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To explain the coexistence of plant species in a mixed deciduous broad-leaved forest in
Abruzzo, Italy, a number of leaf traits were analyzed, and the shade tolerance was
investigated. Bud break started at the end of April and the rapid leaf growth during the
first stages was attested by the highest relative growth rates. The leaf area index (LAI)
increased from 0.7 at the beginning of the leaf growth to 2.6 at full lamina expansion.
Most of the species of the dominated layer were shade-tolerant and most of the species
of the dominant and co-dominant layers were shade-intolerant. There was a fairly well
defined specific leaf area (SLA) range between the shade-tolerant (271.1 cm2 g–1) and
shade-intolerant species (159.2 cm2 g–1). The SLA, the chlorophyll content (Chl) and
the leaf water content showed the same trend from the top to the bottom of the forest
canopy. The chlorophyll a/b ratio ranged from 2.78 (dominant + co-dominant layers) to
2.95 (dominated layer). Laburnum anagyroides Medicus, one of the most shade-toler-
ant species (305.1 cm2 g–1 SLA), showed the highest total chlorophyll content (2.69 mg g–1)
and Quercus cerris L., one of the most shade-intolerant (148.2 cm2 g–1 SLA), the lowest
(0.70 mg g–1).
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INTRODUCTION

Barkman (1979, 1990) compared the utilitarian
and fundamental floristic and structural classifica-
tions of forest and shrub communities, emphasiz-
ing the necessity of a structural classification, in
addition to a floristic one. Kull et al. (1995) investi-

gated models to describe foliage dry mass distribu-
tion among different layers of a community, and
Tilman (1988) developed a theory to explain the
coexistence of different plant species based on
their ability to exploit environmental resources.
Species within a community can be classified ac-
cording to a number of structural and functional
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traits (Montalvo et al. 1991, Reich et al. 1992,
Orwig & Abrams 1995). When leaves are the chief
element of interest, the vertical organisation of
the foliage should be emphasized in addition to
the distribution of individual stems and species
within the forest (Parkhurst & Loucks 1972,
Parker et al. 1989).

Different approaches treat the canopy in differ-
ent ways and at various levels of complexity, so a
detailed description of canopy structure would aid
in comparing the approaches (Parker et al. 1989).
Several reports (Wittner 1983, Pierce & Running
1988, Katsuno & Hozumi 1990, Welles 1990)
identified the leaf area index (LAI) as the most
important variable characterising vegetation en-
ergy and mass exchanges for global research. At
a landscape scale, the LAI needs to be estimated
across a range in canopy structure, land use pat-
terns, and vegetation types (Sampson & Allen
1995).

Studies examining species in different light
environments have reported altered leaf morphol-
ogy (Carpenter & Smith 1981, Abrams & Kubiske
1990), and light is the environmental variable ex-
erting the largest control on leaf morphology
(Jarvis & Leverenz 1983). The specific leaf area
(SLA) is known to vary vertically in a forest
canopy (Tadaki 1970, Cermák 1989, Welles &
Norman 1991, Niinemets 1995). Since the SLA
is important in explaining differences in growth
rate between species, it is imperative to obtain
more insight into the interspecific variation (Van
Arendonk & Poorter 1994). Knowledge of the
quantitative relationships between light availabil-
ity, the canopy structure and species composition
may contribute to a more advanced indirect esti-
mation of productivity (Niinemets 1995).

This study tested the hypothesis that the spe-
cies which occupy similar canopy layers within a
forest have morphological and physiological leaf
traits that reflect species adaptation. In address-
ing this question, and explaining the coexistence
of plant species in a mixed deciduous broad-leaved
forest, this study develops a number of leaf traits
that can be used to define the degree of shade tol-
erance among the species. Specialisation has al-
lowed plant species to co-exist in the same forest;
species with similar morphological and physi-
ological traits reflect their evolutionary adapta-
tion.

METHODS

Study site and climate

The study was carried out in a mixed deciduous broad-
leaved forest dominated by Quercus cerris L. and Q. pu-
bescens Willd., located at Macchia Grande, on the south-
ern side of the Gran Sasso (Abruzzo, Italy, 42°25´N,
13°30´E, exposure SE, slope 15°, 1 100 m a.s.l.) (Barba-
gallo & Guglielmo 1975). The forest stand extends for
ca. 350 ha.

Climatic data were provided by the Meteorological Sta-
tion of Assergi (mean of the years 1960–1990). The total
annual rainfall was 952 mm, most of it falling between Octo-
ber and December, and March and April. Maximum air tem-
perature averaged 25.3°C (August), minimum air tempera-
ture averaged – 2.0°C (January) and temperatures below
0°C occurred from December to February.

Stand structure and plant biomass

Field measurements were carried out between 1994 and
1995. Measurements of the forest structure and plant bio-
mass included plant height, plant diameter at breast height
and at the base, stand density and total basal area.

Three sampling areas, 420 m2, 100 m2 and 100 m2

respectively, were established in the forest. Non-destruc-
tive measurements were made within the two 100-m2 sam-
pling areas. Destructive measurements were carried out in
the 420-m2 sampling area. All plants in each area were meas-
ured and divided into diameter classes (≤ 1 cm; 1.1–3.0 cm;
3.1–5.0 cm … 27.1–29.0 cm). Three representative plants
of each species in each class were harvested at random in-
side the 420-m2 sampling area. Trees (subdivided into stem,
branches and leaves) were weighed in the field, and fresh
weights sub-sampled to enable conversion to a dry weight
basis. Sub-samples were oven-dried at 105°C to a constant
weight, and the conversion of field fresh weight to dry weight
was carried out by the ratio of dry weight to fresh weight in
the sub-samples, according to Bunce (1968) and Stewart et
al. (1979).

Leaf area index (LAI)

The leaf area index of the forest was estimated during leaf
growth from May to September by the LAI 2000 Plant Cano-
py Analyzer (LI-cor Inc., Lincoln, Nebraska, USA), accord-
ing to Waring (1985), Gower and Norman (1991), Stenberg
et al. (1994), Brenner et al. (1995), Morales et al. (1996)
and Welles and Cohen (1996). Measurements were made
below the canopy. The mean tilt angle of foliage (MTA)
was determined with the same instrument, according to
Welles and Norman (1991).
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Leaf growth

Leaf samples were collected from the beginning of May
(immediately after bud break) to the middle of September
(full lamina expansion). On each sampling occasion, one
hundred leaves were collected from the mean portion of the
canopy of the three selected plants for each species. Meas-
urements included the leaf surface area (measured by Im-
age Analysis System Delta-T Devices, LTD, England), the
leaf dry mass (oven-dried 90°C to constant weight), the
specific leaf area of the whole lamina excluding the petiole
(SLA, leaf area per unit leaf mass) according to Reich et al.
(1992), the leaf water content, the relative growth rate (RGR)
and the relative leaf area growth rate (RGRLA) according to
Fisher (1920) and Bazzaz and Harper (1977).

Leaf chlorophyll content

The chlorophyll content, at full lamina expansion (12 Sep-
tember), was analysed according to MacLachlan and Zalik
(1963). Immediately after collection, the leaves were kept
in a cool and dark place, and within 6 h the chlorophyll a,
chlorophyll b, and total chlorophyll (a + b) contents were
determined in triplicates. The leaves were grinded in ace-
tone, and the homogenates were centrifuged in an A. L. C.
4237 R Refrigerate centrifuge. Absorbance of the super-
natants was measured spectrophotometrically (Jasco model
7800).

RESULTS

Stand structure and plant biomass

The dominant layer of the forest, 15.3 ± 1.7 m tall,
was constituted by Quercus cerris and Q. pubes-
cens. The co-dominant layer, 13.1 ± 1.3 m tall, was
characterized by Fraxinus ornus L., Ostrya carpi-
nifolia Scop. and Carpinus betulus L. The domi-
nated layer, 3.8 ± 0.9 m tall, was constituted by
Acer obtusatum W. et K., Sorbus aria (L.) Crantz,

Laburnum anagyroides Medicus, Corylus avella-
na L., Crataegus monogyna Jacq., Cornus spp.,
Malus sylvestris Miller, Amelanchier ovalis Medi-
cus, Rosa arvensis Hudson, Prunus spinosa L., Cy-
tisus sessilifolius L., Ligustrum vulgare L., Euony-
mus verrucosus Scop., and Juniperus communis L.

There were 29 060 plants ha–1 (Table 1). Cor-
nus spp. and Quercus cerris dominated in terms
of density, 29.4% and 22.1% respectively, and Q. cer-
ris and Q. pubescens in terms of biomass (q ha–1),
2 313.6 and 347.9 respectively (Table 2). The to-
tal basal area of the forest (sum of dominant, co-
dominant and dominated layers) was 92.2 m2 ha–1

(Table 1). The leaf biomass accounted for 2.1%
of the total plant biomass (2 775.4 q ha–1).

Leaf growth and leaf area index

Bud break started at the end of April–beginning
of May in the co-dominant and dominated layers,
and at the middle of May in the dominant layer.
The rapid growth of leaves during the first stages
after bud break was attested by the highest RGR
(Fig. 1) and RGRLA (Fig. 2). The dominated and
co-dominant layers reached the full lamina ex-
pansion, attested by RGR ≈ 0 and RGRLA ≈ 0.134
days after bud break, and the dominant layer 119
days after bud break.

The time of leaf growth was of importance in
controlling the LAI. Since the LAI changed with
leaf developmental stages, the maximum LAI was
a good estimator of the leaf biomass accumula-
tion. The LAI = 0.7 related to the first leaf growth
stages and the LAI = 2.2 related to 90–96% of
the full lamina expansion. The LAI = 2.6 corre-
sponded to the full lamina expansion (Fig. 3) and
it was representative of the 58.5 q ha–1 leaf bio-

Table 1. Plant density, height, total basal area, wood biomass, leaf biomass and total plant biomass of the
dominant and co-dominant layers (D + CD) and of the dominated layer (Do).
—————————————————————————————————————————————————

D + CD layers (± SE) Do layer (± SE) Sum
—————————————————————————————————————————————————
Plant density (plant ha–1) 2 029.0 ± 197.2 27 031.0 ± 252.3 29 060.0
Height (m)  14.2 ± 1.5 3.8 ± 0.9 –
Total basal area (m2 ha–1)  83.2 ± 12.1 9.0 ± 1.7 92.2
Wood biomass (q ha–1 above ground) 2 516.6 ± 280.4  200.3 ± 16.2 2 716.9
Leaf biomass (q ha–1)  38.4 ± 15.3  20.1 ± 8.5 58.5
Total plant biomass (q ha–1) 2 555.0 ± 295.7  220.4 ± 24.7 2 775.4
—————————————————————————————————————————————————
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mass. The mean tilt angle of the forest foliage
(35°), measured at full lamina expansion, indicated

that most of the leaves were horizontally oriented.
The species of the dominant, co-dominant and
dominated layers contributed to the LAI = 2.6 by
their leaf morphological traits.

Leaf morphology and chlorophyll content

The data obtained showed a very defined SLA
(the reciprocal of the specific leaf mass) range
among the different layers of the forest, represent-
ing different modes of light utilization. Species
that co-occur within the same layer showed a simi-
lar specific leaf area.

The species of the dominant and co-dominant
layers were characterised by a SLA = 180.8 cm2 g–1

(calculated as the mean value of all the species)
(Table 3). Ostrya carpinifolia, with a higher SLA
(255 cm2 g–1), was an exception among the spe-
cies of the co-dominant layer. As a result of shad-
ing, the species of the dominated layer showed a
higher SLA (232.7 cm2 g–1, calculated as the mean
value of all the species); Sorbus aria, Malus syl-
vestris and Crataegus monogyna were exceptions
(156, 154, and 140 cm2 g–1, respectively). The in-

Table 2. Plant biomass and percentage of plant density
of the species.
————————————————————————
Species Biomass (± SE) Plant

q ha–1 density, %
————————————————————————
Quercus cerris 2 313.59 ± 228.531 22.1
Q. pubescens  347.85 ± 57.235 3.3
Fraxinus ornus  10.65 ± 1.152 3.6
Ostrya carpinifolia 3.26 ± 0.936 0.3
Carpinus betulus  16.41 ± 1.726 1.4
Acer obtusatum 1.51 ± 0.091 0.2
Sorbus aria 4.07 ± 0.856 4.4
Malus sylvestris 0.45 ± 0.012 2.9
Laburnum anagyroides 0.72 ± 0.020 0.6
Corylus avellana 0.13 ± 0.063 0.2
Crataegus monogyna 0.53 ± 0.095 2.9
Cornus spp.  72.82 ± 8.520 29.4
Cytisus sessilifolius 1.42 ± 0.063 18.5
Ligustrum vulgare 0.15 ± 0.030 2.9
Euonymus verrucosus 0.31 ± 0.074 6.7
Prunus spinosa 0.06 ± 0.001 0.1
Juniperus communis 1.48 ± 0.232 0.3
Rosa arvensis 0.03 ± 0.001 0.1
Amelanchier ovalis 0.01 ± 0.001 0.1
————————————————————————

Fig. 1. Relative growth rate, g g–1 day–1 (RGR) during leaf growth of the most representative species of the
forest. Vertical bars indicate standard error of the mean.
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vestment of biomass per leaf area produced de-
clined from the top to the bottom of the forest
canopy; the lower SLA of the species in the domi-
nant layer was advantageous in terms of thermo-
regulation and heat dissipation. Their leaves, in
fact, were exposed to full sunlight during much
of the day, while the total daily irradiance received
by the dominated layers was correspondingly low.

Along the analysed vertical gradient, the re-
duction of light environment greatly influenced
the mean leaf water content and leaf chlorophyll
content. The leaf water content of the canopy
ranged from 50% to 73%, and the highest aver-
age values were observed in the dominated layer
(Table 3). There was evidence of an increase of
total chlorophyll content from the dominant
(0.87 mg g–1, calculated as the mean value of all
the species) to the dominated layer (1.53 mg g–1,
calculated as the mean value of all the species)
(Table 3). The highest total chlorophyll content
(2.69 mg g–1) was observed in Laburnum ana-
gyroides, which was one of the species showing
the highest SLA (350.1 cm2 g–1), and the lower
(0.70 mg g–1) in Quercus cerris, which was one of
the species showing the lowest SLA (148.2 cm2g–1).

The chlorophyll a/b ratio was 2.80 in the domi-
nant layer (calculated as the mean value of all the
species), and 2.95 in the dominated layer (calcu-
lated as the mean value of all the species). Sorbus
aria, Malus sylvestris and Crataegus monogyna
showed a chlorophyll a/b ratio in excess of 3,
characteristic of sun leaves.

Fig. 2. Relative leaf area growth rate, cm2 cm–2 day–1 (RGRLA) during leaf growth of the most representative
species of the forest. Vertical bars indicate standard error of the mean.

Fig. 3. Trend of leaf area index (LAI) during forest leaf
growth. Vertical bars indicate standard error of the
mean. Mean tilt angle of foliage in forest canopy (MTA)
was measured in September, at full lamina expansion.
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DISCUSSION

Several theories have been developed to explain
coexistence of different plant species in multilayer
plant communities (Ashton & Berlyn 1994, Van
Arendouk & Poorter 1994, Farnsworth & Niklas
1995, Kull et al. 1995). Nevertheless, the defini-
tion of shade species and sun species is unsatis-
factory because there are some species that have
a combination of shade and sun characteristics
(Anderson & Osmond 1987, Murchie & Horton
1997).

Since leaves adapt to long-term differences in
light availability, canopy attributes may be de-
rived from more easily attainable parameters
which are linked to the inherent vertical light gra-
dients across the canopy. The analysis of leaf
morphological traits utilized in this study provides
a basis to define the degree of shade-tolerance
among the species. The results show an increase
in leaf water content, SLA and chlorophyll con-
tent from the top to the bottom of the forest canopy.
There is a fairly well defined SLA variation from
the species of the dominant and co-dominant lay-
ers to the species of dominated layer, represent-
ing different modes of light utilisation. The larger
and thinner leaves of the dominated layer (higher
SLA) are more advantageous for light capture
under low light, according to Rychnowska (1967),

Carpenter and Smith (1981) and Katsuno and
Hozumi (1990).

Acer obtusatum, Laburnum anagyroides, Co-
rylus avellana, Cornus mas, C. sanguinea, Cytisus
sessilifolius, Ligustrum vulgare and Euonymus
verrucosus are shade-tolerant species (263.7 cm2 g–1

mean SLA). Crataegus monogyna, Malus syl-
vestris and Sorbus aria, species generally inhab-
iting more open sites (Carpenter & Smith 1981),
are less shade-tolerant (150 cm2 g–1 mean SLA).
In contrast, the dominant and co-dominant lay-
ers are constituted mostly by shade-intolerant spe-
cies; Ostrya carpinifolia, a shade-tolerant spe-
cies according to Walters et al. (1993), is an ex-
ception.

The leaf traits of the different layers in the
forest indicate their contribution to a LAI = 2.6.
Because the shade-tolerant species, with thinner
leaves, are dominant in the forest the LAI is low,
in accordance to Shao et al. (1995) for deciduous
mixed broad-leaved forest. The LAI = 2.6 was in
the range observed by Schirone et al. (1985) and
Piccoli and Borelli (1988) for mixed deciduous
broad-leaved forests in Italy.

The chlorophyll content may be a good char-
acteristic to express interspecific differences and
shade-tolerance among the species. Both the total
chlorophyll content and the chlorophyll a/b ratio
are known to vary predictably with shading, ac-

Table 3. Specific leaf area (SLA), leaf water content (H2O), total chlorophyll content (Chl) and chlorophyll a/
chlorophyll b (Chl a/b) of the most representative species of the dominant (D), co-dominant (CD) and dominated
(Do) layers.
—————————————————————————————————————————————————
Layer Species SLA (± SE) cm2 g–1 H2O % Chl (± SE) mg g–1 Chl a/b (± SE)
—————————————————————————————————————————————————
D Quercus cerris 148.16 ± 9.02 51.28 0.70 ± 0.05 2.89 ± 0.23

Q. pubescens 144.81 ± 8.45 55.46 1.04 ± 0.08 2.71 ± 0.23
CD Fraxinus ornus 175.38 ± 10.59 57.19 2.11 ± 0.13 2.58 ± 0.21

Ostrya carpinifolia 255.00 ± 15.17 53.85 1.88 ± 0.12 2.92 ± 0.22
Do Acer obtusatum 196.26 ± 11.92 54.54 0.76 ± 0.06 2.62 ± 0.20

Sorbus aria 155.96 ± 9.62 52.73 1.63 ± 0.10 3.40 ± 0.23
Malus sylvestris 153.80 ± 9.13 54.54 1.46 ± 0.09 3.17 ± 0.20
Laburnum anagyroides 305.13 ± 22.94 68.08 2.69 ± 0.14 2.59 ± 0.22
Corylus avellana 321.37 ± 26.07 60.00 1.22 ± 0.10 2.70 ± 0.24
Crataegus monogyna 140.33 ± 7.81 50.00 1.57 ± 0.11 3.13 ± 0.23
Cornus mas 201.20 ± 12.01 59.46 0.89 ± 0.07 3.00 ± 0.24
Cornus sanguinea 273.07 ± 17.05 65.00 0.93 ± 0.07 3.04 ± 0.23
Cytisus sessilifolius 280.00 ± 17.67 71.43 2.66 ± 0.14 2.75 ± 0.22
Ligustrum vulgare 217.00 ± 13.46 71.43 1.59 ± 0.10 2.97 ± 0.20
Euonymus verrucosus 315.67 ± 24.26 72.73 1.38 ± 0.09 3.06 ± 0.21

—————————————————————————————————————————————————
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cording to Caesar (1989), Casal et al. (1990),
Chow et al. (1991), Dale and Causton (1992) and
Tinoco-Ojanguren and Pearcy (1995). The photo-
synthetic apparatus tends, in fact, to adjust to the
specific environmental growth, so that the avail-
able light energy can be utilized most efficiently
(Björkman & Holmgren 1963). There are at least
four different ways in which changes in light inter-
ception can be achieved: changes in the leaf orien-
tation, changes in the leaf reflectance, rearrange-
ments of chloroplasts within the leaf, and changes
in the chlorophyll content (Björkman & Demmig-
Adams 1995). The 35° mean inclination angle of
the forest canopy renders the leaves more effi-
cient in the low light environment within the for-
est. The chlorophyll a/b ratio averages 2.9, accord-
ing to Vyas and Vyas (1975) for deciduous spe-
cies. Laburnum anagyroides, one of the most
shade-tolerant species, shows the highest total
chlorophyll content, and Quercus cerris, one of
the most shade-intolerant species, shows the low-
est chlorophyll content.

In conclusion, leaf traits and particularly the
SLA and the chlorophyll content enable us to ex-
plain the coexistence of different plant species in
the forest, their shade tolerance and therefore, their
adaptability. Although total chlorophyll content
expressed in a dry weight basis gives a realistic
interpretation of light availability, the SLA is usu-
ally the preferred basis for expression (Linder
1974, Slade & Hutchings 1987, Dale & Causton
1992). Knowledge of the quantitative relationships
between the forest structure, the leaf morphology
and the light environment might contribute to for-
est classification. Similar comparative studies
within a habitat can identify which plant traits are
highly correlated. Such correlations determine the
fundamental phylogenetic constraints of the or-
ganism and of its adaptation to a specific environ-
ment (Givnish 1990).
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