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CLIMATE CHANGE

Md. Golam Rakkibu
Forestry and Wood Technology Discipline, Khulna University

Abstract: Models of canopy gas exchange provide a theoretical framework for thorough analysis and
interpretation of the scaling of physiological processes, enabling physiologist to extend their work to larger
scales. They also fit the requirements of assessing effects of climate change on vegetation. Process-based
models of forest canopy carbon uptake predict fluxes from individual leaves and canopies, and have been
extended to provide estimates of carbon uptake at national and global scales. Fundamental to such models is
the scaling of leaf photosynthesis to canopies by considering interception of solar radiation and leaf
photosynthetic capacity. The net carbon gain of a tree canopy is the balance between carbon assimilated
through photosynthesis and carbon lost through respiration. The within-canopy distribution of photosynthetic
capacity is related to the distribution of leaf nitrogen, which can determine canopy-level carbon assimilation
because of the nitrogen-rich photosynthetic enzyme Rubisco (ribulose-1,5-bisphosphate carboxylase/
oxygenase) and electron-transport capacity. Photosynthesis of a canopy element depends, amongst other
things, on the biochemical capacity for photosynthesis of that element, its temperature, its carbon dioxide at
the sites of carboxylation, and its absorbed irradiance. During the last decade, process-based simulation
models have been increasingly used to deepen the understanding of tree growth and development. Of the
processes controlling tree growth and yield represented in these models, photosynthetic capacities are always
of prime importance, because they determine (along with foliage distribution) potential tree carbon gains.
Furthermore, environmental variables largely control actual photosynthetic rates. Thus, developing a
process-based canopy photosynthesis model for the Sundarbans calls for reliable and comprehensive
information on functional relationships between leaf CO2 assimilation and plant and environmental variables
of the ecosystem. Such models can be useful to predict the Sundarbans growth and carbon sequestration
potential and their vulnerability to the change in climatic variables.
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Introduction

Net primary productivity (NPP) of forest is on the increase because of fertilization by CO, and
deposition of active nitrogen, but heterotrophic respiration which is related to temperature and
therefore is also increasing, does not keep pace with NPP due to the residence time of carbon in
the vegetation and soil. Model-based estimates of the global terrestrial carbon (C) sink data
suggest that the sinks are predominantly in forests and savannas, which amounts 2-3 Gt C year
(Grace, 2004). A model of the global carbon fluxes (NEE) to terrestrial vegetation developed by
Lloyd (1999) is considered a realistic one, which explicitly considers both the effect of elevated
CO- and nitrogen deposition on photosynthesis and respiration as a function of temperature. The
model suggested a strong carbon sink in the tropical regions and a weaker sink in North America
and Europe.
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A substantial amount of carbon is transferred from the terrestrial reservoir to the atmosphere
as a result of deforestation. Worldwide, tropical rain forest is being converted to agriculture or
being degraded at slightly less than 1% per year (FAO, 1997). The carbon dioxide emitted during
this land conversion in the tropics accounts for almost all of the estimated 1.6 — 2.4 Gt of carbon
that is transferred globally from vegetation to atmosphere each year as a result of change in land
use (Fearnside, 2000). Despite the importance of tropical rain forests as a store of carbon, their
role in the carbon cycle is not well understood because they are extensive, variable, and generally
more difficult to study than other vegetation types. Past studies, such as the Anglo-Brazilian
Amazonian Climate Observation Study (ABRACOS) at the ecosystem-atmosphere level (Gash et
al., 1996) have described the major environmental controls on tropical canopy gas and energy
exchange. These controls are physical (e.g., temperature, irradiance, soil moisture), biochemical
(e.g., photosynthetic capacity, enzyme reaction rates) and biological (e.g., leaf area, stomatal
opening). But quantifying the interactions between these controls, and the links between carbon
and energy exchange necessitates the use of mathematical models based on a mechanistic
understanding of the coupled mechanisms of photosynthesis and transpiration. Once these models
have been parameterized form leaf-level data, they can be tested against independent whole
canopy process measurements. Once validated, the models can be used to generate regional and
long-term predictions of gas exchange (Williams et al., 1998). During the last decade, process-
based simulation models have been increasingly used to deepen the understanding of tree growth
and development. Of the processes controlling tree growth and yield represented in these models,
photosynthetic capacities are always of prime importance, because they determine (along with
foliage distribution) potential tree carbon gains. Furthermore, environmental variables largely
control actual photosynthetic rates (Roux et al. 1999).

Farquhar et al. (1980) model of photosynthesis is widely used to parameterize the
photosynthetic characteristics of trees in forests and can be used for the Sundarbnas. Despite the
increased use of this model for describing the daily and seasonal gain of carbon through CO;
assimilation, it is increasingly being realized that parameterizing this rather complex model for
leaves of a single species only, let alone for the many species that make up an ecosystem, is not
straightforward. An important question to address, therefore, prior to implementation of this or
any other process oriented model for describing CO, assimilation is to what extent species differ
in their gas-exchange characteristics. Within the context of Farquhar et al. (1980) model these
characteristics include the activity of ribulose 1,5-bisphosphate carboxylase-oxygenase, the rate of
ribulose 1,5-bisphosphote regeneration via electron transport, and the rate of triose phosphate
utilization. If the range of these estimates between species is small then the choice of appropriate
parameter estimates for one or many species may be of only minor concern. If, however,
considerable differences exist between species for these estimates then care must be taken to
understand how species, or groups of species, differ in this regard. The objective of this paper is
to give a guideline and a general impression on future possible ecosystem level study on the
Sundarbans in order to predict its atmospheric carbon flux and response to climate change and its
feedback to climate change.

The leaf photosynthesis models

The rate of photosynthesis in a leaf is determined by the rates of carboxylation and regeneration
of ribulose-1,5-bisphosphate (RuBP) catalyzed by the enzyme RUBISCO (ribulose-1,5-
bisphosphate carboxylase-oxygenase). The net leaf photosynthesis (Ay) is limited by the minimum
of these two limiting processes (Farquhar et al., 1980; von Caemmerer and Farquhar, 1981):

Ar=min (A, A)-Ry (1)

A is the rate of photosynthesis when Rubisco activity is limiting and A is the rate when ribulose-
1,5-bisphosphate (RuBP)-regeneration is limiting. Rq is the rate of mitochondrial respiration.
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Rubisco-limited photosynthesis is given by:
Ac _ chax(ci _r*)

el

Where Vcmax is the maximum rate of Rubisco-catalyzed RuBP carboxylation (i.e, rubisco
activity) when CO; is at limiting and RuBP is at saturating concentrations, C; and O; are the
intercellular concentrations of CO, and O, respectively, K¢ and K, the Michaelis-Menten
coefficients of Rubisco activity for CO, and O,, respectively, and 7™ is the CO, compensation
point (the value of C; at which net CO, uptake is zero due to photo respiration) in the absence of
mitochondrial respiration. This formulation of the model assumes that the cell-wall conductance,
the conductance between intercellular space and the site of carboxylation, is negligible.

The rate of photosynthesis when RuBP regeneration is limiting is given by:

3\ (€ -
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Where J is the rate of electron transport, which is related to absorbed photosynthetically

active photon flux density (Qans) by the following equation (de Pury and Farquhar, 1997; Medlyn
etal., 2002):

@)

O2-(0Qabs*+Imax) I+ QabsImax= 0
or

2
J= aQabs +J max \/(aQabs +J max) - 40aQabs J max 4)
20

Where Jmax is the potential rate of electron transport when Qaps is saturating, & determines the
curvature of the light response curve, o is the quantum yield of electron transport and Quaps is the
absorbed Q by the photosystem 11 (Qans = Q(1 - reflectivity - transmissivity).

The key parameters of the model, which vary among species, are Jmax, Vemax and Rq. These
parameters are temperature dependent and this dependence might vary among species. In
addition, it is known that the parameters K¢ K, and 7> also vary with temperature. But these
parameters, by contrast, are thought to be intrinsic properties of the Rubisco enzyme and are
generally assumed constant among Cs species (Dungan et al., 2003), thereby reducing the number
of parameters to be fitted. On this basis, literature values are used to describe their temperature
response when estimating photosynthetic parameters at different leaf temperature. The parameters
K¢ Ko and I~ have alternative formulations which could influence estimates of key parameters. It
is found that the parameter Jmax is only slightly sensitive to the formulation of either Kp or I but
the parameter Vemax iS highly sensitive to K. The ratio of Jmax and Vemax is thus also highly
sensitive to the formulation of K, (Medlyn et al., 2002).

Temperature dependence of 7™* is given by:

I =36.9 + 1.88* (T-25) + 0.036* (T-25)? (5)

Where T is leaf temperature in °C (von Caemmerer et al., 1994)
The temperature dependence of Vemax can be modeled using the following Arrhenious function:

E, (T, —298K
Vc max(TIeaf ):chax25 eXp|: a( - ):|

6
298RT, ©

143



Rakkibu, M.G. 2010. Modeling carbon flux of the Sundarbans: a theoretical framework for prediction of the
Sundarbans’ contribution and vulnerability to climate change. Khulna University Studies Special Issue
(SESB 2010): 141-148

Where Vemaxes is the value of Vemax at 25 °C or 298 K reference leaf temperature, E, is the
activation energy (describes the exponential rate of rise of the function) of Vemax, R is the universal
gas constant (8.314 J mol*K1), T is the leaf temperature in °C and Ty is leaf temperature in K.
The temperature response of Jmax can be fitted using a peaked function, which is essentially the
Arrhenious equation modified by a term that describes how conformational changes in the
enzyme at higher temperature start to negate the on-going benefits that would otherwise come

from further increase in temperature.
298AS - E,
l+exp| ——=
298R

O]
(TKAS ~E, J
Lrep =

k

J max (Tk ) = J max25 exp{ Ea (Tk — 298K )}

298RT,

Where Jmax 25 is the value of Jmax at 25 °C or 298 K reference temperature, E, is the activation
energy of Jmax, R is the universal gas constant (8.314 J mol* K1), Ty is leaf temperature in K, Eqis
the deactivation energy (determines the rate of decrease of the function above the optimum) of
Jmax and AS is known as an entropy term (700 J mol™* K1),

Temperature response of Ry can be fitted using the following model:

(Tieat ~Tret )

Rd = Rref Qlo 10 (8)

Where Ryt is respiration at reference leaf temperature in °C, Qg is the relative increase in
reaction rate at which Ry increases with an increase in temperature of 10 °C, T is the leaf
temperature in °C and T is reference leaf temperature.

Scaling of photosynthesis and respiration in a forest with leaf properties and temperature
dependencies

Among the most important components of global biogeo-chemical cycling are the processes that
mediate the fluxes of carbon, water and energy between biosphere and atmosphere. The need for a
clear understanding of the role of the terrestrial biosphere in global climate change generates a
requirement for assessments of processes such as photosynthesis and respiration at large scales. A
major difficulty in improving our understanding of the functioning of the biosphere-atmosphere
system lies in the problem of effectively scaling measurements of the key processes, such as
photosynthesis, respiration and evapotranspiration, to generate regional estimates of these fluxes.
The photosynthetic capacities of leaves in canopies acclimate to the light environment in which
the leaves are growing (Meir et al., 2002). Most canopy trees experience diverse light conditions
during their lifetime, starting as seedlings on the poorly lit forest floor but gaining access to the
well-lit canopy layer at maturity. Many tree species have different maximum photosynthetic
capacities, i.e. photosynthesis rates at light saturation according to growth stage or light
conditions, or both, as a result of differences in leaf morphological and biochemical properties
(Larcher, 2003). It is well known that sun leaves, i.e. leaves of the sun crown, have higher leaf
nitrogen and leaf mass per unit area, corresponding to higher photosynthetic capacities, than
shade leaves, i.e. leaves of the shade crown. Shade leaves have higher leaf chlorophyll content
and are thinner and thus have a lower dark respiration rate and light compensation point than sun
leaves (Lambers et al., 1998). To guide development of models of carbon dioxide fixation there is
a need for a detailed understanding of the changes in the photosynthetic capacities and respiration
with the leaf chemical and morphological characteristics. The dark respiration of leaves plays a
key role in the carbon economy of plants, but it is poorly understood in comparison to
photosynthesis. Leaf respiration in forest canopies may consume 9-22% of gross primary
production, and comprise 50-70% of above-ground (autotrophic) respiration (Malhi et al., 1999;
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Yoda, 1983). A linear relationship between dark respiration and leaf chemical (nitrogen and
phosphorus) and physical (leaf mass per unit area) properties of forest trees has been shown in
many studies (Meir et al., 2001).

Within canopy, profiles of leaf nitrogen (or photosynthetic capacity) have been shown to be
significantly non-uniform in canopies of a diverse range of species (de Pury and Farquhar, 1997).
Profiles of leaf properties have led to the hypothesis that leaves adapt or acclimate to their
radiation environment such that a plant’s nitrogen resources may be distributed to maximize daily
canopy photosynthesis (Hirose and Werger, 1987). An optimal distribution of leaf nitrogen exists
when any re-allocation of nitrogen would decrease daily photosynthesis. It has been further
hypothesized that the optimal distribution of nitrogen occurs when the nitrogen is distributed in
proportion to the distribution of absorbed irradiance in the canopy, averaged over the previous
several days to a week, the time over which leaves are able to adapt (de Pury and Farquhar, 1997).
Photosynthetic capacity is closely linked to nitrogen content through the nitrogen-rich carbon-
fixing enzyme Rubisco (Cao et al., 2007). A general relationship between leaf nitrogen and
maximum assimilation often occurs across gradients in geography (Reich et al., 1997), functional
types (Field and Mooney, 1986), species within functional types (Harringtonton et al., 1989) and
growth light environment (Niinemets and Tenhunen, 1997). This discovery has been useful in
confirming hypotheses about plant functioning and establishing relationships over broad gradients
of leaf characteristics (Reich et al., 1997). A link to leaf nitrogen also provides the potential to
estimate photosynthetic capacity at high temporal resolutions and large scales specially, if
practical methods were developed to estimate nitrogen from remote sensing (Wessman, 1990).
However, the utility of these relationships in describing all sources of variability at a single site is
less certain. There is evidence indicating important variations in the relationship between leaf
nitrogen and photosynthesis. Linear correlations do not always occur within species and the
regression coefficients are often strongly dependent on species or treatment effects (Wilson et al.,
2000). Slopes between leaf nitrogen and maximum assimilation rates can vary by a factor of 10
among species (Evans, 1989). Several researches have concluded that effects of leaf age can be
described only by changes in leaf nitrogen (Field and Mooney, 1983; Reich et al., 1991), but
others have not. For example, there is evidence that nitrogen allocated to Rubisco and chlorophyll
can vary with leaf age (Poorter and Evans, 1998; Rey and Jarvis, 1998). Leaf photosynthetic
capacity and respiration are dependent on leaf temperature. Incorporation of temperature response
into models of photosynthesis for parameter up-scaling is thus important.

Simulation of CO2 exchange of the Sundarbans

It is recognized that the world’s forests contribute significantly to the global carbon (C) balance,
and that changes in forest C uptake may act as an important feedback to the current increase in
atmospheric carbon dioxide (Malhi et al., 1999). The interannual and interdecadal variability in
climate, and other changes in the environment, like rising atmospheric CO concentration and
large scale changes in land cover, have motivated several studies about the behavior of
ecosystems in a changing environment. Such studies lead to the development of several numerical
models to understand the effects of these changes on the carbon, water and energy fluxes between
the ecosystems and the atmosphere. Models of carbon (C), water and energy fluxes play an
important role in the quantitative understanding of both the functioning of forests and their
impacts on the atmospheric C cycle (Jarvis, 1989; Sellers et al., 1997). Gross canopy
photosynthesis (Pg) and foliage respiration (Rf) can be simulated with canopy photosynthesis
models or retrieved from turbulent CO, flux measurements above the forest canopy. Py and Ry of
the Sundarbans forest could be simulated with the forest canopy model MAESTRA. Biophysical
parameters for the model simulation can be estimated from gas exchange measurements at leaf
level. Meteorological data for the model simulation can be taken from a measurement tower
established in the forest. The Sundarbans forest could be one of the important ecosystems in
terms of regional and global carbon cycling; nevertheless, the impact of environmental factors on
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this ecosystem CO; flux remains barely understood. Three-dimensional multilayer biosphere-
atmosphere models such as MAESTRA (Wang and Jarvis, 1990; Medlyn, 2004) are promising
tools for understanding how interactions between environmental factors and leaf-level
physiological parameters might impact canopy-level CO; exchange in the Sundarbans forest.

Parameterization of the forest canopy model MAESTRA

MAESTRA (Medlyn, 2004) is the latest version of the forest canopy model MAESTRO (Wang,
1988; Wang and Jarvis, 1990). The main features of MAESTRA are the 3D descriptions of
canopy structure and radiative transfer in the canopy, coupled to the physiological responses of
leaves at different locations, representing the intra-tree variability. Following are the descriptions
of inputs (climatic variables and parameter sets) used to drive the model.

Climate: Half-hourly meteorological data including incident photosynthetically active radiation
(PAR), air temperature, wind speed, relative humidity and vapour pressure saturation deficit can
be obtained from the meteorological tower established in the forest.

Tree dimensions and canopy structure: Necessary data about tree dimensions and tree locations
to build the original stand (tree map) for the investigated site for MAESTRA simulation can be
made though detailed forest inventory.

Photosynthetic responses to PAR and temperature: In MAESTRA leaves are considered to be
individually distributed in space, i.e., they are not attached to a shoot and shading occurs
according to the cumulative leaf areas along the paths of beams of PAR to a simulated point in the
crown of a target tree. Absorption of PAR and photosynthesis are calculated from incident,
diffuse and beam radiation at one point considering leaf clumping and several leaf inclination
angle classes (Ibrom et al., 2006). Photosynthetic rates are estimated according to the model of
Farquhar et al. (1980), for which the key parameters are the maximum rate of Rubisco activity
(Vemax), the maximum rate of electron transport (Jmax), the initial slope (o) and curvature (6) of the
light response of electron transport and the dark respiration (Rq) and the temperature dependences
of Vemax, Jmax @and Rq. These parameters can be calculated from leaf gas exchange data of field
measurements by nonlinear regression analysis. In the field measurements, relationships between
these key biochemical parameters and leaf traits, such as leaf nitrogen concentration, leaf
phosphorus concentration and leaf mass per area, are investigated with the intention of using these
relationships for up-scaling leaf-level measurements to canopy level. Among the three leaf
properties, leaf nitrogen per unit area (Na) usually found most significantly and strongly correlated
with physiological parameters. Therefore, these parameters/N, relationships are used as inputs in
the simulation instead of estimated parameter values.

Stomatal conductance: Stomatal conductance (gs) are taken by Jarvis model of stomatal
conductance (Jarvis, 1976), which is given by:

gs = GSREF * f(T) * f(VPD) * f(CO,) * F(PAR) + GSMIN

where, GSREF and GSMIN are the maximum and minimum stomatal conductance to CO2 (mol
m2 s1) respectively and the s are functions of environmental variables which relate gs to leaf
temperature (T), vapour pressure saturation deficit (VPD), ambient carbon dioxide (COy)
concentration and incident PAR.

Simulations: Simulations are done on individual tree basis on an area considering the stand
structure and leaf area distribution both vertical and horizontal for a whole cohort of forest. The
structure of every individual crown is described by the general 1D (vertical) B-function calculated
from the field measurement data. The simulation results at the tree scale are then used to calculate
simulated stand gross photosynthesis, with stand leaf area index (LAI) as a scaling factor.

Conclusion
Gross primary productivity of the Sundarbans ecosystem could be simulated with the forest
canopy model MAESTRA. If soil respiration and above ground respiration other than foliage

146



Khulna University Studies Special Issue (SESB 2010): 141-148: June, 2010

respiration are known, net biotic flux of the Sundarbans could be simulated. Contribution of the
Sundarbans to the atmospheric CO- concentration can be assessed to see whether it functions as a
source or as a sink. From the continuous climatic data generated from a climate tower it should be
possible to assess the response of the Sundarbans to any change in climatic parameters and its
feedback to climate change. Long term interdisciplinary and collaborative study on the biosphere
atmosphere interaction at the Sundarbans should be done to know the nature and extent of service
and threat of this very important ecosystem of global importance.

References

Cao, B.; Dang, Q.L. and Zhang, S. 2007. Relationship between photosynthesis and leaf nitrogen
concentration in ambient and elevated [CO;] in white birch seedlings. Tree Physiology, 27:
891-899

De Pury, D.G.G. and Farquhar, G.D. 1997. Simple scaling of photosynthesis from leaves to canopies
without the errors of big-leaf models. Plant Cell and Environment, 20:, 537-557

Dungan, R.J., Whitehead, D. and Duncan, R.P. 2003. Seasonal and temperature dependence of
photosynthesis and respiration for two co-occurring broad-leaved tree species with
contrasting leaf phenology. Tree Physiology, 23: 561-568

Evans, J.R. 1989. Photosynthesis and nitrogen relationships in leaves of C; plants. Oecologia, 78: 9-19

Farquhar, G.D.; Caemmerer, S. Von and Berry, J.A. 1980. A biochemical model of photosynthetic
CO; assimilation in leaves of C; species. Planta,149: 78-90

Fearnside, P.M. 2000. Global worming and tropical land-use change: greenhouse gas emissions from
biomass burning, decomposition and soils in forest conversion, shifting cultivation and
secondary vegetation. Climate Change, 46: 115-158

Field, C. and Mooney, H. 1986. The photosynthesis-nitrogen relationship in wild plants. In Givnish,
T.J. (ed) On the Economy of Plant Form and Function, Cambridge Press: 25-55

Field, C. and Mooney, H.A. 1983. Leaf age and seasonal effects on light, water and nitrogen use
efficiency in a California shrub. Oecologia, 56: 348-355

Gash, J.H.C.; Nobre, C.A.; Roberts, J.M. and Victoria, R.L. 1996. Amazonian deforestation and
climate. John Wiley & Sons, Chichester: 611 pp

Grace, J. 2004. Understanding and managing the global carbon cycle. Journal of Ecology, 92: 189-202

Harrington, R.A.; Brown, B.J.; Reich, P.B. and Fownes, J.H. 1989. Ecophysiology of exotic and native
shrubs in southern Wisconsin. 1. Annual growth and carbon gain. Oecologia, 80: 368-373

Hirose, T. and Werger, M.J.A. 1987. Maximising daily canopy photosynthesis with respect to leaf
nitrogen allocation pattern in the canopy. Oecologia, 72: 520-526

lbrom, A.; Jarvis, P.G.; Clement, R.; Morgenstern, K.; Oltchev, A.; Medlyn, B.E.; Wang, Y.P,;
Wingate, L.; Moncrieff, J.B. and Gravenhorst, G. 2006. A comparative analysis of simulated
and observed photosynthetic CO, uptake in two coniferous forest canopies. Tree physiology,
26: 845-864

Jarvis, P.G. 1976. The interpretation of the variations in leaf water potential and stomatal conductance
found in canopies in the field. Philos. Trans. R. Soc. Lond. B, 273: 593-610

Jarvis, P.G. 1989. Atmospheric carbon dioxide and forests. Philos. Trans. R. Soc. Lond. B, 324: 369-
392

Lambers, H.; Chapin, F.S. Ill, and Pons, T.L. 1998. Plant physiological ecology. Springer-Verlag,
New York: 540 pp.

Larcher, W. 2003. Physiological plant ecology. Fourth edition, Springer-Verlag, New York: 540pp.

Lloyd, J. 1999. The CO, dependence of photosynthesis, plant growth responses to elevated CO,
concentrations and their interactions with soil nutrient status. I1l. Temperate and boreal forest

productivity and the combined effects of increasing CO; concentrations and increased
nitrogen deposition at a global scale. Functional Ecology,13: 439-459

147



Rakkibu, M.G. 2010. Modeling carbon flux of the Sundarbans: a theoretical framework for prediction of the
Sundarbans’ contribution and vulnerability to climate change. Khulna University Studies Special Issue
(SESB 2010): 141-148

Malhi, Y., Baldocchi, D.D. and Jarvis, P.G. 1999. The carbon balance of tropical, temperate and boreal
forests. Plant Cell and Environment, 22: 715-740

Medlyn, B.E. 2004. A MAESTRO retrospective. In: Mencuccini, M.; Moncrieff, J.; McNaughton,
K.G. and Grace, J., (eds) Forests at the land-Atmosphere Interface. CABI Publishing,
Wallingford, U.K.: 105-121

Medlyn, B.E.; Dreyer, E.; Ellsworth, D.; Forstreuter, M.; Harley, P.C.; Kirschbaum, M.U.F.; Leroux,
X.; Montpied, P.; Strassemeyer, J.; Walcroft, A.; Wang, K. and Loustau, D. 2002.
Temperature response of parameters of a biochemically based model of photosynthesis. Il. A
review of experimental data. Plant, Cell and Enviroment, 25: 1167-1179

Meir, P.; Grace, J. and Miranda, A.C. 2001. Leaf respiration in two tropical rainforests: constraints on
physiology by phosphorus, nitrogen and temperature. Functional Ecology, 15: 378-387

Meir, P.; Kruijt, B.; Broadmeadow, M.; Barbosa, E.; Kull, O.; Carswell, F.; Nobre, A. and Jarvis, P.G.
2002. Acclimation of photosynthetic capacity to irradiance in tree canopies in relation to leaf
nitrogen concentration and leaf mass per unit area. Plant, Cell and Environment, 25: 343-357

Niinemets, U. and Tenhunen, J.D. 1997. A model separating leaf structural and physiological effects
on carbon gain along light gradients for the shade tolerant species Acer saccharum. Plant
Cell Environment, 20: 845-866

Poorter, H. and Evans J.R. 1998. Photosynthetic nitrogen-use efficiency of species that differ
inherently in specific leaf area. Oecologia, 116: 26-37

Reich, P.B.; Walters M.B. and Ellsworth, D.S. 1991. Leaf age and season influence the relationships
between leaf nitrogen, leaf mass per area and photosynthesis in maple and oak trees. Plant
Cell Environment, 14: 251-259

Reich, P.B.; Walters, M.B. and Ellsworth, D.S. 1997. From tropics to tundra: global convergence in
plant functioning. Proc. Nat. Acad. Sci., 94: 13730-13734

Rey, A. and Jarvis, P.G. 1998. Long-term photosynthetic acclimation to increased atmospheric CO2
concentration in young birch (Betula pendula) trees. Tree physiology, 8: 441-450

Roux, X.L.; Grand, S.; Dreyer, E. and Daudet, F.A. 1999. Parameterization and testing of a
biochemically based photosynthesis model for walnut (Juglans regia) trees and seedlings.
Tree Physiology, 19: 481-492

Sellers, P.J.; Dickinson, R.E. and Randall, D.A. 1997. Modeling the exchanges of energy, water and
carbon between continents and the atmosphere. Science, 275: 502-509

von Caemmerer, S. and Farquhar, G.D. 1981. Some relationships between the biochemistry of
photosynthesis and the gas exchange of leaves. Planta, 153: 367-387

von Caemmerer, S.; Evans, J.R.; Hudson, G.S. and Andrews, T.J. 1994. The kinetics of Rubisco
inferred from measurements of photosynthesis in leaves of transgenic tobaco with reduced
Rubisco content. Planta, 195: 88-97

Wang, Y.P. 1998. Crown structure, radiation absorption, photosynthesis and transpiration. In: IERM.
University of Edinburg, Edinburg: 188 pp

Wang, Y.P. and Jarvis, P.G. 1990. Description and validation of an array model — MAESTRO.
Agricultural and forest meteorology, 51: 257-280

Wessman, C. 1990. Evaluation of canopy biochemistry. In Hobbs, R.J. and Mooney, H.A. (eds)
Remote Sensing and Biosphere Functioning. Springer-Verlag, New York: 135-154

Williams, M.; Malhi, Y.; Nobre, A.D.; Rastetter, E.B.; Grace, J. and Pereira, M.G.P. 1998. Seasonal
variation in net carbon exchange and evapotranspiration in a Brazilian rain forest: a modeling
analysis. Plant, Cell and Environment, 21: 953-968

Wilson, K.B.; Baldocchi, D.D. and Hanson, P.J. 2000. Spatial and seasonal variability of
photosynthetic parameters and their relationship to leaf nitrogen in a deciduous forest. Tree
Physiology, 20: 565-578

Yoda, K. 1983. Community respiration in a lowland rainforest in Pasoh, Peninsular Malayasia.
Japanese Journal of Ecology, 33: 183-197

148





