site
lies at the dry end of the climate zone supporting evergreen
forests in the Amazon, and is classified as a primary forest
with few anthropogenic disturbances other than small-scale
hunting. The mean annual precipitation at the TNF is
1920 mm with a mean dry season length (months with
<100 mm precipitation) is about 5 months, typically from July
15 to December 15.

Analysis

We performed an initial 4-year simulation (hereafter
referred to as ‘ORIG’) for the period 2002 through 2005,
using the parameterization directly from that of the
original ED ecosystem model for Amazonia (Moorcroft
et al., 2001), reflecting our prior quantitative under-
standing of vegetation dynamics within the region. The
model was forced with hourly measurements of short-
and longwave radiation, air temperature, precipitation,
relative humidity, wind speed, and air pressure, which
have been recorded at the Tapajos flux tower since
April 2001, except for short- and longwave radiation,
which was specified from a separate dataset collected at
a nearby location (D. Fitzjarrald, personal communica-
tion). Occasional gaps in the climatological data caused
by power failures, recalibration periods, and extreme
precipitation events were filled with median-filtered
data following the procedure of Stockli et al. (2008).

The soil column was configured with a 6 m soil depth
with 14 layers and a free-drainage lower boundary to
realistically represent the water available for canopy
transpiration since observations indicate that in the
Tapajos forest tree roots can be found to depths in
excess of 10 m (Nepstad et al., 1994; Bruno et al., 2006).
Details about soil depth and root soil water uptake func-
tion in ED2 will be discussed in ‘Plant root water
uptake’ section. Soil texture was prescribed based on the
field data from Silver ef al. (2000). Initial soil moisture
was set near saturation because the model simulations
started in July (i.e., during the wet season) due to the
data availability of ecosystem composition data, and soil
temperature was equated to atmospheric air tempera-
ture. An 8-year model equilibration was then performed
to minimize any transient dynamics arising from the soil
moisture and temperature initial conditions.

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02629.x
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Fig. 2 (a) Ecosystem composition in the Tapajos National Forest
flux tower footprint: early-successional (light green), mid-suc-
cessional (green), and late-successional trees (dark green). (b)
Distribution of basal area of the three different plant functional
types across tree diameter classes.

Ecosystem composition was initialized from the for-
est inventory transects conducted in the footprint of
the Tajajos 67 km eddy-flux tower for all trees larger
than 10 cm dbh in July 2001 (see ‘Tapajos site mea-
surements’). The different tree species were grouped to
into the early-, mid-, and late-successional types based
on their woody density (Chave ef al., 2006). The forest
composition and structure determined from the 2001
census is illustrated in Fig. 2. As can be seen in the fig-
ure, early- mid- and late-successional trees, respec-
tively, comprise 12%, 57%, and 31% of the forest basal

area. Because the canopy-gap scale distribution of
times since last disturbance within the tower footprint
is not known, horizontal heterogeneity in canopy com-
position was represented explicitly, by grouping the
inventoried plots into series of 40 distinct subgrid scale
tiles based on their similarity in vertical canopy struc-
ture and composition. The compositional profile within
each tile was represented explicitly, using the diameter
of each tree (diameter at breast height, DBH) as a mea-
sure of its size and using species wood density values
to assign each tree to its corresponding plant func-
tional type (PFT). The ecophysiological and life-history
differences between the PFT are listed in Table 1.
Combining the forest inventory measurements with
the ED2 allometric functions and specific leaf area
values yields an implied canopy LAI of 3.7. This value
is lower than ground observations of 4.5-5.6 found at a
neighboring field study site at Santarem (Domingues
et al., 2005). This difference likely arises from the allo-
metric relationships between DBH and leaf biomass
that are based on allometric data collected in Colum-
bian and Venezuelan tropical forests (Saldarriaga et al.,
1988) (the canopy LAI is simply the sum of this num-
ber over all trees within the canopy, which, as noted
before, is prescribed from observations). Since the error
on LAI measurements is generally agreed to be ca.
20% the model is, however, within the lower error
bound (an LAI of 3.6), the existing allometric functions
were retained in this study.

Results from this initial ED2 model simulation
(shown in Figs 5-8) indicate the following errors in the
model predictions of carbon fluxes, water fluxes, and
tree growth and mortality:

1 Opposite seasonality of monthly NEP, daytime NEP
and nighttime NEP, for which the correlation coeffi-
cients with the observed fluxes are —0.76, —0.58, and
—0.73, respectively.

2 Slightly overestimated ET with the RMS error of
11 mm month !, ~12% of observed flux.

3 Significantly underestimated magnitude and season-
ality of the litter flux. The predicted mean litter flux

Table 1 Ecophysiological and life-history parameters for the plant functional types represented in the ED2 model simulations

Tropical tree

Property C4 grass Early-successional Mid-successional Late-successional
Voo (umol m™2 s71" 12.5 18.75 12.5 6.25

Leaf lifespan (year) 2 1 0.5 0.33

Wood density (g cm ™) 0.4 0.4 0.6 0.87

Specific leaf area (m? kgC ) 27 22 17 15

Density independent mortality (yr ") 0.037 0.037 0.029 0.0

*V,no values in the initial model are provided here; in the optimized model, V,, is a function of leaf lifespan (see Eqn 2). ED2,

Ecosystem Demography model version 2.

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02629.x
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is ~30% of the observed, and the predicted seasonal
variation is ~1% of the observed seasonal variation in
litter flux.

4 Overestimated growth and mortality, with RMS
errors of 0.15 m* ha ' yr ' (~26% of the observed)
and 0.05 m* ha™' yr ' (~9% of the observed), respec-
tively.

Model reformulation: light-controlled leaf dynamics

The original phenology model taken from Moorcroft
et al. (2001) is a simple drought-deciduous phenology
scheme similar to those used in other biosphere models
(e.g., Foley et al., 1996), in which plants drop their
leaves only if plant water availability, as measured by
relative soil moisture (0), falls below a critical value
(0 < 0.2); otherwise, leaf biomass turns over at a con-
stant background rate.

Motivated by the observations that leaf litterfall
increases significantly as radiation increases during the
dry season (Fig. 3), we developed a light-controlled
phenology scheme, in which the rate of leaf turnover of
each PFT (ojess) is assumed to increase linearly with
increasing levels of incoming radiation (Fig. 4a), that is,

ocfgaf(z,a) = (oqI(z,a) + o) - ag), (1)
where I (z, a) is the average incoming radiation level
over the past 10-day period, experienced by the plant
of type i, size z in tile 2, and oco(i) is the intrinsic leaf life-
span of PFT i. Leaf trait correlation studies (Wright
et al., 2004) indicate that leaf photosynthetic capacity
(V) decreases with increasing leaf longevity (LL), the
inverse of the leaf turnover rate (ojens). The observa-

tional dataset of Wright et al. (2004) was therefore used
to specify a sigmoidal relationship between V,, and LL:

(i) Vfanmp min
Vi(z,a) = +V (2)

m Vslope m
1+ LL(IJ (z,q) "
LLF

where VM and Vmin 4 Vi respectively, control the
minimum and maximum leaf photosynthetic capacity;
LL"" determines the leaf lifespan at which leaf photo-
synthetic capacity declines to V™ 4 Vo™ /2; and Vi
controls the rate at which leaf photosynthetic capacity
declines with increasing leaf lifespan (Fig. 4b). Note
that the Wright et al. (2004) relationship described vari-
ation in photosynthetic capacity between species. Here,
we use the above relationship both to define differences
in leaf photosynthetic capacity between the early-, mid-
and late-successional PFT within the model and to
describe how seasonal variation in leaf lifespan results
in associated changes in photosynthetic capacity. Our
rationale for this is that, as described in the Introduc-
tion, empirical observations imply a similar qualitative
relationship between seasonal leaf turnover rates and
leaf photosynthetic capacity. The use of the same quan-
titative relationship is, however, solely based on parsi-

mony.

Assuming the leaf biomass pool remains in approxi-
mate dynamic equilibrium (that is, Eqn 1 applies
throughout the year) then as incoming solar radiation
increases leaf longevity will decline and photosynthetic
capacity will increase.

Together Eqns (1) and (2) give rise to seasonal vari-
ation in leaf longevity and photosynthetic capacity,
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Fig. 3 Observed patterns of radiation (solid line), litter fluxes (dash line), and precipitation (gray bars) in the Tapajos National Forest

flux tower site (data from Hutyra et al., 2007).
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Fig. 4 Schematic diagram for the mechanistic light-controlled
phenology model: (a) the rate of leaf turnover (oeqf) increases
linearly in relation to incoming levels of radiation (Eqn 1). (b)
The relationship between the photosynthetic capacity (V,,) and
leaf lifespan (LL) is represented with a logistic model fit (black
line) to the Wright et al. (2004) measurements of photosynthetic
performance (black open circles).

with concomitant increases in leaf turnover rate and
leaf photosynthetic rates during the dry season when
incoming radiation levels are higher. The new phenol-
ogy model has two additional parameters, o; and o,
in Eqn (1), which were constrained as part of the
model optimization explained in ‘Model optimization’
section.

Model optimization

We used ecosystem measurements from a 2-year per-
iod, July 2002-June 2004, which included a relatively
dry year and a relatively wet year, to constrain eight
model parameters. The dry year (July 2002-June
2003) had mean precipitation rates of 53 and
130 mm month™" for the dry (July to November) and
wet seasons (December to June), respectively. The wet
year (July 2003—-June 2004) had mean precipitation rates
of 79 mm month™' and 225 mm month ™' for the dry
and wet seasons, respectively (see Fig. 3). The eight
model parameters, their associated uncertainties, and
the covariances between parameters, were estimated by
fitting the model’s predictions for the July 2002-June
2004 period to the observational datasets listed in
Table 2, using the method of maximum likelihood
(Edwards, 1972). Following Mahadevan et al. (2008)
and Medvigy et al. (2009), the effects of photosynthesis
vs. effects of plant and heterotrophic respiration were
distinguished by separating NEP into day- and night-
time components, thereby improving the ability to cor-
rectly constrain the model’s predictions of both the
respiratory and photosynthetic components of the eco-
system’s net carbon fluxes.

The eight parameters that were constrained with the
observational data included the new two parameters of
the light-controlled phenology model (Eqn 1 in ‘Model
reformulation: light-controlled leaf dynamics’ section)
to correct the underestimated magnitude and seasonal-
ity of litter and the incorrect pattern of seasonality in
daytime NEP. The water and temperature dependency
parameters of the soil decomposition model were also
included (W,p and w; in Eqn Al and Qo in Eqn A2),
since these significantly impact the seasonality of eco-
system respiration and thus NEP. Since changes in
plant photosynthesis and respiration, in turn, influence
the plant’s carbon balance and its resulting rates of
diameter growth and mortality, we also included sev-
eral important, relatively unconstrained, parameters
influencing these processes, specifically, the allocation
to fine roots relative to leaves (4 in Eqn B1), the fine-
root turnover rate (¢yo0c in Eqn C2), and the intercept in
the mortality function (m; in Eqn D1). Further details
on the model fitting procedures can be found in
Appendix E.

Results

Parameter estimates and uncertainty

The optimization significantly improved the model’s
goodness-of-fit to the observations. The log-likelihood
(Eqn E1) increased from —16.0 in ORIG to —4.4 in the

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02629.x
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Table 2 Summary of the observational datasets used to evaluate and constrain the ED2 model formulation

Number of
Source Metric Aggregation observations
Flux tower Net ecosystem productivity (NEP) Annual 2
Monthly, daytime 24
Monthly, nighttime 24
Hourly, daytime 5825
Hourly, nighttime 4625
Litter Annual 2
Monthly 24
Forest inventory Growth PFT (early-; mid-; late-successional) One for each
DBH (10~35 cm; >35 cm) aggregation
Mortality PFT (early-; mid-; late-successional) One for each
DBH (10~35 cm; >35 cm) aggregation

DBH, diameter at breast height; ED2, Ecosystem Demography model version 2; PFT, plant functional types.

optimized model formulation (hereafter referred to as
‘OPT’), and the associated change in the Akaike Infor-
mation Criterion (AIC) (Eqn E2) from 44 to 25 indicated
that this is a significantly improved goodness-of-fit
despite the two additional parameters in the OPT
model formulation.

The parameter estimates and the 95% (2¢) confidence
bounds are given in Table 3. The parameters for
the light-controlled phenology scheme were well
constrained, with confidence bounds within 5% of
maximum likelihood estimates. The optimization
significantly changed the soil decomposition submodel
(Wopt and wy in Eqn Al and Q1o in Eqn A2). In particu-
lar, Wopy, the soil moisture level at which the decompo-
sition rate is maximal (measured in terms of fraction of
saturation), increased from 0.6 to 0.95 m®> m >, and wy,
the soil moisture dependency of decomposition,
decreased from 5.0 to 2.2. The optimized Wy, value of
0.95 implies that the soil decomposition rate generally
increases with increasing soil moisture until the satura-
tion fraction becomes close to unity. The associated
uncertainty of + 0.22 on the value of W, implies lower

Table 3 Summary of the optimized model parameters

bound of 0.73, a value which is only moderately higher
than the value in ORIG. The high value of Wopt
obtained in the model fitting is however consistent with
the results of Medvigy et al. (2009), who found a similar
increase in an model optimization exercise at a temper-
ate forest site.

There were also changes in patterns of growth and
mortality. Carbon allocation to fine-root relative to
leaves (7 in Eqn B1) decreased from 1.0 to 0.89, and the
rate of fine-root turnover (o400 in Eqn C2) increased
from 0.3 to 6.6 yr ! (i.e. the mean longevity of fine roots
decreased from 3 to 0.2 years). Estimates of fine-root
longevities obtained in five empirical studies in broad-
leaf tropical forests indicate an observed range of 0.4 to
3.2 years (Gill and Jackson 2000). Two factors are likely
to account for this difference. First, in the model, the
fine-root turnover parameter also incorporates the pro-
duction of short-lived root exudates that are typically
not included in empirical measurements of fine-root
longevity. Second, root dynamics remain a poorly
understood component of terrestrial ecosystems:
literature estimates indicate tremendous variation in

Initial Optimized Reference

Parameter Symbol value value 20 uncertainty (Equation No.)
Turnover parameter 1 (yr—') o -8 -12.3 0.43 (D

Turnover parameter 2 (yr~') o 0.05 0.08 0.002 (¢))

Optimal soil moisture (m® m~3fraction of saturation) Wopt 0.6 0.95 0.22 (A1)

Soil moisture convexity parameter Wy 5.0 22 48 (A1)
Temperature Qg 10 2.1 2.5 1.3 (A2)
Allocation to fine-root relative to leaves q 1 0.89 0.26 (BD)

Root turnover rate (yr’l) oot 0.3 6.6 1.6 (C2)
Density-dependent mortality parameter my 10 0.03 0.08 (D1)

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02629.x
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fine-root longevities, ranging from days to years,
depending on root diameter (Gaudinski et al., 2000;
Matamala et al., 2003), and the methods of estimating
tree root dynamics in the field are hampered by large
spatial variability, making it difficult to accurately
quantify root biomass and turnover rates in the field
(Trumbore et al., 2006). Interestingly, Medvigy et al.
(2009) obtained a similar magnitude increase in the rate
of fine-root turnover (from 0.3 to 5.1) in a model fitting
exercise at a temperate forest site.

The density-dependent mortality parameter (m; in
Eqn D1) that controls how a plant’s mortality rate
increases in response to low daily carbon balance (i.e.,
the net daily carbon uptake relative to what it would be
in full sun), decreased significantly from 10 to 0.03.
These results suggest that mortality rates decreased
particularly for the trees in the understory.

Seasonal variation of fluxes and vegetation dynamics

Figure 5(a) compares the simulated vs. observed litter
fluxes. Litter fluxes in ORIG do not have any noticeable
seasonal variation because the canopy leaf biomass
turns over at a constant, prescribed background rate. In
OPT, the model captures more closely the observed sea-
sonal variability of litter fluxes, responding to incoming
solar radiation as a result of Eqn (1). The magnitude of
the seasonality in litter fluxes is accurate during the
months of the fitting period (July 2002—-June 2004), but
is underestimated in subsequent months. Nonetheless,
the correlation between the predictions and the obser-
vations is considerably improved from +0.33 (ORIG) to
+0.63 (OPT). The predicted mean litter flux also
improved from 30% to 77% of the observed, and the
predicted seasonality improved from 1% to 83% of the
observed seasonal variation.

The seasonal variation in NEP (Fig. 5b) is also
markedly improved the correlation coefficient increas-
ing from —0.76 (ORIG) to +0.70 (OPT), and the RMS
error decreasing from 0.95 tonC ha ' month ' (ORIG)
to 0.29 tonC ha ' month™' (OPT). Examination of the
partitioning between the diurnal and nocturnal NEP
(Fig. 6a and b) shows that the optimized model cap-
tures the strong seasonal variation in photosynthetic
assimilation as a result of the new phenology scheme
(Eqns 1 and 2), and seasonality in respiration through
the change in value of the optimal soil moisture param-
eter in the soil decomposition model. Similarly, the cor-
relation coefficients between the model predictions and
the observations also improve markedly, changing
from —0.58 to +0.47 for the diurnal NEP and from
—0.73 to +0.55 for the nocturnal NEP.

The ET fluxes in the ORIG simulation are reasonably
similar to the observations, but are little changed in the

(a) s
45F —e— Observation
= = ORIG
4 — OPT
as
= 3f
3
£ 25l
3 25
i@
5 2rg

151\

05F
ol ) "
2002 2003 2004 2005
(b) 2~ , .
15F —&— Observation
= = 0RIG
— OPT

NEP [tonCihalmanth]

_aly o . L
22002 2003 2004 2005

Fig. 5 Observed and predicted patterns of monthly (a) litter
(g m2day!), and (b) net ecosystem productivity (NEP,
tonC ha~! month ™). The black line shows the observations and
the shaded area indicates the 2¢ error. The dashed gray and
solid gray lines, respectively, show the predictions of the ORIG
and OPT model formulations.

OPT simulation (Fig. 7). In both ORIG and OPT, the
model predictions are slightly higher than the observed
ET, but the differences are relatively small, particularly
given the known lack of energy closure in the eddy-flux
measurements (Aranibar et al., 2006; Baker et al., 2008).
Although their overall levels of ET were relatively simi-
lar, the partitioning of ET changed between the ORIG
and OPT: the average magnitude of transpiration
increased by 20% in OPT compared to ORIG, with the
differences being greatest during the dry season when
the new phenology parameterization results in higher
carbon fluxes. While rate of transpiration is closely
linked to the rate of canopy photosynthesis, the total ET
is governed by the atmospheric forcing, specifically the
atmospheric humidity and incoming radiation, and so
the increase in transpiration associated with increase in

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02629.x
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Fig. 6 Observed and predicted patterns of monthly (a) day-time
net ecosystem productivity (NEP, tonC ha™' month™") and (b)
night-time NEP (tonC ha ' month ). The black line shows the
observations, and the shaded area indicates the 2¢ error. The
dashed gray and solid gray lines, respectively, show the predic-
tions of the ORIG and OPT model formulations.

photosynthesis, in OPT was accompanied by a corre-
sponding decrease in the rate of evaporation (both
ground and evaporation from the surface of leaves).
The observed rates of growth and mortality (Fig. 8)
are constant throughout the simulation period since
only two biometry measurements performed during
this period, one in 2001 and the other in 2005,
yielding a single, temporally averaged, growth and
mortality. As noted earlier, the significant changes in
gross primary productivity (GPP) resulting from the
changes in leaf photosynthesis and turnover submod-
els have implications for rates of tree growth and
mortality. Accordingly, the parameters related to
slower-timescale growth and mortality dynamics (g in
Eqn B1, oot in Eqn C2, and m; in Eqn DI1) were
included in the parameter optimization. As shown in

140

—&— Observation|
—— ORIG-1m
1300 — —oRIG ]
—OPT
120
=
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£
£ j00
[ =
=
m
& %0
4
2 8o
m
>
w
70
&0
sola . . R
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Fig. 7 Observed and predicted patterns of monthly evapotrans-
piration (mm month ). The black line shows the observations,
and the shaded area indicates the 20 error. The solid gray,
dashed black, and solid black lines show the predictions of the
ORIG-1 m, ORIG, and OPT model formulations.

Table 3, oot and my changed significantly: oyq0t
increased from 0.3 to 6.6, and m; decreased 10 to
0.03. Visual inspection of the model’s predictions
before and after optimization (Fig. 8) shows that the
model’s predictions of growth improved: the RMS
error for growth decreased from 0.15 to
0.07 m? ha™! yrfl. However, the RMS error for mor-
tality increased slightly, from 0.05 to 0.06 m?
ha™! yrfl. Overall, the changes in growth and mortal-
ity were relatively modest, indicating that the changes
in the growth and mortality parameters primarily
reflected compensatory adjustments linked to the
change in plant level GPP.

Discussion

Light-controlled phenology

In this study, a new light-controlled phenology
scheme within ED2 was developed, parameterized,
and tested against observations of canopy carbon,
water and litter fluxes and accompanying growth and
mortality dynamics at the TNF. As our results show,
the optimized model with (1) the light-controlled phe-
nology, (2) changes in other parameters (see ‘Model
optimization’ section), and (3) the combination of
deep soil configuration and dynamic root water
uptake (see ‘Plant root water uptake” section), is able
to capture the observed pattern of seasonality in the
patterns of carbon and water fluxes, in which both
NEP and ET increase during the dry season (Hutyra
et al., 2007).

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02629.x
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Fig. 8 Observed and predicted annual (a) growth
(m? ha™' yr™), and (b) mortality (m* ha™' yr™"). The black line
shows the observations, and the shaded area indicates the 2¢
error on the growth and mortality rates over the measurement
interval. The dashed gray and solid gray lines, respectively,
show the predictions of the ORIG and OPT model formulations.
The observed rates of growth and mortality are constant
throughout the simulation period because only two biometry
measurements performed during this period, one in 2001 and
the other in 2005, yielding a single temporally averaged growth
and mortality (Rice et al., 2004).

The mechanism proposed here to explain the season-
ality in carbon and water fluxes observed in the Tapa-
jos forest site is a different mechanism than that
advanced by Lee et al. (2005) and Baker et al. (2008) that
involves hydraulic redistribution of water within the
soil column. Hydraulic redistribution has been
observed in a variety species of plants (Caldwell et al.,
1998; Jackson et al., 2000), including three species of
tropical trees, but its ecosystem-scale significance in
moist tropical forest ecosystems is unknown (Oliveira
et al., 2005). In contrast, the light-controlled phenology
mechanism proposed here is supported by the empiri-

cal observations that: (1) it captures observed patterns
of ecosystem-scale seasonality in NEP measured at the
TNF flux tower site (Fig. 5b); and (2) the associated sea-
sonality in leaf litter fluxes (Fig. 5a), suggesting the
light-controlled phenology is an important control on
the carbon fluxes of tropical forest ecosystems. As seen
in Figs 5 and 6, the improvements arising from the
incorporation of the light phenology scheme in captur-
ing observed seasonality in carbon fluxes and litter
fluxes. Without the light-controlled phenology, the
combination of a deep soil column and dynamic water
uptake is sufficient to capture the seasonality in ET
(Fig. 7), but not the seasonality of litter and carbon
fluxes (Figs 5 and 6).

Although this study utilized observations from a sin-
gle site in the Amazon for which multiple data con-
straints (meteorological observations; flux tower
observations; litter fluxes; and tree composition, struc-
ture, and demography measurements) were available,
further evidence in support of this mechanism comes
from basin-wide satellite observations over the Amazon
(Myneni et al., 2007), which indicate that the timing of
vegetation greenness is linked to the seasonality of
solar radiation across the Amazon rainforest. This
implies that similar light-controlled patterns of phenol-
ogy and resulting carbon and water fluxes are likely to
occur across much of the Amazon region. Moreover, as
we discuss in more detail in the ‘Implications for long-
term ecosystem dynamics’ section below, the light-con-
trolled phenology parameterization developed here
also has significant implications for the climate sensitiv-
ity of the Amazon region.

Plant root water uptake

In an earlier study, Lee et al. (2005) showed that the
strong seasonality of ET and photosynthesis in tropical
regions predicted by the CLM land surface model
could be reduced by allowing root hydraulic conductiv-
ity to increase with increasing depth, and allowing
hydraulic redistribution between water layers. These
modifications were necessary because in CLM, water
uptake from each soil layer is influenced by the root
fraction in the layer that declines exponentially with
depth. In contrast, in ED2 water uptake from each soil
layer in which a plant has roots is assumed to be
dynamic, and thus determined solely by water avail-
ability, thereby allowing trees to extract available water
wherever it resides (Medvigy et al., 2009). Figure 7
shows the role of a deep soil column configuration by
comparing the ET with two different soil depths of 1
and 6 m (used for this study), and Fig. 9 shows the
available soil water in the rooting zone (i.e., 6 m). As
seen in the figures, the combination of a deeper soil

© 2011 Blackwell Publishing Ltd, Global Change Biology, doi: 10.1111/j.1365-2486.2011.02629.x



SEASONAL CARBON AND WATER FLUXES IN AN AMAZON 11

350 T T T

w

(=]
v

=

o™

—&— Qbsarvation at KMB3 (nearby site)

Available Soi water in B-m soil column [m]

o
wn

e T . WU e W i W

E’2‘2)1:!2 2003 2004 2005

Fig. 9 Observed and predicted patterns of monthly available
soil water depth. Soil water depth is estimated in 6 m soil col-
umn for ORIG, OPT, and observation, and in 1 m soil column
for ORIG-1m. The black line with circles shows the observations
at the nearby site (KM83; 3.01°S, 54.58°W) in Tapajos National
Forest (TNF) (data from Bruno et al.,, 2006). The solid gray,
dashed black, and solid black lines, respectively, show the pre-
dictions of the ORIG-1m, ORIG, and OPT model formulations.

column and dynamic water uptake enables ED2 to cap-
ture the observed seasonality of ET even in the absence
of hydraulic redistribution. These findings are consis-
tent with the findings of Zheng & Wang (2007), who
incorporated a similar dynamic water uptake formula-
tion into CLM3 and IBIS2 and showed that when com-
bined with a sufficiently deep soil column, both models
had significantly improved predictions of ET fluxes in
the absence of hydraulic redistribution. As the results
of the analysis presented here show, however, even
with the correct pattern of seasonality in ET, the correct
pattern of seasonality in ecosystem carbon fluxes and
litter fluxes is only captured after incorporating a light-
dependent model of leaf phenology (Figs 5 and 6).

Implications for long-term ecosystem dynamics

A significant number of atmospheric general circulation
(GCM) models predict a drying of the Amazon region
in response to increasing anthropogenic CO, emissions
(Malhi et al.,, 2009). In particular, the Hadley Centre
GCM (HadCM3) predicts a major loss of Amazon
under climate change scenarios (Cox et al., 2000; Hun-
tingford et al., 2008). To evaluate the impact of the light-
controlled leaf phenology scheme on the resilience of
Amazon forest ecosystem function, we performed a ser-
ies of simulations with CCSM SRES A2 climate change
scenario from 2001 to 2050. As shown in Fig. 10, incor-
porating light-controlled phenology into the model
reduces the interannual variability in carbon fluxes,

=]

=5

Annual NEP [tonC/haiyear]

. 1L . I
2000 2010 2020 2030 2040 2050

Fig. 10 Interannual variability of net ecosystem productivity
(NEP, tonC ha™! yr’l) from 2000 to 2050. The simulations are
forced with CCSM SRES A2 climate change scenario. The solid
gray, dashed black, and solid black lines, respectively, show the
predictions of the ORIG-1m, ORIG, and OPT model formula-
tions.

indicating that, at least at this timescale, light-controlled
phenology acts a source of resilience to the impacts of
climate variability on tropical carbon fluxes. The dry-
season leaf flushing both moderates the seasonality of
carbon fluxes and reduces the interannual variability of
carbon fluxes. This result implies that leaf responses to
the dry season are likely to have important implications
for the sensitivity of Amazon forests to interannual var-
iability in climate forcing. To the extent that the envi-
ronmental sensitivity of the plants represented in
model formulation reflects that observed in the field, it
implies that the seasonal green-up of the plant canopy
is relevant to the recent controversy about the drought
sensitivity of the Amazon. Saleska et al. (2007) argued
that MODIS EVI indicated a green-up of Amazon for-
ests during the 2005 drought; however, Samanta et al.
(2010) claimed the results of Saleska et al. (2007) were
not reproducible due to atmosphere-corrupted data.
Using remotely sensed EVI measurements to infer
basin-wide phonological patterns is complicated, how-
ever, since its seasonal variability does not follow the
seasonality of radiation, precipitation or litter fluxes.
Two important lines of further investigation will be to
assess whether the model’s predictions of interannual
variability in carbon fluxes are consistent with observed
levels of interannual variability, and to assess the regio-
nal-scale applicability of the model formulation using
data from other sites across the region.
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