Rend. Fis. Acc. Lincei (2015) 26 (Suppl 3):S403-S411
DOI 10.1007/s12210-014-0352-7

CrossMark

@

COASTAL FOREST ECOSYSTEM NEAR ROME

Which is the contribution to the carbon sequestration of the forest
ecosystems in the Castelporziano Reserve? Evidences
from an integrated study on humus and vegetation

Daniele Cicuzza - Cristina De Nicola -
Anna Testi - Sandro Pignatti -+ Augusto Zanella

Received: 31 May 2014/ Accepted: 29 October 2014/ Published online: 12 November 2014

© Accademia Nazionale dei Lincei 2014

Abstract Soil is a major carbon sink or source on ter-
restrial ecosystems. Despite their great importance, humus
forms, which constitute the small portion above the soil,
have been often neglected in local studies and in interna-
tional research projects. In the present work we evaluated
the organic carbon stocked in the different humus forms in
a Mediterranean lowland forest, to highlight the carbon
concentration in different vegetation types, particularly
between evergreen and deciduous woodlands. Results
showed that the carbon stock stored in the organic and
organo-mineral horizons of humus and soil, expressed in
Tons/Ha, had a wide range for each vegetation type,
reflecting the high diversity of the forest vegetation and the
variability within each type. The vegetation with the
highest value of carbon stock despite its small extension
was represented by humid woodlands dominated by
Fraxinus oxycarpa, a relic forest type occurring in the dune
slacks within the study area, which gives, therefore, an
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important contribution to the climate warming reduction.
We demonstrated as the humus forms play a role in the
carbon sequestration in a forest ecosystem; therefore, it
may be important to add the evaluation of carbon stock
when carbon concentration is evaluated for the soil and
above and plants below ground biomass.
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ecosystem - Forest vegetation - Global warming

1 Introduction

Understanding carbon cycle feedbacks in an ecosystem is
central to the debate on climate change (Xuguang et al.
2013). The carbon stock sequestration from forest and soil
has a relevant importance to mitigate the effect of global
warming. These two components have clearly the majority
of carbon stock in a terrestrial ecosystem (Batjes 1996;
Penne et al. 2010). All interactions taking place in the soil
between plants, microbes and animals are under the control
of a particular environment, where these organisms live
and evolve together. These interactions contribute in turn
to the humus form build-up and maintenance, stemming in
an integrated view of the topsoil as a key component of
terrestrial ecosystems. The quantity and quality of organic
matter falling on the ground, or resulting from the death of
subterranean parts of plants, depend on the availability of
carbon dioxide in the atmosphere, soil nutrients and
through fall sun, heat and water, herbivores and various
injuries (Ponge 2013).

The humus forms are the fraction of the topsoil that is
strongly influenced by organic matter, corresponding to the
sequence of organic and underlying organo-mineral hori-
zons (Green et al. 1993; Bréthes et al. 1992). The thickness
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of forest floor and the structure of organo-mineral horizons,
which are under the paramount influence of ecosystem
engineers such as earthworms (Wironen and Moore 2006),
can vary according to the age of the trees (Bernier and
Ponge 1994; Godefroid et al. 2005; Chauvat et al. 2007),
plant successional processes (Scheu and Schulz 1996) and
undergo cycles at the scale of centuries in naturally
regenerating late-successional forests (Salmon et al. 2008).

The humus forms may be indicative for environmental
changes since they evolve together with the whole eco-
system (Zanella et al. 2001; Ponge 2003; Gobat et al.
2003).

Global stock of carbon in humus forms may play an
important role in the global change mitigation level. At the
global level in tropical forest the litter decomposition
process is particularly rapid (Powers et al. 2009; Wieder
et al. 2009), with the difference of tropical mountain forest
where cold climatic conditions reduce the litter decompo-
sition increasing the layer thickness. Temperate forest by
contrary have a lower decomposition process with humus
layer thicker compared with tropical forests. In temperate
forest the sequestration of carbon above ground is several
orders of magnitude compared with desert, grassland, or
shrub vegetation (Curtis et al. 2002). The temperate forest
has recently received particularly attention as source or
sink in the global carbon cycle (Fan et al. 1998; Canadell
et al. 2000).

The global stock of carbon has a plausible range
between 1,462 and 1,548 billion tonnes in the topmost
metre, 2,376 and 2,456 in the top 2 m (Batjes 1996) and
2,344 billion tonnes in the upper 3 m (Jobbagy and Jackson
2000). At global level the concentration of carbon in the
humus forms is difficult to evaluate, due to the variation of
humus layer, therefore, most of the studies have been
conducted at local or regional level. The humus carbon
sequestration in temperate forest has been often neglected;
in the Mediterranean Region there are few studies (An-
dreetta et al. 2011, De Nicola et al. 2014) on the carbon
sequestration despite its importance in the general contri-
bution to mitigate the effect of global warming. Mediter-
ranean ecosystem is a unique biome that occurred in
different continents. In the Mediterranean basin it borders
Europe, Africa and Asia. It is recognized by a marked
seasonality and a pronounced dry season of more than five
months (Di Castri and Mooney 1977). Vegetation types
change from north Africa to the south edge of Europe and
the variation is a consequence of geological and climatic
history, as well as the evolution of each plant family. This
explains the different species composition and species
richness according to the area taken in consideration. The
Italian peninsula encompasses the complexity of the
Mediterranean ecosystem with different vegetation types.
The complexity of the vegetation is mirrored by a
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complexity of humus forms (Zanella et al. 2001; De Nicola
et al. 2013). Recently, terrestrial humus forms in forest
ecosystems have been well investigated because of their
involvement in carbon cycle and possible consequences on
climate warming. Sartori et al. (2007), Garlato et al.
(2009a, b) studied soils of Central-East alpine forests;
Bonifacio et al. (2011) considered West alpine regions;
Ascher et al. (2012) worked in Central Alps; Andreetta
et al. (2011) and De Nicola et al. (2007, 2013) realised a
synthesis in a large Mediterranean area. All these authors
measured interesting differences in humus forms, in terms
of functioning and as natural sites of organic carbon stock.
Mull, Moder and Amphi forms were found everywhere,
whilst Mor are absent in Mediterranean and rare in Alpine
forest ecosystems.

Italy has recently developed projects on humus forms
classification in different forest ecosystems (Zanella et al.
2001; De Nicola et al. 2007, 2013) but measurements of C
sequestration and the related implications in the ecosys-
tems only recently became one the most important aims in
the applied researches on the environmental theme (An-
dreetta et al. 2011; De Nicola et al. 2014).

In this paper we present one of the results of the long-
term research project carried out in the last years in the
Castelporziano Reserve (Rome). We aim to evaluate the
carbon stock in humus forms in different vegetation types,
particularly between evergreen and deciduous woodlands.

2 Methods
2.1 Study area

The study area is located in the evergreen and deciduous
Mediterranean lowland oak forest in Castelporziano
Reserve (CPR) (Latium). It represents a residual lowland
vegetation of Mediterranean forest along the Italian coast.
Its plant species composition and community diversity
make of CPR a “hotspot” of biodiversity in the Mediter-
ranean basin. CPR has 970 species of vascular plants and
45 plant communities in an extension of 5,800 ha (Pignatti
et al. 2001). From a geological standpoint the area is
occupied for the most part by highly pedogenized Wurmian
eolian sands; the rest of CPR is covered by recent sands,
alluvial deposits and, marginally, by pyroclastic materials.
Furthermore, in relation to geomorphological and litho-
logical diversity, a large variety of landscapes are present
(Dowgiallo and Biondi 2001). The different geomorpho-
logical units are represented by Recent Dune, Ancient
Dune and Tuffs, hosting different ecosystems, representa-
tive of three biomes coexisting at short distance. The oldest
biomes, dating back some 100,000 years, are represented
by (1) deciduous forest with Quercus cerris and Quercus
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frainetto; (2) Laurus nobilis and Carpinus betulus forest, a
relic of laurisilva (Pignatti et al. 2001); while the more
recent biome, referable to a time scale of 1,000 years, is the
evergreen oak forest with (3) Quercus ilex and/or (4)
Quercus suber (De Nicola et al. 2013); lastly (5) an azonal
humid forest spreads in the Recent Dune slacks dominated
by Fraxinus oxycarpa and Populus alba. The species of
these different ecosystems in some cases create ecotonal
zones of significant extension (Guidotti et al. 2010). The
deciduous forest (1) is the most heterogeneous vegetation
type due to the coexistence of more humid sectors tem-
porarily flooded and more xeric ones with the presence of
mediterranean evergreen species such as Erica arborea and
Phillyrea latifolia. These characteristics are typical of the
old lowland forest spreading along the Tyrrhenian sub-
coastal belt (Testi et al. 2004).

2.2 Vegetation survey

The classification of vegetation is based on the CPR veg-
etation map (Pignatti et al. 2001), utilized to select the five
different forest vegetation types in which we conducted an
integrated study on humus and vegetation:

(1) Quercus cerris and Quercus frainetto deciduous
forest (EQF); (2) Laurus nobilis and Carpinus betulus
mixed woodland (LC); (3) Quercus ilex evergreen forest
(QD; (4) Quercus suber evergreen forest (QIS) and (5)
Fraxinus oxycarpa humid woodland (FRO).

The area occupied by each vegetation type differs con-
siderably (Table 2).

2.3 Humus and soil analysis

A total of 60 soil/humus profiles were opened and ana-
lysed. Among them, a subset of 32 samples, the most
representative of the five vegetation types, were selected
and better investigated taking samples of each horizon,
then submitted to laboratory observations and measures
(Table 1). Following the methods of the Italian Soil Sci-
ence Society (1985) and the USDA Soil Survey Staff
(1975, 1993, 1998), for each sample of the 60 soil/humus
profiles, we conducted: microscope observation, pH mea-
surement, organic carbon (OC) (Walkey Black method),
total nitrogen (Ntot) (Kjedajl method) in organo-mineral
horizons. In the subset of 32 profiles we additionally
measured: OC (Walkey Black method) and Ntot (Kjedajl
method) in organic horizons; sand and clay contents in
organo-mineral horizons (ISO 13317-1: 2001).

The stock of OC is obtained by the product between the
percentage of OC and bulk density (bD) of each analysed
horizon and subtracting the percentage of volume occupied
by coarse fragments (100-frag/100). A coefficient of 10
(cm*/g x Kg/m?) [=10,000 (cm*m?/1,000 (g/Kg) =

Table 1 List of the 32 soil and humus profiles: humus form classi-
fied, vegetation units (acronyms) and description, thickness for each
single horizon and total amount of OC (tons/hectare) in
OF + OH + A horizons are reported

Vegetation  Carbon stock in ~ Mean Dominant  Extension
types OF + OH + A values humus of
(tons/hectare) form vegetation
(differences) (hectare)
EQF 19-101 (82) 45 £ 21 Moder— 2,000
Amphi
QI 30-70 (40) 57 £ 15 Amphi 500
QIS 20-50 (30) 39 £ 14 Amphi- 230
Moder
FRO 56-97 (41) 74 £ 17 Mull 142
LC 35-43 (8) 39+4 Mull 50

The OL organic horizon was not considered because of the seasonal
variability of its thickness

10 cm?/g x Kg/m?] was introduced to provide an appro-
priate measurement unit (Kg/mz):

OC;peachhorizon (Kg/mz) = OC (%) x bD (g/cm3) x depth (cm)
x (100 — frag/100)
x 10 (cm*/g x Kg/m?).

Bulk density (bD) was estimated by the use of “pedo-
functions” coined by Hollis et al. (1996). This formula
provide bD in function of the percentage of organic matter
(OM = 2 x OC) in organic horizons (OF, OH), and the
percentages of sand (S) and clay (C) in organo-mineral
horizons. Compared to the values calculated with a mea-
sured bD, the average OC result of these organic horizons
was higher when using the pedo-function. However,
because the volume of these organic horizons was strongly
related to the local conditions (vegetation cover, seasonal
variations, micro-topography, macrofauna disturbance) it
was always difficult to measure; the obtained values of
“real” bulk density were often less trustworthy than the
ones estimated by the reported pedo-function (Garlato et al.
2009a).

The results presented in this study consider the 32
complete samples. At each of the 32 sites we associated a
phytosociological survey to categorize the vegetation type.

The humus forms were classified in the field according
to European Humus Forms Reference Base 2011 (Zanella
et al. 2011a), recently modified following Jabiol et al.
(2013). The classification consists to observe the sequence
and morphological characters of the following humus
organic (OL, OF, AH) and organo-mineral layers (A):

e OL—on-decomposed litter;

e OF—accumulation of partly decomposed litter;

e OH—accumulation of zoogenically transformed/well-
decomposed material/litter;
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e A—the topmost mineral horizon, often referred to the
‘topsoil’. This layer generally contains enough partially
decomposed (humified) organic matter that gives the
soil a darker colour than the underlying horizons.

The humus forms were classified using two hierarchical
levels of classification. The first level units, utilized in this
study, are known as equilibrium points (Jabiol et al. 2004),
kept in their instable position by ecological attractors in a
continuum pattern (Ponge 2005; Ponge and Chevalier
2006; Trap et al. 2011): (1) neutral and biologically active
Mull, developing in good climate conditions on neutral
parent materials; (2) less active Moder, dominating in
colder, dryer or acid less favourable conditions; (3) sea-
sonally active Amphi, which take place in periodically hard
climate (Zanella et al. 2011a, b; Ponge et al. 2011).

3 Results

Based on the European Humus Forms References Base, the
60 terrestrial humus forms surveyed in CPR were assigned
to 26 Mull, 15 Moder and 19 Amphi. Among them, in the
more homogenous sites, the humus/soil profiles were very
similar in horizon thicknesses and morphological charac-
ters, while in the heterogeneous sites, mainly correspond-
ing to EQF, complex mosaics of humus forms were
observed in dynamic patches connected each other’s. For
this reason, the terrestrial humus forms diversity of the
CPR could be well described only with the subset of 32
humus forms: 12 Mull, 10 Moder and 10 Amphi.

These forms gave a broad overview of the humus forms
variability in the CPR, related with the different vegetation
types:

e Moder—-Amphi are dominant in the Q.
frainetto woodlands (EQF);

e Amphi-Moder are dominant in the Q. suber woodlands
(QIS);

e Amphi is dominant in the Q. ilex woodlands (QI);

e Mull is dominant in the Fraxinus oxycarpa woodlands
(FRO);

e Mull is dominant in the Laurus nobilis and Carpinus
betulus forest (LC).

cerris/Q.

Results showed that the carbon stock stored in the
organic and organo-mineral horizons of humus and soil,
expressed in tons per hectares, had a wide range for each
vegetation type, reflecting the variation of the different
vegetation types and the variability within each (Table 1).

The vegetation with the highest mean value of carbon
stock was represented by the humid woodlands (FRO) with
74 tons per hectare. The second vegetation type was rep-
resented by the evergreen forest (QI) with 57 tons per
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hectare. The following vegetation was deciduous forest
(EQF) with 45 tons per hectare. The remaining last two
forest types were the evergreen forest (QIS) and the mixed
woodlands (LC) with 39 tons per hectare, respectively
(Table 2). Furthermore the deciduous forest EQF had the
highest range of values among the samples collected with
the lowest of 19 and the highest of 101 tons per hectare. At
the same time EQF represents the largest and heteroge-
neous forest type in the CPR, with 2,000 hectare of
extension (Table 2).

The carbon stock concentration in organic (OF + OH
horizons) and organo-mineral (A) horizons showed a clear
difference between the woodlands QI and FRO versus
EQF, QIS and LC (Fig. 1). We did not take into account
the OL organic horizon because of the seasonal variability
of its thickness. The comparison among the group QI and
FRO as well as the group of EQF, QIS and LC did not
show any statistical difference. Whereas a comparison
between the two groups QI 4+ FRO and EQF + QIS + LC
showed a clear statistical difference (¢ test = 2.5,
p < 0.01).

4 Discussion and conclusion

The aim of the present study was to assess the carbon stock
concentration in the different vegetation types and humus
forms in the CPR.

Within the carbon stock sequestration, litter production
and quality are the main drivers of potential for soil to
sequester carbon. In fact the more recalcitrant litter com-
pounds as ligno-cellulose complex, nitrogen content
involved in the humification processes received particular
attention by scientists starting from Berg (1997), Melillo
(2002) until Chertov (1997). The process of soil carbon
sequestration starts with litter deposition and the decom-
position by macrofauna and thereinafter by heterotrophic
microorganisms follow. Soil microbial community drives
thus the path of carbon mineralization on both short and
long temporal scales, thus on humus formation until the
final step is achieved where organic matter is ultimately
chemically and physically stabilized within the mineral
matrix.

The mosaics of CPR vegetation are mirrored by a var-
iability of humus forms and the amount of carbon stocked
varied according to this high diversity. Even though the
area has the status of Reserve, it has been under some
degree of disturbance as drainage projects, and overpopu-
lation of wild animals as boar and deer (Focardi et al.
2001). The disturbance clearly influenced the seedling
reproduction of herbaceous plants and juveniles tree spe-
cies, at the same time it alters the litter decomposition and
the humus formation. In CPR the categories of humus
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Table 2 The 32 soil and humus profiles grouped according to the five different vegetation types
Locality Veg.Unit Vegetation description Humus OL OF OH A Tons/hectare
form (cm) (cm) (cm) (cm) (OF + OH + A)
1 Capocotta- Rimessone EQF Quercus cerris moist woodland Moder 1 075 0 7 19.66
sud
2 Farnete part. 131 area 3 EQF Quercus cerris warm woodland Amphi 4 275 1.5 5 24.12
3 Figurone EQF Quercus cerris moist woodland Mull 5 3 0 6.5 26.90
4 Farnete part. 134 area 3 EQF Quercus cerris with Erica arborea woodland Moder 0.75 195 1.75 6.5 27.85
5 Tellinaro 2003 EQF Quercus cerris woodland Moder 2.25 045 0.5 7 27.88
6 Acquedotto EQF Quercus cerris with Erica arborea woodland Moder 7 4 1.25 45 29.36
7 Capocotta 1 EQF Quercus cerris moist woodland Mull 3 1.5 0 6 30.19
8 Banditella EQF Quercus cerris moist woodland Moder 125 0.75 0 12 32.52
9 Tellinaro EQF Quercus cerris moist woodland Moder 7 2 045 6 34.47
10 Farnete part. 134 area 1 EQF Quercus cerris with Erica arborea woodland Moder 0.55 04 O 7 39.15
11 Strada valle Renaro EQF Quercus cerris moist woodland Mull 2.5 1.25 0 10.5 42.45
12 Farnete part. 134 area2 EQF Quercus cerris woodland Moder 0.75 1.5 3.5 1 45.47
13 Capocotta- Quarto dei  EQF Quercus cerris warm woodland Amphi 045 035 075 16 48.71
Frati
14 Campo di Rota sud EQF Quercus cerris warm woodland Amphi 0.75 0.6 075 13 53.35
15 Figurella EQF Quercus cerris moist woodland Mull 075 065 0 8 53.95
16 Scopone EQF Quercus cerris with Erica arborea woodland Amphi 04 04 075 28 54.43
17 Capocotta 2 EQF Quercus cerris warm woodland Amphi 1 045 045 10 70.89
18 Capocotta- Rimessone ~ EQF Quercus cerris moist woodland Mull 025 035 O 15 86.34
19 Tellinaro- Giordano EQF Quercus cerris with Erica arborea warm Amphi 2 1.5 3.5 12.5 101.46
woodland
20 Alneto FRO Fraxinus oxycarpa woodland Mull 1 035 0 7 56.33
21 Frassineto 1,2,3 FRO Fraxinus oxycarpa woodland Mull 325 0 0 11 68.18
22 Frassineto 4 FRO Fraxinus oxycarpa woodland Mull 44 035 0 14 97.88
23 Valle Renaro 3 LC Laurus nobilis and Carpinus betulus Mull 1 0.1 0 14 35.87
woodland
24 Valle Renaro 1 LC Laurus nobilis and Carpinus betulus Mull 25 075 0 9 43.11
woodland
25 Scopone- lecceta QI Quercus ilex woodland Mull 1.25 035 0 16.5 31.42
26 Ponte Guidone 2 QI Quercus ilex woodland Amphi 1.25 0.75 065 15 58.60
27 Ponte Guidone 1 QI Quercus ilex woodland Amphi 225 15 0 175 67.90
28 Lecceta 1 QI Quercus ilex woodland Amphi 0.75 035 25 37 70.78
29 Sughereta Santola QIS Quercus suber woodland Moder 0.75 15 125 35 20.97
30 Spagnoletta 1 QIS Quercus suber woodland Moder 2.5 1.75 0 9.5 31.06
31 Spagnoletta 2 QIS Quercus suber woodland Mull 35 1.85 0 10 50.21
32 Sughereta Grascete QIS Quercus suber woodland Amphi 2.5 15 4 19 55.29

In each type the extreme values of carbon stock—in bracket the interval difference between maximum and minimum—and the mean value with
the relative standard deviation are shown. Dominant humus forms and the extension for each vegetation type are also reported

EQF Quercus cerris/Quercus frainetto deciduous forest, QI Quercus ilex evergreen forest, QIS Quercus suber evergreen forest, FRO Fraxinus
oxycarpa humid forest, LC Laurus nobilis and Carpinus betulus mixed forest

observed, Mull, Moder and Amphi, are approximately
equally represented with 12, 10 and 10, respectively. They
change considerably in relationship with the homogeneous
and/or heterogeneous sites of the forest types.

Carbon concentration is a central topic for international
programmes of global warming mitigation as
REDD + (http://www.un-redd.org/). The stock of carbon

in forest and in soil has been studied for a long period in
temperate areas (Curtis et al. 2002; Liski et al. 2002) as
well as in tropics (Powers et al. 2009; Gibbs et al. 2007).
By contrary the evaluation of carbon stock in humus forms
has been often neglected and recently has been considered
its potential role for the total carbon stock in a forest
ecosystem (Janzen 2006). To our knowledge in central

@ Springer


http://www.un-redd.org/

S408

Rend. Fis. Acc. Lincei (2015) 26 (Suppl 3):S403-S411

Italy there are no yet available data to compare with. Bo-
nifacio et al. (2011) estimated in North West Italian
woodlands with a range of carbon stock for conifer (f.i.
Picea abies, Larix decidua) and broadleaf forest (Castanea
sativa,  Alnus  glutinosa,  Fagus  sylvatica)  of
2.7-9.5 kg m~2. Despite the difference on forest types and
on methodological approach on the vegetation survey
between the two studies, which cannot be properly com-
pared, the range of carbon stock in CPR is quite the same;
from 1.9-10.1 kg m™2. This range is represented by the
ample differences observed in the deciduous forest of EQF.
This vegetation type is the more heterogeneous with the
widest cover area and the humus form varies between
Moder and Amphi. The other four forest types have a
carbon stock, which is within the EQF range (Table 2).
Forests with Mull humus form have a range from
56-97kgm™ and 3.543kgm ™2, FRO and LC,
respectively. Although the geographic, methodological and
vegetation differences of the two studies, we can underline
that there is a similar trend of variability within the humus
forms and about the carbon concentration. The work from
Bonifacio et al. (2011) is based on an altitudinal gradient
between 365 and 2,027 m, whereas CPR is a single locality
on an altitude gradient between 0 and 85 m. a.s.l. and the
similar mesoclimatic conditions for the entire Reserve.

Furthermore a trend in carbon content was statistically
supported by Mull to Amphi or Moder forms: Amphi was
found as the richest in organic carbon—OC in the West
wing of the Alpine chain (Bonifacio et al. 2011), while
Moder was in first place in the centre (Sartori et al. 2007;
Garlato et al. 2009a; Ascher et al. 2012) and East (Garlato
et al. 2009b) of the chain; all over, the Mull form (average
of a large range of values) was poorer in OC than the other
forms, even if, on the Dolomite Alps in the Veneto Region,
Mull form with the highest storage capacity has been found
(Faggian et al. 2012). In Mediterranean area on the con-
trary, Mull had the highest stock of OC, near to Amphi and
decidedly more (2.5x) than Moder (Andreetta et al. 2011;
De Nicola et al. 2014).

Despite the limited area of CPR and the similar macro
and mesoclimatic conditions there is a large variability
inside the vegetation types, humus forms and soil capa-
bility to storage organic carbon.

4.1 Deciduous oak forest

The deciduous forest characterized by Quercus cerris—
EQF has the widest cover area, with a large variability
from warmer to more humid stands (Testi et al. 20006,
2013), that can probably explain the largest range of humus
carbon stock (Table 1) and the two different humus forms
classified: Moder, in the more humid stands of EQF, while
Amphi in the warmer. Humid conditions, locally created by
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Fig. 1 Changes in carbon stock concentration in humus (OF + OH
horizons) and soil (A) horizons in the Mediterranean woodlands of
Castelporziano Reserve. The 32 soil samples are categorized and
grouped according to the vegetation types: EQF Quercus cerris/
Quercus frainetto deciduous forest, QI Quercus ilex evergreen forest,
QIS Quercus suber evergreen forest, FRO Fraxinus oxycarpa humid
forest, LC Laurus nobilis and Carpinus betulus mixed forest. Box
plots show mean (bold line), the 25th and 75th percentile (box), 95 %
of confidence interval (whiskers), and outliers (empty circle)

temporary pools (De Nicola et al. 2013), increase the
acidity of the substrates and the oxygen deficiency (water
saturated) that slow down the process of litter biodegra-
dation, limiting the potential growth of soil fauna, which
generally avoids acid substrates and water-saturated soils.
These conditions favour Moder forms, whilst periodic
dryness and hard conditions for biological activity at the
soil surface coexisting with water availability in deep soil
layers favour Amphi forms. This EQF heterogeneity is
responsible for the variability of humus forms, from Moder
to Amphi, and subsequently for the largest range of carbon
stock: from 19 tons per hectare in Moder to 101 tons per
hectare in Amphi forms.

4.2 Evergreen oak forest

The two evergreen woodlands characterized by Quercus
ilex—QI and Quercus suber—QIS have the common trait
of broad leaves with leather consistence. This morpholog-
ical aspect results with a longer process for the decompo-
sition dynamics of the two species leaves (Fioretto et al.
2007). These two vegetation types cover nearly one-third of
the Reserve and represent the typical Mediterranean scle-
rophyllous vegetation. As the EQF woodlands, also the
sclerophillous evergreen forest QI and QIS have the two
humus forms: Moder and Amphi prevail in QIS on acid
substrates, while Amphi prevails in QI. In addition, a lower
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concentration of carbon was found in the QIS—39 tons per
hectare—due to the presence of the Moder form with the
slowest process of biodegradation (Table 2).

4.3 Deciduous humid forest

The two remaining forest types are FRO characterized by
Fraxinus oxycarpa and LC characterized by Laurus nobilis
and Carpinus betulus. These vegetation types have an
extension of 142 and 50 hectares, respectively, represent-
ing the smallest woodland formations of the CPR. Both of
these two forest types have Mull humus form. Despite its
size FRO has the highest carbon stock with 74 (+17) tons
per hectare—like on the Dolomite Alps (Faggian et al.
2012) and Mediterranean area (Andreetta et al. 2011)—
whereas LC has the least stock of only 38 (44) tons per
hectare like the Alpine chain (Garlato et al. 2009a). The
differences in the carbon stock found between these two
forest types depend on their different geomorphology and
floristic composition.

The woodlands characterized by Fraxinus oxycarpa
occur in CPR in humid and temporarily flooded areas. High
temperatures and more frequent precipitation are favour-
able to pedofauna and to an efficient turnover of organic
matter, Mull forms develop with a high content of organic
carbon. The organic carbon is easily fixed favoured both by
the presence of mesohygrophile species such as Populus
spp., Ulmus minor and by the flat morphology. The his-
torical management of the CPR as the drainage project,
however, reduced the FRO vegetation only in a small part
of the Reserve, whereas in normal condition the forest type
should cover a wider area with the consequence of a more
substantial carbon sequestration. Moreover, from the veg-
etation point of view FRO represents a residual forest
related to specific climatic, hydrological, historical and
phytogeographical conditions. These forests have origi-
nated at the end of the Quaternary period beginning of the
Holocene (Devillers et al. 1991), when a rapid increase of
the temperature and humidity began. They are typical for
the transitional continental and Mediterranean climate with
mild and humid winters.

The forest characterized by Laurus nobilis and Carpinus
betulus—LC grows along the ravines of CPR only in a
small portion of the study area where the organic carbon is
easily leached. The low level of carbon stock—38 tons per
hectare—of this forest type, which occupies the smallest
extension in the CPR, is similar to the evergreen forest with
Quercus suber—QIS, typical xeric vegetation adapted to
the Mediterranean dry seasonality. LC represents a mixed
deciduous Carpinus betulus and evergreen Laurus nobilis
tree. It is a unique and rare relic of laurisilva of warmer and
humid climate when broad and evergreen trees species
were more abundant on the Italian former land. This

historical vegetation can be observed today, with different
species but similar plant function traits in subtropical for-
ests where the coexistence of deciduous and evergreen
trees represent the normal forest structure. The origin of the
laurisilva could explain the reason that even if we have
classified a Mull humus form like in FRO, the carbon stock
is lowest, close to the subtropical forest (Keith et al. 2009).

We can conclude from this preliminary study that the
humus forms have potential impact on the carbon stock in
the overall storage of a forest ecosystem and may be
indicative for environmental changes since the humus
forms evolve together with the whole ecosystem. The
present study shows the same results compared to Andre-
etta et al. (2011) confirming that in a Mediterranean area
Mull and Amphi forms can store more organic carbon than
the Moder. On this basis, we can reasonably expect that in
a Mediterranean forest area, the first 20 cm of soil could
store much more organic carbon (nearly twice) if classed as
Amphi or Mull than Moder. Graefe (2007) proposed that
the Amphi form arrived in Germany only a few years ago
and could be used as an indicator of warming climate
change. Therefore, it is important to consider and estimate
the contribution of humus carbon stock when the carbon
stock is evaluated at the regional and national level. The
concentration of carbon stock for soil, above and below
ground biomass and humus forms will give us complete
and reliable information on the total amount of carbon
sequestration for the forest ecosystems.

Furthermore, we have compared our results with the
Latium Region carbon stock (http://www3.corpoforestale.
it/flex/cm/pages/Serve BLOB.php/L/IT/IDPag./248), to
have a general overview, even if the comparison is not
proper due to the low resolution of the vegetation map of
the Reserve (Pignatti et al. 2001), and the inclusion in the
Latium Region data of Fagus sylvatica forest which covers
a vast extension of the Region. CPR stocks a mean of 52
tons per hectare; the Region has 84.7 tons per hectare.
These data should encourage a better management of CPR
forest vegetation to increase the carbon stock in the dif-
ferent humus forms. In particular, reduction of wild fauna
disturbance can reduce the surface of warm deciduous
Quercus cerris forest with Erica arborea increasing the
extension of the moister Quercus cerris stands and con-
sequently the carbon stock. More importantly the relic
vegetation of FRO with Fraxinus oxycarpa can expand its
presence if drainage management of CPR will be accu-
rately studied, expanding the flooding surface of forest.
This conservation advice will not lead only into the
direction of increase the carbon stock with positive feed-
back on warming climate mitigation at regional level, but
even more is the importance of expanding a vegetation type
which represents a relic of humid lowland forests. Being of
high conservation value this Habitat has been included in
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sites of the European Ecological Network NATURA 2000.
This vegetation type is in general critically endangered and
has fragmented distributions; it is recorded in CPR and
only in few other sites in central Italy (Pignatti 1998).
Therefore, it is important to pay more attention on it
integrating the action of European project of vegetation and
landscape conservation.

Acknowledgments We thank the staff of the Castel Porziano
Reserve (Ing. Aleandro Tinelli, Dr. Luca Maffei, Prof. Ervedo Gi-
ordano), Dr. Giuseppina Dowgiallo for the availability of soil and
humus analysis on the laboratory of the Department of Environmental
Biology, La Sapienza University and Dr Diego D’Angeli for the
vegetation survey. The project was financially supported by the
Castelporziano Research Programme on “Ecological researches on
Humus and Vegetation in relationship with the climate change”
(Grant Number 302 to De Nicola Cristina).

References

Andreetta A, Ciampalini R, Moretti P, Vingiani S, Poggio G,
Matteucci G, Tescari F, Carnicelli S (2011) Forest humus forms
as potential indicators of soil carbon storage in Mediterranean
environments. Biol Fertil Soils 47:31-40

Ascher J, Sartori G, Graefe U, Thornton B, Ceccherini MT,
Pietramellara G, Egli M (2012) Are humus forms, mesofauna
and microflora in subalpine forest soils sensitive to thermal
conditions? Biol Fertil Soils 48:709-725

Batjes NH (1996) Total carbon and nitrogen in the soils of the world.
Eur J Soil Sci 47:151-163

Berg B, Matzner E (1997) Effect of N deposition on decomposition of
plant litter and soil organic matter in forest ecosystems. Environ
Rev 5:1-25

Bernier N, Ponge JF (1994) Humus form dynamics during the
sylvogenetic cycle in a mountain spruce forest. Soil Biol
Biochem 26:183-220

Bonifacio E, Falsone G, Petrillo M (2011) Humus forms, organic
matter stocks and carbon fractions in forest soils of northwestern
Italy. Biol Fertil Soils 47:555-566

Bréthes A, Brun JJ, Jabiol B, Ponge JF, Toutain F (1992) Typologie
des formes d’humus. In. Association francaise pour 1’étude du
sol. Référentiel pédologique INRA:177-192

Canadell JG, Mooney HA, Baldocchi DD, Berry JA, Ehleringer JR,
Field CB, Gower ST, Hollinger DY, Hunt JE, Jackson RB,
Running SW, Shaver GR, Steffen W, Trumbore SE, Valentini R,
Bond BY (2000) Carbon metabolism of the ter restrial biosphere:
a multi-technique approach for improved understanding. Eco-
systems 3:115-130. doi:10.1007/s100210000014

Chauvat M, Ponge JF, Wolters V (2007) Humus structure during a
spruce forest rotation: quantitative changes and relationship to
soil biota. Eur J Soil Sci 58:625-631

Chertov OG, Komarov AS (1997) SOMM: a model of soil organic
matter dynamics. Ecol Model 94:177-189

Curtis PS, Hanson PJ, Bolstad P, Barfordd C, Randolph JC, Schmid
HP, Wilson KB (2002) Biometric and eddy-covariance based
estimates of annual carbon storage in five eastern North
American deciduous forests. Agric For Meteorol 113(1-4):3-19

De Nicola C, Fanelli G, Potena G, Sammarone L, Posillico M, Testi
A. (2007) Modello di distribuzione delle specie del sottobosco
delle faggete dell’ Appennino centrale in relazione ai parametri
edifici. Forest@ 4(4):439-449. [online] URL: http://www.sisef.it/
forest@/

@ Springer

De Nicola C, Testi A, Crosti R, Zanella A, D’Angeli D, Fanelli G,
Pignatti S (2013) Humus and vegetation as indicators of the
Habitat quality in the Castelporziano Reserve. In: Il Sistema
Ambientale della Tenuta Presidenziale di Castelporziano. Ricer-
che sulla complessita di un ecosistema forestale costiero
mediterraneo. Accademia Nazionale delle Scienze, Scritti e
Documenti XLVI, Roma, Terza serie, 1:27-68

De Nicola C, Zanella A, Testi A, Fanelli G, Pignatti S (2014) Humus
forms in a Mediterranean area (Castelporziano Reserve, Rome—
Italy): classification, functioning and organic Carbon storage.
Geoderma 235-236:90-99

Devillers P, Devillers-Terschuren J, Ledant JP (1991) CORINE
Biotopes Manual, Habitats of the European Community. EUR
12587/3 EN. Office for Official Publications of the European
Communities. in collaboration with the CORINE biotopes
experts group. Commission of the European Communities.
Luxembourg

Di Castri F, Mooney H (1977) Mediterranean type ecosystems, origin
and structure. Springer-Verlag, Berlino-New York

Dowgiallo G, Biondi FA (2001) I suoli. In: La vegetazione della
Tenuta Presidenziale di Castelporziano. Pignatti S, Bianco PM,
Tescarollo P, Scarascia-Mugnozza GT. Accademia Nazionale
delle Scienze, Scritti e Documenti XXVI: 458-467, Roma

Faggian V, Bini C, Zilioli DM (2012) Carbon stock evaluation from
topsoil of forest stands in NE Italy. Int J Phytorem 14:415-428

Fan S, Gloor M, Mahlman J, Pacala S, Sarmiento J, Takahashi T,
Tans P (1998) A large terrestrial carbon sink in north america
implied by atmospheric and oceanic carbon dioxide data and
models. Science 282(5388):442-446. doi:10.1126/science.282.
5388.442

Fioretto A, Papa S, Pellegrino A, Fuggi A (2007) Decomposition
dynamics of Myrtus communis and Quercus ilex leaf litter: Mass
loss, microbial activity and quality change. Appl Soil Ecol
36:32-40

Focardi S, Fanfani A, Toso S, Franceschini G, Pucci L, Ronchi F, De
Giacomo U, Isotti R, Pecchioli E, Lombardi S (2001) Gli
ungulati della Tenuta Presidenziale di Castelporziano. In: Il
Sistema Ambientale della Tenuta Presidenziale di Castelporzi-
ano. Ricerche sulla complessita di un ecosistema forestale
costiero mediterraneo. Accademia delle Scienze, “Scritti e
Documenti” XXXVII, Seconda Serie, I:187-199

Garlato A, Obber S, Vinci I, Mancabelli A, Parisi A, Sartori G
(2009a) La determinazione dello stock di carbonio nei suoli del
Trentino a partire dalla banca dati della carta dei suoli alla scala
1:250.000. Museo Tridentino di Scienze Naturali. Trento Studi
Trent Sci Nat 85:157-160

Garlato A, Obber S, Vinci I, Sartori G, Manni G (2009b) Stock attuale
di carbonio organico nei suoli di montagna del Veneto. Museo
Tridentino di Scienze Naturali. Trento Studi Trent Sci Nat
85:69-81

Gibbs HK, Brown S, Niles JO, Foley JA (2007) Monitoring and
estimating tropical forest carbon stocks: making REDD a reality
Environ. Res, Lett 2

Gobat, JM, Aragno M, Matthey W (2003) Le Sol Vivant. Bases de
Pédologie. Biologie des Sols. Presses Polytechniques et Uni-
versitaires Romandes, Lausanne. Nouvelle édition revue et
augmentée

Godefroid S, Massant W, Koedam N (2005) Variation in the herb
species response and the humus quality across a 200-year
chronosequence of beech and oak plantations in Belgium.
Ecography 28:223-235

Graefe U (2007) Gibt es in Deutschland die Humusform Amphi?
Mitteilungen der Deutschen Bodenkundlichen Gesellschaft,
Band 110

Green RN, Trowbridge RL, Klinka K (1993) Towards a taxonomic
classification of humus forms. For Sci Monogr 29:1-49


http://dx.doi.org/10.1007/s100210000014
http://www.sisef.it/forest
http://www.sisef.it/forest
http://dx.doi.org/10.1126/science.282.5388.442
http://dx.doi.org/10.1126/science.282.5388.442

Rend. Fis. Acc. Lincei (2015) 26 (Suppl 3):S403-S411

S411

Guidotti S, Pignatti S, Testi A (2010) Microclimatic responses of plant
communities to climatic changes: a study case in the Mediterra-
nean coastal vegetation near Rome. Ann Bot 0:139-148

Hollis JM, Brown CD, Hallett SH (1996) Coupling models and
Geographical Information Systems for environmental risk eval-
uation. Actes du Séminaire National; Produits Phytosanitaires,
Processus de Transfert et Modélisation dans les Bassins
Versants: Hydrosystémes. Cemagref, Nancy:203-213

ISO 13317-1:2001 Determination of particle size distribution by
gravitational liquid sedimentation methods. Part 1: General
principles and guidelines; in Bouyoucos Method, Methods of
analysis for soils of arid and semi-arid regions, Issam I. Bashour
and Antoine H. Sayegh, American University of Beirut, Beirut,
Lebanon, FAO, Rome, 2007

Jabiol B, Zanella A, Englisch M, Hager H, Katzensteiner K, de Waal
R (2004) Towards a European classification of terrestrial humus
forms. Eurosoil Congress, Freiburg, Germany, 4—12

Jabiol B, Zanella A, Ponge JF, Sartori G, Englisch M, van Delft B, de
Waal R, Le Bayon RC (2013) A proposal for including humus
forms in the World Reference Base for Soil Resources (WRB-
FAO). Geoderma 192:286-294

Janzen HH (2006) The soil carbon dilemma: shall we hoard it or use
it? Soil Biol Biochem 38:419-424

Jobbagy EG, Jackson RB (2000) The vertical distribution of soil
organic carbon and its relation to climate and vegetation. Ecol
Appl 10(2):423-436

Keith H, Mackey BG, Lindenmayer DB (2009) Re-evaluation of
forest biomass carbon stocks and lessons from the world’s most
carbon-dense  forests. Proc Natl Acad Sci USA
106:11635-11640

Liski J, Perruchoud D, Karjalainen T (2002) Increasing carbon stocks
in the forest soils of western Europe. For Ecol Manage
169(1):159-175

Melillo JM, Steudler PA, Aber JD, Newkirk K, Lux H, Bowles FP,
Catricala C, Magill A, Ahrens T, Morrisseau S (2002) Soil
warming and carbon-cycle feedbacks to the climate systems.
Science 298:2173-2176

Penne C, Ahrends B, Deurer M, Bottcher J (2010) The impact of the
canopy structure on the spatial variability in forest floor carbon
stocks. Geoderma 158:282-297

Pignatti S (1998) I boschi d’Italia. UTET, Torino

Pignatti S, Bianco PM, Tescarollo P, Scarascia-Mugnozza GT (2001)
La vegetazione della Tenuta Presidenziale di Castelporziano.
Accademia Nazionale delle Scienze, Scritti € Documenti XXVI:
441-732, Roma. La carta della vegetazione della Tenuta di
Catelporziano, p. 732

Ponge JF (2003) Humus forms in terrestrial ecosystems: a framework
to biodiversity. Soil Biol Biochem 35:935-945

Ponge JF (2005) Emergent properties from organisms to ecosystems:
towards a realistic approach. Biol Rev 80(3):403-411

Ponge JF (2013) Plant-soil feedbacks mediated by humus forms: a
review. Soil Biol Biochem 57:1048-1060

Ponge JF, Chevalier R (2006) Humus Index as an indicator of forest
stand and soil properties. For Ecol Manage 233(1):165-175

Ponge JF, Jabiol B, Gegout JC (2011) Geology and climate conditions
affect more humus forms than forest canopies at large scale in
temperate forests. Geoderma 162(1-2):187-195

Powers JS, Montgomery RA, Adair EC, Brearley FQ, DeWalt SJ,
Castanho CT, Chave J, Deinert E, Ganzhorn JU, Gilbert ME,
Gonzalez-Iturbe JA, Bunyavejchewin S, Grau HR, Harms KE,
Hiremath A, Iriarte-Vivar S, Manzane E, de Oliveira AA,
Poorter L, Ramanamanjato JB, Salk C, Varela A, Weiblen GD,
Lerdau MT (2009) Decomposition in tropical forests: a pan-
tropical study of the effects of litter type, litter placement and
mesofaunal exclusion across a precipitation gradient. J Ecol
97:801-811

Salmon S, Artuso N, Frizzera L, Zampedri R (2008) Relationships
between soil fauna communities and humus forms: reponse to
forest dynamics and solar radiation. Soil Biol Biochem
40:1707-1715

Sartori G, Garlato A, Obber S, Ungaro F, Vinci I (2007) Forme di
humus forestali in Veneto. ARPAV. http://www.arpa.veneto.it/
temi-ambientali/suolo/file-e-allegati/documenti/carta-dei-suoli/
Humus%?20montagna%20veneta_2007.pdf

Scheu S, Schulz E (1996) Secondary succession, soil formation and
development of a diverse community of oribatids and saproph-
agous soil macro-invertebrates. Biodivers Conserv 5:235-250

Societa Italiana della Scienza del Suolo (1985) Metodi normalizzati di
analisi del suolo-Edagricole, Bologna

Soil Survey Division Staff (1993) Soil Survey Manual. USDA,
Washington D.C

Soil Survey Staff (1975) Soil Taxonomy. A basic system of soil
classification for making and interpreting soil surveys-agricul-
ture handbook n° 436

Soil Survey Staff (1998) Keys to soil taxonomy—eight edition

Testi A, Crosti A, Dowgiallo G, Tescarollo P, De Nicola C, Guidotti
S, Bianco PM, Serafini Sauli A (2004) Soil water availability as
discriminant factor in forest vegetation: preliminary results on
subcoastal mixed oak woodlands in central-southern Latium
(central Italy). Annali di botanica 4:49-64

Testi A, De Nicola C, Guidotti S, Serafini-Sauli A, Fanelli G, Pignatti
S (2006) Ecologia della vegetazione dei boschi di Castelporzia-
no. In: Il Sistema Ambientale della Tenuta Presidenziale di
Castelporziano. Ricerche sulla complessita di un ecosistema
forestale costiero mediterranco. Accademia delle Scienze,
“Scritti e Documenti” XXXVII, Seconda Serie, I1:565-605

Testi A, Guidotti S, Pignatti S (2013) Ricerche ecologiche e
microclimatiche in relazione al cambio climatico nella Tenuta
di Castelporziano. Scritti e Docum. Accad. Naz. d. Scienze detta
dei Quaranta 46:151-176

Trap J, Bureau F, Brethes A, Jabiol B, Ponge JF, Chauvat M, Decaens
T, Aubert M (2011) Does moder development along a pure
beech (Fagus sylvatica L.) chronosequence result from changes
in litter production or in decomposition rates? Soil Biol Biochem
43(7):1490-1497

Wieder WR, Cleveland CC, Townsend AR (2009) Controls over leaf
litter decomposition in wet tropical forests. Ecology 90:3333—
3341

Wironen M, Moore TR (2006) Exotic earthworm invasion increases
soil carbon and nitrogen in an old-growth forest in southern.
Quebec Can J For Res 36:845-854

Xuguang T, Zongming W, Jing X, Dianwei L, Ankur RD, Mingming
J, Zhangyu D, Xiuping L, Bo L (2013) Monitoring the seasonal
and interannual variation of the carbon sequestration in a
temperate deciduous forest with MODIS time series data. For
Ecol Manage 306:150-160

Zanella A, Tommasi M, De Siena C, Frizzera L, Jabiol B, Nicolini G,
Sartori G, Calabrese MS, Mancabelli A, Nardi S, Pizzeghello D,
Odasso M (2001) Humus forestali. Manuale di ecologia per il
riconoscimento e I’interpretazione. Trento, Centro di Ecologia

Zanella A, Jabiol B, Ponge JF, Sartori G, De Waal R, Van Delft B,
Graefe U, Cools N, Katzensteiner K, Hager H, Englisch M,
Brethes A, Broll G, Gobat JM, Brun JJ, Milbert G, Kolb E, Wolf
U, Frizzera L, Galvanq P, Kollir R, Baritzs R, Kemmerse R,
Vaccat A, Serrat G, Banasu D, Garlatov A, Chersichw S, Klimoz
E, Langohrg R (2011a) European humus forms reference base.
http://www.hal.archivesouvertes.fr/docs/00/56/17/95/PDF/Humus_
Forms_ERB_31_01_2011.pdf

Zanella A, Jabiol B, Ponge JF, Sartori G, De Waal R, Van Delft B,
Graefe U, Cools N, Katzensteiner K, Hager H, Englisch M
(2011b) A European morpho-functional classification of humus
forms. Geoderma 164:138-145

@ Springer


http://www.arpa.veneto.it/temi-ambientali/suolo/file-e-allegati/documenti/carta-dei-suoli/Humus%20montagna%20veneta_2007.pdf
http://www.arpa.veneto.it/temi-ambientali/suolo/file-e-allegati/documenti/carta-dei-suoli/Humus%20montagna%20veneta_2007.pdf
http://www.arpa.veneto.it/temi-ambientali/suolo/file-e-allegati/documenti/carta-dei-suoli/Humus%20montagna%20veneta_2007.pdf
http://www.hal.archivesouvertes.fr/docs/00/56/17/95/PDF/Humus_Forms_ERB_31_01_2011.pdf
http://www.hal.archivesouvertes.fr/docs/00/56/17/95/PDF/Humus_Forms_ERB_31_01_2011.pdf

	Which is the contribution to the carbon sequestration of the forest ecosystems in the Castelporziano Reserve? Evidences from an integrated study on humus and vegetation
	Abstract
	Introduction
	Methods
	Study area
	Vegetation survey
	Humus and soil analysis

	Results
	Discussion and conclusion
	Deciduous oak forest
	Evergreen oak forest
	Deciduous humid forest

	Acknowledgments
	References




