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Abstract – The effects of a natural gradient of light and competition on crown, shoot and needle morphology of naturally regenerated Norway
spruce (Picea abies) and silver fir (Abies alba) saplings, 0.8–0.2 m tall, were analyzed in a uneven-aged, managed stand in Comelico (eastern
Italian Alps). The results indicate that: (i) both crown, shoot and needle morphology are strongly affected by light, but in the examined
conditions (relative irradiance ranging from 2 to 32%) no significant effect of competition was observed, (ii) the ecological differences between
Norway spruce and silver fir saplings cannot be mainly attributable to differences in crown morphological traits, and (iii) the apical dominance
ratio (i.e., the length of the apical leader divided by the mean length of the lateral shoots at the last node) is a relatively good and simple indicator
of the light conditions in which saplings are growing. These informations may be useful in order to promote and assure effectively natural
regeneration.

light / competition / growth / crown morphology / shoot morphology

Résumé – Influence de la lumière et de la compétition sur les paramètres morphologiques de la couronne et de la pousse chez des plants
d’épicéa et de sapin pectiné. Les effets d’un gradient naturel de lumière et de compétition sur la couronne, la pousse et la morphologie des
aiguilles de plants (0,8 à 2,2 m de hauteur) d’épicéa (Picea abies) et de sapin pectiné (Apies alba) ont été analysés dans un peuplement
inéquienne aménagé à Comelico (Est des Alpes Italiennes). Les résultats obtenus montrent que : (i) couronne, pousse et morphologie des
aiguilles sont fortement affectées par la lumière, mais dans les conditions étudiées (éclairement relatif variant de 2 à 32 %) il n’a pas été observé
d’effet significatif de la compétition ; (ii) les différences écologiques entre les plants d’épicéa et de sapin pectiné ne peuvent pas être attribuées
principalement à des différences dans les caractéristiques morphologiques de la couronne ; (iii) le ratio de dominance apicale (i.e., longueur de
la pousse terminale de la flèche divisée par la longueur moyenne des pousses latérales du dernier verticille) est relativement un bon et simple
index des conditions de lumière dans lesquelles poussent les plans. Cette information peut être utile pour promouvoir et assurer efficacement
une régénération naturelle.

lumière / compétition / croissance / morphologie de la couronne / morphologie de la pousse

1.  INTRODUCTION

Crown, shoot and needle morphology have a critical influ-
ence on the light use efficiency and thus on the growth and com-
petitive ability of understory saplings [4, 5, 12, 19, 21]. There-
fore, understanding how these traits vary in relation to
interacting factors is important in order to promote and assure
effectively natural regeneration [1]. Several studies have
shown that the effect of light on crown, shoot and needle mor-
phology differs among tree species, with shade-tolerant species
typically showing greater morphological changes along a light
gradient than do the more shade-intolerant species [4, 7, 8, 12,

33]. At the whole plant level, interspecific differences reflect
alternative choices between height growth for future gain and
investment for survival at present height [32]. In shade-tolerant
conifers, for example, crown morphology typically varies from
a conical form in full light to a flat-topped (or “umbrella-
shaped”) form in the understory shade [26, 27]. This response
is an adaptive choice to avoid self-shading within the same indi-
vidual crown [17]. However, the relationships between light
and growth or morphological parameters are far to be fully
understood. Other than to be species-specific, for a certain spe-
cies these relationships may vary among climatic regions [34]
and may be greatly affected by the interaction with other factors
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such nutrient availability, sapling size and competition [8, 10,
16, 25, 31–33]. This complexity becomes especially relevant
in uneven-aged managed forests, where the high structural
fragmentation of the canopy and the clustering pattern of nat-
ural regeneration [15] lead to a high spatial variability of light
in the understory and of competition between saplings. 

An example of the difficulty to understand the effects of sub-
tle differences in crown and shoot morphology on the response
to light intensity is given by firs and spruces. Firs in general
are considered to have a higher ability to maintain a positive
carbon balance at low light intensities than spruces [1, 18, 21,
32]. This difference has been primarily attributed to a higher
morphological plasticity in relation to light [21]. At the same
time, at least at the foliar level, also physiological characters
(i.e., photosynthetic capacity) were found to be important in
explaining differences between firs and spruce [13]. However,
foliar-level traits alone often do not explain the ecological per-
formance of a species in different environments [12, 19].
Indeed, species partitioning among different light environ-
ments is often the result of small but effective differences in
both physiological, morphological and allocation traits, both at
the foliar and the whole-plant level [22]. 

Furthermore, understanding the effects of environmental
factors on crown morphology is important also to develop reli-
able and easy-to-measure indicators of sapling vigour. Such
empirically-derived relationships are strongly needed to better
evaluate the effects of different silvicultural practices on the
growth of natural regeneration [10].

The objectives of the present study are: (i) to assess the
effects of light and competition on growth and on morpholog-
ical parameters of Norway spruce (Picea abies Karst.) and sil-
ver fir (Abies alba Miller) natural regenerated saplings; (ii) test
the hyphothesis that the different ecological performances
between Norway spruce and silver fir saplings may reflect, at
least in part, differences in crown or shoot morphological traits;
and (iii) find a reliable and easy-to-measure indicator of sapling
vigor in relation to light.

2.   MATERIALS AND METHODS

The study was carried out in a uneven-aged and mixed (Picea abies
and Abies alba) montane stand in the Comelico area (46° 38’ N;
12° 32’ E, Veneto Region), at 1400–1450 m asl. The average annual
rainfall of this area ranges from 1100 to 1500 mm, with a maximum
in summer-autumn and a minimum during the winter; the average tem-
perature ranges from 16 °C (July) to –3 °C (January) at 1300 m asl and
from 13 °C (July) to –5 °C (January) at 1900 m asl. Stands in Comelico
are managed through a silvicultural system ranging from single-tree
selection cutting to irregular group shelterwood, which leads to irreg-
ular spatial distribution of the tree crowns even at small scales [3]. The
stand examined in this study can be described as “Abietetum on silicate
soils” [9]. Norway spruce and silver fir saplings account for 70% and
30% of natural regeneration, respectively [14], roughly mirroring the
composition of the overstory. Herbaceous and shrub vegetation is
present where sufficient light is available in the understory, the main
species being Oxalis acetosella, Carex spp., Ranunculus spp., Fra-
garia vesca, Vaccinium spp. and Brachipodium pinnatum. 

The effects of light level and competition on growth and on crown
and shoot morphological parameters were assessed for 76 saplings
(48 Norway spruce and 28 silver fir), growing under a natural gradient

of light availability and sapling density and randomly chosen between
those having healthy leaders. Since many A. alba saplings were dam-
aged by the fauna, it was not possible to have a uniform sample for
both species. Saplings ranged between 0.8 and 2.2 m in height and
between 1.8 and 4.5 cm in diameter in both species.

Photosynthetic photon flux density (PPFD) at the apical leader of
30 Norway spruce and 21 silver fir saplings was measured using quan-
tum sensors (18 were SPK 215 from Skye Instruments, UK; 33 were
self-assembled NPN silicon phototransistor P800 TRW Optron, pre-
viously calibrated against the Skye sensors). Each sensor, oriented
horizontally, was firmly positioned adjacent to the apical leader of
each selected sapling and connected to a portable datalogger (CR10,
Campbell Scientific, UT, USA). Data were collected at 1-min inter-
vals, from 7.00 to 17.00, on 10 different days selected at the beginning,
middle and end of the growing season on both clear and overcast sky
conditions in order to increase their representativeness [11]. Another
quantum sensor was positioned in a completely open, nearby site, in
order to measure PPFD continuously for the whole growing season.
In other 18 Norway spruce and 7 silver fir saplings, PPFD at the apical
leader was estimated with fish-eye hemispherical photographs. These
photographs were analyzed with the program Winphot for the same
days in which quantum sensors were operating, taking into account
the relative cloud cover of each days. Relative irradiance was calcu-
lated as ratio of PPFD at each sensor, or the PPFD estimated from pho-
tographs, to PPFD incident above the canopy for the same period. 

Competition was assessed according to Duchesneau [10], i.e., by
calculating a “competition index” among saplings which considers
only competing individuals located in circular area (1.13 m radius) sur-
rounding each selected sapling. The circular area was divided into four
quadrants, and the competition index (I) calculated as follows:

 ,

where Hs is the total height of the selected sapling, Cj the percent sur-
face covered by competing saplings in quadrant j, Hj the mean height
of competing saplings in quadrant j, and Dj the mean distance between
the competing saplings in quadrant j and the sample tree.

In all the sapling, growth was assessed by the relative height growth
(RHG, length of the apical leader divided by total sapling height).
Crown morphology was assessed by calculating the apical dominance
ratio (ADR, length of the apical leader divided by the mean length of
the healthy lateral shoots at the last node) and the percent live crown
ratio (LCR, live crown depth divided by total height). RHG and ADR
were calculated for each of the last five years. Furthermore, in the sap-
lings in which PPFD was measured with quantum sensors (51 in total),
shoot and needle morphology were characterized, respectively, by the
ratio of total projected needle area to maximum shoot silhouette area
(TPA/SSA, [30]) and by the leaf mass per area (LMA, g m–2). Each
shoot, taken from a lateral branch, was illuminated and photographed
perpendicularly to the shoot axis and its maximum silhouette projected
area (SSA) measured with a Hewlett Packard Scan-Jet 6300c scanner
and Jandel Sigma Scan Pro V2.0 software. Then, the shoots were
stripped of all the needles. After measurements of their total projected
needle area (TPA), needles were oven-dried to constant weight to
obtain the LMA. The SSA is a measure of maximum light interception
by the shoot in direct-beam radiation, whereas the TPA measures the
maximum (one-sided) surface that might be illuminated by direct-
beam radiation. 

The relationships between the measured parameters were analyzed
using non-linear functions of Table Curve 2d software (SPSS Inc.);
the coefficient of determination (r2), the statistical significance of the
regression (P) and the 95% confidence limits were also calculated.
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3.  RESULTS AND DISCUSSION

A positive correlation between relative irradiance and com-
petition index was found in both Norway spruce and silver fir
(Fig. 1 and Tab. I). Although this correlation does not imply
causation, it is reasonable to hypothesize that more light, by
promoting higher photosynthetic rates and higher soil decom-
position rates (i.e., more nutrients), allows more saplings to sur-
vive per unit of ground area than in the shaded understory. 

In both examined species irradiance promoted a higher rel-
ative height growth (RHG, Fig. 2A and Tab. I), a higher apical
dominance ratio (ADR) and a deeper live crown (LCR)
(Figs. 3A, 3B and Tab. I), a higher total projected needle area
to maximum shoot silhouette area (TPA/SSA) and a higher leaf
mass per area (LMA) (Figs. 4A, 4B and Tab. I). In all these
cases, a logarithmic regression explained better the relationship
than a simple linear regression. Furthermore, for all the exam-
ined parameters, the 95% confidence limits of the regressions
for Norway spruce and silver fir largely overlapped (data not
shown), indicating no significant difference between species
(P > 0.05).

The relationships between RHG or ADR and irradiance were
significant for each of the last five years (P < 0.05, data not
shown), but the stronger relationships were found with the last
three years’ average RHG and ADR. This may be explained by
the fact that – assuming that during the last three years no sig-
nificant changes in relative irradiance occurred (no harvest or
natural tree falling occurred during this period) – averaging
RHG and ADR over this period compensates for the year-to-
year or occasional (i.e. affected by insect attack) variations in
growth of the apical leader; in five years, on the other hand, light
is likely to change even without natural or human-induced tree
falling. 

The effect of sapling size on crown morphological charac-
teristics apparently depends upon species [10, 33] and is

Table I. Correlation coefficients among relative irradiance and the
examined variables.

Variables  Abies alba  Picea abies

Relative irradiance, competition 
index

 0.62  0.54

Relative irradiance, RHG  0.74  0.65

Relative irradiance, ADR  0.74  0.70

Relative irradiance, LCR  0.68  0.62

Relative irradiance, TPA/SSA  0.72  0.77

Relative irradiance, LMA  0.83  0.74

Figure 2. Relationships between relative irradiance (A) or competition index (B) and relative height growth (RHG) of Norway spruce and silver
fir saplings.

Figure 1. Relationship between relative irradiance and competition
index for Norway spruce and silver fir saplings.
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affected by light level [8]. Within the range of irradiance of our
study, no significant relationships were found between RHG,
ADR or LCR and sapling height (P > 0.05 in all cases). 

 Similarly to what found by Duchesneau [10] on balsam fir,
below 15% of relative irradiance LCR was generally lower than
60%, suggesting an important effect of self-pruning in shaded
conditions.

 The positive effect of relative irradiance on both TPA/SSA
and LMA indicates that, in the shoots developed in relatively
high light, intercepted PPFD is spread out over more needle sur-
face – and that their needles have more photosynthetic tissue
– than in shoots developed in shade [24, 30]. Conversely, in the
flatter and more sparsely packed shade shoots less self-shading
occurs than in shoots that have developed with more light. The
overall response which we observed in the saplings grown in
the shaded understory – i.e. expanding horizontally at the
expense of height growth, lowering the depth of live crown,
minimizing the self-shading within the shoot and producing
thinner needles – can be viewed as an adaptive strategy to
increases light interception, minimize respiration losses and
thus maximize carbon gain [12].

 These results, while confirming previous observations on
the same species [6, 24, 25, 31], indicate no major difference
in the plasticity of response to light – at the crown, shoot and
needle level – between Norway spruce and silver fir saplings. 

 The fact that the relationships between the measured param-
eters (RHG, ADR, LCR, TPA/SSA, LMA) and relative irradi-
ance tended to flatten above 15–20% of full sunlight, suggests
that this value may roughly represent the minimum light thresh-
old for a good growth of both Norway spruce and silver fir sap-
lings in the examined ecological conditions. By using this light
value, our results suggest that saplings with ADR < 1 and/or
LCR < 60% are likely to be considered light-stressed, confirm-
ing the observations by Bagnaresi [2] on same species and by
Duchesneau [10] on balsam fir. However, it should be consid-
ered that the observed patterns may shift as tree gain in size.
LMA, for example, increased with tree size in Picea abies [23],
and in mature Abies alba trees it was found to be still responsive
to levels of light intensity higher than those measured in our
study [6]. 

 Within the range of relative irradiance examined (from 2%
to 32%), competition did not significantly affect growth or

Figure 3. Relationships between relative irradiance (left column) or competition index (right column) and apical dominance ratio (ADR, upper
panels) or percent live crown ratio (LCR, lower panels) of Norway spruce and silver fir saplings.
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morphological parameters (Figs. 2B, 3C, 3D, 4C and 4D). As
other studies suggested that the effect of competition becomes
apparent only in non-limiting light conditions [10, 27], we moved
to analyze only saplings growing with a relative irradiance higher
than 15%. Also in this case, however, the regressions were not
statistically significant (P > 0.05 in all cases). In conclusion, as
in the examined forest relative irradiance rarely exceeds 20–
25% [14], it seems unlikely that competition represents a major
factor affecting sapling growth and crown morphology. 

 Previous studies on the same or similar forests have shown
that silver fir saplings are generally more represented in under-
story environments and less represented in gaps as compared
to Norway spruce saplings [15, 20, 28, 29]. This pattern of sap-
ling distribution was observed also on other Picea and Abies
spp. [18, 21, 32] and was primarily attributed to a higher mor-
phological plasticity of fir in relation to light. However, as the
present study shows that Picea abies and Abies alba have a sim-
ilar ability to change apical crown morphology, crown depth,
shoot and needle morphology along the examined light gradi-
ent, we conclude that the ecological differences between these

species should be mainly attributable to differences in foliar-
level physiological traits [13], and possibly in allocation pat-
terns, but not to morphological ones. 

4.  CONCLUSIONS

Results of the present study confirm the importance of light on
growth and on crown, shoot and needle morphology of Norway
spruce and silver fir saplings. In both species, crown morphol-
ogy varied from a conical and deep crown form in relatively
high-light environments to the typical “umbrella” form in the
understory shade. Similarly, shoots and needles developed in
shade were flatter and with less self-shading than those devel-
oped in light. In the examined conditions (relative irradiance
ranging from 2 to 32%) the effect of competition on growth and
morphological parameters was not statistically detectable,
although an effect in non-limiting light conditions is possible.
On the basis of the present and of previous studies, it is sug-
gested that the ecological differences between Norway spruce

Figure 4. Relationships between relative irradiance (left column) or competition (right column) and total projected needle area divided by
shoot silhouette area (TPA/SSA, upper panels) or leaf mass per unit area (LMA, lower panels) of Norway spruce and silver fir saplings.
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and silver fir saplings are mainly attributable to differences in
physiological traits rather than morphological ones. Among the
examined parameters, the last three years’ average ADR seems
the best and the simplest indicator of the light conditions in
which the tree is growing. Our results indicate that a value of
ADR = 1, corresponding to a relative irradiance of about 15–
20%, may be used as a simple threshold to evaluate if a sapling
is likely to be considered light-stressed. This parameter is easy
to measure and in the examined conditions did not significantly
change with sapling height or competition.
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