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Natural parks (NPs) have a primary role in supporting people’s welfare by maintaining natural and cultural resources. Various activities, such as those related to conservation of flora and fauna, forestry, agriculture and livestock, residential, and tourism, coexist within the boundaries of NPs. All these activities may contribute as a source or sink of carbon dioxide and, despite some NPs having started to promote their environmental services, there is currently a lack of information on their carbon footprint (CF). Although various international standards have provided guidelines to assess the CF of organizations, a lack of explicit formulation and procedure in these standards makes them difficult to apply, especially when the organizations to be evaluated embed a wide range of biological and anthropogenic activities. The framework proposed in this paper provides for the first time a holistic methodological approach to quantitatively and qualitatively estimate the annual greenhouse gas (GHG) emissions and removals occurring in NPs. The main data needed for the NP’s GHG inventory were directly collected on-site. The activity data and emissions factors as well as the methodologies involved were all referenced to their data sources, including the use of a biogeochemical model, IPCC equations, Ecoinvent database, and a literature review. This method highlighted that, by emitting 0.55 Mg CO2e ha−1 year−1, the NP generates an annual CF of about 3,300 Mg of CO2e. The agricultural activities with 43.4% of share showed the largest incidence, followed by wild fauna (17.8%), tourism (15.1%), and, to a lesser extent, all the other sectors considered in the assessment. On the other hand, when the annual soil and forest C sequestration rates were included in the balance, the NP contributes to sequester about 3.7 Mg CO2e ha−1 year−1, thus resulting in it being an important C-sink site (i.e., about 22,000 Mg CO2e year−1). By providing granular information on GHG emissions and carbon removals trend, the methodological approach involved in this study could help NPs in both planning effective mitigation strategies and supporting environmental certification processes. CF of NPs could increase tourists’ awareness of the important role that these protected natural areas have in climate change mitigation and adaptation.
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INTRODUCTION
Human activities such as those related to industries, transport, energy, and agriculture have led to the release of anthropogenic greenhouse gases (GHGs) into the atmosphere (Malyan et al., 2016; IPCC, 2019). Fortunately, as society prospers, there is an increasing awareness of the environmental impact of these activities. The Carbon Footprint (CF) is a term used to describe the measurement of GHG emissions generated by a product or an organization. Wiedmann and Minx (2008) define the CF as a measure of the total amount of CO2 emissions that are directly and indirectly caused over the life stages of a product or activity. However, as most of the anthropogenic activities emit other GHGs than CO2 (e.g., CH4, N2O, HFCs, etc.), the term carbon dioxide equivalent (CO2e) is commonly used in CF assessments. Specifically, the term equivalent means that the global warming factor of every GHG is calculated using CO2 as means of comparison (Tjandra et al., 2016). CF assessment may have a wide range of applications in the development of products, environmental policies, and marketing. The applications that, among others, can be highlighted are decision making, research and development, identification of areas of improvement, environmental labeling, and ecological product statement (Calderón et al., 2010).
The ISO 14064–1 is an international standard for quantifying and reporting GHG emissions and removals at the organization level (ISO, 2019). The ISO broadly classified GHG emissions as direct and indirect. The direct GHG emissions are the ones resulting from sources that are owned and controlled by the organization, while the indirect are those that are a consequence of the company’ activities but occur from sources owned or controlled by a different entity. A further classification is represented by the GHG removals. The ISO 14064–1 defines the C stocks as the quantity of C stored in soil organic matter (SOC), above and below-ground biomass, dead organic matter, and harvested wood products. Due to the reversibility of these C stock reservoirs (i.e., these could be re-emitted into the atmosphere), the ISO standards recommends reporting the GHG removals separately from the other GHG emissions, and, in doing so, it suggests expressing the net annual GHG flux as the net sum of CO2e emissions and C-sink from the atmosphere. This reporting aspect became particularly important when assessing CFs of NPs. Indeed, these protected areas, by both increasing C stock reservoirs and preventing the loss of C that is already present in forest biomass and soil organic matter, play an important role in regulating GHG concentrations in the atmosphere and became perfect candidates for mitigation strategies aimed at enhancing forest and land C-sinks.
To the best of our knowledge, there is not a specific methodological approach to assess CF of NPs. Although a study (Villalba et al., 2013) aimed to evaluate the CF of an NP was found in literature, the GHG emissions generated from soil and animals (i.e., wild and domestic) biological processes, as well soil and forest C-sinks dynamics, were outside the scope of that study. The present work aimed (i) to develop a methodological approach based on ISO 14064–1 to assess the CFs of NPs and (ii) to test its applicability on a practical case study.
MATERIAL AND METHODS
Greenhouse Gas Inventory Boundaries of National Park
The system boundary (SB) is the basis used to delimitate the processes included within the assessment of CF based on ISO 14064–1. Within the SB of an NP there are several sectors/activities that could take place, such as (i) nature-based tourism activities (e.g., camping, hiking, fishing, birdwatching, etc.), (ii) tourist facilities (e.g., restaurant, gift shops, hotel, etc.), (iii) construction and maintenance of infrastructure (e.g., buildings, roads, etc.), (iv) residential sector, (v) fauna and flora preservation and, (vi) agricultural and farming activities. The case study was conducted on Castelporziano Nature Reserve (Reserve hereinafter), a residence of the President of the Italian Republic1 that extends from the south-southwest of Rome towards the Tyrrhenian Sea and covers 5,980 ha of land (Figure 1).
[image: Figure 1]FIGURE 1 | Study area, Castelporziano Nature Reserve (Central Italy).
The largest part of the Reserve is covered with natural or semi-natural vegetation, and the area classified as woodland reaches 4,511 ha (i.e., 75.7% of the total). The Reserve can be considered a unique environment in the Mediterranean area since it includes uncontaminated beaches, recent and old stabilized sand dunes, ample back dune wetlands, Mediterranean scrubland, and thickets featuring typical evergreen and aromatic species. Recent investigations show that, within the Reserve, about 90% of the forest areas have maintained their destination use without changes since 1950 (Pignatti et al., 2015). Besides the great range of vegetation, the Reserve hosts native wild boars, fallow deer (Dama), and deer (Cervus elaphus). Small fauna (e.g., foxes, badgers, porcupines, etc.) is also present. Large predators are absent, and no sport hunting is allowed. Within the Reserve, native Maremmana beef cattle and Maremmano horses are bred in pureness, and about 620 ha of the Reserve are dedicated to the pasture and related cropping activities. As regards the touristic attractions, in addition to the several natural routes that can be enjoyed, the Reserve includes buildings from the 14th century, such as the castle and the historical residence. A naturalistic museum, an archaeological museum, and a carriages hall can also be visited. A canteen is open during lunchtime to tourists and Reserve employees/workers. Unless invited to the events organized during the year, tourists visiting the Reserve are not allowed to go inside using their own transportation, and a shuttle bus service is provided during the opening season (from March 14 to June 21). A small residential hamlet (i.e., 24 households) is present within the Reserve, and it is mainly composed of people who are in different ways involved in the activities taking place within the NP. Mechanical and carpentry workshops are also present. Within the Reserve, there are firefighters who patrol the area during the summer season, and security forces, which guarantees the safety of the Presidential Estate all year round. Finally, the Reserve promotes the implementation of scientific research programs aimed at enhancing its environmental and agroforestry-pastoral heritage. In fact, numerous researchers are involved in projects concerning sustainable development, conservation of biodiversity, climate change (CC), and desertification.
Quantification of the Greenhouse Gas Emissions
The boundary system setting involves the categorization of direct and indirect GHG emissions and removals (ISO, 2019). Specifically, direct GHG emissions and removals occur from GHG sources or sinks which are placed inside the boundaries that are owned or controlled by the Reserve. The indirect GHG emissions are those related to the Reserve’s activities but that are generated outside the boundaries of NP’s direct control. The boundary system of the Reserve with the direct, indirect, and GHG removals is shown in Figure 2. A comprehensive inventory of the primary and secondary data involved within each sector can be consulted in the supplementary material (Supplementary Table S1–S8).
[image: Figure 2]FIGURE 2 | System boundaries of the direct, indirect, and GHG removals considered within the Reserve carbon footprint assessment.
Direct Greenhouse Gas Emissions and Removals
The direct GHG emissions within the Reserve’s boundary have included those arising from (i) agricultural soils and animal’s (i.e., wild and domestic) biological processes (ii) energy combustion (i.e., fuel and gas); for farming, forestry, residential, offices, museum, and canteen and transport activity; and (iii) refrigerant gas leaks. Within the direct GHG removals were included the C-sinks related to the agricultural soil and the above-ground forest biomass growth. Below are indicated the methods adopted for accounting for the emissions sources. Further details were reported in the supplementary materials: emission factors (EFs) in Supplementary Table S9, and numbered [1–10] equations in Supplementary Table S10.
Different methods were involved for the estimations of the enteric methane emitted annually by cattle, horses, and wild fauna living within the Reserve. Specifically, the Tier 2 equation (Supplementary Table S10 [1]) proposed by IPCC (IPCC, 2019) was adopted for cattle. The IPCC Tier 1 EF (Supplementary Table S1) was involved for horses, while the equation (Supplementary Table S10 [2]) proposed by Smith et al. (2015) was used for wild animals (i.e., wild boars, fallow deer, and deer).
A Tier 3 approach involving the use of a process-based model named the Denitrification-Decomposition (DNDC) model (Li et al., 2000) was used for the assessment of GHG emissions (i.e., CH4, direct and indirect N2O) coming from the manure deposited on pasture by cattle (Grossi et al., 2020). A Tier 1 (Velthof, 2014; IPCC, 2019) approach was used for the estimations of the GHG from both horses and wild fauna’ manure (Supplementary Table S10 [3–4]).
The GHG emissions generated from the use of fuels (i.e., tillage and motor pumps) and natural gas (i.e., cooking in the canteen and heating office), were accounted for based on the annual consumptions provided by the Reserve and the EFs (Supplementary Table S9) provided by the Ecoinvent database (Wernet et al., 2016) and Bradbury et al. (2015), respectively. The estimation of the natural gas consumption of the several offices and museums placed inside the Reserve was estimated by a combination of primary data, equation (Supplementary Table S10 [5]) proposed by Moreci et al. (2016), and parameters indicated in De Rosa et al. (2015).
The GHG generated during the construction and maintenance of the paved road networks was accounted based on the area occupied by the Reserve’s roads and the EFs (Supplementary Table S9) proposed by Araújo et al. (2014).
The in-boundary transports have considered the use of vehicles inside the Reserve for (i) wild fauna monitoring and census (i.e., by cars), (ii) tourists (i.e., by shuttlebus and cars), (iii) food for canteens (i.e., lorries), (iv) commuting of employees and workers (i.e., by cars and buses), (v) policemen and firefighters’ patrols (i.e., by cars and lorries), and (vi) residents’ and other vehicles’ recorded activity (i.e., by cars). Annual distances traveled inside the Reserve were estimated for all types of in-boundary transports and different EFs (Supplementary Table S9) from the Ecoinvent database, and a bibliography was adopted in relation to the vehicle declared (Wernet et al., 2016; To et al., 2019).
The annual GHG emissions resulting from the refrigerant gas leaked from the fridges (i.e., canteen) and air conditioners (e.g., offices, museums, workshops, etc.) were accounted for based on the total number of devices, and the specific equipment’ gas leaks rates (Cowan et al., 2010; EPA, 2014) (Supplementary Table S10 [9]).
The annual GHG removals attributable to the agricultural soil C-sinks were quantified by using the DNDC model (Grossi et al., 2020). Differently, by assuming an equilibrium state (Demertzi et al., 2016; Peñaloza et al., 2019), the forest soil C-dynamics were not included in the CF. Ultimately, the annual C-sinks related to the annual above-ground forest biomass growth were estimated starting from the Reserve’s forest inventory data provided by Scrinzi et al. (2019).
Indirect Greenhouse Gas Emissions of Reserve
This category includes the GHG for the production, transportation, and end-of-life of goods (durable, and non-durable) functional to the Reserve activities but emitted outside its boundary. As for the direct ones, further details regarding EFs and equations involved in the assessment were reported in the Supplementary Tables S9, S10, respectively.
The GHG emissions generated by the electricity consumption from the Reserve activities (e.g., touristic attractions, offices, workshops, etc.) were calculated using the EF (Supplementary Table S9) referring to the Italian electricity mix provided by the Italian National Inventory of emissions (ISPRA, 2020).
The annual amount of electricity (kWh) was provided directly by the Reserve when available or estimated starting from the inventory of the electronic devices inside the building (e.g., lighting bulbs, air conditioners, PC, etc.) by following the approach (Supplementary Table S10 [6-7-8]) proposed by Tjandra et al. (2016). The annual amount of electricity (kWh) consumed by the residential sector (Supplementary Table S5) was extrapolated from average National statistics data (ISTAT, 2019).
The GHG emissions arising from the life cycle of the durable goods such: agricultural buildings and machinery (Wernet et al., 2016), paved roads (Araújo et al., 2014.), electronic devices (Wernet et al., 2016), and air conditioners (De Kleine, 2009) were accounted considering their potential lifespans. Regarding the non-durable goods, were included the GHG arising from the production of fossil fuel (Wernet et al., 2016), feed for livestock, seeds, and organic fertilizers for cropping (Adom et al., 2013; Wernet et al., 2016; Havukainen, 2018), meals (Wernet et al., 2016; Hanssen et al., 2017; Espinoza-Orias and Azapagic, 2018), kraft paper, and Low-Density Polyethylene (LDPE) used for the packaging (Wernet et al., 2016), printer paper (Wernet et al., 2016), and toners (Kara, 2010) (Supplementary Table S9).
All the GHG emissions generated by the out-boundary transports related to non-durable goods (including their disposal) were estimated considering the type of transports used, the weight carried, the distance driven, and the EFs (Supplementary Table S9) provided by Wernet et al. (2016). Furthermore, working with assumptions, it was possible to estimate the annual GHG emissions generated by the out-boundary transports related to the bus, minibus (Shorter, 2011), and cars involved in tourist activities (Supplementary Table S10 [10]). Particularly, because of the large involvement of organized excursions (e.g., school groups, elderly centers, etc.), it was assumed that all the visiting tourists reach the entrance of the Reserve by tour buses, which have a transporting capacity of 30 people transported for an average distance of 500 km (roundtrip). Regarding the out-boundary transport’ emissions associated with the cars, it was instead assumed that each car arriving at the park carries 2.5 people and drives for 300 km (roundtrip). The GHG emissions associated with the workers and employees commuting were accounted for as well. It was assumed an average commuting distance of 30 km, and that 75% of the employees/workers use their own car, and the remaining use public transport (i.e., bus). Finally, since the distance separating the security and firefighters’ headquarters from the Reserve was already accounted for within the annual kilometers provided by the related representatives, it was assumed that 85% of that distance was driven within the Reserve and the remaining 25% outside the boundary.
The GHG emissions arising from the end-of-life of durable goods, such as air conditioners (De Kleine, 2009), agricultural buildings and tractors (Wernet et al., 2016), and paved roads (Araújo et al., 2014), were assessed considering the associated lifespans. The end-of-life GHG contribution of non-durable goods like toners (Kara, 2010), Kraft papers and LDPE (Turner et al., 2015) to pack meals, and meal waste (Hanssen et al., 2017; Moult et al., 2018) were also accounted for.
Inventory Analysis and Impact Assessment
The annual emissions of CO2, CH4, and N2O were converted according to CO2e (equivalent) using the IPCC 100 years global warming characterization factors (IPCC, 2013), while characterization factors (100 years) provided by Tian et al. (2015) and EPA (2014) were used to convert in terms of CO2e gas leaks of the hydrofluorocarbons (HFCs).
The GHG sinks generated by the Reserve (reported separately from the active emissions) were quantified from the annual C-sinks related to both agricultural soils, and above-ground forest biomass growth. Specifically, the annual C-sinks were converted in CO2e considering the atomic weight of C and the molecular weight of CO2, therefore multiplying the amount of C by 3.67. The use of a DNDC model allowed us to account for soil GHG emissions and annual SOC dynamics (Grossi et al., 2020). Due to lack of data, the forest soil C stock changes were not accounted for and were assumed, according to the Tier 1 IPCC (2019) approach, to currently be in equilibrium (Demertzi et al., 2016; Peñaloza et al., 2019).
Nevertheless, the annual C stored by the growth of the aboveground woody biomass was included. Specifically, from the findings of Project ELITE/SIFTeC, which involved the use of Laser Imaging Detection and Ranging (LIDAR) and Geographical Information System (GIS), it was possible to obtain a detailed inventory of the whole forest area of the Reserve. Particularly, the live epigean biomass of the Reserve’ forest (given by the weight of the significant wood volume and the weight of the twig and foliage) exceeds 800,000 tons (in dry weight), and one million tons in fresh weight (Scrinzi et al., 2019). Therefore, by considering an average amount of 50% C content on wood dry biomass (Thomas and Martin, 2012), and an annual overall forest growth rate of 1.7% (value based on expert opinion), it was possible to account for the annual C sequestered by the aboveground forest biomass growth.
Uncertainty Assessment
According to the GHG protocol and Frischknecht et al. (2007), in all cases where measured single parameter uncertainties are unknown, a pedigree matrix (Weidema and Wesnaes, 1996) can be used to calculate uncertainties. Specifically, the data sources are assessed according to five Data Quality Indicators (DQIs): precision, completeness, temporal representativeness, geographic representativeness, and technological representativeness. Subsequently, each DQI is assigned a data quality rate (i.e., very good, good, fair, and poor), which is then used to estimate quantitatively the overall level of uncertainty.
The approach used in this case study has included a pedigree matrix for quantifying single parameter uncertainty, while a Taylor series expansion (Hong et al., 2010) has been adopted to propagate individual parameter uncertainties and to determine the overall system uncertainty (Bravo et al., 2017). The Taylor series expansion method requires the assumption that the uncertainty distribution for each input parameter is log-normally distributed.
An open-source tool2 developed by the WRI has been used for the quantitative uncertainty assessment of the annual GHG emission arising from the Reserve. Differently, the uncertainty range provided for the annual C-sinks rates coming from the agricultural soil (Grossi et al., 2020) and the aboveground forest growth (Scrinzi et al., 2019) were those reported by the authors of the estimations.
RESULTS
The Natural Reserve of Castelporziano generated a total CF of about 3,300 Mg of CO2e in 2018. The agricultural sector, with a 43.4% share, showed the largest incidence of overall CF (Figure 3). The GHG emissions generated from wild fauna (17.8%) and tourism activities (15.1%) were the second and third sources of GHG, respectively. Lower contributions accounted for paved road networks (5.6%); office, workshops and canteen activities (5.2%); residential sector (4.5%); security/vigilance services (4.1%); research activities (3.6%); and forest management (i.e., pruning) (0.7%).
[image: Figure 3]FIGURE 3 | Carbon footprint of the whole Reserve area including the incidence (%) of all sectors considered during the reporting year (2018).
Figure 4 shows the shares, both within the total and within each sector, of the direct and indirect GHG emissions, while Table 1 provides detailed information regarding the framework of the overall Reserve’s annual GHG emissions and removals.
[image: Figure 4]FIGURE 4 | Breakdown of the direct and indirect GHG emissions on the total Reserve’ carbon footprint and within each sector considered.
TABLE 1 | Overall GHG emissions and sink of the Reserve and incidence of the main emitting sources within each sector.
[image: Table 1]Greenhouse Gas Emissions From Direct Sources
The annual GHG emissions directly connected to the activities controlled by the Reserve accounted for 63% of the total CF. Specifically, wild fauna (99%), agricultural and livestock activities (92%), and forest management (59%) were the sectors where the direct GHG emissions contribute to the largest share (Figure 4).
Emissions generated by the agricultural sector were about 1,500 Mg CO2e, and, within it, enteric methane (44.6%) from cattle and N2O from soil (36.9%) were the main GHG contributors. Those arising from the wild fauna sector amounted to about 600 Mg CO2e year−1 and were almost totally (99%) attributable to the CH4 and N2O generated by the biological processes involving manure decomposition, and wild ruminant’ enteric methane (Table 1). Lastly, the forest sector generated about 22 Mg CO2e year−1, the combustion of the fossil fuel used for the pruning activities resulted as the main GHG source of the sector.
Greenhouse Gas Emissions From Indirect Sources
The annual GHG emissions indirectly connected to the Reserve’s activities accounted for 37% of the total CF. Individually, research activities (96%), paved roads network (96%), tourism activities (86%), residential sector (67%), and office, workshops, and canteens (63%) were the sectors where the indirect GHG emissions showed the largest incidence (Figure 4).
The GHG (i.e., about 500 Mg CO2e) from the touristic activities came mainly (about 82%) from the out-boundary transports. The raw materials extraction and mixtures production were the main (about 80%) hotspots of the total GHG emissions (180 Mg CO2e) arising from the life cycle of the paved roads (i.e., pre-construction, construction, maintenance, and end-of-life).
The overall activities related to the office, workshops, and canteen accounted for about 170 Mg CO2e. More than 50% of these emissions came from the out-boundary transports associated with the commuting of employees and business trips.
The GHG emissions arising annually from the residential sector were about 150 Mg CO2e, with the domestic’ electricity consumption being responsible for about 67% of this amount.
The whole annual activities associated with the security and vigilance services accounted for about 140 Mg CO2e. The in-boundary transports accounted for 40% of the sector, followed by the homemade meals consumed by the policemen (about 36%).
The out-boundary transports were the main GHG contributor (about 94% of 120 Mg CO2e) of the sector related to the research activities taking place within the Reserve.
Carbon Sinks
The C-sinks resulting from the annual forest above-ground biomass growth accounted for 6,840 Mg of C year−1, corresponding to about 25,000 Mg CO2e year−1. The oak wood (2,353 ha) and pinewoods (1,008 ha), due to the wide area taken within the Reserve, were the tree species showing the largest C- sinks contributions (Supplementary Table S8). The soil organic carbon (SOC) sequestered annually within the Reserve’s agricultural area (620 ha) due to the current soil management and grazing pasture was about 220 Mg of CO2e (Table 1).
DISCUSSION
The GHG emissions generated in 2018 from the whole Castelporziano Reserve sectors were about 0.55 Mg CO2e hectare−1. When including the agricultural soil and forest C-sinks in the CF assessment, the Reserve could be considered as an important CO2 sink that, in terms of net GHG emissions, in 2018 has stored about 3.7 Mg CO2e hectare−1, corresponding to a total of about 22,000 Mg CO2e removed from the atmosphere.
To successfully implement a green marketing strategy that engages the final consumers (tourists in this case) and makes it easier to understand the Reserve’ progress towards the environmental targets, the organizations need to effectively communicate and report their current achievements and future GHG reduction commitments. In this context, the GHG reporting standards defined by the ISO 14064–1, which propose to relate the GHG emissions and removals at organization levels (i.e., occurring within the system boundaries), are an effective way to communicate the progress achieved toward the sustainability. Nevertheless, this type of reporting becomes less suitable when comparing GHG emissions and removals generated by NPs characterized by different sizes. For this reason, in this paper, the GHG results were presented referring also to one representative hectare of the Reserve, a reference unit that lends itself well to cases where GHG comparations between parks different in size are needed.
According to Villalba et al. (2013), a different referring unit (i.e., GHG emissions/visitor-day) could potentially reflect better the annual CF, and the efficiency of the NPs in servicing the tourists. However, it is also true that, because of its potential large year-to-year variability, the application of this unit could fail in representing the effectiveness of specific mitigation strategies implemented during the year. Therefore, although other referring units can be developed and integrated to the one proposed by the ISO 14064–1, the authors agreed that the organization-level and the representative-hectare are the most effective in communicating the environmental goals and in comparing GHG results, respectively.
By providing both a general and a detailed picture of the GHG annually emitted by a system embedding a wide range of physical, chemical, and biological activities, the methodological approach proposed in this study has proved to be suitable in evaluating the CFs of such complex environments. Although characterized by different sizes and incidence, the sectors (e.g., residential, agriculture, public transportations, offices, etc.) included in the CF of the Reserve can be treated similarly to other systems different from NPs. Indeed, due to their analogies, the methodological approaches and the guideline proposed in this study could be suitable also for an estimation of the GHG sources/sinks, which are normally associated with cities and/or productive districts.
Greenhouse Gas Emissions From Direct Sources
When looking at the possible mitigation strategies that could be implemented, the direct GHG emissions are the ones where organizations should focus more considering the larger control exercised on them. However, in the specific case of the Reserve, where the main direct GHG emissions sources have biological origins (i.e., enteric and soil emissions), the reduction strategies need to consider complex interactions between climate, soil, and livestock in order to be really effective.
The losses in gross energy intake associated with the enteric methane of cattle resulted in a consistent contribution (19.4%) to the overall Reserve GHG emissions (Vitali et al., 2018). In pasture-based cattle farming like that investigated in this study, the adoption of adequate pasture management combined with the provision of high-quality hay (when grazing is not feasible) could potentially reduce the enteric CH4 emissions. The lignin content of the forage, which increases during plant maturity, is an aspect that severely affects enteric methane production by reducing plant digestibility and altering nutrient density (Thompson and Rowntree, 2020). Therefore, harvesting forage at an earlier stage of maturity is a practice that could effectively contribute to the reduction of this GHG emission source.
As concern the pasture management instead, the adoption of continuous grazing systems could potentially lead to overgrazing issues, which in turn could reduce plant diversity and increase undesirable or low-quality forages (Thompson and Rowntree, 2020). On the contrary, low-to-moderate grazing density prolonged for a limited time (i.e., rotational grazing) can directly stimulate biomass regrowth, carbon sequestration, and better land utilization (Byrnes et al., 2018). Indeed, the more uniform nitrogen excreta distribution resulting from greater control of the stocking density and grazing duration has been demonstrated to reduce soil N2O emissions (Eckard et al., 2010).
Greenhouse Gas Emissions From Indirect Sources
The out-boundary transports represented about 19% of the overall annual Reserve CF and more than 50% of the total indirect GHG emissions. Generally, within the sectors where transports are the biggest source of GHG emission, exploring a flexible way of working, and engaging people (e.g., tourists, workers, and employees) in reducing travel and commuting, could represent a good mitigation opportunity (McKinnon and Piecyk, 2012). This source of emission is a complex task to reduce and can only be accomplished with the agreement and participation of the stakeholders. For example, the organizations can encourage the use of public transport by offering free shuttle bus from nearby stations to their offices, or a discount on the entrance ticket to the tourists that reach the park using sustainable transports (e.g., public transport, electric vehicle, bicycle, etc.).
The Reserve’s electricity consumption accounted for 16% of the Reserve’s indirect GHG emissions. In this regard, a greater use of energy-saving light bulbs (e.g., in the office, museums, etc.), an optimal thermostat temperature setting of the air-conditioning in the office rooms (Mardookhy et al., 2014), or the switch to a totally renewable energy supply (Amponsah et al., 2014), are just some examples that could be effective in reducing the overall contribution of this scope. However, to reliably quantify the effectiveness of these sector-specific GHG mitigation strategies, attention shall be given to the inventory data collection.
In this context, an effective data lifecycle management based on the digitalization of the key input and output data could help NPs in both keeping track of the information that might make a significant difference in terms of environmental performance and in evaluating the effect of minor sector-specific mitigation strategies that otherwise could remain undetected. In presence of detailed and granular data (e.g., out-boundary distance driven, type of meals, number and type of lighting bulbs, etc.) it becomes then possible to quantify the benefits of equally detailed and granular mitigation strategies (e.g., a more efficient commuting, pattern diet shifts, greater use of energy-saving light bulbs, etc.). This is especially important when assessing those activities resulting in a significant contribution within each sector.
Carbon Sinks
The incidence of the forest sector on the overall Reserve’s CF becomes extremely significant when considering the related GHG sinks dynamics. Indeed, the forest plays a strategic role in carbon balance (Nunes et al., 2019), and protected natural areas can be effective in both preventing conversion of land uses and implementing mitigation strategies. For instance, providing sufficient time for forests to recover, reducing the intensity of each cut (Zhou et al., 2013), replacing dying or low productivity stands, protecting young sprouts from damage after harvest, and planting tree mixes that are more resilient (Bellassen and Luyssaert, 2014) are just some examples of managements that could help enhancing forest C storages.
Wildlife is integral to the life of the forest, and it is therefore normal for animals to feed there and leave signs of their presence. However, animals can cause damage to their environment, ranging from few minor depredations to severe ecological damage that reflects an overall imbalance. Wild boars are effective soil disturbers since, if soil conditions are favorable, they can root to a depth of 1 m (Tyler and Long, 2009). This bioturbation, by breaking up aggregates and aerating the soil, may have negative consequences for forest SOC stocks and can thus cause side effects for the global C cycle and climate change (Liu et al., 2020). Browsing (removal and consumption of young shoots) by cervidae (e.g., deer and fallow deer) is another problem that may affect forest regeneration (Moore et al., 2000), and then the aboveground C-sinks potential of trees. In this context, using a fencing system to prevent wild animals from reaching vulnerable areas is an effective way to prevent damage. Fencing can be permanent or temporary depending on the severity of the damage and seasonal patterns. Furthermore, a reliable census is crucial for any effective resource management or wild animal population control (Franzetti et al., 2012).
In terms of agricultural soil management instead, the adoption of less soil-invasive tillage practices could increase the current annual agricultural soil C-sink rates, which in turn could decrease the overall incidence of this sector on the total. In fact, a switch from the current Reserve’ soil tillage practices (i.e., 30 cm plowing) to no-tillage ones, showed a significant potential reduction (26%) of the GHG emissions arising from the beef cattle rearing (Grossi et al., 2020), which in turn has the potential to reduce the overall Reserve CF by about 8.5%.
CONCLUSION
To the best of our knowledge, the present study could be considered the first cradle-to-grave Carbon Footprint of a National Park. The proposed methodology is both feasible and suitable in terms of providing a granular picture of the main GHG emission sources and sinks of the Castelporziano Natural Reserve. Although anthropogenic activities such as agriculture and tourism are the main GHG sources within National Parks, mitigating solutions are possible to improve their sustainability. Moreover, the contribution to the C-sink of the protected natural areas may be considered strategic in planning adaptation and mitigation strategies at the country level.
The National Parks, by providing annual Carbon Footprint reports, may both effectively inform public opinion of their contribution to Climate Change and monitor the impact of the adoption of new specific mitigation policies. Finally, the guideline proposed in this paper could be the starting point for developing a widely accepted standard procedure to be followed to obtain environmental declarations (i.e., eco-labeling) for National parks.
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