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ABSTRACT

KEYWORDS

The seasonal trend of plant carbon dioxide (CO2) sequestration is
related to the photosynthetic activity, which in turn changes in
response to environmental conditions. Great interest has turned to
the CO2 sequestration (CS) potential of temperate forests which play
an important role in global carbon (C) cycle contributing to the
lowering of atmospheric CO2 concentration. In such context, the CS
of an unmanaged old broad-leaf deciduous forest developing inside
a Strict Nature Reserve, and its variations during the year were
analyzed considering the monthly variations of leaf area index (LAI)
and net photosynthetic rates (NP). Overall, the total yearly CS of the
forest was 141 Mg CO2 ha−1 year−1 with the highest CS value monitored in June (405 Mg CO2 month−1) due to the highest LAI (5.0 ± 0.8
m2 m−2) and a high NP in all the broadleaf species. The ﬁrst CS
decline was observed in August due to the more stressful climatic
conditions that constrained NP rates. Overall, the total CS of the forest
reﬂects the good ecological health of the ecosystem due to its
conservative management.
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Introduction
Forest ecosystems and the related photosynthetic carbon (C) ﬁxation activity are important components of the global carbon cycle (Canadell & Schulze, 2014), modifying the
atmospheric carbon dioxide (CO2) concentration through biomass accumulation (Van Do
et al., 2018). In fact, photosynthetic C sequestration is the most important pathway by
which C enters in the ecosystem (Montagnini & Nair, 2004), being stored in plant tissues
at diﬀerent rates depending on factors such as species, growth rate and leaf life span
(Gratani, Catoni, & Varone, 2011; Gratani & Varone, 2006, 2007; Nowak, Stevens, Sisinni,
& Luley, 2002). Speciﬁcally, the United Nations Framework Convention on Climate
Change (UNFCCC) deﬁnes C sequestration as the process of removing C from the
atmosphere and depositing it in a reservoir (Takimoto, Ramachandran Nair, & Nair,
2008). The Kyoto Protocol (UNFCCC, 1997) recognized the role of forests in carbon
sequestration to mitigate climate change and encourages forestation projects and strategies
for forest management activities. Nevertheless, due to anthropogenic changes in forest
cover, C storage and sequestration are sensitive issues and vulnerable to global change and
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these last may have profound biological eﬀects, including the alteration in species distributions and C storage as well as sequestration potential in vegetation compartments
(Jhariya, 2017). However, despite other factors aﬀect CO2 concentration in the atmosphere, such as the residence time (Chapin, Matson, & Vitousek, 2011) and the fact that
terrestrial ecosystems have a ﬁnite capacity to store C (Mackey et al., 2013), the terrestrial
C storage remains as one of the main strategies to mitigate the increases in atmospheric
CO2 concentrations (Asner et al., 2014). In fact, currently, forests store about 800 Gt of
carbon (GtC) and it is estimated that by 2050 they could sequester up to an additional 87
GtC (Metz, Davidson, Swart, & Pan, 2001). During the year a seasonal trend of CO2
sequestration capability can be related on the one hand to diﬀerent photosynthetic
activities, which in turn is related to changes in the environmental conditions, and on
the other hand to forest structural variations. In particular, variations of key climatic
variables such as precipitation, temperature, and radiation broadly correlate with vegetation function (Prentice & Fung, 1990). For instance, the environmental inﬂuence on
photosynthesis includes eﬀects of irradiance and temperature on carboxylation rates as
well as temperature and soil water status on stomatal conductance and thus CO2 diﬀusion
from the atmosphere into the intercellular air spaces (Chaves, 1991). With respect to the
structural traits, leaf area index (LAI, the total one-sided foliage area per unit soil surface
area) represents the main surface of exchange between plant canopy and the atmosphere
(Le Dantec, Dufrêne, & Saugier, 2000). Considering that LAI controls, to a large extent,
carbon and water ﬂuxes and light interception, knowledge of LAI is important for
quantifying productivity (Jose & Gillespie, 1997), and subsequently CO2 sequestration
capability. Thus, LAI is a variable of major importance for scaling-up physiological
mechanisms occurring at the leaf (photosynthesis, respiration, transpiration) to the forest
canopy level (Running & Coughlan, 1988). Even if the greatest interest revolves around
the capacity of a forest to sequester CO2 in terms of the total annual amount, information
about the variations of this capacity during the year could be interesting, especially in
those areas characterized by seasonal climatic variations. In this context, the aim of the
present research was to evaluate the total yearly carbon sequestration capability (referring
to the carbon uptake rate over the year through photosynthesis, Beaumont, Jones, Garbutt,
Hansom, & Tobermann, 2014) and its monthly trend in an unmanaged old-growth
broadleaf deciduous forest developing inside the Strict Nature Reserve “Bosco Siro
Negri“ (Northwest of Italy).

Materials and methods
Study area
The study was carried out in the period May–October 2017 in an old-growth broadleaf
deciduous forest developing inside the Strict Nature Reserve “Bosco Siro Negri“ (45°
12ʹ39”N; 09°03ʹ26”E, 74 m a. s. l.) in Italy. It is one of the few relicts of the original
forests which in the past covered the alluvial valley along the Ticino river where no
logging has been carried out since the establishment of the Reserve in 1970 (Castagneri,
Garbarino, & Nola, 2013; Sartori, 1984), as attested by the large amount of dead wood
pools (106 m3 ha−1, Motta, Nola, & Berretti, 2009). The Reserve is included within the Site
of Community Importance (SIC) IT 2080014 “Bosco Siro Negri e Moriano“. The structure
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of the forest is that of a typically closed canopy (Cerli, Celi, Bosio, Motta, & Grassi, 2009),
where the tree layer has a mean height of 20 m and is dominated by Quercus robur L.,
Robinia pseudoacacia L., Ulmus minor Mill., Populus nigra L. and Populus alba L. The
underlying tree layers are dominated by the species of the dominant tree layer and Corylus
avellana L., Acer campestre L., Prunus padus L. and Crataegus monogyna Jacq. The forest
tree density is 237 ± 100 stems ha–1, and the total stand basal area is 74.5 ± 24.6 m2 ha–1
(Catoni, Gratani, Sartori, Varone, & Granata, 2015). Many trees in the forest are more
than 100 years old (Castagneri et al., 2013). The soil is characterized by a pH of
5.46 ± 0.11, a nitrogen concentration (N) of 1.61 ± 0.12 mg g−1, a carbon to nitrogen
ratio (C/N) of 17 ± 1 and a soil organic matter (SOM) concentration of 44.47 ± 0.04 mg
g−1 (Catoni, Granata, Sartori, Varone, & Gratani, 2014). The climate of the area is
characterized by a total annual rainfall of 654 mm most of it falling in the autumn and
winter. The mean minimum air temperature (Tmin) of the coldest month (January) is –
0.2 ± 1.8°C, the mean maximum air temperature (Tmax) of the hottest month (July)
30.1 ± 1.3°C and the mean annual temperature (Tm) 13.7 ± 8.2°C (Lombardia Regional
Agency for Environmental Protection, Meteorological Station of Pavia, Ponte Ticino SS35,
data for the period 2002–2016). Floods occurred sporadically every 5–10 years during the
last 40 years, with water levels up to 1.50 m height in the forest during exceptional events
(Castagneri et al., 2013; Motta et al., 2009). On average, groundwater level is around –
4.50 m in winter reaching –3.50 m in the summer due to irrigation in the surrounding
area. During the study period total rainfall was 83 mm, Tm 21.1 ± 4.8°C and Tmax (August)
31.3 ± 2.2°C, with daily peaks up to 36.2°C and associated to a total monthly rainfall in
August of 0.2 mm (Lombardia Regional Agency for Environmental Protection,
Meteorological Station of Pavia, Ponte Ticino SS35, data for the period May–October
2017) (Figure 1).
Forest measurements
The forest surface area was measured by the QGIS (Geographic Information System).
QGIS determines the acquisition, recording, analysis, visualization, and restitution of
information by geographical data. Forest measurements were carried out in 10 randomly
selected sample areas (400 m2 each according to Galluan et al., 2010). Leaf area index
(LAI) was monitored monthly during the study period by the “LAI 2000 Plant Canopy
Analyzer” (LI-COR Inc., Lincoln, Nebraska, USA). During the study period, the total
photosynthetic leaf surface area (TPS, m2) of the forest was determined by multiplying the
mean monthly LAI value by the forest extension obtained by QGIS according to Gratani
et al. (2018).
Net photosynthesis and CO2 sequestration capability
Net photosynthetic rate (NP, µmol m−2s−1) was measured monthly from May to
October (i.e., when leaves are completely structured until the beginning of leaf senescence) by an open infrared CO2 gas analyzer (LC-Pro+, ADC, UK), equipped with a
leaf chamber (PLC, Parkinson Leaf Chamber). The following species were analyzed: A.
campestre, C. avellana, C. monogyna, P. nigra, P. alba, P. padus, Q. robur, R. pseudoacacia and U. minor. Measurements were made in situ on cloud-free days
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Figure 1. Trend of mean air temperature (Tmean), minimum air temperature (Tmin), maximum air
temperature (Tmax) and rainfall during the study period (May-October).

(photosynthetic photon ﬂux density, PPFD > 1000 µmol m−2s−1), on ten representative
plants per species in ﬁve sampling areas (i.e., two plants per area), in the morning to
ensure that near-maximum daily photosynthetic rates were measured. On each sampling occasion (twice a month), fully expanded leaves (3 leaves per plant) in the
external and internal portion of the canopy were sampled. In particular, for the larger
trees (i.e., R. pseudoacacia, Q. robur, P. alba and P. nigra) a 5-m-long pruning shear
was used (Kimm & Ryu, 2015). Speciﬁcally, according to Santiago and Mulkey (2003),
the segment of the branch was excised 100 cm from the measured leaf and immediately
shortened to 50 cm by re-cutting under water in order to re-establish the xylem water
column. Moreover, after the excision, gas exchange measurements were carried out
within 10 min for every single leaf with the aim to minimize the excision-induced
eﬀects. Monthly CO2 sequestration capability (CSm, Mg CO2 month−1) of the forest was
calculated by multiplying each monthly TPS by the mean monthly net photosynthesis
of the considered species and the total photosynthetic activity time (in hours) during
each month, according to Gratani and Varone (2006). In particular, the mean monthly
net photosynthesis was calculated by the weighted mean considering the relative
importance of each species on the base of its own density from the data collection
published by Granata, Gratani, Bracco, Sartori, and Catoni (2016). The total yearly
carbon sequestration capability (TCS, Mg CO2 ha−1 year−1) was calculated by summing
CSm obtained in each month. The coeﬃcient of CO2/C of 3.67 was used to convert the
amount of sequestered CO2 in equivalent C amount, according to Evrendilek,
Berberoglu, Taskinsu-Meydan, and Yilmaz (2006).
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Statistical analysis
All statistical tests were performed using a statistical software package (PAST, Version
3.10). Diﬀerences in the considered traits were determined by the analysis of variance
(ANOVA) and the Tukey test for multiple comparisons. Kolmogorov–Smirnov and
Levene tests were used to verify the assumption of normality and homogeneity of
variances, respectively. A multiple regression analysis was carried out employing CSm as
the dependent variable and monthly LAI and NP as independent variables. Moreover, a
simple regression analysis was carried out between the values of above-ground biomass
per species (ABs) (data from Granata et al., 2016) and the related yearly NP (expressed as
µmol (CO2) g−1 day−1), using the logarithmic transformation for both the variables.

Results
Forest measurements
LAI values during the study period are shown in Figure 2. The highest value was recorded
in June (5.0 ± 0.8 m2 m−2) associated to the highest TPS (582,930 m2), while the lowest
LAI value was recorded in October (2.5 ± 0.4 m2 m−2) with a 50% lower TPS.

Figure 2. Trend of leaf area index (LAI, m2 m−2) during the sampling months (May-October). Mean
value and standard error are shown (n = 10).
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Figure 3. Trend of net photosynthetic rate [NP, µmol (CO2) m−2 s−1] during the sampling months (MayOctober). Mean value and standard error are shown (n = 60).

Net photosynthesis and CO2 sequestration capability
During the study period the highest NP was monitored in May in all species (Figure 3), R.
pseudoacacia showing the highest value (24.2 ± 1.0 µmol m−2 s−1) and C. monogyna the
lowest (3.8 ± 0.5 µmol m−2 s−1). In October, NP decreased, on average, by 50%. The mean
yearly NP was the highest in R. pseudoacacia (18.3 ± 5.3 µmol m−2 s−1), and the lowest in
C. avellana, C. monogyna and P. padus (2.8 ± 0.4 µmol m−2 s−1, mean value) (Figure 4).
The overall forest TCS was 141 Mg of CO2 ha−1 year−1 corresponding to 38 Mg of C
ha−1 year−1. The highest CSm was reached in June (405 Mg CO2 month−1) decreasing by
36% and 77% in August and October, respectively (Figure 5). There was a signiﬁcant
positive correlation (p < 0.01, ABs = 2.4689 ± 1.057NPyearly – 8.6526 ± 6.0122) between the
above-ground biomass and yearly NP showing that 44% of ABS variations were explained
by yearly NP. The results of the multiple regression analysis showed that LAI had more
inﬂuence
on
the
variation
of
CSm
compared
to
NP
(CSm = −250.19 ± 53.00 + 65.709 ± 14.409LAI+ 17.28 + 3.61NP, R2 = 0.95).

Discussion
Forests can act as a sink through the process of tree growth and the related photosynthetic
C sequestration. The potential for carbon of any forest species depends on the maximum
amount of biomass it can produce per unit of time (Fragoso-López et al., 2017), and their
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Figure 4. Values of yearly net photosynthetic rates [NPyearly, µmol (CO2) m−2 s−1] for all species. Mean
value and standard error are shown (n = 10).

biomass represents both the potential carbon amount that can be added to the atmosphere
and the potential carbon amount conserved or sequestered on the land when forests are
managed for meeting emission targets. The forest biomass is the result of the diﬀerence
between production through photosynthesis and consumption through respiration, as
trees act as sinks for CO2 by ﬁxing carbon during photosynthesis and storing excess
carbon as biomass (Kolström et al., 2011), as conﬁrmed by the regression analysis showing
that 44% of species biomass variation is determined by the yearly NP variation. In
particular, tree trunks, large branches, and large roots, which remain on the tree for
several decades or centuries, are the primary sites of carbon sequestration (Beedlow,
Tingey, Phillips, Hogsett, & Olszyk, 2004). The estimation of the forest carbon sequestration depends on species types and growth characteristics as well as their overall environmental condition (Escobedo, Varela, Zhao, Wagner, & Zipperer, 2010). Accordingly, the
species diﬀerently contribute to the total carbon forest sequestration due to their diﬀerent
NP activities during the year, but their density is also of importance. In particular, the
highest contribution was made by species such as R. pseudocacia, P. alba, P. nigra, and Q.
robur characterized by a higher NP activity (16.7 ± 1.9 µmol m−2 s−1, mean value of the
study period). As dominant tree species of the forest (mean height of 30 ± 8 m, Granata
et al., 2016) and being typical light-demanding species they receive the highest photosynthetic ﬂux density in the upper part of the crown, resulting, thanks to the typical
adaptations of their habitus, in the higher photosynthetic capacity. On the contrary, the
dominated tree layer species (i.e., C. avellana, C. monogyna and P. padus) showed a low
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Figure 5. Values of carbon sequestration capability [CSm, Mg (CO2) month−1] during the sampling
months.

NP activity during the year (2.8 ± 0.4 µmol m−2 s−1, mean value), which is a typical feature
of the shade-tolerant species (Catoni et al., 2015).
The results of the multiple regression analysis highlight that structural parameters
(i.e. LAI) have a major eﬀect on CSm variation during the year in accord with the
results of Gratani et al. (2018) for beech forests. Our results show that the deciduous
forest reached its maximum yearly LAI in June equal to 5.0 ± 0.8 m2 m−2 falling in the
range of yearly maximal LAI values for temperate deciduous forests (Jarvis & Leverenz,
1983). Accordingly, the highest CSm was found in June (405 Mg CO2 month−1)
although in this month NP did not show its peaks, corroborating the major inﬂuence
of LAI on CS variations. Nevertheless, in August, although LAI was only 6% lower than
the maximum value in June, the decrease in NP (by 37%) determined the ﬁrst decline
of the CSm during the study period (by 36%). This result suggests that although LAI
had a greater inﬂuence on CSm, in this month the lower water availability (0.2 mm)
associated with higher temperature (31.06 ± 2.68°C) reduced CO2 assimilation through
stomatal closure resulting in a lower capacity to remove CO2 from the atmosphere.
Consequently, in this month the direct eﬀect of water stress on stomatal conductance
and then on assimilation rates appears to be more important than the indirect eﬀect
through a decrease in LAI according to the results of Le Dantec et al. (2000). Thus, we
can suppose that in the favorable period LAI is the major determinant of the carbon
sequestration potential, while during the more stressful conditions, such as drought,
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variations in net assimilation are more important in aﬀecting carbon sequestration,
indicating an inﬂuence of climatic factors on carbon accumulation according to the
results of Leite et al. (2018). Moreover, even if the observed decrease in
CO2 sequestration in August was 52% lower than to that observed for the
Mediterranean evergreen species (Gratani, Varone, Ricotta, & Catoni, 2013) due to
the more restrictive environmental conditions of these coastal environments, the forecast increase of the maximum air temperature associated to a precipitation decrease can
however determine also in these environments a reduction in the capacity to remove
CO2 from the atmosphere. Indeed, studies analyzing temperature and precipitation
trends over the Italian peninsula had already demonstrated, during the twentieth
century, a 5% precipitation decrease in Northern Italy (Appiotti et al., 2014). In fact,
is quite possible that a series of dry years can aﬀect strongly both LAI and carbon
assimilation, resulting in a serious decrease in the forest CO2 sequestration capability. It
could, therefore, happen that exceptionally hot summer months, such as that of 2003
and 2010 classiﬁed as ‘mega-heatwaves’ (Barriopedro, Fischer, Luterbacher, Trigo, &
García-Herrera, 2011) and the just passed 2017 could increase in frequency.
Overall, our results show a high carbon sequestration potential of the studied oldgrowth unmanaged forest demonstrated by 141 Mg of CO2 ha−1 year−1, corresponding to
38 Mg of C ha−1 year−1. Moreover, the amount of CO2 release from leaf dark respiration
being the 13% (data not published) of the total amount of annual CO2 sequestered by net
photosynthesis of the species suggests a quite high carbon balance (i.e., the net diﬀerence
between sequestration and emission of carbon, Pukkala, 2017). In particular, the obtained
TCS is more than 100% higher than the beech forests growing in the Apennines
(44.3 ± 2.6 Mg CO2 ha−1 year−1, Gratani et al., 2018) and 76% higher than the
Mediterranean maquis (80 Mg CO2 ha−1year−1, Gratani et al., 2013) reﬂecting a good
ecological health of the ecosystem (Jhariya, 2017). Moreover, to date, the total carbon
sequestration activity of the studied forest results in a total above- plus below-ground
biomass of 214 Mg of C per ha of forest (Granata et al., 2016). This study can be
considered as a part of the growing body of evidence about the ecosystem services
provided by the forest sectors throughout their contribution to decrease carbon emissions
emphasizing also the importance of an integrating a view of forest sustainability policy
and management planning. It is also important to encourage the incorporation of local
communities into policy design, planning, and implementation as suggested by Al-Assaf,
Al-Asmar, Johnsen-Harris, and Al-Raggad (2016). In our study case considering that
forest management appears to be the main cause of LAI variations (Le Dantec et al.,
2000) it is important to maintain conservative management in natural Reserves and
protected areas in the near future in order to maintain their C sequestration potential,
where C sequestration may become an additional output that decision makers might
consider in their management choices. Finally, from a methodological viewpoint, some
consideration can be made on the method we used to monitor CO2 sequestration capability in the studied forest. One possible drawback of the selected method could be that in
this way we know the CO2 amount sequestered by the net assimilation rates but not the
amount that is stocked in the tree biomass for the long term, although photosynthetic C
sequestration is the most important pathway by which C enters in the forest ecosystem.
Nevertheless, overall the proposed method can facilitate the monitoring of
CO2 sequestration capability over large areas with a low monetary cost and with the
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possibility to assess that a sustainable forest management allows to maintain a constant C
sequestration potential over time.
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