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Abstract: Future climate change is expected to significantly alter the growth of vegetation in grassland
systems, in terms of length of the growing season, forage production, and climate-altering gas
emissions. The main objective of this work was, therefore, to simulate the future impacts of foreseen
climate change in the context of two pastoral systems in the central Italian Apennines and test different
adaptation strategies to cope with these changes. The PaSim simulation model was, therefore, used
for this purpose. After calibration by comparison with observed data of aboveground biomass (AGB)
and leaf area index (LAI), simulations were able to produce various future outputs, such as length of
growing season, AGB, and greenhouse gas (GHG) emissions, for two time windows (i.e., 2011–2040
and 2041–2070) using 14 global climate models (GCMs) for the generation of future climate data,
according to RCP (Representative Concentration Pathways) 4.5 and 8.5 scenarios under business-as-
usual management (BaU). As a result of increasing temperatures, the fertilizing effect of CO2, and a
similar trend in water content between present and future, simulations showed a lengthening of the
season (i.e., mean increase: +8.5 and 14 days under RCP4.5 and RCP8.5, respectively, for the period
2011–2040, +19 and 31.5 days under RCP4.5 and RCP8.5, respectively, for the period 2041–2070) and a
rise in forage production (i.e., mean biomass peak increase of the two test sites under BaU: +53.7%
and 62.75% for RCP4.5. and RCP8.5, respectively, in the 2011–2040 period, +115.3% and 176.9% in
RCP4.5 and RCP8.5 in 2041–2070, respectively,). Subsequently, three different alternative management
strategies were tested: a 20% rise in animal stocking rate (+20 GI), a 15% increase in grazing length
(+15 GL), and a combination of these two management factors (+20 GI × 15 GL). Simulation results
on alternative management strategies suggest that the favorable conditions for forage production
could support the increase in animal stocking rate and grazing length of alternative management
strategies (i.e., +20 GI, +15 GL, +20 GI × 15 GL). Under future projections, net ecosystem exchange
(NEE) and nitrogen oxide (N2O) emissions decreased, whereas methane (CH4) rose. The simulated
GHG future changes varied in magnitude according to the different adaptation strategies tested. The
development and assessment of adaptation strategies for extensive pastures of the Central Apennines
provide a basis for appropriate agricultural policy and optimal land management in response to the
ongoing climate change.

Keywords: grasslands; modeling; PaSim; climatic scenarios; aboveground biomass

1. Introduction

With an herbage production potential up to ~15 t DM ha−1 [1], grasslands contribute
significantly to global food security by providing fodder for ruminants used in the pro-
duction of protein-rich foods, such as meat and milk [2,3]. In Italy, grassland areas (i.e.,
permanent meadows and pastures) cover approximately 3.6 Mha [4], roughly 12% of the
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entire Italian territory, and are located mainly along the Alpine and Apennine mountain
ranges and on the islands [5]. Differing in climate and land use, factors that influence
productivity and botanical composition, Italian grasslands can be divided into three dif-
ferent biogeographic regions: Alpine, Apennine, and Mediterranean [6]. They are mostly
large-scale rainfed pastoral systems, with permanent pastures dominant in the mountains
and hilly areas and fodder crops also dominant in the Mediterranean region. Generally,
these systems provide forage for only short periods of time during spring and summer,
exhibiting great inter-annual variability in production [7,8]. With regard to mountain areas
(i.e., Alps and Apennines), grasslands are often located in areas with nutrient-poor soils
and/or extreme climate conditions that make vegetation growth, and consequently forage
production, reliant on seasonal dynamics [9]. Focusing specifically on Apennine mountain
pastures, forage quality is generally lower than in Alpine pasturelands [10], due mainly
to the great variability in pedo-climatic conditions that can be found along the latitudinal
gradient of Italy [11].

In addition to forage production, grasslands provide several other ecosystem services
important for human well-being, such as water and nutrient regulation and protection
from soil erosion [12–16]. Particularly important is the role that these systems can play
in climate-changing emissions [17], as they can stock/emit carbon dioxide CO2 [18,19]
and emit non-CO2 greenhouse gases, such as methane (CH4) and nitrous oxide (N2O) [20].
According to Guillaume et al. [21], soil organic C stock measured from surface to 50 cm
depth in permanent grasslands is approximately 7 kg C m−2, and evidence from European
grasslands shows that soil C sequestration rates can reach 0.77 g C m−2 yr−1 [22]. Compared
with other ecosystems, grasslands are, in fact, an important store of C [23], and management
(grazing in particular) is an important regulator of C and N fluxes [24]. Grasslands have
the advantage of potentially acting as C and N sinks, compared with croplands, and can
mitigate GHG emissions in livestock production systems, as C and N sequestration can
offset GHG emissions [17,25,26].

Pastoral resources in the Apennines during the last decades have shown fragility in
the face of changes induced by recent global warming. There was a shift in air temperature
distribution towards warmer values in all seasons (especially for minimum temperature,
while maximum temperature shows a more intense warming and a pronounced peak
in summer) since the 1980s, with an acceleration in the 2000s [27], and it is projected to
increase in the future [28]. In view of the expected increase in temperatures associated with
a decrease in precipitation during the summer period, forage production is assumed to
change in terms of quantity and quality [29,30]. Moreover, evolution of the distribution
of species in herbaceous communities and changes in the botanical composition of semi-
natural grasslands are highlighted [31]. In fact, rising temperatures and summer droughts
tend to promote the predominance of thermophilic communities or species more adapted
to xeric environments, which now grow in environments at lower altitudes, as was already
observed in the Alps [32] and Apennines [33,34].

In this view, simulation models, through the reproduction of system biophysical
processes, can help stakeholders in decision-making by assessing the impacts of climate
change and/or testing different management strategies under current [35,36] or future
scenarios [37–41]. In this context, appropriate management (e.g., stocking rate and graz-
ing period) can preserve grassland biodiversity, maintain socio-ecological systems, and
counteract the effects of climate change. On the basis of assessment of the previous liter-
ature, it can be said that a very small number of modeling exercises have examined the
effect of foreseen climate changes on pasture production characteristics in the Apennine
area [6], as almost all works have analyzed the effects on vegetation features and biodi-
versity, e.g., [42–44]. Therefore, the present research aims to analyze the expected effect of
climatic changes mainly from an agronomic perspective, providing an approach that can
be repeated in other contexts and that is aimed at evaluating the impacts on productive
features of forage resources and the possible adaptation strategies of some of the main
pasture management characteristics.
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This perspective forms the basis for the design and implementation of this study
initiated in 2020 on two pastoral farms in the Apennines territory of central Italy, based on
field observations and model-based simulations. Modeling the performance of pastoral
systems is helpful in defining management strategies that maximize pastoral production
and minimize environmental impacts [45]. Field data support the modeling exercises by
providing detailed on-farm information on the spatial and temporal variation of important
canopy state variables, which are often difficult to obtain [46]. Simulation results under
future climate change scenarios were the key tools for the design and assessment of the
analytical framework concerning climate change adaptation strategies, pivotal factors for
the conservation of grassland resources [47]. Based on the hypothesis that future climate
change will significantly affect extensive grazing systems of the Central Apennines, the
specific objectives of this study were: (1) to inform the modeling via calibration with field
data; (2) to use the calibrated models to project the impacts of climate change; and (3) to
assess a set of adaptation options for pastoral management identified locally.

2. Materials and Methods

The study was initially conducted by calibrating the grassland simulation model
PaSim [48] with observed data collected on two specific farms in the Italian Apennines
(Suite 1). The parameterization obtained was subsequently used, together with the climate
models, to simulate the impacts of climate change on grasslands (Suite 2). In parallel, a
sensitivity analysis was performed with specific attention to biomass production (Suite 3).
Finally, on the basis of the results obtained in the impact analysis, possible adaptation
strategies were identified and tested (Suite 4). A general outline of the methodology used
can be seen in Figure 1.
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model used for the analysis.

2.1. Study Sites, Experimental Layout, and Data Collection

The study considered two pastoral farms (Figure 2) located at different altitudes in the
Tuscan Apennines (Table 1), both managed under continuous grazing system of Limousin
cattle (Table 2).

The Marradi study site (M) covers more than 5 ha of upland sown pasture that tends
towards a re-naturalization, usually grazed from May to July. The Borgo San Lorenzo
study site (B) covers 30 ha of lowland sown pasture. For the purpose of the trial, Site B
was divided in 2020 into two differently managed sub-areas, B1 (approx. 10 ha) and B2
(approx. 20 ha). Specifically, in sub-area B1 the pasture was grazed by Limousin cattle from
April until the end of October, while sub-area B2 was managed under a mixed utilization:
mowed in May and grazed from June until the end of October.
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Table 1. Description of the study sites.

Description Unit Site M
(Marradi)

Site B
(Borgo San Lorenzo)

Location

Latitude (WGS84) degree N 44.08◦ 43.95◦

Longitude (WGS84) degree E 11.63◦ 11.35◦

Elevation m a.s.l. 600 200

Climate

Mean annual temperature 1 ◦C 12.4 13.4

Mean annual precipitation 2 mm 1330 990

Soil 3

Depth m 1 1

Clay % 37 37

Silt % 42 36

Sand % 21 27

Total organic carbon g kg−1 33.6 23.5

Total nitrogen g kg−1 3.0 2.5

Soil pH - 6.6 7.4

Bulk density g cm−3 1.29 1.44

Saturated soil water content m3 m−3 0.52 0.51

Field capacity m3 m−3 0.36 0.35

Wilting point m3 m−3 0.21 0.21

Dominant vegetation -

Dactylis glomerata, Lolium sp.,
Festuca arundinacea, Phleum
pratense, and Onobrychis
viciifolia, with other minor
forbs and a large presence in
some sectors of shrubs, such
as Rubus ulmifolius.

Lolium sp., Dactylis glomerata,
Trifolium pratense, Trifolium
repens, Lotus corniculatus, and
Festuca arundinacea, with other
minor forbs.

1 Site M: mean of 2016, 2017, and 2020; Site B: mean of 1951–2020. 2 Site M: mean of 2001–2020; Site B: mean of
2001–2020. Data collected from regional weather stations of Tuscany Region (SIR, Servizio Idrologico Regionale,
https://www.sir.toscana.it/index.php, accessed on 20 January 2023). Distance from sites <10 km. 3 1 m soil
profile mean.

Table 2. Management of the two study sites. Livestock Standard Unit (LSU) refers to a dairy cow
producing 3000 kg of milk per year, without additional concentrated feed (EC, 2008).

Management Unit
Site M (Marradi)

Site B (Borgo San Lorenzo)

B1 B2

2020 2021 2020 2021 2020 2021

Surface ha 5.4 10 20 10

Cut day of year - - - 125 -

Grazing
period

days of year
(start, end)

139–244 a;
244–267 b

135–176 a;
176–276 b

100–180 a;
186–300 b

100–145 a;
145–306 b

180–186 a;
186–300 b

110–145 a;
145–306 b

Stocking rate LSU ha−1 d−1 4.0 a; 3.4 b 3.3 a; 2.0 b 2.9 a; 1.0 b 1.5 a; 1.0 b 0.9; 1.2 b

a and b represent two distinctive grazing periods during the season in terms of stocking rate.

https://www.sir.toscana.it/index.php
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Figure 2. Aerial view of the study sites of Marradi (M, left) and Borgo San Lorenzo (B, right). Satellite
images of the sites were obtained from Google Earth.

Samples of aboveground dry matter (DM) biomass (AGB, kg DM m−2) and measure-
ments of leaf area index (LAI, m2 m−2) were collected during field surveys conducted in
spring/summer (2020 and 2021) at both sites and used for the modeling work (Table S1).
Field data were collected in 16 randomly arranged samples in an area of 1 m2 each (eight
in M, four in B1, and four in B2). The sampling position was changed from time to time,
taking care to choose areas that represented the general situation. The AccuPAR PAR/LAI
Ceptometer Model LP-80 (Decagon Devices, 2017) was used to measure LAI in each plot.

2.2. Climate Scenarios and Models

Daily-downscaled (bias-corrected) weather data were selected to map a broad range
of climate outputs for impact modeling [49] (Table S2).

In order to take into account the uncertainties of the different climate models in
the projected simulations [50], the outputs of an ensemble of models were considered
for the modeling exercise under the future scenarios RCP4.5 (intermediate scenario) and
RCP8.5 (extreme scenario). The climate change scenario ensemble included 14 members
deriving from the combination of 14 Global Climate Models (GCMs) downscaled to six high-
resolution (~0.12◦) Regional Climate Models (RCMs) in the framework of the Med-CORDEX
project [51]. Daily climate outputs (minimum and maximum temperatures and cumulative
rainfall) obtained from the 14 GCMs (available at https://www.medcordex.eu/index.php/,
accessed on 20 January 2023) were then bias-corrected over the study sites according to
Cornes et al. (2018) and Lange (2019) [52,53] in order to drive the relevant simulations in
future periods. Daily global radiation and relative humidity were retrieved from daily
temperature according to Bristow-Campbell [54] and the FAO Irrigation and Drainage
paper [55], respectively. CO2 annual concentrations (ppm) for past, current, and future
projections were calculated from the IPCC report [56].

2.3. The Grassland Model

The Pasture Simulation model (PaSim) was chosen for this study because it can
describe in detail the dynamic biogeochemical responses of a grassland system under
altered climate and management. Originally developed by Riedo et al. [48], PaSim simulates
the cycling of water, C, and N in grassland systems at a sub-daily time step (1/50th of a day)

https://www.medcordex.eu/index.php/
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or, as in this work, at a daily time step. Microclimate, soil biophysics, vegetation, herbivores,
and management practices are interacting modules. The simulations are not spatially
resolved (e.g., inhomogeneity is not taken into account) and input/output data are assumed
to be representative of the entire field. The assimilated photosynthetic C is dynamically
allocated to a root and three shoot compartments (each composed of four age classes)
or lost through animal metabolism (ecosystem respiration). Accumulated aboveground
biomass is cut, grazed, or relocated to the litter pool. Management includes the application
of organic and mineral N fertilizers, mowing, and grazing. Details on the model processes
are provided in published articles [57–61], which have contributed to the recognition of
PaSim as a suitable tool to reproduce biophysical and biogeochemical processes in managed
grasslands and its inclusion in international modeling exercises [17,62].

2.4. Simulation Design

The modeling work was performed in four simulation suites: Suite 1 with obser-
vational data (calibration), Suite 2 with projected climate change scenarios with CO2
fertilization effect (impact projections), Suite 3 with projected climate change scenarios
without CO2 fertilization effect (sensitivity), and Suite 4 with modified management under
projected climate change scenarios with CO2 fertilization effect (adaptation assessment).

For Suite 1, the simulations setup included weather, soil, vegetation variables and
management implementation in the studied years (2020 and 2021). The weather variables
included daily minimum and maximum air temperatures, precipitation, and solar radia-
tion. Temperature, precipitation, and wind speed data for 2020 and 2021 were collected
from the regional weather stations of Tuscany Region (SIR, Servizio Idrologico Regionale,
https://www.sir.toscana.it/index.php, accessed on 20 January 2023) located near the study
sites. Daily global solar radiation data were generated from the R package “sirad”, devel-
oped by Bojanowski et al. [63], based on the model of Bristow and Campbell [54]. The
soil data were extracted from the SoilgridsTM dataset (https://soilgrids.org, accessed on
20 January 2023), described in Poggio et al. [64]. The actual management practices (grazing
intensity and periods) are described in Table 2.

Model calibration was not applied separately to each site. The model was calibrated on
all datasets to obtain more realistic and robust parameter values for application on a larger
scale, as in Ma et al. [59]. The availability of detailed LAI and AGB data from two grassland
sites offered the possibility of a genuine (multi-location and multi-output) calibration of the
model, on the assumption that a unique calibration across sites is appropriate under these
conditions. We assumed that a common set of eco-physiological model parameters can be
established to simulate C3 grasslands (including grass, forb, and legume species) under
contrasting climatic and management regimes (e.g., Site M represents hill situations, and
Site B represents plain situations), while site-specific climatic and management conditions
provide the local drivers of actual grassland biomass and foliage production.

In particular, PaSim calibration (Suite 1) was performed against LAI and AGB data
collected in the years 2020 and 2021 by modifying the values of a set of parameters (Table S3)
to which model sensitivity was determined in previous studies [58–61]. Parameter values
were modified (with the generation of 1000 sets of values using the random Latin hypercube
method) within their plausible ranges [48] to ensure satisfactory performance, which is
a realistic representation of both outputs. The sets of parameter values resulting from
the model calibration were used to compare the PaSim outputs (AGB and LAI) with the
observations in each study site. The agreement between simulated and observed AGB
and LAI was assessed by inspection of time-series plots (fluctuations of output variables
over time) and numerically, through two performance metrics commonly used in model
evaluation [65]: relative root mean square error (best, 0 ≤ RRMSE < +∞, worst) and
coefficient of determination (worst, 0 ≤ R2 ≤ 1, best).

For Suites 2, 3, and 4, simulated pastoral outputs were obtained by forcing the
calibrated PaSim with the downscaled (bias-corrected) daily weather data described in
Section 2.2, Climate Scenarios and Models. Projected PaSim responses to climate change

https://www.sir.toscana.it/index.php
https://soilgrids.org
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forcing options were calculated on changes in a set of agro-ecosystem outputs related to
growing season length, fodder production, water cycle, and C-N fluxes (Table 3). At both
sites, we assessed the sensitivity of the grassland model to climate change (RCP4.5 and
RCP8.5 for the ongoing and mid-future periods) under business-as-usual (BaU) manage-
ment (Suites 2 and 3) and alternative management scenarios (Suite 4).

For Suite 2 (impact projections) and Suite 4 (adaptation assessment), grassland model-
ing results were obtained with a climate forcing based on atmospheric CO2 concentration
set at 363 ppm, on average, for the baseline scenario (near past: 1981–2010). In this way,
the year 2010 was taken as the end of the time horizon used in this study to emulate the
near-past climate, i.e., 30-year time span until the late 2000s, which includes the limit of
the historical period (1765–2005) of the atmospheric observations used to drive the climate
models [66]. Then, mean atmospheric CO2 concentrations were prescribed according to
the selected RCPs (middle impact: 4.5; extreme impact: 8.5) and timeframes (ongoing:
2011–2040; mid-future: 2041–2070): 431 (ongoing) and 523 (mid-future) mean ppm under
RCP4.5; and 438 (ongoing) and 613 (mid-future) mean ppm under RCP8.5. The results
related to the pasture system obtained in Suite 2 were then used in the choice of the possible
future adaptation strategies (e.g., increase or decrease in animal load and/or length of
grazing season).

For Suite 3 (sensitivity), any fertilization effect from the additional CO2 emitted during
the period from 2011 to 2070 was eliminated. What has been carried out here is, in effect, a
test of the sensitivity of PaSim to alterations in weather inputs, this exercise being ultimately
focused on understanding the grassland modeling process (not on assessing impacts of
climate change and elevated CO2).

Table 3. Climate change impact metrics.

Type Output Acronym Unit Description

Date

Growing season
start GSs

day of year (doy)

Day after seven consecutive days with a mean air
temperature ≥8 ◦C from 1 January onwards [67]

Growing season
end GSe Day after seven consecutive days with a mean air

temperature <8 ◦C from 1 July onwards [67]

Biomass peak
date BPd Day of the year with the highest value of

aboveground biomass

Count Growing season
length GS days Number of days between the GSs and GSe

Amount

Biomass peak BP kg DM m−2 Aboveground biomass value at the peak date

Aboveground
biomass AGB kg DM m−2 Aboveground biomass values

Net ecosystem
exchange NEE kg C m−2 yr−1

C-N fluxes (annual balance)

(These include emissions from ecosystem respiration,
RECO = plant + soil + animal respiration, as well as
estimates of the plant production of organic compounds
from atmospheric CO2 (GPP: gross primary production)
and other system variables: NEE = RECO - GPP, enteric
emissions of CH4 from grazing animals and N2O
emissions from the N cycle)

Methane CH4 kg C m−2 yr−1

Nitrous oxide N2O kg N m−2 yr−1

Soil water
content SWC m3 m−3 Annual mean of daily soil water content values (0.35-m

topsoil). In Supplementary Materials.
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3. Results
3.1. Climate Analysis

The monthly distribution of air temperatures at the two study sites (Figure 3), averaged
from the outputs of 14 climate models, showed an overall increase in temperature towards
the mid-future, similar for both sites, with the highest increases in summer (roughly +2.6 ◦C
at both sites under the warmest scenario) and the lowest in autumn–winter (roughly +2.1 ◦C
at both sites under the warmest scenario).
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Figure 3. Absolute change (◦C) in monthly mean air temperature (top graphs) and relative change
(%) of monthly cumulated rainfall (bottom graphs) generated in the two study sites with the RCM en-
semble (14 models) for two climate scenarios (RCP4.5, RCP8.5) and two periods–2011–2040 (ongoing)
and 2041–2070 (mid-future)—over the baseline period 1981–2010 (near past).

Analysis of simulated rainfall data (Figure 3) showed increases in the November-
March period relative to the baseline in both scenarios and sites (Site M: +3.1% and +5.1%;
Site B: +6.0% and +8.2%, for RCP4.5 and RCP8.5, respectively), while between April and
October there was a sharp decrease in rainfall at both sites (−7.0% and −8.9% at M and
−9.4% and −8.9% at B for RCP4.5 and RCP8.5, respectively).

3.2. Suite 1 of Simulations: Evaluation of the Model against Observed Data

AGB simulations (Figure 4, Table 4) indicate that estimates substantially reflect patterns
of vegetation dynamics (R2~0.70) although some departures from observed data are noted.
The RRMSE values (<15%), in particular, suggest that the model has strong predictive
ability for biomass production. This was also obtained with the LAI, with R2 < 0.50 only in
sub-area B1 of Site B, where the RRMSE of ~25% was acceptable.
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Figure 4. Simulated (blue line) and observed (red square dots) patterns of aboveground biomass
(AGB) and leaf area index (LAI) at Sites M (a), B1 (b), and B2 (c) for the period 2020–2021.

Table 4. Model performance for the two study sites (M: Marradi; B: Borgo San Lorenzo, sub-areas B1
and B2) based on two performance metrics: R2, coefficient of determination of the linear regression
between estimates and observations; and RRMSE (%), Relative Root Mean Square Error. AGB:
aboveground biomass; LAI: Leaf Area Index.

Output

Site M Site B

R2 RRMSE
B1 B2

R2 RRMSE R2 RRMSE

AGB 0.76 14.9 0.66 13.5 0.68 10.0

LAI 0.96 9.6 0.47 24.5 0.71 12.6

3.3. Suites 2, 3, and 4 of Simulations: Impacts of Future Scenarios, Sensitivity to Weather Inputs,
and Adaptation Strategies

For both sites, we assessed the response of the grassland model to climate change
(RCP4.5 and RCP8.5 for the ongoing and mid-future periods) with business-as-usual (BaU)
management (Suite 2) and to different management options (Suite 4). Multi-year mean
responses for growing season length (GS), biomass production (AGB), and biogeochemical
(C-N fluxes) were calculated. Sensitivity analysis was performed without the CO2 fertiliza-
tion (Suite 3) effect by observing future AGB trends over the season for the different RCPs
and time periods.
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3.4. Growing Season

Under the climate change scenarios, the estimated length of the growing season
increases at both sites because optimal thermal conditions for vegetation growth occur
earlier and later in the season. This leads to an earlier onset (GSs) and later end (GSe) of the
growing season (GS) in both sites, especially in the mid-future (i.e., 2041–2070) (Figure 5).
Specifically, for RCP4.5, GSs was advanced by 4 and 8 days, on average, in Site M and by 6
and 12 days in Site B for the periods 2011–2040 and 2041–2070, respectively. In addition,
GSe was delayed by 3 and 9 days, on average, for the periods 2011–2040 and 2041–200,
respectively, at Site M and by 4 and 9 days, on average, at Site B for the periods 2011–2040
and 2041–2070, respectively. The most pronounced differences from the baseline are visible
for the RCP8.5 scenario. Earlier onsets of 4 and 17 days for Site M and 11 and 15 days for
Site B under the periods 2011–2040 and 2041–2070, respectively, are accompanied by delays
in GSe (5 and 18 days for Site M and 8 and 13 days for site B under the periods 2011–2040
and 2041–2070, respectively).
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3.5. Aboveground Biomass

Figure 6 shows the AGB production patterns under BaU management in both sites for
the baseline and future projections, while the AGB patterns obtained with all alternative
management options can be found in the Supplementary Material (Figures S2–S5).
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The main differences in AGB patterns among alternative management and climate
scenarios were assessed from changes in peak biomass dates (BPd) and corresponding AGB
values (BP), which strongly influence stakeholders’ and farmers’ decisions in choosing the
most suitable periods for grazing.

With the baseline climate scenarios, PaSim reported peak biomass on days 138 (Site M)
and 157 (Site B). With the future climate scenarios, the model indicated the same BPd at
Site M (day 138) with both scenarios and time slices, as grazing starts on day 139, while
Site B showed a general delay in BPd, specifically 1 to 5 days in RCP4.5 and 3 to 10 days
in RCP8.5.

In the baseline scenarios, the peak biomass production (BP) is 0.13 (±0.03 standard
deviation) kg DM m−2 at Site M and 0.09 (±0.02 standard deviation) kg DM m−2 at
Site B. With the climate change patterns, PaSim estimated higher BP values with both
RCP4.5 (by 48.4 and 90.8% at Site M and 58.9 and 139.7% at Site B, for 2011–2040 and
2041–2070, respectively) and RCP8.5 (by 52.1 and 136.9% at Site M and 73.4 and 216.8%
at Site B, respectively), mainly due to the fertilizing role of CO2 in the selected emission
scenarios and the absence of sensible water deficits simulated by PaSim (Figure S1). With
respect to SWC, in fact, although the simulated patterns suggest that, with drier summer
conditions, grassland growth may be limited by some water stress in the future, differences
between the baseline and climate change scenarios are limited at both sites. In particular,
no significant changes in SWC are evident during the spring period, when plant growth
activity is the greatest.

To assess the effect of CO2 fertilization (Suite 3), we tested the same climate change
scenarios using the mean baseline CO2 concentration (i.e., 363 ppm recorded, on average,
during 1981–2010), showing that BP values under the baseline CO2 concentration did
not increase to the same extent as observed for the future scenarios with higher CO2
concentration (Figure 7). Specifically, compared with the baseline, the BP increased by 24.8
and 29.5% at Site M and 10.5 and 16.5% at Site B for RCP4.5 (for 2011–2040 and 2041–2070,
respectively) and by 25.2 and 50.0% at Site M and 15.4 and 27.0% at Site B for RCP8.5 (for
2011–2040 and 2041–2070, respectively).
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Figure 7. Daily simulation (30-year mean) of aboveground biomass (AGB) with PaSim for baseline
and climate change scenarios (no CO2 fertilization) under business-as-usual management at both
study sites.

Considering the results of Suite 2, alternative management practices (Suite 4) included:
(1) livestock grazing intensity increased by 20% (i.e., +20 GI); (2) extension of the grazing
period length by 15% (i.e., +15 GL), specifically 7 days earlier start and 7 days later end at
Marradi, 16 days earlier start and 16 days later end at Borgo San Lorenzo; (3) combination
of (1) and (2) (i.e., +20GI x 15GL). For the impact of adaptation strategies, the value of the
peak biomass obtained with alternative management practices (i.e., BaU and adaptation
management options) was compared with the peak biomass from business-as-usual (BaU)
management under the projected scenarios (Figure 8).
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by PaSim. Vertical bars are standard deviations.

According to model’s outputs, the aboveground peak (Figure 8) and the trends over
the season (Figures S2–S5), obtained using the different adaptation strategies, show that
future biomass availability will reach higher values when compared with the baseline, even
by increasing the animal stocking rate (i.e., +20 GI) and/or the number of grazing days (i.e.,
+15 GL or +20 GI × 15 GL).

3.6. Carbon–nitrogen Fluxes

Under current climate and management conditions, PaSim shows limited non-CO2
emissions at both sites, i.e., ~2 g C m−2 yr−1 for CH4 and 4.6–4.7 g N m−2 yr−1 for N2O emis-
sions, while the C exchanges reflect that both sites are sources of C (NEE ≥ 350 g C m−2 yr−1,
Table 5).

Table 5. C-N emissions (NEE: net ecosystem CO2 exchange; CH4: methane; and N2O: nitrous oxide)
from the two study sites (baseline climate), estimated (30-year mean with standard deviation) using
PaSim. The estimated components of the C budget (GPP: gross primary production; RECO: ecosystem
respiration) can be found in Supplementary Material (Table S4).

Site
NEE CH4 N2O

g C m−2 yr−1 g N m−2 yr−1

Site M 381.3 ± 245.6 2.2 ± 0.3 4.6 ± 3.4
Site B 350.1 ± 236.1 1.8 ± 0.2 4.7 ± 3.2

Heatmaps of the % differences between current conditions (i.e., baseline climate and
BaU management) and combinations of alternative climate and management scenarios
allow the impact of altered climate and management changes on gas emissions at the
two study sites to be assessed (Figure 9). For NEE, in particular, the PaSim heatmaps
show overall trends towards C uptake (more negative NEE values) in both study sites
by moving towards extreme climate conditions (i.e., RCP8.5 and time-frame 2041–2070),
with all management options. This reflects the AGB pattern (Figure 6) resulting from a
higher photosynthetic plant production from atmospheric CO2, even with increased animal
respiration under the option of increased livestock density (GPP and RECO values in
Table S4).
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Figure 9. Heatmap visualization of the relative differences (%) of the three main greenhouse gas
emissions (NEE: net ecosystem exchange; CH4: methane; and N2O: nitrous oxide), estimated using
PaSim, for alternative management and climate change scenarios compared with current climate and
management in the two study sites. OG: ongoing period, MF: mid-future period, 4.5: RCP4.5, 8.5:
RCP8.5, GI: grazing intensity; and GL: grazing length, 20: +20%, 15: +15%.

As for CH4 emissions, the PaSim heatmap indicates that emissions are higher with
the warmest scenario and as livestock density increases (up to <100%). Finally, the N2O
emissions estimated by PaSim tend to be lower under future climate and alternative
management scenarios.

4. Discussion
4.1. Model Parameterisation

The great deal of fundamental research incorporated into the mechanistic PaSim model
has ensured satisfactory estimates, which are also comparable to published grassland
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modeling studies [68,69]. This is relevant considering that simulations for grasslands are
generally less accurate compared with arable crops [70] since large uncertainties in biomass
and LAI measurements cause simulation of grassland vegetation dynamics to be difficult
to perform [67,71].

This was obtained with calibrated parameter values (Table S3) that do not deviate
substantially from those obtained in previous studies on continental and Mediterranean
grasslands. For instance, the maximum specific leaf area, slam = 27.2 m2 kg−1, is similar to
slam = 29 m2 kg−1 obtained in the Europe-wide calibration of Ma et al. [59]. Light-saturated
leaf photosynthetic rates for reproductive (pmco2rep = 12.88 µmol C m−2 s−1) and vegeta-
tive (pmco2veg = 9.49 µmol C m−2 s−1) stages are similar to the values obtained for Mediter-
ranean grasslands (pmco2rep = 14.0 µmol C m−2 s−1 and pmco2veg = 10.0 µmol C m−2 s−1)
from Pulina et al. [60]. The root and shoot turnover rates at 20 ◦C, kturnrt20 = 0.0155 d−1

and kturnsh20 = 0.0468 d−1, respectively, exceed those estimated by Pulina et al. [60] for
grasslands dominated by annual self-seeding plant species: 0.0144 d−1 and 0.0250 d−1,
respectively. With the obtained calibration, the shoot turnover parameter dwindled to
approximately 21 days (1/0.0144 d−1), which is lower than 40 days (1/0.0250 d−1), as in
Pulina et al. [60]. In fact, perennial plants tend to invest mainly in long-lived and competi-
tive adult individuals, and, consequently, shoot turnover tends to be faster in perennial
plants than in annual species, as the former allocate more resources for new leaf growth to
maximize photosynthetic efficiency [72].

4.2. Uncertainties in Climate Change Impacts and Adaptation Strategies

The adopted impact model was widely applied in various contexts [59,60,73,74], deal-
ing with multifaceted territorial and vegetation structures and extreme weather conditions,
which are often difficult to parameterize [75] due to the complex response of the vegetation
growth with respect to critical thresholds (e.g., air temperatures, water requirements, and
radiation use efficiency) for mixed plant communities [17]. In this study, PaSim represented
the effects of climate change and management options on the timing and extent of the
growing season and C-N fluxes, together with biomass production and peaks. The longer
growing season length was due to the extension of the potential growing season in both
spring and autumn, as already observed in grasslands during the last decades [76,77].
The mean plant growth trend simulated with the model (30-year means) mirrors the ob-
served pattern of vegetation growth during the growing season, indicating that the overall
pattern of response to elevated atmospheric CO2 concentration significantly stimulates
leaf photosynthesis [78,79]. Sensitivity analysis performed in Suite 2 highlighted this
fertilization effect of increased CO2 concentration simulated by PaSim; nevertheless, it
must be underlined that similar trends of increased aboveground biomass in both future
climate change scenarios and time periods are visible also with steady CO2 concentration
(i.e., baseline concentration, 363 ppm), albeit to a lesser extent. In addition, although a
down-regulation strategy can be useful to limit the effect of increased CO2 concentration on
plant growth [80], it is worth emphasizing that the production increases projected for the
mid-future (2041–2070) resulted in being particularly high when compared with a baseline
that reflects a situation of the near past (period 1981–2010). When compared, instead,
with the ongoing period (2011–2040), which reflects average aboveground biomass values
similar to the present and to the calibration period, the increases are smaller, comparable
to those found in other studies [81,82]. The CO2 positive effect is reflected in the higher C
uptake estimated by PaSim as a result of increased productivity, also with higher stocking
rates (i.e., higher C losses due to higher animal respiration), which confirms the increased
worldwide productivity of grasslands exposed to increased CO2 [83].

PaSim estimated increasing CH4 emissions and decreasing N2O emissions with climate
scenarios. The former logically reflects evidence that grasslands emit more CH4 at higher
temperatures [84]. Although the latter does not reflect the direct effect of temperature
on the enzymatic processes involved in N2O production, N2O emissions are controlled
mainly by soil properties and current soil N levels [85], which may have been reduced with
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increased plant demand due to higher biomass production under climate scenarios. This
increase in future biomass production, driven by the higher average annual GPP (gross
primary production), also led to a consequent decrease in simulated NEE over the years.

4.3. Consequences for Grassland Sustainability

Herders depend on pasture and water resources for their livestock and are among
the groups most vulnerable to climate change impacts in dry regions [39,86–89]. Although
there are reasons to be concerned, some impacts of climate change are expected to be
positive. Foreseen climate variability can be an opportunity for effective management,
as actions could be timed to the most effective conditions, and climate change could be
a motivation to develop a broader and more responsive and collaborative management
paradigm. We showed that increases in plant productivity and longer growing seasons
in central Italy may support more livestock and increase economic benefits. Rising air
temperatures simulated by climatic models, combined with increasing concentrations of
CO2 in the atmosphere in RCP4.5 and RCP8.5 scenarios, are expected to offer important
opportunities in terms of forage production for livestock systems in central Italy. This is
possible if future water availability is not a limiting factor, as stressed by various research
studies on grassland potential production [90]. Indeed, as seen from the results of climatic
models, precipitations are expected to decrease in the future, mostly in summer months
but not particularly in spring. The availability of water in the soil, therefore, does not vary
significantly over time and future climate change scenarios, as is visible from the soil water
content simulated by PaSim (Figure S1). These trends on future pasture productivity are
consistent with other studies, originating also from different geographical sectors. Already
in the understanding of Rounsevell et al. [91], it seemed unlikely that climate change
would have a negative impact on grasslands in England and Wales, while Riedo et al. [48]
predicted a positive effect on grassland productivity in central Europe. Additionally, in
the case of grasslands in the United States, pasture production is generally expected to
increase under projected climate scenarios [92]. Moreover, Morales et al. [93] predicted an
increase in grassland productivity in Europe, albeit with significant regional variability. In
this regard, it should be emphasised that the impacts of climate change on grazing systems
may be region-specific [94].

Adaptation strategies must face different and opposite effects on rangeland productiv-
ity, as already previously pointed out [95,96], and in some cases, it is foreseen that climate
change can produce a positive effect, being able to support greater livestock numbers [97]
and to lengthen the duration of the grazing season due to a higher herbage availabil-
ity early in the year [98]. In our study, we provided clues for increasing stocking rates
and extending grazing periods (mainly by putting animals out to pasture earlier) to take
advantage of the change in seasonality and increased forage production compared with
the baseline (1981–2010), especially in the mid-future (i.e., 2041–2070). The possibility of
having an earlier vegetative recovery that prolongs the duration of the grazing season
allows, along with the higher productivity assumed, an increase in animal density, and,
in this way, a biomass intake more consistent with the forage availability. Consequently,
these conditions allow a more efficient management of the resource [99] with less waste
and a more adequate stocking rate, a factor that ensures less degradation of the pasture
itself [100]. Results confirm these opportunities also comparing mid-future aboveground
biomass under adaptation strategies (peak and trend, Figures 8 and S2–S5) with those of the
ongoing period under BaU (i.e., 2011–2040), which is the condition most similar to the one
of calibration. In this view, it is, however, important to emphasize that in the simulation
of adaptation strategies, the model does not specifically consider the role of increased
animal stocking rate and/or duration of the grazing season on soil compaction, a condition
that may disadvantage forage quality, vegetation regrowth, and biodiversity [101,102].
In addition, warming and altered rainfall patterns may reduce the forage quality and
palatability of Italian grasslands [6]. Indeed, climatic changes, as well as land-use changes,
have already strongly modified the botanical composition, species distribution, and size of
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grasslands in the central Italian massifs since the 1950s [43]. The observed floral, ecological,
and structural variations confirm that grassland ecosystems in mountainous environments
in Italy have undergone a process of thermophilization, with an evolutionary trend to-
wards more nutrient-demanding vegetation [34,42]. Variations in vegetation composition
in response to increased competition for environmental factors indicate, at higher altitudes,
less displacement of plant species from higher slopes as well as dispersal of species from
south-facing to north-facing slopes, with greater presence of grass- and shrub-dominated
communities replacing rare and cold-tolerant species [103]. This reflects the narrower ther-
mal niche of mountain plant species, which makes short-term adaptation/acclimation more
difficult [104]. As a narrow thermal niche prevents plant species from adapting quickly to
high altitudes, site elevation explains the response of species richness to warming [105].
Indeed, although changes in species cover and plant community composition indicate an
accelerated transformation to more heat-demanding vegetation, this colonization process
may occur at a slower rate than the continued decline of cryophilic species, favoring periods
of accelerated species decline [106].

The analyses performed in this study identified the possible impacts of climate change
on a typical grazing system of the Apennines in Central Italy, highlighting future trends of
different system characteristics, such as length of the growing season, pasture productivity,
soil water conditions, and gas emissions, as well as possible alternative management strate-
gies in a context of future climate change. In fact, the results obtained in this study highlight
the potential of employing specific models for simulating the behavior of pastoral resources
under actual utilization and different future scenarios (i.e., RCP4.5 and RCP8.5), testing
adaptation management options. In this sense, the study has produced a significant step
forward compared with previous studies that analyzed climate change impacts on Apen-
nine grasslands, mainly with regard to the botanical evolution of the plant communities,
by providing insights on future agronomic conditions and possible adaptation strategies.
The modeling approach used has, thus, been demonstrated to be a useful tool to support
the management decisions that breeders will have to make in the near future.

5. Conclusions

The results of this study represent a step forward in the knowledge of the impacts of
future climate change on a typical pasture system in the central Apennines. Specifically,
this study fills a lack of information on future grassland development, as well as providing
detailed information on the length of the growing season, GHG emissions, water conditions,
and the effectiveness of different adaptation strategies in response to the increase in forage
production simulated by PaSim in future scenarios. In particular, the analysis of adaptation
strategies investigated possible management changes to cope with climate change impacts,
providing useful indications to stakeholders and policy-makers for appropriate agricultural
policy and optimal land management strategies for ongoing climate change.

However, while modeling approaches capture distinct aspects of the adaptive process,
they have done so in relative isolation from the use of other technological supports (e.g.,
remote sensing and precision farming) and participatory approaches, without producing
improved unified representations. As well, management options to sustain grassland
ecosystems under global change are many and need to be tested for their ability to maintain
or enhance resource values in the future. Social impact assessment studies are, thus, needed
to examine how the impacts, i.e., the effects of climatic anomalies on the performance of
Apennine pastures, propagate through the socio-economic and political systems. This type
of integrated approach, which would include the potential for adaptation and adjustment
to climate pressure, would reflect the reality of pastoral communities much better than
the modeling used and raises fruitful research questions regarding the vulnerability of
Apennine territories and their adaptive capacity.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land12020351/s1, Table S1: Aboveground dry matter biomass (AGB)
and leaf area index (LAI) collected in 2020 and 2021 in the two study-sites (sample mean and standard
deviation of eight sub-samples in Marradi and four sub-samples in Borgo San Lorenzo); Table S2:
Climate models used in this study, an indication of their origin (institute), version, realisation and
frequency. The suffixes i and p of each realisation (r) indicate the initialisation and physics indices,
respectively; Table S3: Summary of the PaSim parameters considered for the calibration; Table S4:
Simulated flux components (30-year mean) from the two study-sites for the baseline (1981–2010)
and climate scenarios (RCP4.5 and RCP8.5) under different management options, estimated using
PaSim (GPP: gross primary production; RECO: ecosystem respiration; NEE: net ecosystem exchange).
+20 GI represent a 20% rise in animal stocking rate, 15 GL a 15% increase in grazing length and
+20 GI × 15 GL a combination of these two management factors. RCP4.5 and 8.5 are the different
Representatives Concentration Pathways used in the simulations; Figure S1: Daily simulation (30-year
mean) of 0.35-m soil water content (SWC) with PaSim for baseline and climate-change scenarios under
business-as-usual management at both study-sites. RCP4.5 and 8.5 are the different Representatives
Concentration Pathways used in the simulations; Figure S2: Daily simulation (30-year mean) of
aboveground biomass (AGB) with PaSim for climate-change scenarios under different adaptation
strategies at Marradi site for 2011–2040 period. +20 GI represent a 20% rise in animal stocking
rate, 15 GL a 15% increase in grazing length and +20 GI × 15 GL a combination of these two
management factors. RCP4.5 and 8.5 are the different Representatives Concentration Pathways
used in the simulations; Figure S3: Daily simulation (30-year mean) of aboveground biomass (AGB)
with PaSim for climate-change scenarios under different adaptation strategies at Marradi site for
2041–2070 period. +20 GI represent a 20% rise in animal stocking rate, 15 GL a 15% increase in
grazing length and +20 GI × 15 GL a combination of these two management factors. RCP4.5 and 8.5
are the different Representatives Concentration Pathways used in the simulations; Figure S4: Daily
simulation (30-year mean) of aboveground biomass (AGB) with PaSim for climate-change scenarios
under different adaptation strategies at Borgo San Lorenzo site for 2011–2040 period. +20 GI represent
a 20% rise in animal stocking rate, 15 GL a 15% increase in grazing length and +20 GI × 15 GL a
combination of these two management factors. RCP4.5 and 8.5 are the different Representatives
Concentration Pathways used in the simulations; Figure S5: Daily simulation (30-year mean) of
aboveground biomass (AGB) with PaSim for climate-change scenarios under different adaptation
strategies at Borgo San Lorenzo site for 2041–2070 period. +20 GI represent a 20% rise in animal
stocking rate, 15 GL a 15% increase in grazing length and +20 GI × 15 GL a combination of these two
management factors. RCP4.5 and 8.5 are the different Representatives Concentration Pathways used
in the simulations.
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