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Tree size distributions of old-growth forests are a fundamental tool for both scientific analysis and con-
servation management. In old-growth forests the diameter distribution shape may depend on spatial
scale, but theoretical models often show fundamental similarities that suggest general underlying mech-
anisms controlling regeneration, mortality, and growth under different disturbance regimes. In this study
we investigated the horizontal structure of two old-growth beech (Fagus sylvatica L.) forests in central
Italy using a series of spatial scales and analytical approaches. Individual plots (each one 0.13 ha in size)
were progressively aggregated into larger groups to simulate an increase in sampled area. A third-order
polynomial was fit to the diameter distributions of the aggregated areas, and the curves were ranked by
the AIC method. The rotated sigmoid (RS) shape was the most common descriptor of tree size distribu-
tions, and became dominant once aggregated spatial scales exceeded 0.6–0.8 ha. The same result was
obtained when a single plot was made progressively larger. Given the relatively small scale (starting from
0.1 ha) at which the RS model emerged, old-growth beech forests of the Italian Apennines show a
complex, yet highly resilient structure, recognizable even in small (<1 ha) patches. Most likely, the
rotated sigmoid structure is a function of endogenous structural processes (e.g. self-thinning) in this
shade-tolerant species in combination with intermediate-to-fine-scale disturbance (which especially
impacts the largest trees) and resulting gap dynamics.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction structures (Enquist et al., 2009). In fact, studies based on demo-
Diameter size distributions of uneven-aged forests have been
extensively studied as a tool for quantifying structural development
(Goff and West, 1975; Zenner, 2005) and evaluating disturbance im-
pacts (Baker et al., 2005; Coomes and Allen, 2007), but there is no
consensus in the literature regarding what distribution shapes are
most common in old-growth stands. A commonly adopted model
for the diameter (i.e. horizontal) structure of tree populations is
the reverse-J distribution (e.g. Rubin et al., 2006), but recent analyt-
ical and theoretical developments have expanded the range of mod-
els that appear appropriate for uneven-aged stands (Wang et al.,
2009). In particular, hyperbolic functions have been derived from
the Metabolic Theory of Ecology (MTE), which considers the rela-
tionships between organism size, temperature, and metabolic rates
as the controlling factors behind most observed ecological patterns
(Brown et al., 2004). This theory has found little empirical support in
forest populations (e.g. Wang et al., 2009), possibly because distur-
bance processes play a greater role in shaping old-growth forest
ll rights reserved.
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graphic processes have shown that mortality rates are not constant,
rather they tend to be U-shaped, as they are greater at both ends of
the diameter distribution than in its middle portion (Lines et al.,
2010).

A commonly observed model for stem size distribution in old-
growth forest populations is the rotated sigmoid curve (Goff and
West, 1975; Gove et al., 2008). From an ecological point of view,
this size distribution model is closely linked to U-shaped mortality
processes (Lorimer et al., 2001; Leak, 2002) and is commonly found
in forest ecosystems where stand dynamics are controlled by com-
petition for light. A recent study of old-growth beech forests has
indeed pointed out that rotated sigmoid curves well represent
their size distributions (Westphal et al., 2006). While some authors
have argued that this theoretical shape arises because of under-
sampling, i.e. when sampled plots are too small (e.g. Rubin et al.,
2006), other studies have used progressively larger sampling areas
to show how the rotated sigmoid often becomes the dominant
model as spatial scales increase (e.g. Janowiak et al., 2008).

Because the type and number of development stages and phases
in a forest cycle may depend on specific bioclimatic environment
and disturbance processes (e.g. Král et al., 2010), and on the
tolerances and ecophysiological requirements of forest species, it
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is paramount to expand investigations on tree size distributions to
include as many forest ecosystems as possible. At the same time, it
is essential to establish an objective methodology to determine
the minimum sampling area needed to obtain a convincing repre-
sentation of the horizontal structure of a stand. An effective method
for removing model dependence on spatial scales consists of pro-
gressively aggregating sample plots and then to determine the best
curve fit for stem size distribution on such increasing areas (Jan-
owiak et al., 2008). During this process, it is possible to develop
hypotheses on the mechanisms that generate a stable diameter dis-
tribution. The combined area at which the model fit no longer
changes can also be used to determine a minimum sampling
requirement for the forest type under study. A similar approach
has been adopted in ecology for analyzing and quantifying plant bio-
diversity using the species accumulation curve (Gotelli and Colwell,
2001).

An uneven-aged silvicultural system adopted in Alpine forests,
the ‘‘plenter’’ system (O’Hara and Gersonde, 2004), has been suc-
cessful at producing large trees for over a century. This empiri-
cally-based management practice has generated beech (and
spruce) populations whose size distribution is closely represented
by a rotated sigmoid curve (Schütz, 2006). In order to infer mecha-
nisms that underlie the generation of this model in temperate forest
ecosystems (Gove et al., 2008), one could then compare the structure
of these highly managed forests with old-growth beech stands hav-
ing much greater degree of naturalness (Sagheb-Talebi and Schütz,
2002). Old-growth beech forests in the Italian Apennines are an ideal
case study for investigating how tree distributions can be repre-
sented by various theoretical models. Several of these high-eleva-
tion Fagus sylvatica stands are dominated by the oldest (400–
550 years) beech trees in Europe (Piovesan et al., 2005b, 2010) under
a variety of ecological conditions (elevation, topography, fertility)
and a low-severity disturbance regime (Piovesan et al., 2011).

In this paper we analyzed the horizontal structure of two beech
forests showing different old-growth conditions, with the objective
of determining which model, and which spatial scale, best repre-
sents their tree size distribution. Since diameter distribution models
for uneven-aged forests, either managed or old-growth, have been
developed using either a few large plots (full calliperings of coherent
areas >1 ha and up to 10 ha; e.g. Westphal et al., 2006), or many
small plots (�0.1 ha or smaller, down to 0.04 ha e.g. Schwartz et
al., 2005; Coomes and Allen, 2007; D’Amato et al., 2008; Gove et
al., 2008; Gronewold et al., 2010), results obtained from aggregating
small circular plots scattered throughout the forest were tested by
progressively increasing the size of a continuous plot (concentric cir-
cular areas). Finally, a comparison was performed against published
data for ‘‘plenter’’ managed forests, in order to define a suitable tar-
get model and guide conservation strategies that enhance resilience
and sustainability of old-growth beech forest ecosystems.

2. Materials and methods

Our study areas, Valle Cervara (VCH) and Coppo del Principe
(COP), are located in the central Italian Apennines, within the
Table 1
Summary of geographical features for the two study areas.

Site Code Latitude (�N) Longitude (�E) Elevation (m asl) S

Valle Cervara VCH 41.828 13.732 1700–1850 4

Coppo del Principe COP 41.788 13.738 1500–1750 2

a Scattered plots (all stand).
b Scattered plots (old-growth core area).
c Contiguous concentric plots (old-growth core area).
NW corner of the Abruzzo-Lazio-Molise National Park (PNALM;
Abruzzi region, L’Aquila province). VCH lies in the town district
of Villavallelonga, COP in that of Pescasseroli. Both forests cover
slopes from 1500–1600 m to the treeline (1800–1900 m asl), but
VCH has a prevailing N–NW aspect and COP a prevailing NE aspect
(Table 1). Bedrock consists of Cretaceous limestone; soils can be re-
ferred to the brown group (Piovesan et al., 2005b). Climate regime
at both sites can be described as Mediterranean montane, with
cold snowy winters and dry summers (Piovesan et al., 2005b). Oro-
graphic precipitation at these high-elevations sites (annual precip-
itation at VCH is about 1500 mm/year; Piovesan et al., 2008)
provides favorable conditions for the establishment of a mesic
hardwood deciduous forest (Polysticho-Fagetum; Feoli and Lagone-
gro, 1982).

Sampled stands occupy the upper beech altitudinal range in
central Italy so they can be ascribed to the bioclimatic zone of
high-elevation beech forests, whose growth is mainly limited by
spring temperature (Piovesan et al., 2005a). Prior to becoming a
national park, the two forests escaped logging because of difficult
access and their protective function against avalanches and land-
slides (Piovesan et al., 2005b). VCH can be considered a primary
multi-cohort forest (Frelich, 2002), with no signs of past human
exploitation (Piovesan et al., 2005b). The COP stand also showed
no signs of logging, several senescent and dying individuals, and
a heterogeneous vertical/horizontal structure. Multi-century trees
are present, reaching 340–400 years at COP and exceeding
500 years at VCH, where we identified the oldest known Fagus tree
in the Northern Hemisphere (Piovesan et al., 2005b). From a struc-
tural point of view, the two study forests are uneven-aged, with
old-growth indicators above the thresholds commonly reported
for mesic hardwood deciduous forests (Table 2; also see Piovesan
et al., 2005b, 2010). In particular, both stands were characterized
by high values of tree basal area and volume, with many large indi-
viduals, which typically account for most volume in old-growth
forests. The deadwood component was similarly abundant (11–
13% of living volume), including several large (diameter at breast
height, dbh > 67.5 cm) snags per hectare.

Field sampling was initially based on circular plots with a 20-m
radius, scattered within areas with minimal human impact. The 18
plots sampled at Valle Cervara in 2003 (Piovesan et al., 2005b)
were considered at first, then we focused on a primary old-growth
area (Figs. 1 and 9) that harbors the oldest European beech trees
yet reported (Piovesan et al., 2011), including a recently identified
560-year old individual. Inside this core stand, which is split by an
old avalanche tract (see Fig. 9), 11 scattered plots had been sam-
pled in 2003, and nine more were sampled in 2010. In each plot,
all living trees with dbh > 2.5 cm were measured; deadwood was
also sampled as reported in Piovesan et al. (2010). Snags were
quantified by size class as percentage of the live tree density for
that size class. Diameter distributions were developed using 5 cm
diameter classes starting from 2.5 cm. When no trees of a certain
dbh class were present inside a plot, such absence was recorded
either as zero (the coding used by Janowiak et al., 2008) or as a
missing observation, which may be more appropriate given the
lope (%) Main aspect Stand area (ha) Sampled area (ha) Plots N (Year)

0–60 N–NW 24 2.26 18a (2003)
1.38 11b (2003)
1.13 9b (2010)
0.75 6c (2011)

0–60 NE 45 0.88 7a (2009)



Table 2
Summary of structural features for the two study areas.

Site (Year) Live trees structure Dead trees structure Age structure

Stem ha�1 m2 ha�1 m3 ha�1 m3 ha�1 Stem ha�1 Years Years

N VST ST MT LT VLT BA V DW Snags Agemax Age5

Valle Cervara (2010) 818 620 35 49 72 42 38 545 59 27 560 507
Coppo del Principe (2009) 296 108 14 46 52 76 44 715 91 28 378 344

N = stand density (trees with diameter at breast height (dbh) P 2.5 cm); VST = density of very small trees (2.5 cm 6 dbh < 17.5 cm); ST = density of small trees
(17.5 cm 6 dbh < 27.5 cm); MT = density of medium trees (27.5 cm 6 dbh < 42.5 cm); LT = density of large trees (42.5 cm 6 dbh < 57.5 cm); VLT = density of very large trees
(dbh P 57.5 cm); BA = basal area; V = woody volume of living trees; DW = deadwood volume; Snags = density of snags (dbh P 10 cm); Agemax = age of the oldest tree cored in
the stand; Age5 = mean age of the five oldest trees cored in the stand.

Fig. 1. Vertical structure of the Valle Cervara old-growth beech forest, recorded along a 20 � 50 m transect. All trees shown in the sketch are Fagus sylvatica L.; shaded crowns
represent trees in the background.
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relatively small size (0.13 ha) of each plot (see Noel et al., 1998).
When the absence of a certain dbh class was recorded as zero
and because the logarithm of zero is undefined, 1.0 was added to
all values of trees per hectare (tph) before transformation (Jan-
owiak et al., 2008).

In order to simulate how diameter distributions changed as the
sampling area increased, individual scattered plots were aggre-
gated by means of k-combination without repetitions; hence sub-
sets comprised of distinct k elements of the total number of plots
(n) ranged from 1 to n. This was done separately by site and year,
so that, for example, the nine plots available for Valle Cervara in
2010 simulated spatial scales up to 1.13 ha at 0.13 (0.1256) ha
intervals. Diameter distributions were also studied by progres-
sively increasing the area of a sampling plot by means of concentric
circular areas, starting at 0.13 ha and expanded by 0.13 (0.1256) ha
increments up to 0.75 ha. This method minimized boundary effects
while allowing the analysis of changing spatial scales in compari-
son with the aggregation method. The starting 0.13-ha plot had
an initial diameter distribution that was far from the rotated sig-
moid one (see Fig. 7).

A logarithmic scale was used for density, as normally done for
uneven-aged populations, and polynomials up to the third-order
were fit to the diameter distribution of each aggregated or concen-
tric sample area using ordinary least squares (e.g. Janowiak et al.,
2008). The best significant (P < 0.05) model among all possible
combinations was selected using the AIC criterion (Akaike, 1974).
Adjusted R2 and root mean square error (RMSE) were then com-
puted for the selected model. The diameter distribution shape
was named according to the terminology used in Table 2 of Jan-
owiak et al. (2008). An additional model we encountered, defined



Fig. 2. Diameter distribution shapes present in old-growth beech forests of the
Italian Apennines. The shapes were selected using signs of significant (P < 0.05)
coefficients in a third-order polynomial fit to the diameter distribution (Janowiak
et al., 2008). IQ = increasing-q, NE = negative exponential, UNI = unimodal,
CO = concave, RS = rotated sigmoid.
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by a negative coefficient for dbh and dbh2, plus a non-significant
coefficient for dbh3, was assigned to the increasing-q category.
Spatial dependence of forest structure (i.e. selected model in each
plot) was analyzed using two-dimensional sample variograms and
isotropic models (Isaaks and Srivastava, 1989) for 40-m distance
intervals up to a 240-m maximum.

A space-for-time approach was employed to investigate struc-
tural changes over time (Watt, 1947) using abundance of different
Fig. 3. Effect of increasing spatial scales, obtained by aggregating more and more circular
throughout the forest. Absence of a dbh class in a plot was coded as zero. For goodness-of
shapes (see Fig. 2 for the codes of the five main models; NS = non-significant model (P > 0
with increasing sampled area. At each spatial scale the curve is the average of the signifi
sigmoid converges to a final model at aggregated areas of about 0.6 ha. (For interpretati
version of this article.)
size classes as an indicator of the developmental stage of a forest,
or, in other words, of the phase reached by the tree population in
the structural cycle (e.g. Král et al., 2010). As commonly done when
assessing uneven-aged forest management practices (e.g. Sagheb-
Talebi and Schütz, 2002), we subdivided the range of measured
dbh values in a few categories using traditionally accepted inter-
vals for Italian silviculture (Piovesan and Portoghesi, 1993). Our
five categories were very small trees (VST, dbh classes 5–15 cm),
small trees (ST, dbh classes 20–25 cm), medium trees (MT, dbh
classes 30–40 cm), large trees (LT, dbh classes 45–55), and very
large trees (VLT, dbh classes P60 cm), and their abundance was
quantified in each sampled plot. We then performed a principal
component analysis (PCA, Jolliffe, 1986) based on the correlation
matrix of these abundance values, plus the deadwood volume, at
all sampled plots, including both sites and both years. Most numer-
ical computing was done in the R software environment (R Devel-
opment Core Team, 2010).
3. Results

Tree size distributions (Fig. 2) were well described by the five
models identified by Janowiak et al. (2008). Diameter distribution
convergence to the rotated sigmoid shape at spatial scales >0.8 ha
was observed in 95% or more of all possible combinations of the 18
original scattered plots sampled at Valle Cervara in 2003 (Fig. 3 and
Fig. S1). While aggregated sampled area had a clear influence on
the shape of the model fit to the tree size distribution at very small
scales (Fig. 4), it became unimportant for spatial scales larger than
about 0.6 ha. This result was robust with respect to the area under
study (either old-growth forest or primary core area of old-growth
forest) and year of sampling, as well as coding convention used to
report dbh size classes with no tallies (Fig. 5). As the combined sur-
face of sampled plots increased, distribution shape converged to
the rotated sigmoid at both Valle Cervara (Figs. 5 and 6, Figs. S2
and S3) and Coppo del Principe (Figs. S4–S6) beech forests, and
for both 2003 and 2010 years at the same study site (Valle
plots (18 total, each one 0.13 ha in size, sampled in 2003 at Valle Cervara) scattered
-fit statistics see Fig. 4. (Left) Cumulative relative frequency of diameter distribution
.05); VAR = variable). (Right) Evolution of the rotated sigmoid diameter distribution
cant rotated sigmoid distributions (green bars in the figure on the left). The rotated
on of the references to color in this figure legend, the reader is referred to the web
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Cervara). Model goodness-of-fit indicators (adjusted R2 and RMSE)
showed that combinations of five or more plots were enough to
capture the rotated sigmoid distribution (Fig. 4, Figs. S2, S3 and
S6). For progressively larger concentric areas, the rotated sigmoid
distribution became the model of choice at spatial scales larger
than 0.5 ha (Fig. 7 and Fig. S7). Based on the spatial evolution of
the sigmoidal shape and on the goodness-of-fit results (Fig. 7),
the RS model for the 0.75-ha area is not only stable but also closely
resembles the shape obtained by aggregating plots scattered over
the whole population (Fig. 8).

Convergence to the rotated sigmoid shape occurred for slightly
smaller aggregated areas when a dbh class with no tallies was con-
sidered a missing observation (see Fig. S1 for all Valle Cervara plots
sampled in 2003). More variable (‘‘noisier’’) distribution models
were selected for small aggregated areas (<1 ha) when absence of
a dbh class in a sampled plot was coded as zero. In particular, ‘‘re-
verse J-type’’ shapes (such as the negative exponential) and the
increasing-q shape appeared more often under this coding scheme
(Figs. 3 and 5 vs. Fig. S1). At Coppo del Principe (Fig. S4), unimodal
distributions for small aggregated areas were selected more
frequently than at Valle Cervara. At that site, when absence was
Fig. 4. Adjusted R2 and RMSE value at increasing spatial scales, shown by aggregating m
Valle Cervara. The two methods to report absence of a dbh class in a plot are compared
coded as missing, distribution shape was non-significant in a few
more cases than at Valle Cervara, mostly because the unimodal
(UNI) and concave (CO) distribution were not recognized (see left
vs. right panel of Fig. S4).

The final shape of the rotated sigmoid curve was not heavily af-
fected by coding option, i.e. zero vs. missing, used to identify ab-
sence of a dbh class (Figs. 6 and 7, and Fig. S5). As soon as the
aggregated sampled area exceeded 0.6 ha, the shape of the curve
remained essentially stable using either method in both space
and time. However, at Valle Cervara, and particularly for the
2003 field campaign, there was a large difference between the
shape of the rotated sigmoid for the smallest areas (<0.3–0.4 ha)
compared to larger ones. When zero values were used, the absence
of small and medium-size dbh classes pushed further downward
the initial decreasing portion of the rotated sigmoid curve
(Fig. 6). Interestingly, the evolution of the rotated sigmoid curves
as shown by the aggregation of multiple plots compensates for this
coding difference. A direct comparison between average diameter
distribution of individual plots that were modeled using a rotated
sigmoid at Valle Cervara core area for the three different sampling
years (Fig. 8), revealed a remarkable level of overlap, suggesting
ore and more scattered sample plots (18 total, each one 0.13 ha) sampled in 2003 at
: (Left) absence coded as zero; (Right) absence coded as missing value.



Fig. 5. Cumulative relative frequency of diameter distribution shapes for the Valle Cervara core area (primary old-growth stand) comparing two different years of sampling
and two methods to report absence of a dbh class in a plot. For goodness-of-fit statistics see Figs. S2 and S3. (Left) Scattered plots (11) sampled in 2003; (Right) scattered plots
(9) sampled in 2010. (Top) Absence coded as zero; (Bottom) absence coded as missing value.
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temporal stability of the rotated sigmoid shape even at small
scales. Size distribution models were spatially autocorrelated
(Fig. 9 bottom), with a tendency for the dominant shape (mostly
the RS) to remain unchanged over distances up to about 60 m.
These spatial relationships between forest structures remained sta-
ble from 2003 to 2010, especially when absence of a dbh class was
coded as missing value (Fig. 9 top).

The first two principal components of dbh categories (VST, ST,
MT, LT, VLT) in all plots, together with deadwood, explained more
than half of the variance (35.3% PC1, and 22.0% PC2). The PCA plot
of selected distribution shapes, superimposed with a biplot of the
original dbh categories and deadwood (Fig. 10), revealed a strong
connection between tree size distribution and development phase
in the structural cycle of a forest. The graph uncovered an inverse
relationships between areas dominated by medium (MT) to large
(LT) trees as opposed to areas where very small (VST) trees are more
abundant. In fact, the biplot axis for VST is almost exactly opposite to
that for LT. Basal area was most correlated (r = 0.51, P = 0.006) with
the second principal component, since total basal area is usually
greater where large trees dominate, a typical feature of old-growth
forests (Sagheb-Talebi and Schütz, 2002). The order of the biplot
axes highlights the structural cycle of old-growth forests, as it pro-
gresses counterclockwise from the lowest (VST) to the largest
(VLT) dbh categories. Deadwood biomass (DW) falls close to the LT
and VLT area, as larger individuals typically contribute the most to
this component of forest biomass (Marage and Lemperiere, 2005).

Overall, by arranging individual plots in principal component
space (Fig. 10), we were able to capture most temporal phases of



Fig. 6. Evolution of the rotated sigmoid diameter distribution shape at Valle Cervara core area (primary old-growth stand) with increasing sampled area, obtained by
aggregating more and more scattered sample plots. At each spatial scale the curve is the average of the significant rotated sigmoid distributions. For goodness-of-fit see Figs.
S2 and S3. The rotated sigmoid converges to a final model at aggregated areas of about 0.6 ha regardless of sampling year or method used to report absence of a dbh class in a
plot. (Left) Plots (11) sampled in 2003; (Right) plots (9) sampled in 2010. (Top) Absence coded as zero; (Bottom) absence coded as missing value.
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the structural cycle: aggradation, biostasis, and degradation (Olde-
mann, 1990; Peters, 1997). The innovation phase was not included
in the analysis (and only mentioned in parenthesis within the
graph) because no data on tree regeneration were considered in
the PCA. Size distribution models tend to follow the structural
phases even at very fine scales, given that each plot is 0.13 ha.
The rotated sigmoid curve is absent in plots occupied by medium
to large trees, while it becomes the model of choice in the center
of the principal component graph, and when very small trees
(VST) are most abundant. This suggests that a developed old-
growth structure can be recognized even on extremely small areas,
as long as they are not dominated by intermediate to large size
classes. In fact, the late aggradation and biostasis phases are
characterized by the greatest total basal area, and by a mostly uni-
modal size distribution when absence was coded as zero (Fig. S8).
Notably, several non-significant size distribution models are lo-
cated close to the deadwood axis, suggesting that the forest popu-
lation, during the degradation phase of the structural cycle, can
produce both a large amount of dead material and an irregular tree
size distribution.

The stand-level rotated sigmoid curves obtained over time and
over space provide information on the ecological development of
beech forest populations (Fig. 11). It is clear that Valle Cervara
has a well-developed, stable, and widespread old-growth struc-
ture, as the rotated sigmoid curves obtained by sampling different
plots in 2003 and 2010 are remarkably similar. Our previous



Fig. 7. Concentric circular plots sampling method at Valle Cervara old-growth core area. Effect of increasing spatial scales is shown by expanding concentric sample plots
(each one 0.13 ha). The modeled mean diameter distribution of the 2010 scattered sample plots (gray dotted line) is also shown. (a) Absence coded as zero (R2 = adjusted R2);
(b) absence coded as missing value; (c) area of the circular plot.

Fig. 8. Average diameter distribution modeled using a third-order polynomial –
rotated sigmoid – at Valle Cervara old-growth core area for the two sampling
methods in three different years: scattered (year 2003, 11 plots, total sampled area
1.38 ha; year 2010, 9 plots, total sampled area 1.13 ha) and concentric plots (year
2011, total continuous sampled area 0.75 ha).
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studies (e.g. Piovesan et al., 2005b, 2011) had already shown that
this forest was a prime example of Fagus old-growth stands, also
containing the oldest (>500 years) beech trees in Europe. A reduc-
tion over time in the presence of trees with 20–30 cm dbh was
likely due to an increase in mortality among the smallest sizes
(as shown later – see Fig. 12), causing slower outgrowth into the
medium dbh classes and/or a release of the surviving trees that
would then quickly grow through this size category. Coppo del
Principe and Valle Cervara RS distributions showed a mild diver-
gence for these 20–30 cm stem sizes, but were otherwise in closer
agreement for all other dbh classes. The similarity of distribution
shape for large dbh classes indicates a convergence between these
two forest populations with respect to structural processes that
determine the presence of the oldest and largest trees. Comparing
our stand-level rotated sigmoid curves with that of the plenter sys-
tem (Schütz, 2006) revealed an expected difference for large sizes
(Fig. 11), since logging preferentially targets the bigger trees. On
the other hand, the overall shape of the plenter rotated sigmoid
was parallel to ours, and almost overlapped the Valle Cervara
curves for dbh less than 40 cm.
4. Discussion

By evaluating tree size distribution models for increasing spatial
scales, as proposed by Janowiak et al. (2008), it was possible to sys-
tematically determine the genesis of the most representative shape
for old-growth beech stands. In order to adequately capture the
structure of a forest, sampling plots are supposed to be scattered
as much as possible over the landscape (Rubin et al., 2006); for
both fixed-area and prism sampling, Grenier et al. (1991) found
that more dispersed sampling locations provide greater probability
of obtaining a sample diameter distribution not significantly differ-
ent from the underlying population distribution. Therefore, the
aggregation of scattered circular plots was appropriate for under-
standing the minimum area and the type of numerical processing
that are required to capture stand structure. Following this ap-
proach, stable uneven-aged patterns in old-growth beech forests
of the Italian Apennines were recognized even at aggregated spa-
tial scales of 0.6–0.8 ha. While distribution models for smaller
areas included the rotated sigmoid, negative exponential, and



Fig. 9. Spatial features of scattered sampled plots within the old-growth core area at Valle Cervara. (Top) Topographic map with 25-m contour intervals and the location of
sampled plots (colored circles). Black solid circle or triangle inside the plot identifies the sampling year; plot circle color refers to the shape of the diameter distribution (see
Figs. 2 and 3 and for explanation of codes) when absence of a dbh class in a plot was coded as a missing value. Although there is no overlap between the location of 2003 and
2010 plots, they were both well distributed inside the core area. (Bottom) Sample (black circles) and model (red curve) semivariogram computed for the dbh distribution
shapes mapped above, showing that the dominant forest structure (mostly the rotated sigmoid) tends to be maintained up to distances of about 60 m. The formula for the
exponential model variogram is shown in the figure, with Co = nugget; C = sill; Ao = one-third of the effective range (57.6 m), which is the distance at which the total sill
(C + Co) is within 5% of the asymptote (the sill never meets the asymptote in the exponential model); R2 = coefficient of determination; RSS = residual sum of squares. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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increasing-q curves, the rotated sigmoid shape was always the
dominant model starting at 0.6–0.8 ha aggregated spatial scales.
A few unimodal distributions were also revealed at the smallest
aggregated scales (<0.3 ha), and were more common in the less
structured forest (Coppo del Principe). While reporting as zero
the absence of a dbh class within a plot led to an underestimation
of intermediate size classes, convergence of tree distribution
shapes to the rotated sigmoid was rapidly obtained regardless of
coding choices. When the sampled area was progressively ex-
panded using concentric plots, the rotated sigmoid shape became



Fig. 10. Principal component analysis of tree abundance at all scattered plots (both sampling years and sites). Biplot axes were overlaid on the first two principal component
axes. Diameter distribution models (with codes as explained in Figs. 2 and 3; absence of a dbh class in a plot was considered a missing value) are shown next to symbols (solid
black circle = Valle Cervara 2010; solid gray circle = Valle Cervara 2003; empty square = Coppo del Principe 2010). Phases of the structural forest cycle (lower right insert)
could be identified in a counterclockwise order.

Fig. 11. Comparison between mean stand diameter distributions at Valle Cervara
core area (average of 2003 and 2010 scattered plots) and Coppo del Principe vs. the
Langula beech forest equilibrium distribution obtained using the plenter system
(Schütz, 2006).
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dominant even on smaller scales (0.5 ha). These small spatial scales
are consistent with results obtained by Janowiak et al. (2008) de-
spite the differences in target ecosystems and sampling methods.

The well-defined uneven-aged structure even of single plots
indicated that structural forest processes controlling stand dynam-
ics can be found in areas as small as 1200 m2. At the same time, it
became clear that an average q-value (the ratio between the den-
sity of a dbh size class and that of the next larger one, see Rubin
et al., 2006) could not be computed. While the most appropriate
sampling area to fully describe the forest still depends on dendro-
metric features (e.g. total basal area, maximum dbh), a 1-ha spatial
scale was sufficient to correctly represent the dbh distribution
curve in this uneven aged temperate ecosystem.
Natural stand dynamics of European temperate deciduous and
mixed forests have generally been described by the ‘‘forest cycle’’
concept (Watt, 1947; Korpel, 1995). Our results highlight that the
old-growth forest mosaic is not fully captured when structure is
described only by patches in different phases of development
(e.g. Remmert, 1991; Emborg et al., 2000). In fact, we propose that
a fine-grain pattern, whose complex structure can be seen in a ver-
tical transect (Fig. 1), is a common feature of old-growth beech for-
ests when disturbance impacts are generally limited to individual
trees (fine scale disturbance; Podlaski, 2008), so that resulting can-
opy gaps are relatively small (<200–300 m2; Wagner et al., 2010). It
is worth noting that in the dominant stratum of beech old-growth
forests, tree age cannot be easily inferred from stem size (Piovesan
et al., 2005b, 2010) because structural dynamics, in a very fine
grain mosaic, condition individual life history. Such complex struc-
tures, also described by mixtures of theoretical size distributions,
are now increasingly being reported for uneven-aged, pure or
mixed, beech forests (Paluch, 2007; Podlaski, 2010). When size dis-
tribution follows the rotated sigmoid shape, these structures have
been placed outside of the forest cycle and described as a ‘‘steady
state’’ (Král et al., 2010). While our data, collected in old-growth
forests that host individuals with the longest life cycle for the spe-
cies, confirm the stability of this aggregated structure over several
years (Fig. 8), further studies should focus on the temporal evolu-
tion of the RS shape at scales of about 0.1 ha with special regard to
regeneration and disturbance processes.

Within a fine-grain forest mosaic, one development phase may
locally dominate, and eventually stand structure at the single plot
level changes over time following the classical forest cycle (Watt,
1947; Oldemann, 1990), as shown by the counterclockwise order-
ing of sampled plots in a structural cycle (Fig. 10 and Fig. S8). This
synchronization of stand dynamics can also be driven by interme-
diate (0.04–0.5 ha) or coarse (>0.5 ha) scale disturbance events
(Podlaski, 2008). Dendroecological analyses have shown that some
past growth releases were synchronous between Valle Cervara
(Piovesan et al., 2005b) and Coppo del Principe (Piovesan et al.,
2010) testifying that in addition to small-scale gap phase



Fig. 12. Snag/living trees size distribution at Valle Cervara core area in 2003 (VCH_03) and 2010 (VCH_10), and at Coppo del Principe in 2010 (COP).
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processes, periodic intermediate severity disturbance events are
another driver of forest dynamics (Splechtna et al., 2005; Nagel
et al., 2007; Fraver et al., 2008; Gravel et al., 2010).

Three main mechanisms are likely behind the generation of a
rotated sigmoid structure (Westphal et al., 2006): infrequent dis-
turbance at intermediate and coarse scales, as mentioned in the
previous paragraph, U-shaped mortality, and nonlinear diameter
increment (faster in medium-size trees compared to smaller and
larger ones; see also Leak, 2002). In beech old-growth forests,
snags represent about 30–40% of dead biomass (Piovesan et al.,
2010; Meyer and Schmidt, 2011), but their size distribution allows
an estimation of mortality rates by dbh class. Snags were not abun-
dant, suggesting relatively low mortality, and more so at Valle
Cervara than at Coppo del Principe (Fig. 12). Relative snag
frequency confirmed a tendency towards higher mortality for very
large trees (see also Fig. 6 in Piovesan et al., 2005b). For small sizes
(up to 20 cm dbh) snags are likely an outcome of self-thinning
(Coomes and Allen, 2007), while their absence in the medium size
classes (25–40 cm), normally composed of trees that just reached
the canopy (20–30 m height) and achieved dominance (see Fig. 4
in Piovesan et al., 2005b and table 5.2 in Peters, 1997), is closely
linked to a ‘‘step-up’’ growth phase typical of shade-tolerant spe-
cies (Leak, 2002). The 25–30 cm dbh corresponds to the inflexion
point in the rotated sigmoid curve, not only in our study, but gen-
erally in old-growth beech forests (Commarmot et al., 2005). For
larger sizes, snags are essentially a result of disturbance processes
that leave the stem standing, such as drought. It is intriguing that
snags recorded in 2010 at Valle Cervara were more numerous
among the smallest size classes compared to 2003, since such in-
crease in mortality of smaller trees over time is consistent with a
drying trend in climate (Piovesan et al., 2008), as reported in other
studies (Van Mantgem et al., 2009).

The third factor that drives the development of a rotated sigmoid
curve is a strong positive relationship between diameter increment
and stem size when small trees start exploiting resources freed by
gap formation, followed by a stabilization of the increment as the
same trees, larger and now part of the overstory, close the canopy
gap (Westphal et al., 2006). We could not clearly test this relation-
ship because our growth data, obtained from increment cores, did
not include understory trees (dbh < 20–25 cm). A step-up relation-
ship between diameter increment and tree size was evident in old-
growth beech forests (see Table 5.5 in Peters, 1997). Stands managed
using the plenter system, where the rotated sigmoid is still the best
representation of the resulting tree distribution, feature a nonlinear
relationship between stem size and radial increment (e.g. Schütz,
2006). In fact, it is surprising to find the rotated sigmoid under such
a managed regime, since the largest individuals are constantly
logged in the plenter system. When we compared data from plen-
ter-managed stands and our old-growth forests, it was evident that
the latter included a greater number of very large individuals, as
shown by the deviation between the two rotated sigmoid curves
for stems greater than 40–45 cm. Regeneration in the plenter system
has to be sustained by removing large trees, which otherwise would
impede renovation processes, as observed when a plenter-managed
stand is left to its natural evolution (Schütz, 2006). The negative cor-
relation we found between abundance of large trees and that of very
small trees confirms why the plenter system requires logging of
large trees: in the absence of naturally forming gaps (because no
very large trees exist), regeneration needs to be maintained by
removing the dominant trees. While the influence of diameter
growth on size distributions of old-growth beech forests in the Ital-
ian Apennines requires further studies, it is already evident that the
interlinking between mortality, fine-to-intermediate scale distur-
bances, individual life history, and growth patterns of beech trees
is fundamental for the stability of the reversed sigmoid distribution.

The rotated sigmoid, whose final shape differs only slightly be-
tween areas <1 ha and larger aggregation levels under uniform bio-
climatic conditions, is well representative of temperate old-growth
deciduous forests (Janowiak et al., 2008). From our investigation,
this model, which also emerges when larger sampling plots are
used (5–10 ha; Westphal et al., 2006; Commarmot et al., 2005),
is therefore a primary tool for analyzing and managing forest eco-
systems (Keeton, 2006), especially those with old-growth features.
For beech populations in the Italian Apennines, the rotated sigmoid
structure was found in separate stands, and also in the same forest
after about a decade, therefore it appears stable both in space and
in time. Minimum areas (�10 ha; Emborg et al., 2000) that were
supposed to be required for a continuous shifting mosaic steady
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state under a relatively mild disturbance may therefore contain
pockets where forest structure is complex and stable at scales an
order of magnitude smaller (see also Paluch, 2007). This conclusion
is even more intriguing if we consider that a stable forest mosaic
should become established on areas whose size is directly propor-
tional to the longevity of the species (Emborg et al., 2000), but our
sampled forests host the oldest individuals yet identified for this
species. Given that uneven-aged structures, and associated dead-
wood production, emerge even on an aggregated area of about
1 ha, one can conclude that small forest ‘‘islands’’ (e.g. few hect-
ares) are a valuable tool for a ‘‘natural’’ way of managing beech
populations (Jakoby et al., 2010), and should therefore provide an
additional option when considering the best strategy for the con-
servation and preservation of old-growth beech stands in the Med-
iterranean basin.
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