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Abstract

The assumed concentration and distribution of active leaf nitrogen (N) within vegetation canopies has a major influence on the
gross primary product (GPP) predicted by land-surface models. We couple a Monte Carlo, three-dimensional (3D), ray-tracing
simulation to the land-surface model JULES in order to compare the vertical profiles of light and active leaf-N in three forest stands
of diverse composition and structure. Our simulations, which are driven by real climate data, strengthen the view that tree canopies
are only partially light-acclimated. Notably, our computation demonstrates the importance of both diffuse sunlight and the manner
in which the light profile is quantified. For example, when our temperate, broadleaf stand is subjected to diffuse sunlight, the mean
leaf irradiance declines steeply in the upper third of crown (k.x; = 1, where k. is the exponential extinction coefficient) but is
relatively shallow below that height (k.x, < 0.75). Under direct sunlight, the foliage divides into sunlit and shaded fractions and a
more appropriate measure of the light environment is probably the mode irradiance rather than the mean irradiance. Under direct
sunlight, the optimal vertical distribution of Rubisco (i.e. that which maximises GPP for a fixed amount of active leaf-N in the
canopy) is calculated to be shallow in both the upper and lower portions of the canopy (k.,, < 0.27, where k., is the exponential N-
allocation parameter). Furthermore, an abrupt step, from high to low photosynthetic capacity, is predicted in the upper third of the
crown. The theoretical gain in GPP for a stand that is fully light-acclimated compared to one that is only partially light-acclimated
(i.e. with k., = 0.15, as measured in real tree canopies) is moderately important (8—13%). Our results are relatively insensitive to
canopy architecture, i.e. crown structure, leaf-clumping and the leaf angle distribution.
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1. Introduction

The acclimation hypothesis states that the vertical
gradient of photosynthetic capacity is proportional to
that of the average light profile through the canopy
(Meir et al., 2002). The leaf photosynthetic capacity is
equivalent to the photosynthetic rate at light saturation
and is determined by the concentration of RUBP
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carboxylase-oxygenase (Rubisco) in the foliar photo-
synthetic apparatus. The acclimation hypothesis is
implicit in the big leaf radiative-transfer (RT) scheme
(Sellers et al., 1996) and is often assumed in other
formulations of RT implemented in regional/global
land-surface models (LSMs). Typically, these LSMs are
coupled to a Global Circulation Model (GCM) and can,
therefore, undergo quite computationally intensive
simulations. The assumption of full acclimation
facilitates the calculation of gross primary product
(GPP) for the canopy considerably (e.g. Schulze et al.,
1994). Furthermore, strong adaptation to the light
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environment might be expected for biomes of high Leaf
Area Index (LAI) where GPP may be light-limited for
prolonged periods of the day (Nemani et al., 2003).
Although measurements of leaf-N and photosynthetic
capacity can vary considerably at the same height
within a tree (~30%; Dang et al., 1998), a majority of
empirical data in the literature suggest that light
acclimation might be incomplete, at least within tree
canopies (Carswell et al., 2000; Lewis et al., 2000; Meir
et al., 2002; and references therein). The question of
acclimation is important for several reasons: (i) the GPP
predicted by LSMs varies strongly (20-35%) for typical
uncertainties in both the photosynthetic capacity at the
top of the crown and the vertical gradient of Rubisco
(Alton et al., 2007a, 2007c); (ii) the distribution of
active leaf-N is important for dynamic models of
nutrient cycling; and (iii) the understanding of current
constraints on plants and their ecosystems (light-,
water- or N-limited) is a prerequisite to predicting the
response of the terrestrial biosphere to future climate
change (e.g. Nemani et al., 2003).

Various attempts have been made to explain the
shallow Rubisco gradients measured in vegetation
canopies (Chen et al., 1993; Kull and Kruijt, 1999;
Friend, 2001). However, to cite Frak et al. (2002),
‘.. .there is presently no consensus about the factor(s)
driving photosynthetic acclimation’. Furthermore,
many previous studies are rather theoretical, containing
ecological concepts which are difficult to test. In this
paper, we adopt a different approach. We simulate light
interception in tree canopies using a 3D, ray-tracing
model which has recently been enhanced so that it
discriminates between diffuse and direct sunlight (Alton
et al., 2005). Our RT-scheme takes explicit account of
leaf orientation and sunfieck penetration. This is an
important consideration under sunny conditions when
the dispersion in leaf irradiance, at any given height in
the canopy, is observed to be large (Parker et al., 2002).
Meir et al. (2002) attribute an important role to diffuse
sunlight in influencing the Rubisco gradient within tree
canopies. Until now, this idea remains untested as
modellers have a tendency to concentrate on the impact
of direct sunlight on the distribution of foliar N (e.g.
Chen et al., 1993). The diffuse sky flux produced by
clouds and aerosols is known to have a large impact on
carbon assimilation, increasing light-use efficiency by
up to a factor of two compared to direct sunlight
(Hollinger et al., 1994; Gu et al., 2002; Niyogi et al.,
2004; Alton et al., 2007b).

The current investigation differs from previous
studies in several other important aspects: (i) our ray-
tracing simulations are three-dimensional taking expli-

cit account of crown shape and canopy heterogenity; (ii)
we conduct simulations for three quite different tree
stands with known biophysical parameters (a sparse,
boreal needleleaf site; a dense, tropical, broadleaf stand;
and a moderately dense, temperate, broadleaf location);
and (iii) we use real climate data to infer the light
environment in the canopy at each timestep, including
the fraction of diffuse sunlight. Our RT-scheme is
coupled to a LSM to ensure realistic simulation of other
biophysical processes, such as stomatal conductance,
as well as environmental variables such as canopy
temperature and humidity.

Our main objective is to interpret the vertical profile
of photosynthetic capacity (hence Rubisco) recorded in
tree canopies. This is achieved in three steps: (i) by
quantifying the light profile within the stand; (ii) by
determining the exponential profile of Rubisco which
maximises canopy GPP when the total amount of
Rubisco within the stand is fixed (hereafter ‘optimal’
Rubisco distribution); and (iii) by using the theoretical
results from (i) and (ii) to interpret the profiles of
Rubisco and light measured in real tree canopies,
particularly with respect to light acclimation.

2. Materials and methods

Our methodology requires the coupling of a 3D, ray-
tracing simulation to a LSM. The latter is subsequently
run for three separate sites using real climate data. The
next two sections describe the ray-tracing simulation
and the LSM. Section 3 describes simulations
conducted to ascertain the average light profile and
optimally distributed Rubisco distribution.

2.1. Radiative-transfer

The forest light (FLIGHT) simulation is a ray-
tracing, numerical model employing Monte Carlo
techniques to sample light propagation and leaf
irradiance in both uniform, one-dimensional (1D)
vegetation layers and heterogeneous, 3D canopies
(North, 1996; Barton and North, 2001; Alton et al.,
2005). Our current focus is on 3D canopies, although we
also conduct 1D simulations in order to compare with
previous modelling of light acclimation (Chen et al.,
1993; Kull and Kruijt, 1999; Friend, 2001). For both 1D
and 3D simulations, foliage is represented by volume-
averaged parameters such as LAI and scattering phase
function. Leaf inclinations are modelled explicitly
within FLIGHT, rather than adopting a single (mean)
leaf orientation which is standard practice in sunlit/
shade RT models. Explicit leaf orientation accounts
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much better for the range of leaf irradiance observed in
real tree canopies at any given height above the ground
(Parker et al., 2002). FLIGHT has recently been
enhanced so that it estimates photosynthesis within 3D
canopies under both direct and diffuse sunlight.
Although simulations of anisotropic diffuse sky
radiance are possible, in this study we assume diffuse
sky radiance is uniform as this is found to be a good
approximation under overcast conditions (Alton et al.,
2005; Steven and Unsworth, 1980).

For the current study, we select three stands which
vary greatly in architecture, LAI and latitude (Table 1).
Although the Rubisco gradient is only measured at one
of these sites (Manaus; Carswell et al., 2000), our
chosen locations possess the considerable advantage of
being amongst the better-studied FLUXNET sites with
well-documented, biophysical parameters. Further-
more, flux (carbon, water and energy) measurements
and a detailed micrometeorology (including diffuse
sunlight for one site) is freely available for these
locations for use in simulation studies. For our 3D
simulations, crowns are represented by ellipses with a
minor (horizontal) axis of 2, 5 and 5 m at Zotino,
Harvard and Manaus, respectively. The major (vertical)
radius is set to Sm at all sites. The crown base is
positioned randomly between a minimum and max-
imum height of 4 and 12 m at Zotino, 10 and 14 m at
Harvard and 12.5 and 27.5m at Manaus. The
corresponding cover fraction for the crowns is 0.6,
0.95 and 1.0, respectively. These structural properties
are approximately consistent with the properties
measured at each site (see references in Table 1).

Canopy GPP is determined by sampling the
irradiance for a random selection of leaves within the
canopy and then multiplying the mean leaf photosyn-
thetic rate by the canopy LAI Leaf irradiance is
ascertained by Monte Carlo sampling and reverse ray-

tracing (Disney et al., 2000). The photosynthetic rate at
the leaf is calculated using a colimitation submodel
(Collatz et al., 1991), taking account of both leaf
irradiance and the photosynthetic capacity due to foliar
Rubisco concentration. The leaf-N-allocation para-
meter, k., determines the exponential, vertical decline
in Rubisco. Thus, the photosynthetic capacity is given
by:

V cmax (Z) = ngax exp(_krubL) (1)

where L is the cumulative LAI between the top leaf and
a height z above the forest floor (Hirose and Werger,
1987). The photosynthetic capacity at the top leaf,
VO . is prescribed. In this study, VO depends on
kb and it is assigned a value which conserves the total
amount of Rubisco in the canopy.

For uniform 1D canopies, this value can be derived
analytically but, for 3D configurations, VO follows
from numerical integration, weighting for the fraction
of foliage at each height in the crown. The leaf-N-
allocation parameter k., as expressed above, is
analogous to the coefficient for light extinction k.
(Sellers et al., 1996). Table 2 contains the vegetation and
soil properties adopted in our RT simulations, including
the default values of VO . and k., When the
properties in Table 2 are adopted, observed GPP at
our three sites is reproduced within 16% on average
(Alton et al., 2007b; see also Fig. 1).

At each site, canopy GPP is calculated for
permutations of the following biophysical properties:
(1) downwelling shortwave (SW; A ~ 0.3-2.0) radia-
tion (viz. surface intensity in the horizontal plane, the
fraction of sky radiant flux density which is diffuse
(fDIF) and the solar zenith angle (6;)); (2) canopy
microclimate (viz. leaf temperature and the leaf internal
concentration of CQO,); and (3) the allocation of leaf-N
(kwp). For each configuration of sky radiation, the

Table 1

Properties of three sites selected for ray-tracing with FLIGHT

Property Zotino Harvard Manaus
Designation Zo Hv Mn

Location Siberia N. America Amazonia
Biome Boreal needleleaf Temperate broadleaf Tropical broadleaf
Latitude (degree) 60.8N 42.5N 2.6S
Longitude (degree) 89.4E 72.2W 60.2W
Primary vegetation Scots pine Oak maple Mixed species
LAI (m*m™?) 2.0 4.5 55

Green fraction 0.6 0.95 1.0

Sources for primary vegetation, projected one-sided leaf area index (LAI) and green fraction are as follows: Wirth et al. (1999) and Lloyd et al.
(2002) for Zotino; Williams et al. (1996), Wofsy et al. (1993) and Goulden et al. (1996) for Harvard; Carswell et al. (2000) and Williams et al. (1998)

for Manaus.
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Table 2

Vegetation and soil parameters adopted in the FLIGHT simulations of canopy photosynthesis

Property Zo Hv Mn Description

Vemax (rmol m2s7h) 60 90 60 Photosynthetic capacity at top of canopy

QE (mol/mol) 0.05 0.05 0.05 Quantum efficiency incident PAR

keub 0.15 0.15 0.15 N-allocation parameter

1 (K) 271 277 285 Lower inhibition temperature for leaf photosynthesis
t, (K) 301 307 315 Upper inhibition temperature for leaf photosynthesis
Rpar 0.10 0.09 0.12 Leaf reflectance PAR

Rnir 0.46 0.53 0.43 Leaf reflectance NIR

Tpar 0.03 0.03 0.05 Leaf transmittance PAR

TR 0.25 0.25 0.35 Leaf transmittance NIR

ag 0.10 0.10 0.10 Ground albedo (PAR and NIR)

Reflectance and tranmittance for the leaves are given for photosynthetically active radiation (PAR; A = 0.3-0.7 wm) and for near-infrared radiation
(NIR; & = 0.7-2.0 m) and is taken from Williams (1991). We show the default values for k., and V. ,.x Which fix the total amount of Rubisco in the
stand. The default value for k., (0.15) is consistent with recent empirical data for tree canopies (Carswell et al., 2000; Lewis et al., 2000; Meir et al.,
2002). The inhibition temperatures #; and #, account for the lower kinetic enzyme activity observed at temperatures ~15 K above and below the mean
day-time air temperature during the growing season (Collatz et al., 1991; Cox, 2001; see also Baldocchi et al., 2001).

average, vertical profile of PAR is fitted with an
exponential function of the form:

i(z) = exp(—kextL) 2)

where i(z) is the irradiance relative to a position just
above the canopy. For all 6;, PAR is assumed to com-
prise 43% of sky radiance (Alton et al., 2007c¢).

The extinction coefficient k.., defining the light
profile, is calculated in three different ways viz. (i) by
using the mean irradiance in the horizontal plane
(downwelling radiation only); (ii) by using the mode
irradiance in the horizontal plane (downwelling radiation
only); and (iii) by using the mean irradiance in the plane
of the leaf (both upwelling and downwelling radiation).
Sampling of irradiance, in our 3D simulations, is
restricted to the crown interiors (thus gaps between
crowns are not sampled). Our method (i) conforms to the
traditional method of measuring light profiles in the field
(e.g. Meiretal., 2002). We have introduced method (ii) in
recognition of the large dispersion in leaf irradiance
under direct sunlight (Parker et al., 2002). Under such
circumstances, the mean value of irradiance does not
necessarily provide a robust indicator of typical
irradiance at any given height, owing to the division of
the foliage into sunlit and shaded portions. The statistical
mode (i.e. the value we measure most frequently; e.g.
Boas, 1983) is ill-suited to a continuous variable and we
adopt discrete bins in method (ii) in order to characterise
the distribution of light interception adequately (bin-
width of 2% maximum leaf irradiance). For complete-
ness, it would have been desirable to ascertain the light
profile using the mode irradiance in the plane of the leaf.
However, the dispersion in leaf irradiance for sunlit

foliage, especially for leaves of different inclination
near the top of the canopy, is so great that the mode in this
case is both difficult to determine and does not constitute
a particularly useful indicator of typical leaf irradiance.
For methods (i) to (iii), above, i(z) is determined for 10
evenly spaced heights between the lowest and highest
leaf within the canopy. For the mean and mode irradiance
in the horizontal plane, k., is inferred by least-squares
minimisation of the fitting function at all 10 heights. The
same procedure is adopted for mean irradiance in the
plane of the leaf, except average irradiance for the
highest layer is excluded due to the rapidly changing light
profile in this zone (see Section 4). Canopy GPP and the
values of k., inferred from (i) to (iii) above, are stored in
a look-up table (LUT) for retrieval by the LSM.

2.2. Land-surface model

The Joint UK Land Environmental Simulator
(JULES) is a LSM simulating flux exchange between
the land-surface and the lower atmosphere. In its original
form, JULES is a modularised version of the Met. Office
Surface Exchange Scheme (MOSES; Cox et al., 1999;
Harris et al., 2004). The latter is coupled to the Hadley
Global Circulation Model (GCM) for use in simulations
of climate change (Cox et al., 2000). JULES is driven by
the following meteorological variables: downwelling
shortwave radiation (A = 0.3-2 wm), downwelling long-
wave radiation (A ~ 10 pm), precipitation, surface
pressure, top-of-canopy (TOC) air temperature, TOC
specific air humidity and TOC wind speed. For the
current study, hourly (Zotino and Harvard) or half-hourly
(Manaus) climatic data are obtained from free-access
distribution websites or by approaching the relevant
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Fig. 1. Comparison of observed and simulated GPP at each of our study sites when using the canopy properties given in Table 2. Observed GPP is
inferred in the standard way as GPP = R, — F — S (Lloyd et al., 2002). Quantity F is the carbon flow recorded 5-15 m above the canopy, S the storage
of CO, recorded within the canopy airspace and R. is the ecosystem respiration estimated from night-time respiration (Medlyn et al., 2003). The
average canopy response to photosynthetically active radiation (PAR) is shown for morning (left) and afternoon (right) after binning measured and
simulated values of GPP over the growing season (Julian Days 120-270) at Zotino (Zo) and Harvard (Hv) and part of the growing season (Julian
Days 243-431) at Manaus (Mn). Uncertainties in observed GPP are twice the size of the markers.



P.B. Alton, P. North/Agricultural and Forest Meteorology 145 (2007) 110-124 115

FLUXNET Principle Investigators. The energy calcula-
tion central to the model is based on a Penman-Monteith
approach (Monteith, 1965), ensuring that the down-
welling shortwave and longwave fluxes are balanced by
the outgoing fluxes of sensible heat, latent heat,
conduction into the ground, reflected shortwave radiation
and radiant thermal energy. Apart from meteorological
driving data, input to the simulation occurs through a
control file which prescribes certain time-invariant
parameters for the canopy and the ground. For ground
albedo, leaf reflectance and leaf transmittance these
parameters are set to the values in Table 2 in order to
ensure consistency with the RT simulation conducted
with FLIGHT. By setting k., in the control file, we also
prescribe the subset of GPP values to be retrieved from
the LUT created with FLIGHT.

At each timestep of the LSM simulation, canopy
GPP is read from the LUT, according to the solar zenith
angle (calculated internally from the latitude and time
of day, etc.), downwelling sky radiant flux density (SW
contained in the driving data), the fraction of sunlight
energy which is diffuse (calculated internally) and
canopy microclimate (leaf temperature and leaf internal
CO, concentration, both prognostic variables). The
fraction of diffuse sunlight, fDIF, is estimated at each
timestep according to the ratio of SW and the top-of-
atmosphere solar irradiance (Roderick et al., 2001).
This method of estimating fDIF has an absolute error of
<0.1 when compared against measurements conducted
at the boreal site (Alton et al., 2005). Leaf temperature
and leaf internal CO, concentration are estimated for
the canopy as a whole. They follow from the Penman-
Monteith surface energy balance and a simplified
Leuning stomatal conductance model, respectively
(Cox et al., 1998). Note that output from JULES
encompasses numerous variables associated with flux
exchange (e.g. evapotranspiration, run-off, soil and
plant respiration) but this articles focuses on predictions
of canopy GPP for various configurations of k,p,.

2.3. Simulations

The LSM is run for each of our three sites for a period
of about 1 year. However, GPP is only extracted and
integrated for the growing season or part thereof. For the
boreal and temperate sites, this integration period is
Julian Days 120-270 (i.e. June—August included).
Meteorological driving data are taken from 1999 for
Zotino and from 2002 for Harvard. For the tropical site,
Manaus, climatic data are not available for a complete
year. Data are taken from 1999 for the integration period
of Julian Days 243431 (begin September—begin

March). Apart from September and October, this
corresponds to the wet season at this location (Williams
etal., 1998). To estimate productivity for the entire year at
Manaus, GPP over the integration period is multiplied by
a factor (431-243)/365, i.e. 1.9. In our default simula-
tions, kyup, is increased from 0.0 to 2.0 in steps of 0.5 for
each site. An additional land-surface simulation is carried
out with k., =0.15 for comparison with Rubisco
gradients measured in the field (see Section 4). Initially,
fDIF is estimated at each timestep, according to
downwelling shortwave radiation, as explained above.
However, in order to ascertain the role of diffuse sunlight,
all simulations are repeated separately either with pure
direct sky radiation or pure diffuse sky radiation.
Simulations are also run for a uniform vegetation layer
by configuring FLIGHT in 1D mode (i.e. without crowns
but otherwise adopting the same parameters given in
Table 2). The 1D configurations permit a comparison
with previous authors who use 1D models when
examining light-acclimation. Comparison between our
1D and 3D simulations will reveal, to some extent, the
sensitivity of our results to canopy structure. However,
the clumping of leaves, and the gaps in the foliage thus
created, are considered by certain authors to have a strong
bearing on light propagation and canopy photosynthesis
(e.g. Baldocchi and Harley, 1995). Therefore, for our
temperate, broadleaf site, Harvard, a clumped 3D canopy
is also configured within FLIGHT. For this clumped
configuration, we adopt the same parameters as those in
Table 2 but, on this occasion, we place foliage in spheres
of radius 1.5 m.

Leaf inclination has a strong influence on how light is
captured at different heights in the canopy and we test
its role with respect to acclimation. Our default LAD is
spherical and possesses a mean leaf angle (MLA) of 57°
(average zenith angle of the leaf normal). This
approaches the upper limit of MLA recorded in the
field (27-64°; Campbell and Norman, 1998; Falster and
Westoby, 2003). To gauge the impact of more
horizontally orientated leaves, we repeat our simula-
tions with a planophile LAD of MLA =27°.

Friend (2001) and Chen et al. (1993), in their
respective 1D simulations of acclimation in a temperate,
broadleaf stand and a cotton canopy, use a leaf
photosynthetic response which changes abruptly from
a light-limited state to a N-limited state, i.e. colimitation
(smoothing factors) are omitted from the leaf model.
Furthermore, both these studies allow active N,
associated with the light reaction (chlorophyll), to vary
with height through the canopy. This is not possible in
our default simulations due to the height-invariant
parameterisation of quantum efficiency (Table 2).
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Therefore, in a second batch of simulations, we
implement the non-colimitation leaf model of Chen
et al. in FLIGHT. The formulation of Chen et al.
assumes a coupling between the leaf-N involved in
electron transport (J.x) and that present in Rubisco
(Vemax)- This coupling (Egs. (6) and (7) in Chen et al.)
approximates the relationship observed in real tree
canopies (e.g. Fig. 2 in Meir et al., 2002) and accounts
for the (partial) reallocation of active leaf-N from
Rubisco to the light-harvesting apparatus that is
typically observed in shade leaves (Warren and Adams,
2001; Eichelmann et al., 2005).

In summary, our experiments are organised as
follows:

1. 1D and 3D simulations, all three sites, using the
colimitation leaf model.

2. As (1) but replacing the spherical LAD with a
planophile LAD.

3. A 3D simulation with clumped foliage for Harvard,
using the colimitation leaf model.

4. As (1) using the non-colimitation leaf model of Chen
et al.

3. Results

We present our results according to the sequence of
experiments outlined above:

3.1. Experiment I

Fig. 2 depicts GPP predicted by our primary
simulations for different configurations of Rubisco
(kup), canopy structure (1D/3D) and fraction of diffuse
sky radiation (fDIF). In Table 3, the optimal value of

ke 1S compared to values of ke, inferred for light
extinction. The optimal value of k., is determined from
the turning point of a quadratic function fitted to the
values of GPP displayed in Fig. 2. The quadratic
function is fit using a least-squares minimisation
over the k., range of 0.5-2.0 for Zotino and 0.15—
1.5 for Harvard and Manaus. An example of this fitting
procedure is illustrated in the bottom-middle panel
of Fig. 2. From the figure and table we note the
following:

1. For 1D canopy structure, the theoretically optimal
value of ki, ranges from 0.99 to 1.6 across the three
test sites (column 2 of Table 3). For 3D canopy
structure, the optimal Rubisco gradient is 0.78—1.4,
i.e. slightly shallower (column 3).

2. The optimal value of k., is similar for pure diffuse
and pure direct sunlight, although, for pure diffuse
sky irradiance, a slightly steeper Rubisco distribution
is favoured at the tropical and temperate sites
(columns 4-7 of Table 3). For diffuse sky irradiance,
we note an enhancement in canopy light-use
efficiency of 20-40%, compared to pure direct
sunlight (right and middle panels of Fig. 2). This is
due to greater radiation-sharing under diffuse sun-
light (Roderick et al., 2001; Farquhar and Roderick,
2003) and, for these particular sites, is discussed in
detail elsewhere (Alton et al., 2007b).

3. The gain in GPP for an optimal distribution of
Rubisco, compared to a uniform distribution
(krup =0), is 10-21% for a 3D canopy and 13-
39% for a 1D structure.

4. Apart from the 1D representation of the boreal site,
Zotino, the optimal value of k., (columns 2 and 3 of
Table 3) is fairly close to the value of k., inferred

Table 3

Comparison of the optimal Rubisco distribution &, (columns 2-9) against the average light profile k.., (columns 10-14)

Site (1) kruh kexl
fDIF fDIF Dir Dif Dir Dif Chen Chen Horiz Horiz Leaf Mode W-mode fDIF
(D) D) (@) @) @GDb) (@b (D) (3D) (D) (3D) (3D) (3D (3D) (15)
) (3) ) ) (6) ) ®) ) (10 an (12) (13) 14

Zo 1.60 1.37 1.75 1.50 1.50 1.25 1.64 1.31 1.13 1.20 8.0 1.50 1.38 0.7

Hv 1.06 0.92 1.05 1.15 0.91 1.00 1.06 0.73 0.99 1.01 5.7 1.35 1.24 0.7

Mn 0.99 0.78 0.95 1.08 0.73 0.88 1.08 0.85 0.98 1.10 49 1.47 1.65 0.8

Columns for k., refer to the following simulations: 1D and 3D canopy taking account of the fraction of diffuse sunlight fDIF (2 and 3); 1D canopy
for pure and direct sunlight (4 and 5); 3D canopy for pure and direct sunlight (6 and 7); non-colimitation leaf photosynthesis of Chen et al. (1993)
accounting for fDIF (8 and 9). Columns for k., take account for fDIF and quantify the extinction as follows: mean, downwelling irradiance in the
horizontal plane for the 1D and 3D canopy (10 and 11); mean upwelling and downwelling irradiance in the leaf plane for 3D canopy (12); mode
downwelling irradiance in the horizontal plane for 3D canopy (13); as column 13 but weighting GPP at each timestep using the default value of 0.15
for k., (14). The time-averaged value of fDIF is given in column (15). All time-averaged and GPP-weighted values refer to daylight hours of the
integration period. Uncertainties in the extinction coefficients and the optimal values of k., are 0.05 except column (12) where the uncertainty is 0.7.
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Fig. 2. GPP against the N-allocation parameter k., for all three sites: Zotino (top), Harvard (middle) and Manaus (bottom). These results correspond
to our primary simulations (experiment 1 in the text). At each location, simulations are shown for a 1D and a 3D canopy (solid squares and open
circles, respectively). Panels on the right correspond to pure diffuse sunlight. Those in the middle represent pure direct sunlight. For the left panels,
the fraction of diffuse sunlight (fDIF) is estimated at each timestep of the simulation, as described in the text. In the bottom-middle panel, the dashed
line demonstrates the quadratic fitting procedure used to locate the optimal value of k.
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Fig. 3. Examples of the fitting procedure to determine k., under different conditions of sky radiation. For Harvard forest, we show irradiance relative
to a position just above the canopy (Eq. (2)), obtained with 3D ray-tracing simulations. Panels depict light profiles for the following conditions: (a)
pure diffuse sunlight; and (b) pure direct sunlight with 6, = 46° (mean, GPP-weighted solar zenith angle at this site for the growing season). Light
profiles and the corresponding exponential fits are traced as follows: the mean, downwelling irradiance in the horizontal plane (open circles and solid
line, respectively); the mean irradiance in the plane of the leaf (solid squares and dotted line); and the mode, downwelling irradiance in the horizontal
plane (open squares and dashed line). Values of k. for the fits are given in parentheses in the legend. The fitted profiles appear non-exponential in
this figure because irradiance is shown against relative height in the canopy, rather than against cumulative LAI.

from mean, downwelling irradiance in the horizontal
plane (columns 11 and 12). Light extinction, as
quantified by the mean irradiance in the plane of the
leaf (column 13) or the mode irradiance in the
horizontal plane (column 14), is steeper than the
optimal Rubisco distribution. However, exponential
profiles fit very poorly to both the mode irradiance,
under direct sunlight, and the mean irradiance in the
plane of the leaf under diffuse sunlight (Fig. 3).

5. Inferred extinction coefficients change little when
weighting for GPP at each timestep. This is
demonstrated in Table 3 for the mode irradiance
(columns 14 and 15).

6. The mean value of fDIF is high at all sites for the
integration period (~0.7). The mean value of fDIF,
weighted for GPP at each timestep, is only slightly
lower (=20.5).

3.2. Experiment 2

Results for the planophile LAD are broadly similar
to those generated by our primary simulations using a

spherical LAD (i.e. experiment 1). Table 4 summarises
our results using a planophile LAD for the 3D canopy.
Optimal k., ranges from 0.87 to 1.2 (cf. 0.78—1.4 using
a spherical LAD). Light profiles appear to be very
similar, although mean irradiance in the plane of the leaf
declines less steeply with depth through the canopy
using a planophile LAD.

3.3. Experiment 3

Clumping the foliage has little impact on the results
from our 3D simulations of the temperate, broadleaf
canopy, Harvard. The optimal value of k., is 0.86 (cf.
0.92 in experiment 1). The light profile is broadly
similar to that produced using non-clumped foliage.
Inferred values of k. are 1.1, 4.0, 1.9 and 1.7 using,
respectively, the mean irradiance in the horizontal
plane, the mean irradiance in the plane of the leaf, the
mode irradiance and the GPP-weighted mode irradiance
(cf. 1.0, 5.7, 1.4 and 1.2, respectively, given in Table 3
for experiment 1). For their respective optimal
configurations of Rubisco, predicted GPP is 7% lower
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Table 4

As Table 3 but adopting a planophile LAD

Site krup TDIF (3D) Kext

1 (3) .
Horiz (3D) Leaf (3D) Mode (3D)
(11) (12) (13)

Zo 1.20 1.19 4.2 1.38

Hv 0.99 1.08 34 1.57

Mn 0.87 1.16 32 1.49

Columns are shown for the 3D simulation and are designated as in Table 3.

in the 3D simulation which clumps foliage compared to
the non-clumped 3D simulation.

3.4. Experiment 4

The optimal value of k,,;, does not appear to depend
sensitively on the leaf model of photosynthesis. Results
are shown in columns 8 and 9 of Table 3 using the non-
colimitation leaf model of Chen et al. (1993).

4. Discussion
4.1. Theoretical light profiles

Even after accounting for clumping of the foliage
within the crown, our light profiles do not appear to be
very sensitive to canopy structure. In contrast, both
diffuse sunlight and the manner in which we quantify
the light profile bear strongly on the issue of
acclimation. All our techniques for sampling irradiance
indicate a steeper average light profile under diffuse sky
radiation compared to direct sunlight. This is especially
true when irradiance is measured in the plane of the leaf.
Approximately half of the photons comprising diffuse
sky radiation have zenith angles greater than 60°. These
oblique photons are absorbed strongly in the upper 30%
of the crown producing a steep light profile under
diffuse sunlight (Fig. 3, panel a). Photons penetrating
into the lower canopy have preferentially small zenith
angles. Their incidence on foliage possessing a
spherical LAD (MLA = 57°) is low, producing a gentler
light profile in the lower portion of the canopy. The
directionality of sky radiation under clouds and high
aerosol loading is an aspect of acclimation and
assimilation studies which has been considered very
little in the past.

Under diffuse sunlight, the profile of mean irradiance
in the plane of the leaf is poorly fit by an exponential
function due to the strong absorption at the top of the
crown, as mentioned above. Similarly, the mode
irradiance in the horizontal plane is very difficult to

fit using an exponential profile for conditions of direct
sunlight (Fig. 3, panel b). For this latter case, the
penetration of sunflecks produces a bi-modal distribu-
tion in light intensity more or less throughout the
canopy. An abrupt change in the mode irradiance occurs
in the upper third of the crown (Fig. 4).

Of the techniques we employ to quantify the light
profile which measure of irradiance is relevant for
studies of acclimation? Traditionally, k., is defined for
mean, downwelling irradiance in the horizontal plane
(Sellers et al., 1996). The horizontal light detectors
utilised in field studies also capture irradiance in this
way (e.g. Meir et al., 2002; Parker et al., 2002) although

Relative height

Relative irradiance

Fig. 4. Leaf irradiance corresponding to the simulation (b) in Fig. 3.
Open rectangles and dots denote sunlit and shaded leaves, respec-
tively. Note that the scale of the horizontal axis differs from that used
in Fig. 3.
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this may be motivated, in part, by the difficulty of
orientating light detectors parallel to the leaf. Despite
the traditional focus on downwelling irradiance in the
horizontal plane, it is almost certainly the irradiance in
the plane of the leaf which is relevant for leaf
photosynthesis and, by corollary, important to studies
of light-acclimation. Furthermore, the tendency of
leaves to separate into two well defined groups when
direct sunlight dominates, namely sunlit and shaded
fractions, implies that the mean irradiance is not
necessarily a reliable indicator of typical leaf irra-
diance. In this case, we might expect acclimation to
occur with respect to the mode irradiance since this
latter quantity typifies light intensity at any given
height (Fig. 4).

4.2. Predicted optimal Rubisco distribution

The optimal Rubisco distribution for a 3D canopy is
slightly shallower than that associated with a uniform
vegetation layer. This is due to crown shape. For the 3D
stand, the relative abundance of foliage in the mid-
canopy, due to the circular or elliptical shape of the
crowns, means that a shallower Rubisco gradient is
favoured compared to a canopy where the same amount
of foliage exists at each height (uniform 1D canopy).
This aspect has been overlooked in the past since,
typically, acclimation modellers configure 1D canopies
(Chen et al., 1993; Kull and Kruijt, 1999; Friend, 2001).
Given the steep profile for leaf irradiance under diffuse
sunlight (Section 4.1), it is somewhat surprising that the
optimal values of k., are so similar for pure diffuse and
pure direct sky fluxes. It might be argued that crown
shape plays a role here too, and that, despite the strong
absorption of diffuse sunlight by the upper crown, it is
the bulk of the leaves in the mid-canopy that influences
the optimal Rubisco distribution. However, for our 1D
simulations, where crown shape plays no role, the
optimal values of k., are also broadly similar for
diffuse and direct sunlight (Table 3). One possible
explanation is an acclimation to the mode irradiance for
which we derive fairly similar values of k., under direct
and diffuse sunlight (Fig. 3).

4.3. Comparison of theory with measurement

It is already noted that the Rubisco gradient
measured within real tree canopies is shallow compared
to the corresponding light profile. Recent measurements
by Carswell et al. (2000), Lewis et al. (2000) and Meir
et al. (2002), which collectively encompass a diversity
of broadleaf and needleleaf stands, indicate a range of

0.13-0.5 for k., with a median average close to 0.15.
These values are two to three times smaller than the
corresponding extinction coefficient measured in situ
from the mean, downwelling irradiance in the
horizontal plane (usually under direct sunlight). The
extinction coefficients of our theoretical light profiles,
based on mean irradiance in the horizontal plane, are
close to unity and, therefore, consistent with the
aforementioned field measurements of the light profile.
For our tropical, broadleaf stand, Manaus, the light
profile is measured by Carswell et al. (2000) using
horizontally oriented detectors and by averaging over
the daylight period in November. We infer k., ~ 0.6
from their Fig. 1, although their measurements are
probably biassed towards small solar zenith angles
when sky radiant flux density is greatest. The value of
kex We derive from our 3D simulations of Manaus is 0.5
for pure direct sunlight and k., = 0.9 for pure diffuse
sunlight.

The light profiles and optimal Rubisco distributions
inferred from our simulations are all steeper than the
observed range of k., Our study corroborates, there-
fore, the claim that light acclimation is incomplete in
tree canopies (Meir et al., 2002). We wish to explore
reasons why the simulated optimal distribution of leaf-
N differs so greatly from the distribution recorded in the
field. Initially, we assume that light environment is the
primary influence on the location of active leaf-N in the
crown.

4.3.1. Parameterisation of the model

Our results might be sensitive to the exact
configuration of our RT simulation, in particular to
the adopted leaf optical properties or the total amount of
leaf-N prescribed for the canopy (VO ). However, the
parameters in Table 2 vary significantly across all three
stands and probably encompass the real uncertainties in
these parameters. Furthermore, our main conclusions
are unaltered by implementation of a planophile LAD,
despite leaf irradiance changing somewhat under
diffuse sunlight. This insensitivity of the optimal k.,
to the LAD is probably explained by the manner in
which we average over a wide range of solar zenith
angles when considering acclimation.

4.3.2. Leaf photosynthetic model

Friend (2001) claims that only a heterogeneous leaf
model (e.g. that of Kull and Kruijt, 1999) allows
shallow N gradients to be reproduced in simulations of
light-acclimation. This is due, purportedly, to the
absence of colimitation (smoothing) factors, which
allows the leaf response to saturate much more strongly
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to incident light. We find, however, that our main
conclusions are insensitive to the presence of colimita-
tion factors in the leaf photosynthetic model. The
formulation of Chen et al. (1993), which also allows for
the coupling of leaf-N between Rubisco and chlor-
ophyll, produces identical results within the errors.
Furthermore, we note that, regardless of the leaf
photosynthetic model employed in the simulation, the
average photosynthetic response at any given height in
the canopy is relatively smooth due to the range of leaf
inclinations represented by the LAD.

4.3.3. Seasonal effects

Chen et al. (1993) carry out a 1D modelling study of
acclimation in a cotton canopy. Compared to the
present study, their optimised profile of leaf-N is much
closer to the corresponding theoretical light profile (as
quantified by the mean, downwelling irradiance in the
horizontal plane). The differences between the current
study and that of Chen et al. might be attributable to the
climate data used to force the model. Chen et al. force
their model re-iteratively with climate data from the
same (sunny) day and allow the Rubisco, the total
amount of which is fixed, to re-distribute itself in the
canopy so as to maximise GPP. In the current study,
simulations are conducted for a more protracted period
(several months) and the optimal Rubisco distribution
may change during this period. Restricting the
acclimation period to either the month of June or the
month of August does not, however, change our
conclusions for the two sites where seasonal effects are
most likely to be pronounced (the boreal and temperate
stands). As before, we conclude that both the light
profile and the corresponding optimal Rubisco profile
possess a vertical, exponential fall-off which is close to
or greater than unity, i.e. much steeper than the
measured Rubisco profile.

4.3.4. Non-exponential Rubisco distribution

The optimal Rubisco profile may be poorly described
by an exponential function. Indeed, our RT-simulations
suggest that a hyperbolic or step function may be more
appropriate for a light-acclimated canopy. For example,
under diffuse sunlight, the irradiance in the plane of the
leaf falls steeply in the upper 30% of the temperate,
broadleaf canopy, but near the ground, the light profile
is quite shallow (Fig. 3, panel a). Indeed, if we fit the
light profile over the lower 70% of the temperate,
broadleaf crown, using the mean irradiance in the plane
of the leaf, we infer k., =0.75, which is somewhat
closer to the observed range of k.,,. Meir et al. (2002)
conjecture that diffuse sunlight is important for

acclimation. The mean value of fDIF at all our sites
is high (~0.7), even after weighting for GPP (~0.5), and
this underlines the importance of diffuse sunlight to
canopy photosynthesis. Measured values of fDIF at our
boreal site exhibit a bi-modal distribution, according to
whether cloud cover is heavy or not (Alton et al., 2005).
The mean value of fDIF, that we infer for our three
selected stands, appears to typical of most 1 arc-degree
landpoints (Alton et al., 2007a). For locations where
direct sunlight dominates the growing season, we might
expect a step function in the Rubisco distribution if leaf-
N is influenced by the mode irradiance. For example, if
we fit the light profile over the lower 70% of the
temperate, broadleaf crown (Fig. 3, panel b), we obtain
kext = 0.0. This uniform profile is produced by the
dominance of shaded foliage (77% of leaves) in the
lower 70% of the crown. If we include upwelling
radiation in the mode irradiance, the corresponding
value of k., is 0.27. These estimates of k., for the
lower two thirds of the crown, are close to the value of
kqup recorded in real tree canopies. Exclusion of the
upper 30% of the crown, from the light profile, may
seem somewhat arbitrary. However, the bulk of the
foliage is located in the mid-canopy and it seems
reasonable that the optimal distribution of Rubisco is
heavily influenced by light interception in this part of
the foliage. We note that the photosynthetic capacity
measured by Carswell et al. (2000), for the tropical,
broadleaf site Manaus, does not extend beyond 80% of
the stand height (trunk + crown), presumably due to
problems of access. The region where Rubisco may be
quite steep, in the upper third of the crown, is therefore
poorly sampled, if at all. The non-exponential form of
light profiles is confirmed observationally by Parker
et al. (2002). Within tall, coniferous stands of age 155—
500 years, these authors identify three zones: a shaded
region in the lower 20-40% of the stand; a sunlit region
in the upper 10-30% of the stand; and a transitional
region between the shaded and sunlit zones where mean
irradiance, in the horizontal plane, changes rapidly with
height and possesses a large horizontal variation.
Outside the transitional zone, the light profile is rather
shallow.

4.3.5. Considerations beyond light interception

Light is unlikely to the only influence on the
distribution of leaf-N within the canopy. As pointed out
by Meir et al. (2002), N is required for structural
elements, both inside and outside the leaf, and, as a
scarce resource, may be distributed throughout the plant
so as to minimise herbivory. By comparing our model
against measurements of photosynthetic capacity the
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present investigation focuses on active leaf-N but we
recognise that Rubisco may be used as a store of N by
plants (Warren and Adams, 2001). Rubisco concentra-
tion also relates to the age and longevity of leaves in
evergreen species (Kikuzawa, 2003; Niinemets et al.,
2004; Miyazawa et al., 2004) and may change through
the growing season (Warren and Adams, 2001).
Drought is also likely to play a role in how active
leaf-N is distributed since the top leaves of the canopy
are more difficult to irrigate and stomatal pores may
remain closed in this zone during large parts of the
diurnal cycle (Williams et al., 1998). The current study
concentrates on GPP. However, plant respiration may
also be an important consideration for studies of
acclimation. Optimising the Rubisco distribution with
respect to net canopy assimilation (i.e. GPP — R;, where
R, is the total leaf respiration) produces identical results,
within the errors, for our simulations. We are reluctant
to extend the modelling exercise to net primary product
(NPP) since this involves many assumptions about how
N is partitioned between above-ground biomass and the
rootstock. Finally, our simulations indicate that the
‘loss’ in canopy productivity with Rubisco distributed
as measured (k.,p, = 0.15), rather than with a fully light-
acclimated distribution, is not too great (8—13% across
all three canopies). For the tropical and boreal sites, this
constitutes only a third of the observed decrease in
canopy photosynthesis that occurs during the early
afternoon due to partial closure of the leaf stomata
(Fig. 1). For canopies possessing a relatively low total N
content, Leuning et al. (1991) predict a 10% reduction
in carbon assimilation when Rubisco is distributed
uniformly rather than optimally. This is at the lower
end of the deficit predicted by our 3D simulations
(10-21%).

5. Conclusions

We simulate light propagation and canopy photo-
synthesis in heterogeneous tree canopies by coupling a
Monte Carlo, 3D, ray-tracing model to a state-of-the-art
representation of the vegetated land-surface (JULES).
We determine the vertical, exponential profile in
Rubisco which maximises canopy GPP for a fixed
total amount of leaf-N in the canopy (hence the optimal
N-allocation parameter k) and compare with the
corresponding theoretical light profile. The simulations
are conducted for three quite different tree stands where
structural parameters and climate data are available (a
sparse, boreal needleleaf; a dense, tropical broadleaf;
and a moderately dense, temperate broadleaf). Our

radiative-transfer takes account of diffuse sky radiation
and its directionality.

The optimal values of k., are between 0.8 and 1.4.
This is close to our estimates of the extinction
coefficient as quantified by the mean, downwelling
irradiance in the horizontal plane (k.. = 1.0-1.2). Both
our light profiles and our optimal profiles of Rubisco are
much steeper than the profiles of k., inferred in a
diverse range of real tree canopies (0.13-0.5; Carswell
et al., 2000; Lewis et al., 2000; Meir et al., 2002). Our
study, therefore, strengthens the view that light
acclimation is incomplete in tree canopies. The
interpretation of our results is not significantly
influenced by canopy architecture (1D/3D structure,
leaf-clumping and LAD). However, both diffuse sun-
light and the manner in which we quantify the light
profile are important considerations. For example,
under diffuse sunlight, the mean irradiance in the plane
of the leaf decreases both steeply and in a non-
exponential manner in the upper third of the crown but
is relatively shallow thereafter. Thus, for the temperate,
broadleaf stand, we infer k., =0.75 when just
considering the lower 70% of the crown under diffuse
sunlight.

Under direct sunlight, a more appropriate measure of
light environment is probably the mode irradiance.
When the foliage divides into sunlit and shaded
fractions, the mean average constitutes a poor indicator
of typical irradiance at any given height in the canopy.
The mode irradiance in the horizontal plane possesses a
step function under direct sunlight due to the dominance
of sunlit foliage in the upper third of the crown and a
preponderance of shade foliage below that height. Thus,
if interception of direct sunlight is the primary criterion
for the distribution of active leaf-N, we might expect to
find shallow Rubisco gradients (k.,, = 0-0.27) in both
the upper and lower portions of the canopy, with an
abrupt step from high to low photosynthetic capacity in
the upper third of the crown. Our simulations imply that
better sampling of photosynthetic capacity in the upper
third of the crown would be instructive. The theoretical
gain in GPP for a stand that is fully light-acclimated
compared to one that is only partially acclimated (i.e.
with k., = 0.15, as measured in real tree canopies) is
moderately important (8—13%).
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