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Abstract
During the EU-project ECOMONT (Project No. ENV4-CT95-0179), which focuses on effects of land-use changes
on mountain ecosystems, an experimental and modelling strategy at the leaf level was developed, which centres on the
intimate relationship between leaf nitrogen content and net photosynthesis. Leaf nitrogen content reflects nutrient
availability, shows characteristic seasonal dynamics and is of great importance for the analysis of intraspecific
variability of gas exchange. The fully parameterised leaf model is capable of predicting net photosynthesis and
stomatal conductance for any combination of microclimatic variables as well as any leaf nitrogen content. At the
ECOMONT pilot research area Monte Bondone (Trentino/Italy) three grassland sites differing in land-use, a hay
meadow, a pasture and an area abandoned since 35 years were selected as study sites. Leaf gas exchange characteristics
and nitrogen contents of 13 species were studied and used for parameterising nitrogen sensitive leaf models.
Independent data sets, diurnal courses of photosynthesis and stomatal conductance under the prevailing environmental conditions, were used for validation. A sensitivity analysis was performed in order to test the ability of the model
to account for changes in leaf nitrogen content, varying leaf nitrogen content together with the environmental driving
variables. These leaf models provide the physiological basis for scaling-up gas exchange from the leaf to the whole
plant and canopy level and further to the landscape level. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
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During the EU-TERI-project ECOMONT
(Project No. ENV4-CT95-0179; Cernusca et al.,
1996), which aims at studying the effects of landuse changes on mountain ecosystems in major

0304-3800/98/$ - see front matter © 1998 Elsevier Science B.V. All rights reserved.
PII S0304-3800(98)00143-4

180

G. Wohlfahrt et al. / Ecological Modelling 113 (1998) 179–199

mountain regions of Europe, special emphasis was
laid on differently managed grassland ecosystems
(Cernusca et al., 1998, this issue), which are characterised by a very high diversity of plant species
(Cernusca et al., 1992; Tappeiner et al., 1998, this
issue; Tasser et al., 1998). These semi-natural
grassland ecosystems represent early stages in old
field succession initiated by cessation of intensive
management (hay making and grazing), progressing to the climax stage, a mixed evergreen/deciduous forest (Cernusca et al., 1992; Pedrotti, 1995).
At the ECOMONT pilot research area Monte
Bondone (Trentino/Italy), three sites differing in
type and intensity of management, a hay meadow,
mowed once a year, a pasture, grazed by cattle
and horses and an area abandoned since 35 years
were selected.
Land-use changes are characterised by shifting
resource ratios (e.g. the ratio between nutrient
and light availability; Tilman, 1988, 1994; Bahn et
al., 1994; Tappeiner and Cernusca, 1994). To
evaluate the effects of land-use changes on gas
exchange, we have thus chosen leaf nitrogen content as a key variable. Leaf nitrogen content is
one of the most important factors determining
plant photosynthetic performance (Evans, 1989),
which has led other researchers (Harley et al.,
1992; Friend, 1995; Leuning et al., 1995; Niinemets and Tenhunen, 1997) to account in their
modelling efforts for the effects of changes in leaf
nitrogen content. Leaf nitrogen content moreover
reflects nutrient availability (Chapin, 1980; Bahn
et al., 1994), shows characteristic seasonal dynamics (Mooney et al., 1981) and is of great value for
the analysis of intraspecific variability of gas exchange (Bassow and Bazzaz, 1997).
To be representative in predicting gas exchange
of these species-rich canopies, it was necessary to
establish a solid physiological data basis for as
many species as possible and to apply this information by the means of a model characterised by
a high responsiveness to a parameter altered due
to land-use changes, such as leaf nitrogen content.
Since the leaf level represents the basis for scaling
up gas exchange from the leaf to the whole plant
and canopy level and further to the landscape
level in a bottom-up approach (Baldocchi, 1993),
the above mentioned is especially important, in

order to maintain a sensitivity to these parameters
also at higher levels in the modelling hierarchy
(Reynolds et al., 1996). In the following a combined experimental and modelling approach is
presented and applied to 13 key species of three
differently
managed
mountain
grassland
ecosystems.

2. Methods

2.1. Sites and in6estigated species
Field investigations were carried out during the
summers of 1993, 1996 and 1997 in the Southern
Alps on the Monte Bondone plateau (Trentino/
Italy, latitude 46°01‘20’’ N, longitude 11°02‘30’’
E) at an elevation between 1500–1600 m above
sea level. The mean annual temperature is 5.5°C,
ranging from − 2.7°C in January to 14.4°C in
July (Gandolfo and Sulli, 1993). Precipitation is
abundant throughout the whole year (1189 mm),
with two peaks in June (132 mm) and October
(142 mm) and a minimum of 53 mm in January
(Gandolfo and Sulli, 1993).
Three sites, differing in land-use, were investigated: A hay meadow, mowed once a year, a
pasture, grazed by cattle and horses and an area
abandoned since 35 years. A general characterisation of the different sites is given in Table 1.
Criteria for the selection of the investigated
species were high abundance and/or major contribution to stand biomass on either one of the sites
(species typical for a special site), or on all of the
sites (species of overall importance for the vegetation types of the Monte Bondone study area).
According to these criteria eight herbs (Plantago
atrata, Plantago media, Polygonum 6i6iparum, Potentilla aurea, Rhinanthus alectorolophus, Trifolium montanum, Trifolium pratense and Trollius
europaeus), four grasses (Dactylis glomerata, Koeleria pyramidata, Nardus stricta and Trisetum
fla6escens) and one dwarf shrub (Vaccinium myrtillus) were selected. Since the upper leaves (\ 30
cm) of T. europaeus showed visible signs of senescence already during June, when the lower leaves
were fully developed, we decided to treat the
lower, fully developed, leaves and the upper, al-
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Table 1
General characterisation of the investigated sites at the Monte Bondone study area

Elevation (m a.s.l)
Exposition
Inclination (°)
Management
Vegetation type
Maximum canopy height (cm)
Soil typea,c
Soil depth (cm)a
Rooting depth (cm)a
Soil water storage capacity (mm)a

Meadow

Pasture

Abandoned area

1550
E
3
Mowed
Polygono–Trisetion
80
Cambisol with mull
75
20
340

1560
E
5
Grazed
Siversio–Nardetum strictae
16
Cambisol with mull
42
13
242

1550
SE
6
Abandoned since 35 years
Siversio–Nardetum strictaeb
30
Cambisol with mull
60
20
309

Data from Tappeiner and Cernusca 1994, except for: a … Neuwinger and Hofer, unpublished; b … dominated by dwarf shrubs; and
c
… FAO-classification.

ready senescent, leaves separately in order to account for these distinct phenological differences.
P. atrata, P. 6i6iparum, P. aurea and T. europaeus
are species that are equally highly abundant on all
of the investigated sites. K. pyramidata, T. montanum and P. media are species typical for the
pasture, D. glomerata, T. pratense, T. fla6escens
and R. alectorolophus are typical for the meadow
and N. stricta and V. myrtillus are typical for the
abandoned area. All of the selected species are
perennials, except for R. alectorolophus, which is
an annual species.

2.2. Experimental methods
To reach the aims defined in the introduction
we followed an experimental strategy combining
four different types of measurements (see also
Bahn and Cernusca, 1998):
1. Single factor response curves of net photosynthesis and stomatal conductance, which were
conducted on a limited number of leaves on that
particular site, where each species occurs at its
optimum, in order to establish the parameters
required for the photosynthesis submodel.
2. Episodical measurements throughout the
vegetation period of net photosynthesis and stomatal conductance under the prevailing environmental conditions, in order to obtain the
parameters required for the stomatal conductance
submodel.

3. Episodical measurements throughout the
vegetation period of photosynthetic capacity, on a
greater number of leaves for each key species, in
order to establish the nitrogen dependencies of
photosynthetic capacity and consequently of the
three main component processes of net photosynthesis (see below). Photosynthetic capacity (Amax;
for a list of abbreviations and symbols refer to
Appendix A) is defined as the net photosynthetic
rate at saturating light intensity, ambient CO2
partial pressure and air humidity and a leaf temperature of 20°C.
4. Diurnal courses of photosynthesis and stomatal conductance under the prevailing environmental conditions in order to validate the leaf
models.
Amax may be considered a key parameter of gas
exchange for several reasons. Firstly, it is likely
that Amax is determined by RUBISCO activity
(O8 gren, 1993; O8 gren and Evans, 1993), which
makes it possible to estimate Vcmax, the maximum
rate of carboxylation from measured Amax. Vcmax
in turn is strongly correlated to Jmax, the maximum rate of electron transport (Wullschleger,
1993; Leuning, 1997) and to Rdark, the dark respiration rate (Walters and Field, 1987; Ceulemans
and Saugier, 1991). Therefore measurements of
Amax can be used to derive estimates of the key
parameters of the leaf model at 20°C. Secondly,
there exists a strong correlation between Amax and
leaf nitrogen content (NL; Field and Mooney,
1986; Evans, 1989), which provides the possibility
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to explicitly incorporate nitrogen dependencies of
Vcmax, Pml and Rday. Thirdly, Amax was also measured when taking response curves of photosynthesis to light, CO2 and humidity, thus
representing a logical interface to the response
curves. Finally Amax is a readily measurable
parameter enabling us to investigate a greater
number of leaves per species, which allows for an
assessment of intraspecific variability of photosynthetic performance.
Response curves were conducted on D. glomerata (1993, 1996), N. stricta (1996), P. atrata
(1996), P. 6i6iparum (1996), R. alectorolophus
(1993), T. pratense (1993), T. fla6escens (1993,
1996) and T. europaeus (1996) using two CO2/
H2O porometers (Heinz WALZ GmbH, Effeltrich, Germany) together with the cuvettes
PMK-10 and GK-0235P of the same origin. This
equipment was modified to allow for automatic
controlling of photosynthetic photon flux density,
leaf temperature, air vapour pressure and CO2
partial pressure. In addition, in 1996 another fully
climatised CO2/H2O porometer (CIRAS-1, PPSystems, Hitchin Herts, UK) was used for response curves on D. glomerata, K. pyramidata, P.
media, P. 6i6iparum, P. aurea, T. montanum, T.
fla6escens, T. europaeus and V. myrtillus.
CO2 response curves (referred to as A/Ci curves
in the following) were conducted at a photosynthetic photon flux density of approx. 1200
mmol/n2 per s by stepwise increasing CO2 partial
pressure from 7 to 100 Pa, light response curves
were conducted at an ambient CO2 partial pressure of 35 Pa by stepwise decreasing photosynthetic photon flux density from 1200 to 0
mmol/m2 per s and humidity response curves were
conducted at a photosynthetic photon flux density
of approx. 1200 mmol/m2 per s and an ambient
CO2 partial pressure of 35 Pa by stepwise decreasing air vapour pressure at a constant leaf temperature of 20°C from ambient humidity to approx.
0.3 kPa. A/Ci curves and light response curves
were conducted at an average ambient humidity
of approx. 1 kPa and leaf temperatures between
5 – 30°C. One–seven leaves, with typically 3 – 5
steps per leaf, were investigated for each type of
response curve and leaf temperature level.

For measurements of net photosynthesis and
stomatal conductance under the prevailing environmental conditions and of photosynthetic capacity in 1996 and 1997 two portable CO2/H2O
porometers (CIRAS-1, PP-Systems, Hitchin
Herts, UK and LCA-3, ADC Ltd., Hoddesdon,
Herts, UK) were used.
Calculations of net photosynthetic rate, stomatal conductance, transpiration rate and internal
CO2 partial pressure were made using the equations of von Caemmerer and Farquhar (1981). All
gas exchange rates are described on the basis of
the projected leaf area, except for N. stricta,
whose gas exchange rates are expressed on a
surface area basis, because of its uniform circular
leaf shape and its leaf orientation, which is more
or less perpendicular to the ground surface.
The leaf area inside the cuvettes was measured
using a leaf area meter (CI-203, CID Inc., Vancouver, USA). All measured leaves were collected,
oven dried at 70°C for at least 72 h and weighed
(AE-260, Mettler Instrumente AG, Greifensee–
Zürich, Switzerland). Total leaf nitrogen was measured using an elemental analyser (CHNS-932,
LECO Instruments, Kirchheim, Germany).

2.3. Leaf gas exchange model
The widely used, mechanistically based Farquhar model (Farquhar et al., 1980; von
Caemmerer and Farquhar, 1981) of carbon assimilation of C3 plants, modified according to Harley
and Tenhunen (1991), was employed. Essential to
this model is that CO2 uptake is either entirely
limited by RUBISCO activity and the respective
partial pressures of the competing gases CO2 and
O2 at the sites of carboxylation (WC) or by electron transport (WJ), which limits the rate at which
RuBP is regenerated. Limitations of RuBP regeneration arising from the availability of inorganic
phosphate (Pi) for photophosphorylation (WP;
Sharkey, 1985) are not considered in the present
approach. Net photosynthesis A may then be
expressed as



A= 1−



0.5 · O
· min{WC, WJ}− Rday
t · Ci

(1)
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where O and Ci are the partial pressures of O2
and CO2 in the intercellular space, respectively. t
is the specificity factor for RUBISCO (Jordan
and Ogren, 1984), Rday is the rate of CO2 evolution from processes other than photorespiration
and min{} denotes ‘the minimum of’.
Rday is assumed to be a proportion of the dark
respiration rate, Rdark, mediated by Ifac, a dimensionless coefficient representing the degree to
which Rdark is inhibited in the light according to
Rday =Ifac · Rdark.

(2)

Ifac and thus the extent to which Rdark is inhibited in the light, depends on light intensity according to Falge et al. (1996)
Ifac =0.5

if PPFD\25 mmol/m2 per s

Ifac =k · PPFD+ d

(3a)

if PPFD5 25 mmol/m per s
(3b)
2

where k = − 0.02 (m2s/mmol) and d =1 (−).
The carboxylation rate limited solely by the
amount, activation state and kinetic properties of
RUBISCO and the respective partial pressures of
the competing gases CO2 and O2 at the sites of
carboxylation is given by
WC =



Vcmax · Ci
Ci+KC · 1+



O
KO

(4)

where Vcmax is the maximum rate of carboxylation and KC and KO are the Michaelis – Menten
constants for carboxylation and oxygenation,
respectively.
The rate of carboxylation limited solely by the
rate of RuBP regeneration due to electron transport, WJ, is given by
WJ =

Pm
O
1+
t · Ci

(5)

where Pm is the CO2 saturated rate of photosynthesis at any given irradiance and temperature
(for a detailed discussion of Pm see Harley and
Tenhunen, 1991). This expression of WJ is equivalent to that used by Farquhar and von
Caemmerer (1982), if their parameter J is equal
to 4 Pm.
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Pm is expressed as a light dependency using
the equation by Smith (1937) from Harley and
Tenhunen (1991)
Pm =



a · PPFD
a 2 · PPFD2
1+
P 2ml



(6)

0.5

where a is the initial slope of the curve relating
CO2 saturated net photosynthesis to irradiance
(on an incident light basis) and Pml is the potential rate of RuBP regeneration.
Vcmax and Pml depend upon temperature and,
given their optimum response to temperature
(Harley and Tenhunen, 1991; Leuning, 1997), are
described using the equation by Johnson et al.
(1942), normalised to a reference temperature
(293.16 K) as in Leuning (1997).
Parameter





DHa
T
· 1− ref
R · Tref
TK
DS · TK − DHd
1+ exp
R · TK

Parameter (Tref) · exp



=

n

n
.

(7)

Where Parameter is either Vcmax or Pml and
Parameter (Tref) is the potential value that this
parameter would have at the reference temperature in the absence of any deactivation due to
high temperature. DHa is the energy of activation, DHd is the energy of deactivation, DS is an
entropy term, TK is the leaf temperature in K
and R is the gas constant. Note that our interpretation of Parameter (Tref) is different from the
one used by Leuning (1997), where Parameter
(Tref) is interpreted as the actual value of this
parameter at the reference temperature, which is
mathematically incorrect, although with little numerical consequences (Leuning, personal communication).
Rdark, KC, KO increase with temperature,
whereas t is a declining function of temperature
(see Harley and Tenhunen, 1991) and their temperature dependencies are each given by:
Parameter= Parameter (Tref)
exp





DHa
T
· 1− ref
R · Tref
TK

n

(8)
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Table 2
Parameters determining the temperature dependencies, according to Eq. (8), of the RUBISCO specificity factor, t (from Jordan and
Ogren, 1984) and the Michaelis–Menten constants for carboxylation and oxygenation, KC and KO (from Badger and Collatz, 1977),
respectively
Parameter

Units

t (−)

Units

KC (Pa)

KO (Pa)

Parameter (Tref)
DHa

—
J/mol

2838.06
−28 990

Pa
J/mol

19.42
65 000

12 554.23
36 000

which is the same as Eq. (7), with the denominator set to unity. Parameter can be substituted for
either Rdark, KC, KO or t. Parameter (Tref), in this
case, is the actual rate at the reference
temperature.
To be able to predict gas exchange at the leaf
level, the photosynthesis model has to be combined with a model predicting stomatal conductance (Harley and Tenhunen, 1991). For this
purpose the empirical model by Ball et al. (1987),
modified according to Falge et al. (1996), was
chosen
gs = gmin + Gfac · (A+Ifac · Rdark) · 102 ·

hs
Cs

(9)

where gs is the stomatal conductance, gmin is the
minimum or residual stomatal conductance and
hs and Cs are the relative humidity (as a decimal
fraction) and the CO2 partial pressure at the leaf
surface. The factor 102 corrects for the differences
in the units of gs and gmin and (A +
Ifac · Rdark) · Cs − 1. Gfac is an empirical coefficient
representing the composite sensitivity of stomata
to these factors. Stomatal opening in response to
PPFD is controlled via (A +Ifac · Rdark), which
gives an estimation of gross photosynthetic rate
and is considered to be related to energy requirements for maintaining guard cell turgor (Falge et
al., 1996). Effects of non-uniform stomatal closure
(‘patchiness’) on stomatal conductance are not
considered in this model.
Leaf internal CO2 partial pressure is calculated
from net photosynthesis and stomatal conductance according to Fick’s law
Ci =Cs−

A · 1.6 · 100
gs

(10)

where 1.6 accounts for the difference in diffusivity
between CO2 and H2O and the factor 100 corrects

for the difference in the units of Cs and A/gs. Due
to the fact that net photosynthesis and stomatal
conductance are not independent, the model must
solve for the internal CO2 partial pressure in an
iterative fashion (Harley and Tenhunen, 1991;
Harley and Baldocchi, 1995).
Boundary layer conditions encountered in the
cuvette during measurements (boundary layer
conductance typically \ 2.8 mol/m2 per s) were
mimicked using the equations by Nobel (1991)
together with the corresponding leaf dimensions
and wind speed. Air pressure at the study site was
fixed at a mean value of 84 kPa.
To meet recent efforts to achieve a common
model documentation within the scientific community (Benz and Knorrenschild, 1997), we have
decided to provide a documentation of the model
presented in this paper using the model documentation system ECOBAS (Benz et al., 1997; Benz,
submitted), which has been set up for our model
in co-operation with Benz and co-workers. This
documentation is freely accessible via WWW
(http://dino.wiz.uni-kassel.de/model – db/mdb/
ecomont.html).

3. Results

3.1. Parameterisation of the photosynthesis
submodel
The parameters determining the temperature
dependencies of t were taken from Jordan and
Ogren (1984), those of KC and KO from Badger
and Collatz (1977) (Table 2). Each of the three
kinetic constants is described by the Arrhenius
relationship given in Eq. (8). The other four biochemical parameters Rday, Vcmax, Pml and a were
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Fig. 1. Temperature and nitrogen dependency of the maximum rate of carboxylation, Vcmax (A and B, respectively), the potential
rate of RuBP regeneration, Pml (C and D, respectively) and the dark respiration rate, Rdark (E and F, respectively), of D. glomerata.
Symbols represent values that were calculated from measured data, lines are model simulations The temperature dependencies are
based on a leaf nitrogen content (NL) of 110 mmol/m2, the nitrogen dependencies refer to a leaf temperature of 20°C.

estimated from A/Ci and/or light response curves
as described below.
Estimates of Rday, the rate of respiration that
continues in the light (Brooks and Farquhar,
1985), were made using a technique described by
Falge et al. (1996). Estimates of dark respiration
(Rdark) at different leaf temperatures were obtained from the y-intercept of a linear regression
through data points describing the initial portion
of the light response curves at different leaf temperatures. The temperature dependency of Rdark
was then described by Eq. (8) using non-linear
least-squares analysis (Table 3/A, Fig. 1/E). Rday
was then calculated from Rdark using Eqs. (2), (3a)
and (3b).
Rdark of the investigated species varied between
0.46 (D. glomerata) and 2.68 mmol/m2 per s (P.

6i6iparum), most of the species’ dark respiration
rate ranging between 1–2 mmol/m2 per s (Table
4).
Having fixed the temperature dependency of
Rday, estimates of Vcmax were obtained by fitting
data points with Ci values lower than 20 Pa from
A/Ci curves to Eq. (1), with the term WC substituted by Eq. (4), by least-squares regression technique. Similarly, estimates of Pml were obtained
by non-linear least-squares regression technique,
fitting all data points of the A/Ci curves to Eq. (1)
with the term WJ substituted by Eq. (5).
This procedure works only if measured A/Ci
curves are available. For two species, R. alectorolophus and T. pratense, this was not the case.
Vcmax and Pml of these two species were determined from light response curves at different leaf

28.57
65 649
195 860
643
0.46
134 612

mmol/m2 per s
J/mol
J/mol
J/K per mol
mmol/m2 per s
J/mol
mol CO2/mol photons

Pml(Tref)
DHa(Pml)
DHd(Pml)
DS(Pml)
Rdark(Tref)
DHa(Rdark)
a

Pml

Rdark

mmol CO2/mmol N per s 0.530
mmol/m2 per s
−12.39
—
0.011
—
0.630
0.344
−3.02
0.062
0.659

0.05

1.64
70 762

17.51
78 754
200 000
643

28.88
149 061
198 000
656

Kp

0.481
−9.87
0.054
0.649

0.05

2.02
13 592

25.29
44 386
196 168
643

37.93
61 304
202 583
656

Nsa

0.369
14.81
0.031
0.600

0.05

1.58
53 132

31.18
51 014
197 551
643

52.88
64 490
200 000
656

Pa

0.975
−32.99
0.046
0.553

0.06

2.07
36 648

25.61
56 292
198 050
643

47.05
79 294
200 415
656

Pm

0.617
−39.52
0.076
0.661

0.06

2.68
17 913

27.85
61 521
192 521
643

37.16
60 940
199 571
656

Pv

0.530
−18.42
0.023
0.580

0.06

0.68
94 482

17.48
57 101
199 247
643

30.03
57 098
204 000
656

Po

0.343
1.82
0.028
0.508

0.06

1.47
70 418

26.71
37 407
201 000
643

53.24
60 600
202 000
656

Ra

1.382
−141.31
0.043
0.530

0.06

2.16
43 432

35.38
115 191
191 300
643

56.67
118 599
197 500
656

Tm

0.885
−70.84
0.017
0.557

0.06

0.80
40 479

27.03
68 707
199 000
643

48.79
53 017
202 000
656

Tp

0.314
1.36
0.059
0.574

0.05

1.43
39 787

15.36
67 161
194 000
643

24.85
54 051
201 186
656

Tf

The first letters of the generic and species name are used as abbreviations. For symbols and other abbreviations refer to Appendix A (a values refer to a surface area basis).

Vcmax(Tref) CN
C0
Rfac
Pfac

0.05

45.58
88 434
199 390
656

mmol/m2 per s
J/mol
J/mol
J/K per mol

Vcmax(Tref)
DHa(Vcmax)
DHd(Vcmax)
DS(Vcmax)

Vcmax

B

Dg

Units

Parameter

A

0.287
3.94
0.037
0.665

0.06

1.24
36 743

22.93
55 465
199 521
643

35.07
68 000
201 000
656

Telo

0.423
−22.86
0.055
0.638

0.045

1.01
37 246

11.97
55 465
199 521
643

18.89
68 362
202 198
656

Teup

0.169
−6.44
0.101
0.424

0.06

1.31
22 821

5.57
57 329
198 922
643

13.30
102 568
201 194
656

Vm

Table 3
Parameters of the photosynthesis submodel obtained from parameterisation of measured response curves (A) and additional parameters needed to calculate the nitrogen dependencies of Vcmax(Tref), Pml(Tref) and Rdark(Tref)
(B)
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Table 4
Estimates of the maximum rate of carboxylation (Vcmax), the potential rate of RuBP regeneration (Pml) and the dark respiration rate
(Rdark) (mmol/m2 per s) at 20°C, the temperature optima (Topt.) of Vcmax and Pml (°C) and slope (CN ) and y-intercept (C0) of a linear
regression relating Vcmax to NL (a values refer to a surface area basis)
Species

D. glomerata
K. pyramidata
N. stricta a
P. atrata
P. media
P. 6i6iparum
P. aurea
R. alectorolophus
T. montanum
T. pratense
T. fla6escens
T. europaeus, lower leaves
T. europaeus, upper leaves
V. myrtillus

Topt.

Vcmax

Vcmax

Pml

Rdark

Vcmax

Pml

CN

C0

R2

43.21
26.33
37.38
50.72
45.42
35.36
29.79
52.26
50.65
47.89
24.22
34.10
18.57
12.96

27.24
17.36
24.25
30.43
25.12
23.36
17.27
26.55
26.86
26.67
13.90
22.69
11.84
5.49

0.46
1.64
2.02
1.58
2.07
2.68
0.68
1.47
2.16
0.80
1.43
1.24
1.01
1.31

29.9
33.0
32.4
28.9
30.7
27.9
34.1
31.5
29.5
30.8
29.7
30.7
32.5
33.7

28.8
36.2
27.2
29.9
31.2
23.4
33.1
33.6
26.0
33.8
26.1
33.4
33.4
32.6

0.502
0.314
0.474
0.354
0.941
0.587
0.526
0.336
1.235
0.869
0.306
0.279
0.416
0.164

−11.74
−2.75
−9.73
14.20
−31.85
−37.61
−18.26
1.78
−126.29
−69.54
1.33
3.84
−22.47
−6.28

0.73
0.58
0.66
0.57
0.80
0.74
0.87
0.65
0.56
0.74
0.70
0.55
0.72
0.64

temperatures according to a technique described
by Niinemets and Tenhunen (1997). Essential to
this technique is, that light saturation of net photosynthesis is reached at an incident photon flux
density at which WC equals WJ. Thus the potential rate of RuBP regeneration may be calculated
from WC at saturating photon flux density. Estimation of Vcmax from light saturated photosynthesis will be described in the following section.
Repeating these procedures at different leaf
temperatures, estimates of Vcmax and Pml at these
leaf temperatures were obtained. Again non-linear
least-squares regression analysis was performed to
fit these data to Eq. (7), obtaining the four
parameters describing the temperature dependency of Vcmax and Pml (Table 3/A, Fig. 1/A and
C). Because no A/Ci curves and light response
curves at leaf temperatures higher than 30°C were
available, DS of the investigated species was fixed
for both Vcmax and Pml at values available from
literature (Harley and Tenhunen (1991) for Arbutus unedo).
Vcmax and Pml at 20°C (Table 4) varied considerably among the investigated species, the dwarf
shrub V. myrtillus having the lowest and the
annual R. alectorolophus having the highest val-

ues. The herbs, except for the lower leaves of T.
europaeus, separated from the grasses, except for
D. glomerata, insofar as their values of Vcmax and
Pml were higher than 29.8 and 17.3 mmol/m2 per s,
respectively. The temperature optima of Vcmax and
Pml (Table 4) ranged from 27.9 (P. 6i6iparum) and
26.0 (T. montanum) to 34.1 (P. aurea) and 36.2°C
(K. pyramidata), respectively.
Having fixed the parameters determining Rdark,
Vcmax, Pml and those needed for the stomatal
submodel (for the parameterisation technique see
below) a, the apparent quantum yield at saturating CO2, was adjusted to give a good fit to the
initial portion of the measured light response
curves (Table 3/A).
Except for the upper leaves of T. europaeus,
which already showed visible signs of senescence
and whose a had to be adjusted to 0.045 mol CO2
mol photons − 1, a ranged between 0.05 and 0.06
mol CO2 mol photons − 1, which is within the
typical range for C3 species, assuming a leaf absorptance of 83% (Ehleringer and Björkman,
1977).
The success of the parameterisation was assessed visually, comparing measured response
curves and model output and for some species
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slight adjustments (B 5%) of the model parameters were made to improve the fit of the model.

3.2. Deri6ation of the nitrogen dependencies of
Vcmax, Pml and Rdark from measurements of
photosynthetic capacity
The following section deals with a technique
and the underlying assumptions, which allow to
derive a set of Vcmax, Pml and Rdark from a single
measurement of Amax. Since the leaves used for
measurements of Amax were subjected to subsequent nitrogen analysis, this technique allows to
derive nitrogen dependencies of Vcmax, Pml and
Rdark using linear regression techniques.
Following Niinemets and Tenhunen (1997) we
assumed that at the present ambient CO2 partial
pressure net photosynthesis at saturating light
intensity, Amax, is determined by RUBISCO activity. In terms of the leaf model this means that
Amax equals Eq. (1) with WC limiting the rate of
carboxylation. To solve for Rdark, we followed
other researchers (Farquhar et al., 1980; Nikolov
et al., 1995; Pachepsky and Acock, 1996) assuming that altered leaf physiological activity is accompanied by proportional alterations in dark
respiration rate, taking Rdark as a proportion of
Vcmax according to
Rdark =Rfac · Vcmax

(11)

where Rfac is a species-specific proportionality coefficient. Rfac, determined as the ratio between
Rdark and Vcmax, of the investigated species
ranged between 0.011 (D. glomerata) and 0.101
(V. myrtillus), most of the investigated species
having a Rfac between 0.02 and 0.07 (Table 3/B).
Assuming that half of the dark respiration rate
continues in the light under saturating light intensity (see Eq. (3a) and discussion), Rday may be
expressed as
Rday =

Rfac · Vcmax
.
2

(12)

Combining this expression of Rday with Eq. (1),
when WC is limiting the rate of carboxylation
and solving for Vcmax gives





Amax
.
(13)
0.5 · O
1−
· Ci
t · Ci
Rfac
−
2
O
Ci+KC · 1+
KO
In order to stay consistent with the terminology
used in Eq. (7) we decided to establish the nitrogen dependency of Vcmax via a nitrogen dependency of Vcmax(Tref), holding DHa, DHd and
DS constant. Repeating this procedure for all
the leaves, which were used in measurements of
photosynthetic capacity and subsequently subjected to nitrogen analysis and running a regression analysis through the data points
obtained thereby, we obtained a relationship of
the form
Vcmax =





Parameter=CN(Parameter) · NL + C0(Parameter)
(14)
where Parameter may be substituted for either
Vcmax or Vcmax(Tref) and CN(Parameter) and
C0(Parameter) represent the slope and y-intercept, respectively, of the linear regression. The
coefficients of determination resulting from this
regression
analysis,
relating
Vcmax
and
Vcmax(Tref) to NL, are the same, since Vcmax is
equal to Vcmax(Tref) times a constant (DHa, DHd
and DS are held constant) according to Eq. (7).
The slopes of the nitrogen dependencies of
Vcmax (Table 4) varied considerably among the
investigated species, V. myrtillus (0.164 mmol
CO2/mmol N per s) having the lowest and T.
montanum (1.235 mmol CO2/mmol N per s)
having the highest slope. y-Intercepts were negative, except for P. atrata, R. alectorolophus, T.
fla6escens and the lower leaves of T. europaeus
(Table 4).
Given the relationship between Vcmax and
Rdark, as expressed in Eq. (11), it is then possible to calculate Rdark(Tref) from Vcmax(Tref) using
Rdark(Tref)
=



Vcmax(Tref) · Rfac
.
DS(Vcmax) · Tref − DHd(Vcmax)
1+ exp
R · Tref

n

(15)
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Fig. 2. Relationship between the maximum rate of carboxylation (Vcmax) and the potential rate of RuBP regeneration (Pml) at 20°C
of the investigated species. Lines represent linear regressions forced through the origin (R 2 =0.91, P B0.002 this study). The
corresponding slopes are: 0.58 (this study) and 0.67 (Leuning 1997). The first letters of the generic and species name are used as
abbreviations.

Wullschleger (1993) and Leuning (1997) showed
for a great number of different species that there
exists a strong correlation between Vcmax, the
RUBISCO limited rate of carboxylation and Jmax,
the light saturated rate of electron transport. In
the present paper we decided to use a species-specific ratio between Pml and Vcmax, the so called
Pfac (Fig. 2, Table 3/B), obtained from the
parameterisation of the leaf model, using the measured response curves at 20°C leaf temperature,
although the variation of the ratio between Pml
and Vcmax within the investigated species was
small (R 2 =0.91, PB0.002, Fig. 2).
A similar procedure, as described above for
Rdark, was used to calculate Pml(Tref) from
Vcmax(Tref) using

Pml(Tref)=



Vcmax(Tref) · Pfac
DS(Vcmax) · Tref−DHd(Vcmax)
1+ exp
R · Tref



× 1+ exp



DS(Pml) · Tref − DHd(Pml)
R · Tref

n
n

(16)
where Pfac is the ratio between Pml and Vcmax at
20°C.
Rdark(Tref) and Pml(Tref) thus also, although indirectly, depend on NL, since Vcmax(Tref), which is
used to calculate Rdark(Tref) and Pml(Tref) in Eqs.
(15) and (16), depends on NL according to Eq.
(14). For the implementation of the nitrogen dependencies into the model two possibilities exist:
One possibility is to use Eqs. (14)–(16), in this
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Fig. 3. Relationship between measured stomatal conductance and the product of (A + Ifac · Rdark). 102 · hs · Cs − 1 for leaves of D.
glomerata according to Eq. (9). Data were collected episodically under the prevailing environmental conditions throughout the
vegetation period 1996. Symbols are measured values, solid lines linear regressions. For values of the corresponding model
parameters, Gfac and gmin, as well as the coefficients of determination refer to Table 5.

case four parameters, CN(Vcmax(Tref), C0(Vcmax(Tref), Rfac and Pfac, shown in Table 3/B, are needed.
An alternative way is to explicitly derive nitrogen
dependencies also for Rdark(Tref) and Pml(Tref),
using the notation as in Eq. (14). The corresponding slopes and y-intercepts can be calculated easily
by multiplying CN(Vcmax(Tref)) and C0(Vcmax(Tref))
with Rfac and Pfac, respectively. Therefore we also
did not include the slopes and y-intercepts of
Rdark(Tref) and Pml(Tref) into Table 3/B, but Rfac and
Pfac instead. We favour the implementation of the
nitrogen dependencies into the model in the latter
form, since it keeps the model flexible enough to
handle also nitrogen dependencies of Vcmax, Pml and
Rdark, determined in separate measurements (e.g.
Anten et al., 1996), although the number of
parameters involved increases from four to six,
compared to the first way of implementation. An

example for the nitrogen dependencies of Vcmax, Pml
and Rdark is given in Fig. 1/B, D and F.

3.3. Parameterisation of the stomatal conductance
submodel
The parameters Gfac and gmin from Eq. (9) were
obtained by plotting the product of (A+ Ifac · Rdark).
102. hs Cs − 1 against measured stomatal conductance, gs, as shown for D. glomerata in Fig. 3. Gfac
is obtained from the slope of a regression line going
through these data points, whilst gmin represents the
respective y-intercept. Parameters given in Table 5
are the result of pooling data from measurements of
net photosynthesis and stomatal conductance under the prevailing environmental conditions, conducted episodically throughout the vegetation
period 1996.
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Table 5
Parameters of the stomatal conductance model according to Eq. (9)
Species

Meadow
Gfac

D. glomerata
K. pyramidata
N. stricta a
P. atrata
P. media
P. 6i6iparum
P. aurea
R. alectorolophus
T. montanum
T. pratense
T. fla6escens
T. europaeus, lower leaves
T. europaeus, upper leaves
V. myrtillus

Pasture
gmin

R2

13.7
—
—
13.8

76.2
—
—
70

0.77
—
—
0.63

11.9
17.0
18.3
—
6.9
17.0
13.4
19.2
—

57.0
120
193.1
—
25.2
75.4
67.0
29.5
—

0.63
0.63
0.54
—
0.92
0.60
0.56
0.85
—

Gfac
—
10.6
—
14.1
10.8
8.9
10.6
—
13.5
—
—
9.1
9.4
—

Abandoned area
gmin

R2

Gfac

gmin

R2

—
22.0
—
79.3
91.1
41.2
74.6
—
42.6
—
—
81.5
32.7
—

—
0.52
—
0.61
0.49
0.75
0.61
—
0.76
—
—
0.50
0.84
—

—
—
16.0
9.8
—
12.0
24.7
—
—
—
—
12.8
20.2
10.5

—
—
21.9
76.1
—
54.5
130
—
—
—
—
70.6
94.7
11.7

—
—
0.74
0.66
—
0.46
0.70
—
—
—
—
0.64
0.81
0.74

Values given are the result of pooling gas exchange data obtained under the prevailing environmental conditions throughout the
vegetation period 1996 (a values refer to a surface area basis).

Except for P. aurea and R. alectorolophus,
whose gmin reached 193.1 and 130.0 mmol/m2 per
s, respectively, gmin of the other species ranged
between 11.7 (V. myrtillus) and 94.7 (upper leaves
of T. europaeus, on the abandoned area) mmol/m2
per s. Gfac ranged between 6.9 (T. pratense) and
24.7 (P. aurea, on the abandoned area). A smaller
Gfac on the pasture can be observed for all the
species, which occur on all three investigated sites,
except for P. atrata.

3.4. Validation
For validation diurnal courses of net photosynthesis and stomatal conductance under the prevailing environmental conditions were used as
independent data sets to validate the combined
photosynthesis/stomatal conductance model. NL
of the investigated leaves was used as an input
parameter, according to which the Vcmax(Tref),
Pml(Tref) and Rdark(Tref) were calculated using the
relationships given in Table 3/B. The remaining
parameters were taken from Table 2 (t, KC and
KO), Table 3/A (a; DHa, DHd and DS of Vcmax and
Pml; DHa of Rdark) and Table 5 (Gfac and gmin).
An example is given in Fig. 4, which shows a
validation data set for a leaf (106 mmol/m2 nitro-

gen content) of P. atrata. The model is capable of
predicting measured net photosynthesis and stomatal conductance under the prevailing environmental conditions quite reasonably, having
correlation coefficients of 0.98 and 0.68, respectively. The overall good correspondence between
predicted and measured values of photosynthesis
confirms the relationship between NL and leaf
parameters and the sensitivity of the model to
changes in PPFD, leaf temperature and ALVPD.
Predictions of stomatal conductance are of minor
accuracy, overestimating stomatal conductance
early in the morning and underestimating it under
conditions of high irradiance in the afternoon.

3.5. Sensiti6ity analysis
In order to test the ability of the model to
account for changes in NL a sensitivity analysis
was performed, varying NL together with PPFD
(Fig. 5/A and B), leaf temperature (Fig. 5/C and
D) and CO2 partial pressure (Fig. 5/E and F).
Increasing NL increases Vcmax, which in turn
causes light saturated photosynthesis in Fig. 5/A
to increase. At the same time the light intensity at
which saturation of net photosynthesis occurs,
shifts to higher values due to the fact that Pml is
increased proportionally with Vcmax. Increasing
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Fig. 4. Diurnal time course of photosynthetically active radiation (PPFD), leaf temperature, air to leaf vapour pressure difference
(ALVPD) (A), net photosynthesis (B) and stomatal conductance (D) and comparison of measured versus simulated values of net
photosynthesis (C) and stomatal conductance (E) of P. atrata on 10 July 1997. Solid lines are model simulations, symbols represent
measured values (B and D). The correlation coefficients are 0.98 (C) and 0.68 (E).

Vcmax also leads to a proportional increase in
Rday, which causes the highest light saturated
photosynthesis rates to be associated with the
highest dark respiration rates.
Since Vcmax, Pml and Rday change in a proportional manner, the temperature optimum of net
photosynthesis does not change with varying NL.
The benefits of increasing NL on net photosynthesis rate are much more pronounced near the
temperature optimum, than at very high or low
temperatures. (Fig. 5/C).
The shape of the curves in Fig. 5/E, showing
a proportional increase in carboxylation efficiency (CE) and CO2 saturated photosynthesis
with increasing NL, again reflects the effects of
balanced changes of Vcmax and Pml. As a conse-

quence of the proportional increase in Vcmax and
Rday, the CO2 compensation point remains unaffected (Leuning et al., 1995; De Pury and Farquhar, 1997).
No general differences in model behaviour between P. atrata, parameterised from A/Ci curves
and T. pratense, parameterised from light response curves, become apparent from Fig. 5.
The higher gains in net photosynthesis due to
increasing NL of T. pratense must be attributed
to a steeper slope of the nitrogen dependencies
of Vcmax, Pml and Rdark compared with those of
P. atrata (Table 3/B).
NL influences the simulated stomatal conductance only indirectly via the rate of net photosynthesis (Fig. 5/B, D and F).
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Fig. 5. Sensitivity analysis of the combined photosynthesis/stomatal conductance model showing the response of net photosynthesis
(A, C and E) and stomatal conductance (B, D and F) of P. atrata (top) and T. pratense (bottom) to changes in leaf nitrogen content
(NL). Simulations assumed at a photosynthetic photon flux density (PPFD) of 1500 mmol/m2 per s (except for A and B), a leaf
temperature of 20°C (except for C and D), a CO2 partial pressure of 35 Pa (except for E and F) and an air to leaf vapour pressure
difference (ALVPD) of 9.2 Pa/kPa.
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4. Discussion
The model presented in this paper was successful in predicting gas exchange response to PPFD,
leaf temperature, CO2 partial pressure, ALVPD
and NL, although the approach chosen to account
for effects of NL on gas exchange is rather a
phenomenological one, compared with more process-oriented approaches, like the one presented
recently by Niinemets and Tenhunen (1997).
However, the shortcoming of these more processoriented approaches is, that the number of
parameters that need to be determined, increases
considerably and some of these parameters (e.g.
chlorophyll content) are not being investigated
routinely in field studies of gas exchange. The
shortcomings of our approach must thus be evaluated in terms of the overall goals of the present
study. The main aim was to provide the physiological data basis for an up-scaling study at the
Monte Bondone research area (Cernusca et al.,
1998, this issue). Since the investigated sites are
characterised by a high diversity of plant species,
it was necessary to obtain data sets on gas exchange of as many species as possible. In consequence 13 key species, selected according to their
abundance and contribution to stand biomass on
the different sites, were identified, their gas exchange characteristics studied and leaf models
parameterised for each species. The high number
of investigated species makes this data set unique
not only for semi-natural mountain ecosystems.
As far as we know from literature, there are only
few other studies (e.g. Tenhunen et al., 1995)
where as many species of the same ecosystem have
been characterised in terms of leaf model
parameters.
The model is based on a heterogeneous, though
firm data basis and reproduces general characteristics of the gas exchange of C3 plants very well,
as shown by the sensitivity tests in Fig. 5 and the
validation in Fig. 4. Key features of the model are
that respiratory costs for leaf maintenance scale
directly with leaf physiological activity (Walters
and Field, 1987; Ceulemans and Saugier, 1991)
and that Vcmax is correlated to Pml at a reference
temperature (Leuning, 1997). The remarkable
small scatter in a data set containing 109 different

species (Wullschleger, 1993; Leuning, 1997) of the
relationship between Vcmax and Jmax has encouraged other modellers (Leuning et al., 1995; De
Pury and Farquhar, 1997) to use this relationship
to estimate Jmax from Vcmax. Recent findings although show that adaptation to growth irradiance
may shift the balance between RUBISCO activity
(Vcmax) and electron transport (Jmax, respectively,
Pml) (Sukenik et al., 1987; O8 gren, 1993; Hikosaka
and Terashima, 1996). In the present paper, due
to the lack of corresponding data, the latter results were ignored and a fixed ratio between these
two processes was assumed, as in Leuning et al.
(1995) and De Pury and Farquhar (1997). Although no significant differences (PB 0.072) between our data and the fit obtained by Leuning
(1997) were observed, we decided not to use the
ratio found by Leuning (1997), but a more accurate, species-specific ratio, derived directly from
our data (Table 3/B).
Since no response curves at leaf temperatures
higher than 30°C were available we decided to
hold DS for both Vcmax and Pml constant at the
values determined for A. unedo by Harley and
Tenhunen (1991). The same approach has been
applied successfully to Picea abies by Falge et al.
(1996), though further studies need to be conducted, investigating whether data from the Mediterranean shrub A. unedo may be applied to
herbaceous mountain species. As a consequence
the model cannot be applied with confidence at
temperatures exceeding 30°C.
Niinemets and Tenhunen (1997) reviewed several studies for Rfac, the ratio between Rdark and
Vcmax and found 0.065 to be a suitable mean
value. Rfac of the investigated species, except for
V. myrtillus, ranges between 0.011 and 0.076
(Table 3/B) with a mean value of 0.042, thus the
value given in Niinemets and Tenhunen (1997)
being within the range of our measurements.
In the model it is assumed that half of the dark
respiration rate continues in the light (Eq. (3a)),
unless PPFD drops below 25 mmol/m2 per s. In
the latter case inhibition of Rdark is increased from
0.5 at 25 mmol/m2 per s to 1 at darkness, according to Eq. (3b). Within this PPFD range the
model behaviour corresponds well with the results
of Brooks and Farquhar (1985), although they
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found the ratio to be 0.2 at saturating light intensities. Other researchers found the ratio Rday/Rdark
to be 0.8 (McCashin et al., 1988) or even nearly 1
(Azcòn-Bieto and Osmond, 1983). In the absence
of a clear understanding of the extent to which
Rdark is really inhibited in light, we thus feel, in
accordance with Falge et al. (1996), that assuming
a mean value of 0.5 for PPFD values higher than
25 mmol/m2 per s is a reasonable approach.
As far as the Vcmax versus NL relationship is
concerned, we know of only few other studies
(e.g. Field, 1983; Harley et al., 1992; Anten et al.,
1996), that quantify this relationship (although in
none of the cited references Vcmax was calculated
at 20°C, as in this study). The slopes given by
these authors range from 0.839 mmol/mmol N per
s (at 29°C) for sun leaves of Gossypium hirsutum
(Harley et al., 1992) to 0.282 mmol/mmol N per s
(at 23°C) for shade leaves of Tetrorchidium rubri6enium (Anten et al., 1996). Again the dwarf shrub
V. myrtillus is isolated from the herbaceous species having the lowest slope, indicating a rather
inefficient use of NL, not even reaching the slope
of the shade species T. rubri6enium (Anten et al.,
1996). Three species, P. media, a species with
highly efficient oriented sun leaves, T. montanum
and T. pratense, two species profiting from nitrogen-fixing bacteria associated with their roots,
exceed the range given in literature, having slopes
greater than 0.839 mmol/mmol N per s.
In the absence of a mechanistic description of
stomatal functioning researchers have to refer to
empirical or so-called semi-empirical models of
stomatal functioning. Among those available, the
model proposed by Ball et al. (1987) is one of the
most frequently used (for a summary of the different approaches we refer to Friend, 1995), although this model caused concern, because it is
widely accepted that stomata respond to humidity
deficit rather than to leaf surface relative humidity
(Aphalo and Jarvis, 1991), which led Leuning
(1995) to replace surface relative humidity with a
hyperbolic function of humidity deficit. Since by
using this modified model by Leuning no obvious
differences in the modelling results were obtained
(data not shown), we decided to use the simpler
model Ball et al. (1987), incorporating the modifications proposed by Falge et al. (1996).
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Sala and Tenhunen (1996) showed for Quercus
ilex in a Mediterranean watershed, that Gfac is
closely related to predawn leaf water potential
and thus to soil water status, decreasing during
periods of decreased water availability. In the
present study not enough data relating Gfac to
parameters of soil water status were available,
which would allow to scale Gfac from day to day
according to alterations in soil water status.
Therefore all available data were pooled to determine an average Gfac value over the whole vegetation period for each study site. Since precipitation
is abundant at the study site during the whole
vegetation period and soil water potential falls
below critical values rather rarely (unpublished
data), this means that stomatal conductance
would be overestimated using these average values
of Gfac during seldom periods of water shortage.

5. Conclusion
In the present paper a combined experimental
and modelling approach, centred on the intimate
relationship between leaf nitrogen content and
photosynthesis is presented and applied to 13 key
species from three differently managed mountain
grassland ecosystems. The present data set is
unique for the ecosystems investigated and presents the basis for scaling up gas exchange from
the leaf to the whole plant and canopy level and
further to the landscape level at the research area
Monte Bondone. The present data set also serves
as a basis for future studies, insofar, as it may be
used to reduce experimental effort when deriving
key parameters of gas exchange for an assessment
of the functional biodiversity of the investigated
ecosystems.
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Jmax

k

KC
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Appendix A. Symbols and abbreviations
A
ALVPD
Amax
CE
C0

Ci
CN

CS
d

Gfac
gmin
gs
hs
Ifac

net photosynthesis (mmol/m2
per s)
air to leave vapour pressure
difference (Pa/kPa)
photosynthetic capacity
(mmol/m2 per s)
carboxylation efficiency
(mmol/m2 per s per Pa)
y-intercept of the linear relationship between model
parameters and leaf nitrogen
content (mmol/m2 per s)
internal CO2 partial pressure
(Pa)
slope of the linear relationship
between model parameters
and leaf nitrogen content
(mmol CO2/mmol N per s)
leaf surface CO2 partial pressure (Pa)
y-intercept of the linear relationship between Ifac and
PPFD in the PPFD range
from 0–25 mmol/m2 per s (−)
stomatal sensitivity coefficient
(−)
minimum stomatal conductance (mmol/m2 per s)
stomatal conductance (mmol/
m2 per s)
leaf surface relative humidity
(−)
coefficient representing the extent to which dark respiration
is inhibited in the light (−)

KO
KO(Tref)

NL
O
Pi
Pfac
Pm

Pml
Pml(Tref)

PPFD
R
Rdark
Rdark(Tref)

maximum electron transport
capacity (mmol electrons m2
per s)
slope of the linear relationship
between Ifac and PPFD in the
PPFD range from 0–25 mmol/
m2 per s (m2 s/mmol)
Michaelis–Menten constant
for carboxylation (Pa)
Michaelis–Menten constant
for carboxylation at the reference temperature of 293.16 K
(Pa)
Michaelis–Menten constant
for oxygenation (Pa)
Michaelis–Menten constant
for oxygenation at the reference temperature of 293.16 K
(Pa)
leaf nitrogen content (mmol/
m2)
internal O2 partial pressure
(Pa)
inorganic phosphate
ratio between Pml and Vcmax
at 20°C leaf temperature (−)
CO2 saturated photosynthesis
rate at any given irradiance
and temperature (mmol/m2 per
s)
potential rate of RuBP regeneration (mmol/m2 per s)
potential rate of RuBP regeneration at the reference temperature of 293.16 K in the
absence of any deactivation
due to high temperature
(mmol/m2 per s)
photosynthetic photon flux
density (mmol/m2 per s)
gas constant (8.314 m3 Pa/mol
per K)
dark respiration rate (mmol/
m2 per s)
dark respiration rate at the
reference temperature of
293.16 K (mmol/m2 per s)
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Rday

Rfac
RUBISCO
RuBP
TK
Topt
Vcmax
Vcmax(Tref)

WC
WJ

WP

a
DHa
DHd
DS
t
t(Tref)

respiration rate from processes
other than photorespiration
(mmol/m2 per s)
ratio between Rdark and Vcmax
at 20°C leaf temperature (−)
ribulose-1,5-bisphosphate
carboxylase/oxygenase
ribulose-1,5-bisphosphate
leaf temperature (K)
temperature optimum (°C)
maximum rate of carboxylation
(mmol/m2 per s)
maximum rate of carboxylation
at the reference temperature of
293.16 K in the absence of any
deactivation due to high
temperature (mmol/m2 per s)
RUBISCO limited rate of
carboxylation (mmol/m2 per s)
RuBP limited rate of carboxylation, when RuBP regeneration is limited by electron
transport (mmol/m2 per s)
RuBP limited rate of carboxylation, when RuBP regeneration is limited by inorganic
phosphate (mmol/m2 per s)
apparent quantum yield of net
photosynthesis at saturating
CO2 (mol CO2/mol photons)
energy of activation (J/mol)
energy of deactivation (J/mol)
entropy term (J/K per mol)
RUBISCO specificity factor (−)
RUBISCO specificity factor at
the reference temperature of
293.16 K (−)
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