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Abstract

The aim of the present study was to investigate the significance of structural properties for whole canopy
photosynthesis (A4,,,). Effects of both classical parameters of canopy structure (vertical distribution of leaf area, plant
area and leaf inclination) and of leaf dispersion on A, were analysed by means of a relatively simple canopy
photosynthesis model. This model was designed for photosynthetic input parameters based on measured field
parameters. Eight structurally different species-rich seminatural and natural plant communities (used and abandoned
pastures, hay meadows, tall herbs and dwarf shrubs) in the subalpine belt of the Central Caucasus were investigated.
The validation by means of a micrometeorological approach showed that the estimate of A, in the model
corresponds well with the measurements in very differently structured, species-rich plant communities. Simulations
showed that the significance of canopy properties for canopy photosynthesis essentially depends on the vertical
distribution of the leaf area. Therefore this parameter was used for classifying the canopies investigated. Three types
of canopies could be distinguished: type 1 with the leaf area amassed near the soil surface and the structural shape
of a pyramid with a broad base; type 2 with a gradual increase in leaf area from the canopy surface to the ground
(pyramid with a narrow base) and type 3 with a concentration of the leaf area in the upper canopy (inverted
pyramid). The significance of the structural properties for 4, increases from type 1 to type 3 and is higher when the
stand is dominated by a single species. In stands of type 1 canopy structure did not limit A, via light climate, but
rather by temperature effects. In stands of type 2 and type 3, mutual shading is an important limiting factor for
canopy photosynthesis, but the structural properties of type 3 stands are better optimized for A4.,,. Simulations with
assumed equal leaf area index and photosynthetic characteristics showed that in canopies of type 3 the structural
properties (leaf inclination, leaf dispersion) are such that the major part of the leaf area in the canopy is supplied with
intermediate photosynthetic photon flux densities, thus increasing daily total A.,,. Sensitivity analysis of A, to
non-random leaf dispersions showed effects especially in stands of type 2 and type 3. Clumped leaf dispersions
resulted in better light utilization and higher 4_,,,. When compared with the leaf dispersions measured in the canopies,
the simulation results show that the canopies optimize leaf dispersion with respect to A_,,. © 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Considerable attention has been paid to the
relationship between canopy architecture, light in-
terception and photosynthesis since the pioneering
work of Monsi and Saeki (1953), de Wit (1965),
Duncan et al. (1967). The interactions between
canopy structure and function are rather complex,
particularly in natural species-rich plant commu-
nities (Hesketh and Jones 1980) and can only be
assessed by a combination of selected measure-
ments and sufficiently detailed simulations (Cald-
well et al., 1986; Tappeiner and Cernusca, 1991).

Many detailed canopy models for homoge-
neous, continuous canopies (Duncan et al., 1967,
Caldwell et al., 1986; Gutschick and Wiegel, 1988;
Ryel et al., 1990; Wall and Kanemasu, 1990; Kim
and Verma, 1991; De Pury and Farquhar, 1997),
for isolated tussocks (Ryel et al., 1993) and for
forest canopies (Oker-Blom and Kelloméki, 1982;
Grace et al., 1987; Wang and Jarvis, 1990; Leun-
ing et al., 1991; Harley and Baldocchi, 1995) have
been developed. They have mostly been applied
for single-species canopies. Only few analyses
have been performed on mixed-species canopies
consisting of two to three species (McMurtrie and
Wolf, 1983; Rimmington, 1984; Barnes et al.,
1990; Beyschlag et al., 1990). Simulation of whole
canopy photosynthesis of natural species-rich
plant communities are rare (Kim and Verma,
1991; Tappeiner and Cernusca, 1991). No detailed
model assessments of canopy structure effects on
canopy photosynthesis have been reported for
such stands. This study aims at such a compara-
tive analysis of structurally differing natural
mixed-species plant communities. The model con-
sists of an integrated light interception sub-model,
based on the classical gap probability approach
(Monsi and Saeki, 1953). It includes refinements
such as the partitioning of solar radiation into
direct beam and diffuse light, varying leaf-angle
distribution, non-randomness in leaf dispersion
and a phenomenological photosynthesis sub-
model (Forseth and Norman, 1993). Model pre-
dictions are validated at the canopy level using a
micrometeorological approach. A methodological
aim of the study is to test if and to what extent
causal analyses of canopy structure effects in spe-

cies-rich plant communities are possible by apply-
ing relatively simple modelling techniques.

Studies of the CO, and energy exchange be-
tween the planetary boundary layer and the
canopy in the subalpine belt of the Central Cau-
casus revealed considerable effects of canopy
structure on microclimate and energy budget
(Tappeiner and Cernusca, 1996). The results from
this study and from earlier ones (Salisbury and
Spomer, 1964; Cernusca, 1976; Larcher, 1984;
Cernusca, 1991) indicate that the density of a
canopy as well as accumulation of attached dead
material enhance the development of a warm
microenvironment that is favourable for dry mat-
ter production in mountain ecosystems. On the
other hand, the same canopy attributes decrease
light availability and therefore may reduce carbon
gain. Tappeiner and Cernusca (1996) observed
pronounced differences in the CO, flux of the
investigated plant communities, which, however,
could not be explained causally on the basis of the
available microclimate measurements. Therefore,
in this paper such an analysis is attempted by
means of a detailed canopy model.

A further topic to be treated in this paper is not
restricted to alpine habitats and is concerned with
the effects of non-randomness in leaf dispersion
on canopy photosynthesis. Clumped leaf disper-
sion has been reported for many natural plant
communities (Monsi et al., 1973; Ross, 1981;
Caldwell et al., 1986; Tappeiner and Cernusca,
1989a). Even though its effects on the light cli-
mate within canopies are considerable (Acock et
al., 1970), its consequences for canopy photosyn-
thesis are largely unknown (Jarvis and Leverenz,
1983). To address this question a leaf dispersion
factor for each canopy layer was included in the
model. Carbon gain modelled with observed leaf
dispersion relative to various hypothetical disper-
sions is discussed.

We compare differently structured plant com-
munities in the Central Caucasus on the basis of
empirical investigations and a whole canopy pho-
tosynthesis model. The general objective is to
analyse the effects of canopy structure attributes
on canopy photosynthesis. Specific attention is
paid to the effects of vertical distribution of struc-
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tural characteristics, of an accumulation of necro-
mass and of non-random leaf dispersions.

2. Materials and methods
2.1. Sites investigated

The study was conducted in the subalpine belt
of the northern slope of the Great Caucasus in the
surroundings of the Mountain Research Station
Kasbegi of the Georgian Academy of Sciences
(Lat 42°48'N, Long 44°39'E, altitude 1850 m
a.s.l.). Measurements were made during late July
and early August 1987, 1988, 1989 and 1990. The
following differently structured plant communities
were investigated (Table 1): (1) Heavily stocked
sheep pasture (HP) with Festuca rupicola, Pul-
satilla violacea and Carex buschiorum as the dom-
inant species; (2) Lightly stocked sheep pasture
(LP), dominated by Nardus stricta, Carex tristis
and Ranunculus oreophilus; (3) Abandoned pas-
ture (AP), dominated by Festuca woronowii and
Carex meinshauseniana; (4) Wet meadow (WM)
with Deschampsia cespitosa and Equisetum palus-
tre as the dominant species, and interspersed with
Phragmites australis; (5) Hay meadow (HM),
dominated by grasses, such as Hordeum violaceum
and Poa pratensis and tall herbaceous species,
such as Anthriscus nemorosa, Seseli transcaucasica
and Heracleum asperum; (6) Tall herb community
(TH) dominated by Heracleum sosnowskyi, with
an undergrowth consisting only of seven further
species; (7) Evergreen Rhododendron shrub com-
munity (RC), dominated by Rhododendron cauca-
sicum, with a very sparse undergrowth mainly
consisting of Vaccinium myrtillus, Vaccinium vitis-
idaea and Empetrum hermaphroditum; (8) Decidu-
ous Rhododendron shrub community (RL),
dominated by Rhododendron luteum. A sparse un-
dergrowth mainly consisting of Festuca rubra and
Brachypodium sylvaticum is also present.

During the experimental periods the stands in-
vestigated were well supplied with water from
precipitation prior to and during the investigation
period. Soil water potentials were between — 60
and — 290 hPa in the main rooting horizon.

2.2. Measurements

The canopy structure of each community was
analysed by the stratified clipping method (Monsi
and Saeki, 1953) which consisted of harvesting,
layer by layer, the above-ground vegetation. Van
Dyne et al. (1963), Fliervoet (1984) showed that
for a quantitative analysis of the vertical structure
of above-ground phytomass of grasslands and
tall herb communities, plots (0.25—-1 m?) much
smaller than the floristic minimum area are suffi-
cient. Thus, for each stand a representative plot of
1 m? was harvested. In order to test to what
extent such a plot is representative for the shrub
communities two plots were harvested in the RC
stand. The results differed by less than 8%. In all
harvested plots for each species in each layer the
dry mass as well as the area of stems, leaves,
inflorescences or fruits and dead plant material
were measured. The areas were determined by
means of a leaf area meter (LI-3100, LI-COR,
Lincoln USA). Leaf area index LAI (=area of
leaves per unit ground area, m> m ~2), plant area
index PAI (=area of all above-ground plant
parts per unit ground area, m? m~2) and plant
area density PAD (=area of all above-ground
plant parts per unit volume of the canopy, m?
m ~ %) were calculated from these measurements.

Field measurements of leaf and stem inclination
of the dominant species in each layer were made
with a hand inclinometer. Approximately 100
measurements were made for each species in each
layer. A total of 35 species was analysed with
respect to the inclination of their leaves and axes.
For each species the mean leaf and stem inclina-
tion and the respective relative variance in 10°
classes per layer were calculated, each of the
angles measured being weighted with the leaf
(stem) area. The mean inclination angle per
canopy layer was calculated as a weighted average
of the inclination angles of the constituent species
where the weighting factors were the relative plant
area indices in the respective layer. This procedure
is aimed at allowing for the situation encountered
in plant stands consisting of a large number of
different species, and even differing in species
composition from layer to layer. The leaf inclina-
tion index x; was calculated according to Ross
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(1981), and ranges from + 0.6 (purely horizontal
leaves) to — 0.4 (purely vertical leaves).

In situ measurements of photosynthetic re-
sponse to photosynthetic photon flux density
(PPFD) were made on the dominant species using
a portable, differential gas exchange-system
(LCA-2, ADC, Hoddesdon, England). Addition-
ally, the in situ photosynthetic response to tem-
perature was recorded for the dominant species,
using a small temperature-controlled glass cuvette
(Korner, 1977) and a battery-driven IRGA
(BINOS 1, Fa. Leybold—Heraeus, Hanau, Ger-
many). Measurements were carried out at the
ambient CO,—concentrations prevailing at the ex-
perimental sites. Gas exchange rates were calcu-
lated according to von von Caemmerer and
Farquhar (1981) and expressed on a projected leaf
area basis.

The parameterisation of the model was carried
out using a series of micrometeorological mea-
surements (leaf temperature, incident PPFD). Val-
idation of the model at the canopy level was
achieved by a micrometeorological approach, the
Bowen-ratio energy-balance (BREB) method
(Norman and Hesketh, 1980). In contrast to the
cuvette methods, which are commonly used for
validation (Hesketh and Jones, 1980), the BREB
method causes minimal disturbance and provides
fluxes integrated over larger areas (Kim and
Verma, 1991). The theory and operation of our
BREB-system is described in detail elsewhere
(Tappeiner and Cernusca, 1996). Briefly, profiles
of soil, air and leaf temperature, of direct and
diffuse PPFD, air humidity and CO, concentra-
tion, within and above the canopy, as well as soil
water potential and net radiation, were measured
using a portable battery-powered data acquisition
system. Calculations of water vapour flux, sensi-
ble heat flux and carbon dioxide flux were done
using profiles of temperature, water vapour pres-
sure and CO, concentration measured at two
heights (0.1 and 1.5 m) above the canopy. The
BREB measurement of atmospheric CO, flux pro-
vides the sum of canopy and soil (plus root) CO,
fluxes. Therefore an estimation of soil (plus root)
CO, flux is necessary for the computation of
canopy photosynthesis. Release of CO, from the
soil was measured in situ by IRGA techniques (for

details on the method see Cernusca and Decker,
1989). The whole apparent canopy photosynthesis
(A4.,,) results from the difference of the CO, flux
from the atmosphere and the CO, output of the
soil (for details see Cernusca, 1982; Tappeiner and
Cernusca, 1996).

2.3. Model description

The model consists of integrated light intercep-
tion and photosynthesis sub-models. A detailed
description of the light interception part is given
in Tappeiner and Cernusca (1989a, 1991) and
only a brief outline is presented here. Penetration
of direct and diffuse PPFD is assessed by dividing
the canopy into layers, where the leaf and stem
surface areas and frequency distribution of incli-
nation angles represent the measured canopy
structure for each layer. A gap-probability calcu-
lation approach following Monsi and Saeki
(1953), Warren Wilson (1960), Duncan et al.
(1967) is used to compute both the penetration of
direct PPFD into the canopy and the sunlit frac-
tion of leaves (Eq. (1)). In contrast to the classical
gap probability function, a non-random disper-
sion of leaves in the canopy space (i.e. the group-
ing of foliage, Jarvis and Leverenz, 1983) is taken
into account by a dispersion factor (d,) for each
layer, as described in Tappeiner and Cernusca
(1991). Independent data sets were used for the
calculation of the dispersion factor and the subse-
quent validation of the light sub-model. Diffuse
PPFD penetration into the canopy is calculated in
a manner analogous to that for the direct beam.
Uniform sky brightness with nine concentric sky
bands as the source of diffuse PPFD is assumed.
Diffuse PPFD penetration from the different sky
segments is calculated and then integrated for the
entire sky hemisphere (Duncan et al., 1967).
PPFD interception by the leaves of the dominant
species is calculated, taking into account the mea-
sured frequency curve of inclination in the single
layers (Anderson and Denmead, 1969) as well as
the diffuse radiation that has been transmitted
through and reflected from surrounding foliage
according to Caldwell et al. (1986). Sunlit and
shaded leaves at each depth are treated separately.
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Table 2

Parameter estimates for the photosynthesis sub-model'> of the dominant species of the investigated stands. Parameterisation is
based on measurements during the main flowering period. For all species investigated light and temperature response curves were
measured for at least 20 and five leaves, respectively.

Species ®(mol Ag +S.E. Ry r? Top CO) a (1073 b (107 12

mol 1) (umol m~2s~!)  (umol m—2 s~V

Heavily stocked pasture (HP)

Festuca rupicola* 0.0172 75+ 1.8 —1.28 098 21.8 —4.85 1.23 0.75
Carex buschiorum 0.0185 694+25 —0.96 092 212 —4.51 1.17 0.79
Koeleria caucasica 0.0147 105+ 1.1 —0.91 0.82 21.0 —4.93 2.19 0.80
Pulsatilla violacea* 0.0202 16.1 +£2.6 —1.57 098 22.8 —4.77 1.23 0.78
Alchemilla sericata 0.0211 17.5+29 —1.45 0.89 21.8 —3.86 1.22 0.85
Leontodon hispidus 0.0202 18.6 +2.4 —1.50 094 219 —4.82 1.36 0.87
Ranunculus 0.0171 15.8+1.9 —1.55 095 21.5 —4.90 1.17 0.81
oreophilus

Lightly stocked pasture (LP)

Nardus stricta 0.0200 13.2+2.6 —1.67 0.79 239 —3.01 1.21 0.88

Agrostis planifolia* 0.0379 85+ 1.7 —1.20 0.96 232 —3.51 1.04 0.87

Carex tristis 0.0157 94+42.1 —1.46 0.73 243 —3.32 0.97 0.90

Alchemilla retinervis  0.0143 11.1+1.2 —0.83 090 23.8 —3.50 2.13 091

Leontodon danubialis  0.0225 9.84+2.0 —0.85 0.82 232 —3.33 1.85 0.89

Plantago caucasica*  0.0287 149+1.8 —2.46 094 224 —4.35 1.38 0.92

Ranunculus 0.0166 11.2+2.0 —0.76 0.85 235 —3.62 1.61 0.94

oreophilus

Trifolium ambiguum  0.0167 18.1 £3.6 —0.95 094 236 —3.51 0.82 0.96
Abandoned pasture (AP)

Festuca woronowii* 0.0247 11.0+1.2 —0.92 095 214 —5.32 0.91 0.99

Carex meinshauseni-  0.0229 6.6+1.3 —0.92 096 21.1 —4.76 1.25 0.95

ana

Betonica macrantha*  0.0212 6.6+20 —0.85 0.85 20.8 —4.64 0.83 0.95

Polygonum carneum  0.0291 19.6 £2.2 —1.02 097 203 —4.55 1.42 0.85
Wet meadow (WM)

Deschampsia cespi- 0.0191 10.1 £ 1.1 —1.23 096 223 —4.01 1.14 0.90

tosa*

Equisetum palustre 0.0207 10.8 £ 1.7 —1.70 092 225 —4.02 1.22 0.90

Ranunculus elegans 0.0352 151+ 1.6 —1.03 0.96 22.0 —4.10 0 0.89

Ligularia sibirica 0.0291 57+14 —0.99 0.86 219 —3.82 1.01 0.93

Gladiolus caucasica*  0.0206 73415 —1.64 091 227 —4.28 2.02 0.93
Hay meadow (HM)

Hordeum violaceum® 0.0198 8.1+14 —1.16 094 209 —4.61 0.91 0.82

Festuca pratensis 0.0198 1144 2.1 —0.98 0.81 20.7 —4.51 1.50 0.90

Poa pratensis 0.0197 82+20 —1.22 095 21.2 —4.78 1.22 0.91

Seseli transcaucasica  0.0273 13.940.8 —1.33 096 199 —3.87 1.01 0.99

Trifolium ambiguum*  0.0265 128+1.2 —0.93 0.96 22.0 —4.52 1.10 0.76
Tall herb community (TH)

Heracleum sos- 0.0407 15.8 +3.7 —1.62 0.84 239 —3.71 0 0.96

nowskyi 110-160 cm

H. sosnowskyi 0.0295 87+1.7 —0.87 0.90 20.2 —3.65 1.01 0.94

80-110 cm

H. sosnowskyi 0.0325 5.6 +0.7 —0.77 0.94 19.8 —3.50 1.11 0.90

40 -80 cm*

Alchemilla sp.* 0.0288 3.8+04 —0.76 0.99 16.5 —4.12 1.65 0.89
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Table 2 (continued)
Species ®(mol Ag, +S.E. Ry r? Top CC) @ (1073 b (1074 r?
mol 1) (umol m~2s™!)  (umol m~2s~ D
Evergreen Rhododendron shrub community (RC)
Rh. caucasicum 40-60 cm 0.0254 6.3+09 —1.13 0.88 19.7 —2.88 1.20 0.85
Rh. caucasicum 20-40 cm 0.0258 56+2.1 —0.81 098 189 —2.73 1.81 0.91
Vaccinium myrtillus* 0.0210 31+0.8 —0.42 0.99 18.6 —2.36 1.50 0.88
Deciduous Rhododendron shrub community (RL)
Rh. luteum 90-110 cm 0.0337 7.54+0.9 —1.09 085 19.8 —5.20 1.23 0.83
Rh. luteum 70-90 cm 0.0324 7.1+0.6 —0.95 094 189 —5.11 1.17 0.78
Rh. luteun 50-70 cm 0.0284 5740.7 —0.65 083 18.7 —5.01 0.92 0.83
Campanula collina* 0.0289 2.84+0.7 —0.83 098 179 —4.31 1.71 0.86
Festuca rubra* 0.0193 47403 —1.04 092 183 —4.12 1.50 0.85

! Model used to fit photosynthetic response to light: 4 = ®PPFD/(1 + ®*PPFD?/(4

— R+ Ry, where 4 is the photosynthetic

sat

CO, fixation, @ the slope of the linear proportion of the light response curve, 4, the light saturated photosynthetic rate and Ry

the day respiration at 23°C.

2 Model used to fit photosynthetic response to temperature: p = (a(TlfTop‘)2)+(b(\TlfTopl|))+l, where p is the proportion of

Ago(0-1), T, the leaf temperature and T,
* Averaged response curves used for less abundant species.

Simulated PPFD values and measured leaf tem-
perature values enter the photosynthesis sub-
model. Single-leaf photosynthesis is predicted by a
phenomenological model of leaf photosynthetic
response to light and temperature similar to the
approach of Forseth and Norman (1993). Photo-
synthetic response to light of a single leaf was
approximated with the relationship (Tenhunen et
al., 1987):

A = OPPFD/(1 + ®*PPFD?/(Ayy — R))"* + Ry
(1)

where A4 is the photosynthetic CO, fixation, ® the
slope of the linear proportion of the light response
curve (mol CO, per mol incident photons), A,
the light saturated photosynthetic rate and R, the
interception with the y-axis, which can be denoted
as day respiration for the temperature given dur-
ing the measurements. To estimate R, at other
temperatures, an exponential relationship between
R, and temperature was developed from data for
Rhododendron ferrugineum (Siegwolf, 1987) and
Ranunculus acris (Diemer, 1990). This relationship
was adjusted by using R, derived from the light
response curves measured at 23°C for the domi-
nant species.

the photosynthetic temperature optimum.

The photosynthetic response to temperature
was described by:

p= (a(T'l - Topt)z) + (b(lj—vl - Topt‘)) + 1

with0<p<1 2

where p is the actual rate of photosynthesis rela-
tive to A, (1), T, the leaf temperature and T,
the photosynthetic temperature optimum.

Model parameters for the dominant species
were derived from in situ gas exchange measure-
ments and are listed in Table 2. The less abundant
species, whose photosynthetic responses were not
measured, were classified as grasses or herbs and
for each of these groups averaged response curves
of the dominant species in the corresponding
communities were used for the simulation. These
species did not contribute more than 17% to total
LAI. For the dwarf shrub communities where
stems contribute much more to PAI (25%) than in
the investigated grasslands (0.5-5%) the model
accounts for the CO, uptake and release of stems.
Since the photosynthetic responses of stems were
not measured in this study, data for the green and
brown axes of a closely related shrub species,
Rhododendron ferrugineum, (Siegwolf, 1987) were
used.

pt
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The scaling from leaf to canopy level was done
by serially integrating the photosynthetic rates of
sunlit and shaded leaves (and stems in the dwarf
shrub communities) for each species and layer,
weighting by the corresponding fractions of sunlit
and shaded leaf (and stem) areas:

! K
Acan = z Z (Lsun,/c,i X Asun,/c,i + Lshade,/c,i

i=1k=1
X Ashade,k,i) (3)

where A, is the whole canopy photosynthesis,
L, and L, . are the sunlit and shaded leaf (and
stem) area indices, respectively and A, and
Agnaqe are the photosynthetic rate of sunlit and
shaded leaves, respectively. The subscripts 7 and k
represent the layer and species, respectively,
whereas / and s represent the total number of
layers and the total number of species,
respectively.

3. Results
3.1. Canopy structure

The stands cover a considerable range of diver-
sities from a 2.4 m high tall herb community with
a LAI of 6.2 to a pasture with a maximum height
of only 0.18 m and a LAI of 2.4 (Table 1). The
diversity in canopy structure of the eight stands is
depicted in Fig. 1(a and b). In the grazed commu-
nities (HP, LP) two thirds of the phytomass were
contained in the lowest 3 cm. Leaf inclination
showed an increase with canopy height, the grass
leaves with a steep angle of inclination being
predominant in the upper half of the canopy. The
AP and WM stands showed a more gradual de-
crease in phytomass with increasing canopy
height, with a substantial fraction of necromass
(68%) in the abandoned pasture. Both communi-
ties formed typically erectophile canopies (x; =
—0.14 and — 0.26). In the HM more than 80% of
the phytomass were distributed quite evenly in the
lowest 40 cm of the canopy, with the planophile
leaves of the tall herbaceous species dominating
between 40 and 20 cm. In the other three stands

(TH, RC, RL) canopy structure was characteristi-
cally two-layered: the upper half almost contained
the entire photosynthetically active leaf surface,
while the underlying layer consisted of photosyn-
thetically inactive stems. The TH stand was char-
acterized by strong planophile tendencies
(x,=0.54) and the two dwarf shrub stands (RC,
RL) also showed rather small leaf inclination
angles.

The mean dispersion factor (d) given in Table 1
compares the stands with respect to spatial ar-
rangement of plant parts: d ranges from 0
(clumped dispersion) to 1 (random dispersion)
and 2 (regular dispersion). The RL, RC and TH
communities showed a markedly clumped disper-
sion in the leaf layer and a regular dispersion in
the stem layer. The HM and WM stands were
characterized by a clumped arrangement of leaves
in all canopy layers, which was particularly pro-
nounced in the upper half of the canopy of the
HM. The other canopies displayed random dis-
persion of plant parts.

3.2. Leaf based photosynthetic characteristics of
dominant species

The photosynthetic characteristics used in the
model (Table 2) were estimated on the basis of in
situ measurements of PPFD and temperature re-
sponses of photosynthesis of the dominant spe-
cies. Both ® and A, considerably varied between
the species investigated. As shown by Ehleringer
and Bjorkman (1977), ® of C, plants is dependent
on CO, and temperature. The comparatively low
® values of the species investigated (0.014-0.04
mol mol ~!) may have resulted from the low CO,
partial pressure due to elevation (mean intercellu-
lar CO,=17+1.9 Pa) and the comparatively
high temperatures prevailing during measure-
ments (23-26°C). Light saturated photosynthetic
rates of the investigated species are in the range
reported for the same genera and species growing
under similar environmental conditions (Sawada
and Sugai, 1984; Atkinson, 1986; Woledge and
Parsons, 1986; Korner and Diemer, 1987; Sieg-
wolf, 1987; Abdaladse, 1988; Gloser, 1993; Abdal-
adse, 1994; Karlsson, 1994). The different A,
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Fig. 1. (a) Stratification of plant area density (PAD), mean leaf inclination angle « (left), contours of simulated photosynthetic
photon flux density interception (PPFD) on inclined leaf surface (middle) and contours of simulated apparent canopy photosynthesis

(Agan) expressed on a volume basis (umol CO, m

—3 571 (right) for the plant communities investigated in the Central Caucasus.

For model input a typical diurnal course of microclimatic data for a clear day at the end of July was chosen. Experimental sites:
HP, heavily stocked pasture; LP, lightly stocked pasture; AP, abandoned pasture; WM, wet meadow. (b) Experimental sites: HM,
hay meadow; TH, tall herb community; RC, evergreen Rhododendron shrub community; RL, deciduous Rhodododendron shrub

community.

values primarily reflect the phenotypic adaptation
of the species to the prevailing light climate in the
different canopy layers. For example, 4, of Tri-
folium ambiguum is about one third higher in the
LP than in the HM, since in the former stand the
leaves are mainly situated in layers of higher light
availability than in the HM. The tendency of A,

to decrease with a decreasing canopy height could
also be clearly observed with Heracleum sos-
nowskyi, Rh. caucasicum and Rh. luteum. Further-
more, there was a significant correlation between
A, and leaf weight per area (LWA) of all species
investigated (4., = —3.18 +0.398 LWA, r’>=
0.69; data not shown). Since LWA reflects the
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Fig. 1. (continued)

prevailing level of photosynthetically active radia-
tion (Bjorkmann, 1981) this result supports the
assumption of an adaptation to the prevailing
light climate.

3.3. Model validation

Model results were compared against the mea-
surements of whole canopy CO, gas exchange for
selected clear days. The measured diurnal courses
of environmental conditions (PPFD, leaf tempera-
tures) of these days were used as input values for

the model. Results are shown in Fig. 2. Corre-
spondence between the model and measurements
was very good in all investigated stands. Only in
the HP there was an increasing overestimation of
Agan by the model observed in the course of the
day. This could be caused by limitations related to
plant water relations, which are not considered in
the model. Control measurements with a porome-
ter revealed reductions in leaf conductance of up
to 40% in the upper canopy layers of the HP
stand in the early afternoon (Sanadiradze and
Kuradze, 1990).
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Fig. 2. Model validation for comparable clear days showing diurnal courses of whole apparent canopy photosynthesis (expressed on
a ground area basis, 4_,,, pmol CO, m ~2 s~ ). Points are values measured, in which A_,, results from the difference of the CO,
flux from the atmosphere measured by a micrometeorological approach (Bowen-ratio energy-balance) and the CO, output of the soil
measured in situ by IRGA techniques. Lines are model predictions using measured structural and microclimatic data as inputs.
Experimental sites: HP, heavily stocked pasture; LP, lightly stocked pasture; AP, abandoned pasture; WM, wet meadow; HM, hay
meadow; TH-tall herb community; RC, evergreen Rhododendron shrub community; RL, deciduous Rhodododendron shrub

community.

3.4. Diurnal courses of simulated whole canopy
photosynthesis

Model simulations were based on a measured
diurnal course of incoming PPFD and leaf tem-
peratures on a typical sunny day at biomass max-
imum (Fig. 3), and on measured canopy structural
parameters. The diurnal patterns of simulated
whole canopy photosynthesis and sunlit leaf area
are shown in Fig. 3. Spatial distribution of mean
PPFD on inclined leaf area and of A4, (expressed
on a canopy volume basis, umol CO, m =3 s~ 1),
are presented in Fig. 1(a and b). In the graminoid
dominated canopies (WM, AP, LP, HP), which
were characterized by erect leaves, PPFD was
mainly absorbed by the upper canopy layers in
the morning and evening, when solar elevations
were relatively low, but penetrated deeper into the
canopy during the noon hours. This resulted in a

marked diurnal change of sunlit leaf area. In the
canopies dominated by tall herbs or dwarf shrubs
PPFD was mainly absorbed by the upper half of
the canopy throughout the day and the leaf arca
exposed to direct sunlight was relatively constant
during the day. Carbon gain of the different
canopy layers was closely related to the inter-
cepted PPFD (Fig. 1(a and b)). In most canopies
(HP, WM and to a lesser extent LP, AP, RC,
RL), however, a reduction of A, occurred at
midday in spite of a high degree of light intercep-
tion. This was also clearly seen in the diurnal
course of total 4_,,, which only in the TH and the
HM (Fig. 3) closely followed incoming PPFD. In
the other canopies there was either a high degree
of saturation of A_,, during the noon hours (RC,
RL) or it followed an asymmetric diurnal course
(HP, LP, AP, WM). The causes of this phe-
nomenon were revealed by model analysis: In the
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two Rhododendron stands (RC, RL) the leaves of
the dominating species are saturated at relatively
low light intensities (PPFD < 1000 pmol m~?
s~ 1) and hardly utilize the higher PPFD values
between 10 and 15 h. In the grassland communi-
ties leaf temperature is the limiting factor. To
quantify this influence the actual leaf tempera-

tures, which were above 20°, were substituted by
the optimum temperature for photosynthesis (7,
in Table 2). The result of this analysis is shown in
Fig. 4. The high leaf temperatures observed in the
HP, LP, WM and AP (data not shown) account
for a reduction of daily net photosynthesis of 32,
12, 8 and 4%, respectively.
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Fig. 3. Diurnal course of microclimatic data (incident photosynthetic photon flux density PPFD and measured leaf temperatures
Tiear) used for model input, as well as simulated diurnal patterns of whole apparent canopy photosynthesis (expressed on a ground
area basis, 4., and sunlit leaf area index (sunlit LAI) of the plant communities investigated in the Central Caucasus. For

experimental sites see Fig. 2.
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Fig. 4. Reduction (hatched area) of whole apparent canopy
photosynthesis (expressed on a ground area basis, A.,,) in the
diurnal course, due to high leaf temperatures measured on a
clear day on the wet meadow (WM), the lightly (LP) and the
heavily (HP) stocked pasture. Simulations were performed
with measured (thin line) and hypothetical (bold line) leaf
temperatures. Leaf temperatures above 20° were substituted by
the optimum temperature of single leaf photosynthesis.

3.5. Sensitivity analysis of daily total A,

In order to examine the significance of the
structural and photosynthetic characteristics for
daily total A, a sensitivity analysis was con-
ducted (Fig. 5). Parameter values (PAI and LA,
leaf inclination, dispersion factor, A, and Ry)
were individually changed for all canopy layers
and species in the range from 0.7 to 1.3 of their
average values. The resulting A4.,,, was plotted as a
relative value against the control A, (measured
environmental and canopy structure conditions,
factor = 1; Fig. 5). A.,, was highly dependent on
PAI and LAI in the canopies with a high portion
of necromass (LP 29%, AP 68%). In the other
stands LAI and PAI had a markedly smaller
influence on A4_,,: a further increase of PAI and
LAI resulted in an increase of 4., in less dense
canopies (HP, RC), but in a reduction of A4_,, in
the denser canopies (WM, HM, TH, RL). In a
series of further simulations LAI was kept con-
stant and PAI was varied in such a manner that
the portion of the area of necromass varied from
zero to the measured value. In both the LP and
the AP, A_,, strongly decreased in an exponential
manner with increasing portion of necromass.
Simulations without necromass resulted in an in-
crease of A, by 1.3 and even 2.5 in the LP and
the AP, respectively.

12
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Fig. 5. Sensitivity of whole apparent canopy photosynthesis to
plant and leaf area index, leaf inclination angle, dispersion
factor, light saturated photosynthetic rate (4,,) and day respi-
ration (Ry) of the dominant species of the plant communities
investigated in the Central Caucasus. To examine the sensitiv-
ity to plant area index (PAI) and leaf area index (LAI), both
PAI and LAI were multiplied in all layers and for all species
by a factor ranging from 0.7 to 1.3 (abscissa); all other
parameters were kept as measured. Sensitivity to leaf inclina-
tion angle and dispersion factor were examined by multiplying
the respective parameter in all layers and for all species by a
factor, with all other parameters kept as measured. Sensitivity
to Ay, and Ry was examined by multiplying both A4, and R,
by a factor, with all other parameters kept as measured. For
experimental sites see Fig. 2.
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Fig. 6. (a,b) Relationship between daily total apparent canopy photosynthesis (expressed on a ground area basis, A4.,,) and leaf area
index (LAI) of the plant communities investigated in the Central Caucasus. a Simulation performed with measured microclimatic
data and structural parameters. The constant of the linear regression is not significant (t = — 0.9, sig t = 0.37). (b) Analysis of effects
of the vertical distribution of structural parameters (leaf area, leaf inclination, dispersion factor). For each stand simulations were
performed by changing LAI from 1-8.5. For the input parameters equal values were chosen for all stands: ratio leaf area/attached
dead area (1:0.17), single leaf photosynthetic parameters (® = 0.3, 4, = 13, Ry= — 1.3, T,,, =20, a= —0.0045, b = 0.00012), and
measured values for incoming PPFD. Leaf temperatures below 20° were used as measured, higher values were substituted by 20°.
In these simulations the only parameters differing between the stands are the measured vertical distribution of leaf area, and the
profiles of leaf inclination angles and foliage dispersion factors.

The effects of changes in leaf inclination were for this analysis. In all canopies investigated A,
similar in all canopies: decreasing leaf inclination increased with increasing A4, and R,; and de-
decreased A,,, the effect being marked in the creased with decreasing A, and Ry, the effect
dense graminoid dominated stands (AP, WM) being most pronounced in the RC and the RL. In
and less pronounced in less dense canopies (LP, these canopies higher light intensities, which occur
HP) and stands dominated by dwarf shrubs and between 11%° and 15°, cannot be utilized by sunlit
tall herbs (HM, TH, RC, RL). This is in good leaves for an increase of A.,, (Fig. 3). A concomi-
agreement with calculations by Duncan (1971), tant increase of 4, and R, means that single leaf
Barnes et al. (1990), Ryel et al. (1993), who found photosynthesis is saturated at higher light intensi-
that in dense stands canopy photosynthesis was ties and reaches higher rates, which particularly
decreased by more planophile leaves. affects canopies dominated by species that are

Altering the dispersion factor revealed different saturated at rather low PPFD.
responses in the canopies. A decrease in d; (more
clumped dispersion) caused a decrease in A.,, in 3.6. Effects of leaf area index and structural
the HP, the LP and to a lesser extent in the WM. characteristics
In the other canopies an increase in d; (more
regular dispersion) contributed to a decrease in In Fig. 6(a) daily total 4, is plotted against
Acan- LAI The highly significant linear correlation sug-

As it is the objective of this paper to analyse gests the conclusion that for the daily net carbon
canopy structure effects, only a rough sensitivity gain of the investigated plant canopies LA,
analysis was performed for the photosynthetic rather than the structural characteristics, is the
parameters. It is known from different studies determining factor. In order to test this a number
(Kira et al., 1978; Caldwell et al., 1986) that in of simulations of diurnal courses of A, were
natural plant communities R; and A, of leaves made by changing LAI from 1-8.5. The following
decrease concomitantly with a decreasing canopy input parameters were kept equal in all stands:
height, which often results in a close correlation. ratio leaf area/attached dead plant area (1:0.17),

Therefore A,,, and R, were concomitantly altered single leaf photosynthetic parameters (® = 0.3,
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Ag =13, Ry= —1.3, T,,,=20, a= —0.0045,
b=0.00012) and incoming PPFD (values as mea-
sured). Vertical distribution of leaf area, and the
profiles of leaf inclination angles and foliage dis-
persion factors were used as measured in the
respective stand. Leaf temperatures below 20°
were used as measured, higher values were taken
to be 20°. Fig. 6(b) clearly shows that these
structural parameters play an important role for
Ag.- The canopies investigated can be grouped
into stands dominated by dwarf shrubs or tall
herbs (HM, RC, RL, TH) and graminoid domi-
nated stands (HP, LP, AP, SM). The first group
reaches the maximum A4_,, at LAI values of about
5-6 (optimum LAI). The second group is charac-
terized by an optimum LAI of 3 and displays
somewhat lower values of daily total 4, than the
first group (except TH). In the TH stand, which is
extremely planophile, a slight increase of leaf in-
clination (by 25%) results in daily total A_,, values
comparable to those of the other stands of the
first group.

3.7. Effects of non-random leaf dispersion

The determination of foliage grouping revealed
a clumped dispersion in the leaf layers and a
regular dispersion in the stem layers of the HM,
TH, RL, RC and WM stands, which was consid-
ered in the model. In order to analyse the effects
of leaf dispersion on light absorption and canopy
photosynthesis, simulations based on observed
leaf dispersion were compared with simulations
assuming random dispersion in all layers. As Fig.
7 shows, the measured clumped dispersion in the
HM, TH, RC and RL stands resulted in a shift of
sunlit leaf area and maximum photosynthesis to
somewhat lower canopy layers, where the maxi-
mum LAI occurred. In the WM stand the mea-
sured clumped dispersion resulted in a markedly
higher photosynthesis in the layers with the
highest LAI than in the case of random disper-
sion. In all canopies investigated the measured
clumped dispersion resulted in a higher daily total
canopy photosynthesis of up to 6%. The grouping
of foliage is primarily determined by the morphol-
ogy of the species and may not necessarily be a
strategy of maximizing the carbon gain. Thus, in

a further step a sensitivity analysis was performed
to test if the dispersion of leaves measured in all
canopies is near optimum for canopy photosyn-
thesis. For this sensitivity analysis all parameters
except d; were kept as measured. The dispersion
factors were varied according to the following
equation: dy*iation = ((d; — v, + Dv;, for 0.5<
vy, U, < 1.5. Variation of v, causes changes of the
level of d; (in all layers more clumped when v, < 1
and more regular when v, > 1). Variation of v,
has the effect that differences of d;, between the
layers are increased (v, > 1) or decreased (v, < 1).
Fig. 8 shows two typical results. In all canopies
investigated there was an optimum range of d; for
A, Which also includes the actually measured
dispersion of leaves. In the LP, as well as the HP,
AP and RC stands (not shown), A4.,, was insensi-
tive to a wide range of variations of d;. In these
canopies the differences of d; between the layers
had no effect, 4., was only determined by the
occurrence of foliage clumping. In the other
stands (TH, HM, RL, WM) A4_,, was much more
sensitive to d;, both with respect to its levels and
the differences between the layers (profile). The
optimum in these canopies was the result of an
optimized combination of levels and profile of d,.
The resulting matrix of these stands is character-
ized by a more or less triangular structure (see TH
in Fig. 8). This structure shows particularly well
that the actually measured dispersion of leaves is
near optimum for canopy photosynthesis.

4. Discussion

In the absence of limiting environmental condi-
tions (e.g. clear day, no moisture stress, no lack of
mineral nutrition) canopy net photosynthesis is
determined by the ability of the stand to intercept
light and by its effectiveness in utilizing light for
photosynthesis. Whether a stand can capture and
use incident PPFD will ultimately be controlled
by its structural properties (vertical distribution of
leaf area, density, spatial dispersion and orienta-
tion of plant elements; (Duncan, 1971; Roberts
and Miller, 1977; Myneni et al., 1989)). On the
basis of the vertical distribution of the leaf area
(Fig. 1(a and b)) the investigated stands can be
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roughly divided into three types (Tappeiner and
Cernusca, 1991, 1996): a pyramid with a broad
base (type 1), a pyramid with a narrow base (type
2) and an inverted pyramid (type 3). These obvi-
ous structural characteristics are linked to a num-
ber of functional parameters.

Type 1 is represented by grazed areas, such as
the HP and the LP. Its structure is commonly

U. Tappeiner, A. Cernusca / Ecological Modelling 113 (1998) 201-223

interpreted as an adaptation to grazing (Cernusca
and Nachuzrisvili, 1983; Fukuyama, 1985, Sala,
1988; Tappeiner and Cernusca, 1989b). Leaf area
1s amassed near the soil surface, leaf inclination
varies from predominantly vertical in the upper
canopy to predominantly horizontal in the lower
canopy. The simulations show that PPFD pene-
trates deep into the stand throughout almost the
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Fig. 7. Measured profiles of the leaf area index (LAI) and simulated profiles of sunlit leaf area (sunlit LAI) for measured and
random foliage dispersion (left), and simulated profiles of apparent photosynthesis in the respective layers of the canopy (Aj,y.,) for
measured and random foliage dispersion (right). For the HM, TH, RC, RL sites daily means are given, whereas for the WM site
hourly means for different times of the day are shown. For experimental sites see Fig. 2.
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Fig. 8. Sensitivity of daily total whole canopy photosynthesis to variations of the level of dispersion factors (d;) per layer (columns)
and the profile of d; (lines) for the lightly grazed pasture (LP) and the tall herb community (TH). For this sensitivity analysis all
parameters except d; were kept as measured. The levels of d; were increased or decreased in the same proportion in all layers and
the profiles of d; were changed by systematically increasing or decreasing the measured differences of d;, between the layers (for

further explanations see text). , 4
—, decrease > 10%.

entire day (Fig. 1(a)) and that a low LAI results in
a loss of PPFD to the soil surface of up to 17%
(HP). In stands of type 1 canopy structure exerts
only little influence on canopy photosynthesis via
light climate. Canopy photosynthesis is generally
not limited by light but by other factors. (1) The
dense leaf layers near the soil surface absorb a
major part of the incoming radiation, but on the
other hand they also slow down the exchange
processes with the atmosphere (high aerodynamic
resistance). On clear summer days this results in
high canopy and leaf temperatures during the
noon and early afternoon hours (Tappeiner and
Cernusca, 1996), leading to a pronounced reduc-
tion in canopy photosynthesis (Fig. 4). Similarly
high leaf temperatures combined with low canopy
photosynthesis during clear midday periods in
August were also measured by Ripley and Red-
mann (1976) in a short grass prairie. Beyschlag et
al. (1990) showed for a mixture of wheat and wild
oat that even small increases in foliage tempera-
tures lead to substantial reductions in (A4,,. Such
temperature effects may not be restricted to direct
effects, as considered by the model, but may also
include indirect effects on photosynthesis via
stomata responses to high water vapour pressure
deficits (Tenhunen et al., 1990). (2) Grazing re-

can at measured d;; , deviation = 1%; +, increase 2—5%; —, decrease 2—5%; —, decrease 6—10%,

moves part of the photosynthetic surface, thus
reducing LAI and A_,,, on the other hand it also
indirectly increases the photosynthetic capacity by
favouring the development of young leaves in an
environment with high light availability (Woledge
and Parsons, 1986). Extensification and abandon-
ment result in an increase of necromass and a
slow change of the structure of canopies of type 1
from a pyramid with a broad base to one with a
narrow base (AP).

Type 2 is represented by meadows such as the
WM and the AP. The erect leaves and a gradual
increase in leaf area from the canopy surface to
the ground result in an almost linear decrease in
light availability with canopy height and a pro-
nounced diurnal course of light availability in all
canopy layers (Fig. 1(a)). Mutual shading plays
an important role in canopy photosynthesis. A
large proportion of the foliage (80%) is in shade
most of the time (Fig. 7) and contributes only up
to 15% of canopy carbon gain. This is only half
the value found for the dwarf shrub- and tall herb
communities investigated by the author, or for a
Quercus coccifera stand investigated by Caldwell
et al. (1986). A high portion of necromass, as
observed in the AP, increases the effects of mutual
shading and exerts a markedly negative influence
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on A, (Tappeiner and Cernusca, 1989b, 1995).
As Fig. 5 shows, in such stands canopy photosyn-
thesis is very sensitive to variations of PAI. In
general, the structural properties have a more
pronounced effect on photosynthesis in stands of
type 2, as compared to stands of type 1. This can
be clearly seen from the sensitivity of A4, with
respect to decreasing leaf inclination (see AP,
WM in Fig. 5) and variations in the profile of d,
(WM). The large amount of sunlit leaf area dur-
ing the midday hours (Fig. 3) results in rather
high temperatures in the active layer, which
causes somewhat smaller reductions in canopy
photosynthesis (Fig. 4) than in stands of type 1.

Type 3 is represented by the dwarf shrub com-
munities (RC, RL) and the tall herb dominated
stands (TH, HM). The inverted pyramid shape of
the canopy results from the morphology of the
dominating species, which raise their largely hori-
zontal leaves away from the soil surface. The
effects on microclimate are a high attenuation of
PPFD by the upper half of the canopy and a
relatively small diurnal course of leaf tempera-
tures (Fig. 3). This results in a characteristic spa-
tial distribution of canopy photosynthesis, with
the highest A4, occurring in layers with the
highest LAI (Fig. 1(b)), and very low 4.,, in the
underlying layers. The simulation results pre-
sented in this paper support the contention of
other authors (Kiippers, 1985; Caldwell, 1987;
Barnes et al., 1990) that plant architecture plays
an important role in competition: canopies of type
3 are dominated by plants that have succeeded in
spreading out their leaves in the upper half of the
stand, thus effectively exploiting PPFD to sup-
press competition from species in the lower layers.
Due to lack of light 4, is negative in the lowest
canopy layers in the TH, RC and RL stands
throughout the whole day. In this type canopy
structure plays an important role for canopy pho-
tosynthesis, as is proved by the simulations of
effects of the structural characteristics (Fig. 6(b)).
In a comparison of all stands on the basis of
assumed equal single leaf photosynthetic parame-
ters, stands of type 3 display a higher carbon gain
and a higher optimum LAI than stands of types 1
and 2. This is not the result of higher attenuation
of PPFD by the canopy but rather results from

the distribution of intercepted PPFD in the
canopy which is such that a great part of the
leaves are exposed to intermediate, non-saturating
PPFD. This maximizes the ratio A.,,/absorbed
PPFD (Jarvis and Leverenz, 1983; Wall and
Kanemasu, 1990). This favourable distribution of
light is partly due to the clumped dispersion of
leaves in the upper canopy. Sensitivity analysis of
A.,, With respect to variation in the level and
profile of leaf dispersion clearly revealed the par-
ticular importance of the differences in d; between
the layers in canopies with high LAI. It could also
be shown that in such stands the observed leaf
dispersions follow a pattern which allows for an
optimization of carbon gain of the whole stand
(Figs. 7 and 8).

5. Conclusions

(1) The relatively simple whole canopy photo-
synthesis model used requires photosynthetic in-
put parameters which are readily measurable. The
successful validation shows that such a model is
well suited for species-rich plant communities of
very different structures. The correspondence be-
tween model results and measurements is com-
parable to that obtained by Kim and Verma
(1991), Ryel et al. (1993), both of which groups
used a more complex photosynthesis sub-model
(Farquhar and Von Caemmerer, 1982; Tenhunen
et al., 1987). However, the slight overestimation
of A., in one stand reveals limitations of the
model under conditions of moisture stress.

(2) The significance of canopy properties (den-
sity, spatial dispersion and inclination of plant
elements) for canopy photosynthesis essentially
depends on the vertical distribution of the leaf
area. The canopies investigated in the Central
Caucasus could be grouped into three types, their
structural shape ranging from a pyramid with a
broad base (type 1) to a pyramid with a narrow
base (type 2) and finally to an inverted pyramid
(type 3) (Fig. 9). The significance of the structural
properties for A, increases from the pyramid
with a broad base to the inverted pyramid and is
higher when the stand is dominated by a single
species.
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(3) The simulations have shown (Fig. 6(b)) that
in canopies of type 3 the structural properties are
better optimized for canopy photosynthesis than
in the other canopy types. In a comparison of all
canopies with assumed equal LAI and photosyn-
thestic characteristics, canopies of this type obtain
higher total daily stand photosynthesis and reach
the maximum of A, at LAI values between 5
and 6 (optimum LAI). Stands of the other two
types have an optimum LAI of only 3.

(4) High A, is not achieved by the optimiza-
tion of a single structural property but is the
result of an optimized combination of several
properties. This is exemplified by TH in Fig. 8
(optimum is the result of suitable level and profile
of d), but is also valid for the combination of leaf
inclination and density of the stand (Fig. 5). A
high efficiency of utilization of incoming radiation
for canopy photosynthesis can be achieved by (a)
adapting canopy structural properties (leaf incli-

Type 1 Type 2 Type 3
U )
\ /
\r /
\L 7
/ \\ \7/
/ - \1/
t N
>
Increasing light limitation
<
Increasing temperature limitation
>

Increasing influence of structural properties

>

Increasing optimization of structural parameters
combined with compensations in physiological
properties (,,shade acclimation®)

Fig. 9. The significance of canopy properties for whole appar-
ent canopy photosynthesis (A4.,,) in dependence of canopy
architecture. According to the vertical distribution of the leaf
area the investigated stands were divided into three types: (1)
pyramid with a broad base (HP, LP), (2) pyramid with a
narrow base (AP, WM), (3) inverted pyramid (HM, TH, RC,
RL). Characteristic effects of structural parameters on daily
total 4, are indicated by arrows. For experimental sites see
Fig. 2. For further explanation see text.

nation, leaf dispersion) so that the major part of
the leaf area is supplied with intermediate PPFD,
and (b) physiological and anatomical adaptations
of species to the low PPFD in lower layers of the
canopy (Jarvis and Leverenz, 1983). Such complex
processes of optimization can be seen from the
relatively constant ratio A.,,/LAI in the investi-
gated stands (Fig. 6(a)), which is the result of an
interplay between structural properties of the
canopy and leaf based photosynthetic properties.
In a comparison of all investigated stands the
most effective use of both possibilities occurs in
the stands of type 3.

(5) The simulation results indicate that the
above-mentioned optimization of canopy photo-
synthesis does not imply maximization. Rather,
the structural properties only adapt to give a
satisfying strategy for carbon gain (e.g. TH in Fig.
8). However, in a general approach optimization
and maximization of canopy structure can not be
conclusively discussed without considering the
availability and distribution of nitrogen in the
canopy (Hirose and Werger, 1987; Badeck, 1995)
and leaf turnover and phenology (Field, 1983).

(6) In mountain ecosystems structural proper-
ties of the canopy (dense leaf layers, accumulation
of attached dead plant material) can enhance the
development of a warm microenvironment. Simu-
lations showed that in the investigated stands the
arrangement of dense leaf layers near the soil
surface and the accumulation of attached dead
plant material can reduce carbon gain of the
canopy as a result of heating effects and of de-
creased light availability. On the other hand, a
high portion of leaf area in the upper canopy
(inverted pyramid stands) allows much better op-
timization of structural characteristics favouring a
high carbon gain (Fig. 9).
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Appendix A. Abbreviations

a

A
Acan
Alayer

AP
AS%I[

b
BREB
d

1
dvariation
i

GAI
HM
HP

IO
IX

observed
I3

LAI
LP
LWA

p
PAD
PAI
PPFD
RC
R,

pumol CO, m~?2 leaf area s—!

pumol CO, m~—2 ground area s~
umol CO, m~2 ground area s~

1
1

pumol CO, m~?2 leaf area s—!

pumol photons m~—2 ground area s~
umol photons m~?2 ground area s~

pumol photons m~—2 ground area s~

2 -2

g dry matter m 2

m> m~3
m?> m~
pumol photons m~! ground area s~

2

pumol CO, m~?2 leaf area s—!

°C
°C

o

o

mol CO, mol~! photons

1
1

1

1

Constant in Eq. (2)

Photosynthetic CO, fixation of a single leaf
Whole apparent canopy photosynthesis
Apparent photosynthesis in the different canopy
layers

Abandoned pasture

Light saturated photosynthetic rate of a single
leaf

Constant in Eq. (2)

Bowen-ratio energy-balance method

Foliage dispersion factor for layer i

Variations of d, for sensitivity analysis

Green area index

Hay meadow

Heavily stocked pasture

Incident direct PPFD on a horizontal plane
Simulated direct PPFD on a horizontal plane at
the surface of a layer x in the canopy
Measured direct PPFD on a horizontal plane at
the surface of a layer x in the canopy

Leaf area index

Lightly stocked pasture

Leaf weight per area

Actual rate of photosynthesis relative to A,
Plant area density

Plant area index

Photosynthetic photon flux density

Evergreen Rhododendron shrub community
Interception of the light response curve of a sin-
gle leaf with the y-axis

Deciduous Rhodododendron shrub community
Tall herb community

Leaf temperature

Optimum temperature of leaf based
photosynthesis

Factors for variation of levels and profile of 4,
Wet meadow

Leaf inclination index

Frequency distribution of leaf inclination angles
Solar elevation

Slope of the linear proportion of the light re-
sponse curve of a single leaf
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