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Abstract: There are many data values describing deadwood in primary forests, however, there is
much less information concerning managed forests, particularly in the Mediterranean area. Whole
non-living woody biomass (deadwood) is the main component of forest types that plays a vital role
in improving and maintaining biodiversity. The dynamics of deadwood and CO2 sequestration
by deadwood were examined in three Mediterranean lowland forests: pine forest Pinus pinea L.),
evergreen oak forest (Quercus ilex and Quercus suber L.), and deciduous oak forest (Quercus cerris L.).
The aim of this study was to carry out a quantitative and qualitative evaluation of the deadwood to
gather useful information for the Mediterranean forest management, and to provide some useful
data that can be integrated into the methods of estimation for carbon stored in dead components of
Mediterranean forest types. The investigations focused on the characterization of the deadwood,
to determine which traits are dominant and their potentially functionality within the forest type.
Results indicated the deciduous oak type had the highest amount of stand volume (379 m3/ha),
deadwood volume (161.8 m3/ha), and C storage (31.43 t/ha). The major component of dead wood
was the standing dead trees or snags. There was a higher volume of deadwood in the deciduous
oak forest than in the pine and evergreen oak forests. In addition, the deciduous oak forest had a
higher snag creation index, a higher fallen log creation index, and a higher past management index
compared to pine and evergreen oak forest types. Deadwood volume increased as the decay class
in the deciduous oak forest increased, while this trend decreased in the evergreen oak and pine
forests. The amount of deadwood was affected by the forest type and forest management regime.
Dynamic and past management of deadwood indices indicated that their structure was still in the
initial phase of creation and decay in the pine and evergreen oak forests. A comparison with other
studies on similar forest types brought out that the variation range of the main parameters for the
management of deadwood fell within the variation of the parameters studied. However, the values
of these parameters cover a broad range. The population of each forest type is extremely sensitive to
the different evolutionary periods of the forest dynamics.

Keywords: classes of decay; sustainable management; pine forest; deciduous oak forest; evergreen
oak forest; carbon storage; Central Italy
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1. Introduction

Deadwood is defined as all the non-living woody biomass that is standing or lying on the forest
floor. It does not include leaf litter. This definition includes trees or wood fragments on soil, dead
roots, and stumps that exceed the dimensional threshold of 10 cm [1]. According to the Italian Forest
Inventory, deadwood is divided into two categories: standing dead trees (SDT or snag) and lying
deadwood (log). The latter is further subdivided into coarse woody debris (CWD) with a minimum
section diameter equal to or greater than 10 cm, and fine woody debris (FWD) with a diameter less
than 10 cm [2]. Generally, woody biomass under 2.5 cm is considered part of leaf litter [2].

Deadwood is a key element of a sustainably managed forest [3,4]. Deadwood in the forest was
considered a risk for the spread of diseases and the proliferation of insects is harmful to quality
wood production. Deadwood was also seen as a high risk in triggering fires. A fire hazard increases
with the greater amount of fuel biomass, especially when found close to areas of elevated human
pressure in the Mediterranean environment. It is also true that forest fires produce deadwood. Fires
cause trees to die, which produces snags and downed logs. The decline of trees, which are still alive,
affected by fire can induce the attraction of insects and the spread of fungi, which can later cause
the death of the trees [5,6]. In some southern European forests, deadwood represented (or could
represent) a great disturbance event [7,8] and a fire risk [9]. It is now thought that this element is
considered to be an important component and has been designated as a Pan-European indicator for a
sustainable forest management [10,11]. The value of deadwood was also recognized in the main forest
certification schemes (PEFC and FSC) that assess it as a vital element of sustainable forest management.
In addition to improving and to maintaining biodiversity, supporting wildlife, and assisting ecological
processes [12,13], snags and logs are the base of the food-chain and they also provide microhabitats for
many living organisms, including fungi, epixylic lichens, bryophytes, invertebrates, birds, mammals,
reptiles, and amphibians [14–18]. Some other functions of deadwood are preserving soil organic matter
and its long-term site productivity [3,10] as well as improving the stability of slope areas against
hydrogeological risk [19], which reduces soil erosion. It also contributes to nutrient cycles and plays a
role in forest carbon sequestration [20–22]. The potential benefits for wildlife from the retention of
deadwood depend on several environmental factors such as size, species, and level of decay [4] but
also forest management, timber harvest, and human accessibility level [23,24] of the site, which can
have substantial effects on CWD and snag density [15,16,23–26]. The fundamental pre-condition for
protecting biodiversity and the sustainable functioning of forest types is to maintain snags and CWD
in suitable relative abundance across all decay classes [27].

Tavankar et al. [23] demonstrated that forest management activities have a significant effect on
density and characteristics of dead biomass. In fact, senescent, dying or standing dead trees are
usually harvested to maximize the commercial value of a harvest [4]. Furthermore, the total amount
of deadwood can be negatively influenced by the local population that collects wood freely or by
following specific regulations [15,24].

The aim of this study was to carry out a quantitative and qualitative evaluation of deadwood
to gather useful information for Mediterranean forest management, and to provide an estimation of
the carbon amount stored in deadwood of Mediterranean forest types. Density, volume, and a decay
class of snags and logs were analyzed in three different forest types typical of Mediterranean lowland:
pine forest, deciduous oak forest, and evergreen oak forest. By investigating deadwood dynamics in
protected and relatively unmanaged forest reserves, the study aims to provide a valuable baseline for
sustainable management in more actively managed forests in the Mediterranean region. The following
specific objectives were investigated for the three forest types.

1. to quantify the composition and distribution of deadwood components,
2. to investigate whether the amount and quality of deadwood were affected by forest type and or

past management,
3. to quantify how much carbon is stored in this deadwood pool, and
4. to quantify if the deadwood plays a significant role in carbon storage.
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Despite the attention to the ecological role of deadwood in European forests, specific studies for the
Mediterranean environment are still scarce and concentrated in Oro-Mediterranean types. Field surveys,
even in rare environments such as residual lowlands, contribute to developing guidelines for the
management of deadwood, not only in protected areas, but, above all, for sustainably managed forests.

2. Materials and Methods

2.1. Study Area

This study was carried out in the Presidential Estate of Castelporziano-Capocotta (Rome, Italy)
(N 41◦74′; E 12◦40′) (Figure 1). The Savoy Royal Family acquired it as a hunting reserve in 1872. In 1977,
hunting was banned and it was instituted as a State Natural Reserve in 1999 [28]. The forest has been
managed by a policy of minimum-intervention and without removal of deadwood. About 4,578 ha of
the Reserve are classified as woodlands, and it represents the most important Mediterranean lowland
forest of Central Italy. Castelporziano is also in Rete Natura 2000, and the reserve area is a Special
Protection Area (SPA). Moreover, there are two biotopes recognized as Community Interest Site (SCI):
one for the coastline (IT6030027) and one for hygrophilous oak forests (IT6030028).Forests 2020, 11, 253 4 of 23 
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Figure 1. Study area location and overlaying on topographic map developed using QGIS 2.18 
Software (Las Palmas, open source). GIS elaborations were performed with Coordinate Reference 
System CRS: WGS84UTM33T, Geodetic Parameter Dataset EPSG (European Petroleum Survey 
Group) : 32633. 

2.2. Data Collection 

2.2.1. Sampling Design for Volume Estimation of Standing Live and Dead (snags) Trees and Stumps 

For a systematic plot sampling a grid with dimension of 100 m × 100 m was used to locate sapling 
plots (every second grid centre) from north to south. These plots were for estimating the volume of 
standing live trees, snags, and stumps. Shape of sample plots was circular. The area of each sample 
plot was 706.5 m2 (r = 15 m) for pine type and 314 m2 (r = 10 m) for oak ones. Total sampling aimed to 
cover 3% of the three forest typologies and included 29 for pine sample plots, 60 for deciduous oak, 
and 60 for evergreen oak. 

Although the state of coppice was still evident in the evergreen oak forest, the old stumps were 
not clearly recognizable. 

The diameter at breast height (DBH ≥ 3 cm) of all living tree species was recorded to the nearest 
cm using a forest caliper. The tree height was estimated by the Haglof Vertex hypsometer and used 
to construct a hypsometric curve. The growing stock was determined by using local volume tables 
[32]. For all snags sampled, species, DBH (DBH ≥ 3 cm), height, volume, and decay class (Table 1) 
were recorded. Volume of snag, smaller than 4 m, was calculated using Huber’s formula. 

2.2.2. Sampling Design for Volume Estimation of Downed Logs  

One of the most efficient and accurate methods for estimating the volume of fallen wood, natural 
and logging residues, is the line intersect sampling method, which is widely used [33–37]. Fifty 
meters of sampling line were located at the same grid centers of systematic sampling plots used for 
the dendrometric analysis. To reduce bias associated with piece orientation, each of the line transects 
was oriented on north-south and east-west resulting in four transect radiating for every plot centre. 

Figure 1. Study area location and overlaying on topographic map developed using QGIS 2.18 Software
(Las Palmas, open source). GIS elaborations were performed with Coordinate Reference System CRS:
WGS84UTM33T, Geodetic Parameter Dataset EPSG (European Petroleum Survey Group): 32633.

The Castelporziano estate conserves the last remaining part of the coastal environment, which
was once all forest and the wet lowland of the Mediterranean area. Most of this estate is made up
of a forest area, which is flat and characterized by deciduous oaks (Quercus robur L., Q. frainetto
Ten., Q. cerris L.), evergreen oaks (Quercus ilex L., Q. suber L.), poplars, ash trees, alders, maples,
and hornbeam [29]. The umbrella pine (Pinus pinea L.) was previously planted for fruit production
and constitutes a characteristic element of the landscape [30]. The cultivation activities for pine fruit
are no longer practiced. The management of the forest aims to promote ecosystem conservation and
natural regeneration.
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The area is flat or gently rolling, which ranges in elevation between 0 to 80 m a.s.l. The hygrophilous
lowland forest occupies most of the area. It is characterized by Mediterranean pines high forests,
evergreen trees, and deciduous oak forest, and by more hygrophilous species near wet areas.

Average monthly temperatures range between a minimum of 8.4 and a maximum of 24.7 ◦C in
the period of 1996–2011. The maximum values are generally reached in August and the minimum
are reached in February without freezing events. The drought period starts in May and ends in early
September. The average annual rainfall is 745 mm. Rainy events are more frequent in autumn with a
low monthly rainfall during the May-August period [31].

For this specific study, three different forest types were selected, characterized by pine, deciduous
oak, and evergreen oak, typical of the Mediterranean lowlands. The forest types studied as a whole
cover an area of almost 3000 ha in the Castelporziano estate. The three forest typologies investigated
specifically have a total area of just over 200 ha. This selection was done on the basis of the actual forest
management plan, choosing the most representative forest typologies not only of the Castelporziano
estate, but also of managed Mediterranean lowland forests.

2.2. Data Collection

2.2.1. Sampling Design for Volume Estimation of Standing Live and Dead (snags) Trees and Stumps

For a systematic plot sampling a grid with dimension of 100 m × 100 m was used to locate sapling
plots (every second grid centre) from north to south. These plots were for estimating the volume of
standing live trees, snags, and stumps. Shape of sample plots was circular. The area of each sample
plot was 706.5 m2 (r = 15 m) for pine type and 314 m2 (r = 10 m) for oak ones. Total sampling aimed to
cover 3% of the three forest typologies and included 29 for pine sample plots, 60 for deciduous oak,
and 60 for evergreen oak.

Although the state of coppice was still evident in the evergreen oak forest, the old stumps were
not clearly recognizable.

The diameter at breast height (DBH ≥ 3 cm) of all living tree species was recorded to the nearest
cm using a forest caliper. The tree height was estimated by the Haglof Vertex hypsometer and used to
construct a hypsometric curve. The growing stock was determined by using local volume tables [32].
For all snags sampled, species, DBH (DBH ≥ 3 cm), height, volume, and decay class (Table 1) were
recorded. Volume of snag, smaller than 4 m, was calculated using Huber’s formula.
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Table 1. Classification system of snags and downed logs in decay classes (Modified by Behjou et al. [24]).

Types Decay Class

Characteristic 1 2 3 4 5

Snags

Leaves Present Absent Absent Absent Absent

Bark Tight Loose Partly present (<50%
bark) Absent Absent

Crown, branches, and
twigs All present Only branches present Only large branch stubs

present
Broken top, few or no

branch stubs
Branch stubs absent,

<6 m in height

Bole Recently dead Standing, firm Standing, decayed Heavily decayed, Soft
and block structure

Fragmented and
powdery

Indirect measure Cambium still fresh,
died <1 year

Cambium decayed, knife blade
penetrates a few millimetres

Knife blade penetrates
<2 cm

Knife blade
penetrates 2–5 cm

Knife blade
penetrates all the way

Logs

Structural integrity Sound Sapwood slightly rotting,
heartwood sound

Sapwood missing,
heartwood mostly sound Heartwood decayed Soft

Leaves Present Absent Absent Absent Absent

Branches All twigs present Larger twigs present Larger branches present Few branch stubs
present Absent

Bark Present Present Often present Often present Absent

Bole shape Round Round Round Round to oval Oval to flat

Wood consistency Solid Solid Partly soft Semisolid Partly soft Fragmented,
powdery

Colour of wood Original colour Original colour Original colour to faded Original colour to
faded Heavily faded

Portion of log on
ground

Elevated on support
point Elevated on support point Near or on ground Whole log on ground Whole log on ground

Indirect measure Cambium still fresh,
died

Cambium decayed, knife blade
penetrates a few mm

Knife blade penetrates
<2 cm

Knife blade
penetrates 2–5 cm

Knife blade
penetrates all the way
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2.2.2. Sampling Design for Volume Estimation of Downed Logs

One of the most efficient and accurate methods for estimating the volume of fallen wood, natural
and logging residues, is the line intersect sampling method, which is widely used [33–37]. Fifty meters
of sampling line were located at the same grid centers of systematic sampling plots used for the
dendrometric analysis. To reduce bias associated with piece orientation, each of the line transects
was oriented on north-south and east-west resulting in four transect radiating for every plot centre.
All fallen logs intersected by the line transects were measured. Only pieces at least 3 cm in diameter
under bark and 30 cm in length were considered measurable. The measurement recorded for each
piece of fallen wood was the diameter at the point of intersection with a transect line. The volume and
weight of fallen wood in each line transect was computed by Equations (1) and (2), respectively [38].

V j =

(
π2

8L

)
·

ni∑
j=1

d2
i j (1)

W j =

(
Sπ2

8L

)
·

ni∑
j=1

d2
i j (2)

where Vj is volume (m3 ha−1) in line transect j, L is length of line transect (50 m), dij is the diameter
(cm) of piece i in line transect j, n is number of pieces intersected in line transect j, Wj is weight (t/ha)
in line transect j, S is the specific gravity of pieces (g cm−3). The number of pieces was computed by
Equation (3) [38].

Ni = (π ni)/
(
2Ld j

)
(3)

where Ni is the number of pieces per hectare in diameter class i, ni is number of tallied intersections in
diameter class i, L is the length of the sample line, and di is the midpoint of the diameter class i.

The volume of each piece (fallen log, stump, and snags with height lower than 4 m) was computed
by the Huber formula, as shown in Equation (4) [38,39].

V =

(
d2

m
4

)
·πl (4)

where V is volume (cm3), dm is diameter under bark at the middle of the piece (cm), and l is length of
piece (cm).

For each downed log, species and decay class were also recorded.
The botanical species of the CWD was assessed from the bark and macroscopic wood characteristics.

Sometimes species were not reliably recognized and remained unspecified. Bark coverage was
visually estimated.

2.2.3. Classification of Snags and Downed Logs in Decay Classes

Decay state of snags and logs [12,24,40] was evaluated according to physical characteristics and
bark coverage that was visually estimated by following the characters synthetised in Table 1 [24]. Each
snag and log sampled was assigned to one of the five decay classes (DC).

2.2.4. Basic Density, Green Density, and Moisture Content of Decayed Samples

A total of 450 samples were collected covering three forest type (150 samples for each), two
deadwood categories (225 samples for each), and five decay class (90 samples for each). Cylindrical
samples of wood were collected using a drill with a cylindrical coring. Samples were carefully stored
to avoid moisture loss. Analyses were carried out in a laboratory to determine mass, volume, green
density, basic density, and moisture content. The green density of the wood was calculated on the
samples in the fresh state as a ratio of mass to volume. The basic density was calculated as the ratio
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of dry mass to swollen volume. The volume of deadwood samples was determined by the volume
of the cylindrical extractor. For splinted or irregular fresh samples, the volume was calculated with
the water-displacement method [41]. Fresh mass and dry was obtained with a laboratory precision
balance. Dry mass was determined by a gravimetric method after drying to constant mass in an oven
at a temperature of 103 ◦C ± 2 ◦C. The mass was considered constant when successive weighing,
at intervals of at least 6 hours, showed the weight loss was no greater than 0.5% of sample mass.

2.3. Data Analysis

2.3.1. Carbon Stock Calculation

The carbon stock of deadwood was estimated by transforming deadwood volume into carbon
mass. The basic density, which is obtained for each decay class, was used to convert the deadwood
volume to mass. The carbon stock was estimated for each decay class. Specifically, different assessment
coefficients were applied (49.0% according to Intergovernmental Panel on Climate Change (IPCC) [42],
50.54% for pine, and 48.1% for oak, according to Thomas and Martin [43]). The latter specific values
were used to better focus on a Mediterranean context.

2.3.2. Deadwood Dynamic

The ratio of snag volume to stand volume (RSS) or snag creation index is a snag-dynamic indicator
and it was calculated according to Equation (5).

RSS = SGV/LTV (5)

The ratio of downed-log volume to volume of standing live trees (RDT) was also used as a
downed-log creation index, according to Equation (6).

RDT = DLV/LTV (6)

For comparing snag longevity, the ratio of downed-log volume to snag volume (RLS) was
calculated according to Equation (7).

RLS = DLV/SGV (7)

To evaluate past management legacy on CWD, the ratio of CWD volume to volume of standing
live trees (RDW) was calculated, according to Equation (8).

RDW = DWV/LTV (8)

where SGV is snag volume, LTV is the living tree volume, DLV is log volume, and DWV is the volume
of the deadwood.

2.4. Statistical Analysis

Statistica 7.1 (2007, StatSoft Inc., Tulsa, OK, USA) software was used to implement statistical
analyses. Field data were used for statistical surveys in order to validate results. Particularly, after
checking for the normality variance (Lilliefors test) and homogeneity of variance (Levene’s test),
parametric tests such as ANOVA groups, linear and no-linear regressions were used to compare the
averages of stand variables and the linkages between factor (decay class (DC), forest type, growing
stock) to each studied parameter (basic density, green density, and moisture content). The analysis of
factorial variance (ANOVA tests) was carried out to relate the weight that each classification factor had
on the parameters. In particular, the forest type and DC factors and their interaction were considered.
Other factors (localization, altitude, growing stock) were investigated, but did not provide any valid
evidence. Multiple comparisons were performed using a post-hoc Tukey test (HSD). The results of the
analyses were also presented by using descriptive statistics.
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3. Results

3.1. Growing Stock, Species Composition, and Diameter Distribution of Living Trees

The species composition in Pine forest is dominated by umbrella pine with more than 87% of
living tree volume (Table 2). In the Deciduous oak high forest (Table 3), Turkey oak and peduncolate
oak contribute to total stand volume more than 86% and in the evergreen oak forest (Table 4), cork oak
and holm oak contribution to growing stock is more than 50%.

Table 2. Species’ composition and growing stock of living trees (mean ± standard deviation) in the
pine forest.

Species Tree Number
(n/ha)

Tree Stand
Proportion (%) Volume (m3/ha)

Stand Volume
Proportion (%)

Pistacia lentiscus L. 28 ± 4.0 * 2.72 0.10 ± 0.01 * 0.02

Malus sylvestris Mill. 16 ± 2.3 * 1.53 0.90 ± 0.13 * 0.19

Phillyrea latifolia L. 152 ± 5.5 14.63 1.61 ± 0.12 0.34

Laurus nobilis L. 143 ± 20.3 * 13.78 12.18 ± 1.72 * 2.56

Quercus ilex L. 582 ± 66.3 * 55.95 17.20 ± 1.55 * 3.61

Quercus robur L. 16 ± 2.3 * 1.53 27.29 ± 3.86 * 5.73

Pinus pinea L. 103 ± 5.5 9.86 417.09 ± 17.29 87.56

Total 1040 ± 11.4 100 476.37 ± 4.15 100

ANOVA test applied among plots, in detail. The values reported with “*” were significantly different among the
plots at α = 0.05.

Table 3. Species’ composition and growing stock of living trees (mean ± standard deviation) in the
deciduous oak forest.

Species Tree Number
(n/ha)

Tree Stand
Proportion (%) Volume (m3/ha)

Stand Volume
Proportion (%)

Quercus ilex L. 48 ± 6.8 * 2.63 0.34 ± 0.05 * 0.09

Erica arborea L. 48 ±6.8 * 2.63 0.55 ± 0.08 * 0.14

Phillyrea latifolia L. 876 ± 123.9 * 48.25 4.47 ± 0.63 * 1.18

Carpinus orientalis Mill. 637 ± 90.1 * 35.09 45.87 ± 6.49 * 12.10

Quercus robur L. 127 ± 13.5 * 7.02 37.47 ± 3.50 * 9.88

Quercus cerris L. 80 ± 6.8 * 4.39 290.34 ± 35.18 * 76.60

Total 1816 ± 31.7 100 379.04 ± 18.11 100

ANOVA test applied among plots in detail. The values reported with “*” were significantly different among the
plots at α = 0.05.

Ancillary tree species were found to be associated with the main species. peduncolate oak, holm
oak, and green olive (Phillyrea latifolia L.) were present elsewhere. Holm oak and laurel (Laurus nobilis L.)
were more frequent in the pine forest, and sporadic, large deciduous oaks from the old forest were
found, preserved in the umbrella pine plantation. In the deciduous oak stand, hornbean (Carpinus
orientalis Mill.) was found with holm oak and tree heat (Erica arborea L.). Pine and deciduous oaks
were also associated with the species of Mediterranean maquis. A greater richness of tree species was
observed in the evergreen oak forest.

The largest number of living trees was noticed in the lower diameter class in each examined forest
type (Figure 2). The larger diameter class had the higher tree volume, coupled with the least number
of trees, in pine and deciduous oak type (Figure 2). No trees >61 cm in diameter were found in the
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evergreen oak forest probably due to the coppiced origin. In fact, 11% of the trees stocking, which
comprised 80% of the growing stock volume, were represented in 21–60 cm diameter classes (Figure 2).

Table 4. Species’ composition and growing stock of living trees (mean ± standard deviation) in the
evergreen oak forest.

Species Tree Number
(n/ha)

Tree Stand
Proportion (%) Volume (m3/ha)

Stand Volume
Proportion (%)

Quercus cerris L. 11 ± 2.3 * 0.48 0.39 ± 0.08 * 0.16

Pistacia lentiscus L. 32 ± 5.5 * 1.45 0.18 ± 0.03 * 0.07

Ulmus minor Mill. 21 ± 3.7 * 0.97 1.54 ± 0.27 * 0.61

Laurus nobilis L. 64 ± 11.0 * 2.90 1.71 ± 0.30 * 0.67

Arbutus unedo L. 32 ± 5.5 * 1.45 0.36 ± 0.06 * 0.14

Malus sylvestris Mill. 42 ± 7.4 * 1.93 2.03 ± 0.35 * 0.80

Crategus monogyna Jacq. 159 ± 27.6 * 7.25 2.98 ± 0.52 * 1.18

Erica arborea L. 96 ± 13.9 * 4.35 2.04 ± 0.32 * 0.80

Phillyrea latifolia L. 807 ± 55.7 36.71 10.31 ± 0.77 4.07

Pinus pinea L. 42 ± 7.4 * 1.93 38.98 ± 6.75 * 15.39

Quercus robur L. 138 ± 18.7 * 6.28 55.22 ± 5.65 * 21.81

Quercus ilex L. 605 ± 93.8 27.54 18.27 ± 2.53 7.22

Quercus suber L. 149 ± 13.3 * 6.76 119.21 ± 10.71 * 47.08

Total 2198 ± 66.2 100 253.22 ± 2.64 100

ANOVA test applied among plots in detail. The values reported with “*” were significantly different among the
plots at α = 0.05.
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3.2. Deadwood Volume by Component, Species, Diameter Classes, and Decay Class

The quantities of living trees and deadwood were largely different (Figure 3), according to the
prevailing species and past management of the different stands. ANOVA test showed statistically
significant differences and the HSD post hoc test detected five homogeneous groups (Figure 3).
The living tree volume of the pine forest was statistically different.Forests 2020, 11, 253 11 of 23 
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In the pine forest, composed of great umbrella pines, some large oak snags of the old original forest
were detected; the volume of snags accounts for 82% of the total volume of deadwood. The highest
volume amount of deadwood was found in mixed deciduous oaks high forest (161.85 m3/ha). It was
mainly composed by oak “habitat trees” or snags. The snags prevailed in deciduous oak forest (62%)
by volume. The lower amount of deadwood was found in evergreen oak forest (11.0 m3/ha). The
volume of snags and logs was similar. The log category showed no statistical difference in volume as
the HSD post hoc test highlighted (Figure 3).

Figure 4 describes the snag distribution by number and volume in each forest type. Snag species
mirrored the stand composition in oak types in general (data not shown). Nevertheless, no pine was
detected as snag in the pine forest. Green olive and laurel were the common snag species in each type,
with snags of deciduous oak, identified only to a genus level. The volume of snags of cork oak was
the highest, as was the volume of the living trees in the evergreen oak forest. The species with the
highest snag frequency by number was the hornbeam in the deciduous oak type and the volume of
oak was high.

Figure 5 describes the log distribution by number and volume in each stand. Sometimes, it was
not possible to recognize the log species using macroscopic anatomical features or bark characteristics
(data not shown), so some remained unattributed. In the pine forest, the logs were almost all branches
of umbrella pine and they were associated to the lower DBH class (Figure 5). In deciduous oak forest,
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the main contribution both in number and volume came from peduncolate oak, falling in the lower
DBH class. In the evergreen oak forest, log species was mainly non-attributed. 97% was in the lower
DBH class, representing 44% by volume.Forests 2020, 11, 253 12 of 23 
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Figure 5. The histograms show the number of logs referred to as diametric (DBH) distribution in each
forest type (left y-axis). The scatter bars/polygon show the log volume referred to the diameter (DBH)
distribution in each forest type (right y-axis).
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The distribution in the decay classes (DC) of logs and snags was shown in Figure 6 and Table 5.
In all the examined stands, the snags in DC 1 still preserved the physiognomy of trees. The DC 1 had
the most numerous and the largest volume of snags in the pine type and in the evergreen coppiced
oak type. The ore degraded classes had the lower values. The pine type showed no snags in DC 5.
In the deciduous oak type, DC 4 snags reached the highest volume of both classes and forest type
(123.24 m3/ha). Logs were absent in the first and last DC of the pine type. In the deciduous oak type,
the most represented decay class was DC 2. It is worth remembering that logs were only in the first
diameter class (<20) in pine and deciduous oak types and that the diameter class 21–40 had 44% of the
log volume in the evergreen oak type.
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Figure 6. Deadwood presence (log m3/ha) for decay classes in the three forest types studied compared
with reference [44].

Table 5. Logs and snag distribution per decay class (DC). Factorial ANOVA test for the parameter
deadwood volume, HSD post hoc test was applied and the results showed three homogeneous groups,
shown in the table by different letters.

Pine Forest Evergreen Oak Forest Deciduous Oak Forest

DC
Dead
Wood

(m3/ha)

Snag
(%)

Log
(%)

Dead
Wood

(m3/ha)

Snag
(%)

Log
(%)

Dead
Wood

(m3/ha)

Snag
(%)

Log
(%)

DC
p-Value

DC 1 30.01 a 100% 0% 2.03 b 99% 1% 1.06 b 57% 43%

<0.01
DC 2 4.59 b 73% 27% 1.84 b 67% 33% 4.29 b 29% 71%

DC 3 3.70 b 23% 77% 2.4 b 42% 58% 30.64 a 94% 6%

DC 4 3.81 b 6% 94% 0.88 b 48% 52% 123.24 c 98% 2%

DC 5 0.00 0% 0% 3.86 b 2% 98% 2.63 a 14% 86%

Forest typology p-value <0.05

DC × Forest typology p-value <0.01
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3.3. Deadwood Dynamic

In Table 6, the deadwood dynamic indices were presented. A higher RSS value was found in the
deciduous oak forest type compared to the pine (7.23%) and evergreen oak coppiced (1.86%) types,
likely due to a lower volume of snags in these areas. The RDW showed a similar behavior, probably
due to the higher amount of deadwood in deciduous oak forest driven by snag volume. Similarly,
a log creation index (RDT) was higher in the deciduous oak forest. The RDT value was influenced by
snag longevity and reflected the log dynamics in the analyzed stands. In fact, RLS was lower in the
deciduous oak forest and higher in the evergreen oak coppiced forest.

Table 6. Deadwood dynamic indices in the three studied forest types.

Description Pine Forest % Evergreen Oak
Forest %

Deciduous
Oak Forest %

Snag creation Index (RSS) 7.23 1.86 39.98

Log creation Index (RDT) 1.61 2.48 2.72

Snag longevity Index (RLS) 22.28 133.49 6.81

CWD past management legacy Index (RDW) 8.84 4.35 42.70

3.4. Analysis of Decayed Samples and Carbon Calculation

3.4.1. Basic Density, Green Density, and Moisture Content ANOVA Test

The ANOVA factorial test was applied to test the possible influence of stand typology, wood
decay class and their mutual interaction for the variables: basic density, green wood density, and
wood moisture. Statistically significant difference was highlighted for basic density only within
decay classes (p = 0.032) (data not shown), while for the forest types the p-value was >0.05 (p = 0.46).
There was no statistical differentiation in the interaction between these two factors (p > 0.05). Similar
results were obtained for green density. Statistically significant difference was found for decay classes
(p < 0.041) (data not shown), but forest type (p = 0.38) and the interaction between the factors were not
statistically significant (p > 0.05). Likewise, there were no significant differences (p > 0.05) for the wood
moisture content.

3.4.2. Basic Density and Green Density

Considering the results of the ANOVA factorial test on basic density and green density, a non-linear
regression analysis was conducted. These analyses excluded the forest type parameter as statistically
significant. The decay class was the only significant independent variable for both basic density
and green wood density. The value of the regression coefficient for basic density was Radj

2 = 0.656,
and, for green wood density, was Radj

2 = 0.703, the overall regression was statistically significant.
The polynomial curves are shown in Figure 7.

3.4.3. Carbon Stock

According to Table 7, the C-stock in deadwood in the pine type was estimated to be 10.84, which
follows the Intergovernmental Panel on Climate Change (IPCC) indication [42], or 11.18 t ha−1, as more
accurately for the Mediterranean context [43]. The DC 1 contributed the most (75%). In deciduous oak
type (Table 8), the C-stock was estimated respectively 31.43 and 30.85 t ha−1. DC 4 mostly contributed
(73%), DC 3 contributed with about 22%. The lowest contribution was in DC 1, lower than 1%. In the
evergreen oak type (Table 9), the C-stock was estimated to be, respectively, 2.26 and 2.21 t ha−1. DC 1
and DC 5 equally contributed about 25%; DC 3 had a lower but similar contribution (24%).
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Table 7. Average values for the main parameters of deadwood and carbon estimated distribution per
decay classes (DC) in the pine type.

DC
Basic

Density Volume Proportion
per DC Mass C-Stock

(IPCC)
C-Stock (Thomas

and Martin)

(t/m3) (m3/ha) (%) (t/ha) (t/ha) (t/ha)

DC 1 0.555 30.01 71.3% 16.65 8.16 8.41

DC 2 0.512 4.59 10.9% 2.35 1.15 1.19

DC 3 0.453 3.70 8.8% 1.68 0.82 0.85

DC 4 0.379 3.81 9.0% 1.44 0.71 0.73

DC 5 0.289 0.00 0.0% 0.00 0.00 0.00

Total - 42.11 100.0% 22.12 10.84 11.18

Table 8. Average values for the main parameters of deadwood and carbon estimated distribution per
decay classes (DC) in the deciduous oak type.

DC
Basic

Density Volume Proportion
per DC Mass C-Stock

(IPCC)
C-Stock (Thomas

and Martin)

(t/m3) (m3/ha) (%) (t/ha) (t/ha) (t/ha)

DC 1 0.555 1.06 0.7% 0.59 0.29 0.28

DC 2 0.512 4.29 2.7% 2.20 1.08 1.06

DC 3 0.453 30.64 18.9% 13.89 6.81 6.68

DC 4 0.379 123.24 76.1% 46.71 22.89 22.47

DC 5 0.289 2.63 1.6% 0.76 0.37 0.37

Total - 161.86 100.0% 64.14 31.43 30.85
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Table 9. Evergreen oak stand. Average values for the main parameters of deadwood and carbon
estimated distribution per decay classes (DC) in evergreen oak type.

DC
Basic

Density Volume Proportion
per DC Mass C-Stock

(IPCC)
C-Stock (Thomas

and Martin)

(t/m3) (m3/ha) (%) (t/ha) (t/ha) (t/ha)

DC 1 0.555 2.03 18.4% 1.13 0.55 0.54

DC 2 0.512 1.84 16.7% 0.94 0.46 0.45

DC 3 0.453 2.4 21.8% 1.09 0.53 0.52

DC 4 0.379 0.88 8.0% 0.33 0.16 0.16

DC 5 0.289 3.86 35.1% 1.11 0.55 0.54

Total - 11.01 100.0% 4.60 2.26 2.21

4. Discussion

4.1. Growing Stock, Species Composition, and Diameter Distribution of Living Trees

This pine forest, which is dominated by large umbrella pine trees, was planted in the last century
for fruit production. It is considered to be an element of cultural landscape [30]. The management
decision to reduce silvicultural interventions to exclusive phytosanitary surveillance has produced the
effect of amplifying the presence of auxiliary species both in terms of quantity and richness. At the
beginning of this century, the low anthropogenic disturbance had allowed holm oak and green olive
to invade the forest [45]. The decision to preserve the great trees of the previous cycle and not to
remove the few senescent or dead trees of large size contributed to make the Castelporziano estate
different from the surrounding forests and from those of Central and Southern Italy, managed for
timber production. It is also unique for the considerable extent of the forest area. The large deciduous
oaks from the old forest were few, but largely contribute to the volume stock of the ancillary species
in pine forest. The large deciduous oaks, still alive, showed some large branches in decline that can
contribute to an increase in the downed log component in the future. The forests of deciduous oak and
umbrella pine showed fewer other species of trees than the evergreen stand probably due to previous
management. In theory, the decision to stop the coppicing practice could favour the closure of the
crown layer, basically constituted by the standards and best-developed sprouts and induced strong
competition between the shoots of the dominated biospace.

4.2. Deadwood Volume by Component, Species, Diameter Classes, and Decay Class

In this Mediterranean area, the possibility of a continuous accumulation of deadwood over time
is usually a result of the natural disturbance and the abandonment of the timber harvest [7,46–51] or,
better, of the choice to carry out minimal interventions since the removal of deadwood has been one
of the most frequent operations in forest, favoured by the rights of use of local populations for the
collection of deadwood as firewood [15,24,25] and the fear of forest fires by managers. Deadwood
is mainly caused by tree mortality and the accumulation is due to the production coupled with the
degradation and decay of biological agents [6,52–54].

Deadwood in deciduous oak type amounts to 4 times that of pine and almost 15 times that of
the evergreen oak type. The pine type and the deciduous oak type differed from the evergreen oak
type due to the higher growing stock and the quantity of deadwood. The proportion of deadwood
component types (snags and logs) varies with the past management approach. As found also by other
authors [55,56], deadwood amount and its components depended significantly on forest type, age from
the reserve establishment and volume of living wood. The time elapsed since the last harvest was noted
as a factor influencing deadwood accumulation, which is particularly evident in aged coppice [7,46].
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Most snags belonged to the smallest diameter class in each forest type. These were dead standing
trees that had occupied a less favourable biospace. Competition between neighbouring trees is the
most frequent cause of mortality [57]. It was observed that the structural evolution in the aged stand is
still ongoing, markedly in the evergreen oaks coppice of the study area. Banaś et al. [58] observed that
small size trees mostly die while standing, medium-sized trees have the greatest chance of survival,
and very large trees experience increased mortality rates, mainly due to uprooting or breakage.

The diameter distribution of the snags combined with the decay stage provided further information.
The aging of coppice led to the death of smaller and less competitive trees [7,46,47]. The decay stage,
DC 1, indicated recent death.

A great contribution for the accumulation of deadwood on the ground was in the form of branches
or logs landed as a result of natural disturbances in adult stands or as residues of forest loggings [59,60].
This behaviour was observed on the pine type, as the downed logs mainly belonged to pine branches,
broken by natural events. The contribution of downed logs to the volume of deadwood was low in the
types of pine and deciduous oaks, but more than 50% in the evergreen oak type due to the breaking of
the standards, probably related to the competition between neighbours [48].

In the short-term future, deadwood amount can be expected to increase by the mortality due
to endogenous processes, such as competition, senescence, and natural disturbances, coupled with
low anthropic intervention [49,55,61]. However, deadwood could be removed to reduce the hazard of
wildfire and pests [61] due to the vicinity of a densely populated city like Rome.

The quality, amount, and decay classes of deadwood can provide information on mortality
processes and disturbance occurrence [62–64]. The large amount of DC 1 due only to snags was related
to the suppression of the broadleaf species in the pine forest. The broken branches of pine, even of
great diameter, early decayed on the forest ground, due to the low natural durability of this wood.
Moreover, selective cutting over time on pine trees for phytosanitary or safety purposes may have
also reduced the amount of deadwood and, consequently, have decreased the amount of CWD in the
higher decay classes [9,50].

In the deciduous oak forest, the high amount of deadwood in DC 3 and DC 4 was caused by the
snags of large old oak trees from the previous cycles and their higher wood durability. Despite the
low amount of deadwood in DC 5, most are logs [48]. More than the other cases studied, the current
silvicultural choices have a fundamental impact on the dynamics of deadwood accumulation of the
future as well.

As observed by Badalamenti et al. [44] in similar conditions, the amount of CWD in the evergreen
oak forest was more equally distributed between categories in each decay class and, conversely,
the snags prevailed in DC 1 and DC 2. In the other cases, log frequency was higher and consisted of
woody debris that had naturally fallen and never been removed.

4.3. Deadwood Dynamic

The higher amount of CWD was conditioned by the biomass of living trees [49,65]. In the study
area, the stand volume differences were also associated with differences in the accumulation of CWD,
which was also conditioned by previous management choices. The effects of past management were
particularly evident in the deciduous oak forest by considering each dynamic index examined.

The snag creation index (RSS) generally was higher in unmanaged or in low human pressure
forest, as previously reported [4,24].

Log creation index (RDT) showed a low rate at each forest type, although the deciduous oak forest
had the highest value. It indicated that the structuring of the CWD was still in its initial phase. RDT
progressively increase as time elapses from management abandonment. Downed deadwood turns
prevalent in other mesic oak stands [47,51,52].

The snag longevity index (RLS) was influenced by snag degradation and decay and reflects the log
dynamics in the analyzed compartments. A higher RLS value was associated with managed forests [4].
A great number of snags preserved the height of the tree and had not yet undergone natural breakage.
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The values of RLS were higher than 1 in all forest type. The lower management pressure in the recent
years on the evergreen oak and pine forest was reflected by the RDW lower value for the deciduous
oak type, and the RLS value, which was 20 and 3 times, respectively, higher than the deciduous oak
forest. Also, the value of the snag longevity index (RLS) depends on the ecological factors such as
tree species composition, wind speed, snow accumulation, ground slope, stand canopy closure, stand
density, number of story layers (vertical layers and structure), stand age, and stand successional stage.
The lower snag creation index (RSS) was caused by the higher snag longevity index (RLS) in the
evergreen oak forest, as found by Moorman et al. [66].

4.4. Analysis of Decayed Samples and C Calculation

Deadwood represents a fraction of the carbon stored in forests [20,21]. In forests with low
management intensity or in reserve areas, this ecosystem component is considered essential not only
for the aspects strictly connected to biodiversity but also for the carbon content slowly released into
the environment due to wood degradation and decay. Matsuzaki et al. [21] found that live trees, snags,
CWD, and forest floor accounted for 76%, 5%, 9%, and 10% of the total forest C stocks, respectively.
In this study, the pine forest type, accounted for 81%, 7%, 1%, and 11% of the total forest C-stocks in the
same respective categories; the deciduous oak forest for 70%, 19%, 1%, and 10%; and the evergreen oak
forest for 86%, 1%, 1%, and 12% of the total forest C-stocks. In this context, basic densities’ accuracy to
estimate forest deadwood biomass was necessary to obtain reliable value [67]. Our results indicated
clearly that the only factor affecting green density and basic density was decay class. Carbon content
reflected the decay state and depended on the volume of deadwood in each forest type. In the pine
and deciduous oak forest, only one decay class prevailed. The evergreen oak forest type showed a
more homogeneous distribution in each decay class and the lower amount of deadwood and C-stock,
probably due to the relatively recent choices of minimal crop intervention, which induced tree mortality
by competition.

The different ways to calculate the carbon content had shown similar results in this context,
but more accurate methods that consider the differences between coniferous and angiosperm wood are
preferable, especially in mixed contexts [43].

Total dead wood accounted for an assessed range of 2% to 20% of total aboveground C storage
(2% evergreen oak forest, 20% deciduous oak forest, and 8% oak forest). These values reflect other
studies [68–72] with a large range of variation from less than 2% to more than 40%.

5. Conclusions

The research protocol was designed to better understand the amount and the dynamics of
deadwood in protected areas with the aim to provide a valuable baseline for sustainable management
in actively managed stands in Mediterranean forests as well.

The following four conclusion are drawn:
1. The major component of deadwood was the standing dead trees or snags. There was a higher

volume of deadwood in the deciduous oak forest than in the pine and evergreen oak forest.
This first finding highlighted some aspects related to the vulnerability of the deciduous oak forest

in the Mediterranean climate. For this reason, managers should pay particular attention to forest
management in specific wild or natural areas.

2. The amount of deadwood was affected by the forest type and forest management regime.
Dynamic and past management of deadwood indices indicated that their structure was still in an initial
phase of creation and decay class in the pine and evergreen oak forests.

This finding highlighted a slower creation and evolution of deadwood in pine compared to aged
evergreen oak forests. By contrast, dynamic processes were much more pronounced in the deciduous
oak forest. For these reasons, forest management should seek to prevent fire risks.

3. The carbon stored in deadwood ranged from 10.84 to 11.18 t ha−1 in the pine forest and most of
the deadwood was found in DC1 (75%). In the deciduous oak stand, the C-stock ranged from 30.85 to
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31.43 t ha−1 and the majority was classified as DC 4 (73%). In the evergreen oak forest, the C-stock
ranged from 2.21 to 2.26 t ha−1 and with equal quantities in both DC 1 and DC 5 about 25%.

The situation of the pine forest in relation to the longevity of the carbon in the deadwood pool
could be considered the most positive one (mainly in DC1), in comparison to the other two forest types,
where the deadwood was mainly in DC4 and DC5. Active management of deadwood pool to maintain
a high percentage of deadwood in DC1 will assure a gradual passage to the other decay classes. This
aspect is important for lengthening carbon storage as well as other ecological implications.

4. In the Mediterranean lowland forests, as found in this study, deadwood could play a distinct
role in carbon storage, but, generally a marginal one (2–9%). Depending on past management or
pest/diseases activities (deciduous oak forest), this value could be near 20% but could possibly increase
beyond 40%.

This finding for these three Mediterranean forest types indicates a high variability of carbon
storage within the deadwood component. For this reason, the calculation methodology is of vital
importance. The basic density of each decay class improved accuracy in assessing the carbon stock in
deadwood. Lengthening the period of carbon storage implies maintaining large quantity of deadwood
in DC1, as this material has the higher basic density.

In summary, species composition, growing stock, and deadwood features indicated that the legacy
of past management still heavily influenced the physiognomy of these stands. A major component of
deadwood was the standing dead trees or snags. The driving factors that determine the amount of
coarse woody debris and snags range from low management intensity to abandonment. These cause
mortality by competition. Therefore, the qualitative and quantitative characteristics of the deadwood
indicated that the structuring of the CWD is still in its initial phase.
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