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Abstract The need to reduce the expected impact of climate change, finding sustainable ways to
maintain or increase the carbon (C) sequestration capacity and productivity of agricultural systems,
is one of the most important challenges of the twenty-first century. Olive (Olea europaea L.)
groves can play a fundamental role due to their potential to sequester C in soil and woody
compartments, associated with widespread cultivation in theMediterranean basin. The implemen-
tation of field experiments to assess olive grove responses under different conditions,
complemented by simulation models, can be a powerful approach to explore future land-
atmosphere C feedbacks. The DayCent biogeochemical model was calibrated and validated
against observed net ecosystem exchange, net primary productivity, aboveground biomass, leaf
area index, and yield in two Italian olive groves. In addition, potential changes in C-sequestration
capacity and productivitywere assessed under two types ofmanagement (extensive and intensive),

Mitig Adapt Strateg Glob Change
https://doi.org/10.1007/s11027-018-9824-x

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s11027-018-
9824-x) contains supplementary material, which is available to authorized users.

* L. Brilli
l.brilli@ibimet.cnr.it; lorenzo.brilli@unifi.it

1 IBIMET-CNR, Via G. Caproni 8, 50145 Florence, Italy
2 DiSPAA, University of Florence, Piazzale delle Cascine 18, 50144 Florence, Italy
3 European Commission, Joint Research Centre (JRC), Directorate for Sustainable Resources, Land

Resources Unit, Via E. Fermi 2749, 21027 Ispra, VA, Italy
4 IVALSA-CNR, Via Aurelia 49, 58022 Follonica, GR, Italy
5 Dipartimento di Scienze Agrarie, Alimentari e Agro-ambientali (DiSAAA-a), Università di Pisa, Via

del Borghetto 80, 56124 Pisa, Italy
6 Unità di ricerca Cambiamenti Climatici, Sistemi ed Ecosistemi, Piazzale delle Cascine 18,

50144 Florence, Italy

http://orcid.org/0000-0001-7527-4573
http://crossmark.crossref.org/dialog/?doi=10.1007/s11027-018-9824-x&domain=pdf
https://doi.org/10.1007/s11027-018-9824-x
https://doi.org/10.1007/s11027-018-9824-x
mailto:l.brilli@ibimet.cnr.it
mailto:lorenzo.brilli@unifi.it


35 climate change scenarios (ΔT-temperature from + 0 °C to + 3 °C;ΔP-precipitation from 0.0 to
− 20%), and six areas across the Mediterranean basin (Brindisi, Coimbra, Crete, Cordoba,
Florence, and Montpellier). The results indicated that (i) the DayCent model, properly calibrated,
can be used to quantify olive grove daily net ecosystem exchange and net primary production
dynamics; (ii) a decrease in net ecosystem exchange and net primary production is predicted under
both types of management by approaching the most extreme climate conditions (ΔT= + 3 °C;
ΔP = − 20%), especially in dry and warm areas; (iii) irrigation can compensate for net ecosystem
exchange and net primary production losses in almost all areas, while ecophysiological air
temperature thresholds determine the magnitude and sign of C-uptake; (iv) future warming
is expected to modify the seasonal net ecosystem exchange and net primary production
pattern, with higher photosynthetic activity in winter and a prolonged period of photosyn-
thesis inhibition during summer compared to the baseline; (v) a substantial decrease in
mitigation capacity and productivity of extensively managed olive groves is expected to
accelerate between + 1.5 and + 2 °C warming compared to the current period, across all
Mediterranean areas; (vi) adaptation measures aimed at increasing soil water content or
evapotranspiration reduction should be considered the mostly suitable for limiting the
decrease of both production and mitigation capacity in the next decades.

Keywords Olea europaea . DayCent . Climate change .Mitigation . Productivity

1 Introduction

Olive (Olea europaea L.) can be considered the most representative tree cultivation across
Mediterranean countries. This agroecosystem plays a key role especially in marginal regions
with low productivity (mountainous or hilly areas), where high-value food commodities
contribute to maintaining a suitable income for local farming communities (Oxfam 2010;
Mohamad et al. 2013; Testa et al. 2014). Production systems encompass both traditional
rainfed olive groves, usually in mountainous or hilly areas, and intensive systems with the use
of irrigation and a high level of mechanization. Olive groves also provide several ecosystem
services such as environmental conservation, landscape ecology, biodiversity, and climate
mitigation (Sofo et al. 2005; Prabhakaran Nair 2010; Maselli et al. 2012).

Interest in olive grove response to climate change has recently been increasing because of
the ability of this system to sequester carbon (C) in soil and woody compartments (Nieto et al.
2010; Montanaro et al. 2018), associated with a widespread and economically worthwhile
cultivation in the Mediterranean basin. The significant warming associated with a 25 to 30%
reduction in precipitation expected over the Mediterranean basin (Giorgi and Lionello 2008;
IPCC 2013) may negatively impact both yield and C-sequestration capacity with detrimental
effects for both farmer income and climate mitigation potential.

However, because of the interaction among multiple drivers, understanding the level at
which climate change will affect the yield and C-sequestration capacity of olive groves is very
difficult. In rainfed Mediterranean environments, the magnitude of C-fluxes is particularly
associated with precipitation patterns and timing (Noy-Meir 1973; Chaves et al. 2002; Kwon
et al. 2008; Medrano et al. 2009; Jia et al. 2014; Brilli et al. 2016), while biomass production
and yield can vary based on the management adopted (e.g., irrigation vs rainfed, tillage vs no
tillage, grass cover vs bare soil) (Gucci et al. 2012; Nardino et al. 2013; Brilli et al. 2013,
Scandellari et al. 2016; Chamizo et al. 2017).
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Given the broad variability of systems (agroforestry stands, traditional groves, new inten-
sive orchards), environments (climate, soil characteristics), and managements, field experi-
ments for assessing olive grove responses under the whole range of conditions are challenging
and may likely require high investment costs.

These limitations may be overcome using simulation models that can investigate the
response of cropping systems under different soil, management (Smith et al. 2002; del
Grosso et al. 2005; Tonitto et al. 2007; Lugato et al. 2010, 2018; Sándor et al. 2016), and
climate conditions (Graux et al. 2009; Abdalla et al. 2010; Vital et al. 2013; Graux et al.
2013). Many of these tools incorporate a relatively complete array of physiological and
biogeochemical processes (e.g., plant growth, C decomposition, N transformation), which
allow computation of plant–soil ecosystem processes at different time and space scale
(Brilli et al. 2017; Ehrhardt et al. 2018). Although several biophysical and biogeochemical
models have been applied on forests and arable systems, only a few have been used on
olive groves (Alvaro-Fuentes et al. 2012; Gargouri et al. 2013; Lugato et al. 2014;
Moriondo et al. 2015); in addition, to our knowledge, no study has been conducted on
olive groves to simulate the net ecosystem exchange (NEE) and the net primary production
(NPP) at a daily step.

The main objective of this work was to assess the potential change in C-sequestration
capacity and yield of a typical Mediterranean olive grove under two types of management
(intensive and extensive), 35 climate change scenarios and 6 areas across the
Mediterranean basin (Brindisi (IT), Coimbra (P), Crete (GR), Cordoba (SP), Florence
(IT) and Montpellier (FR)), using the biogeochemical model DayCent (Parton et al. 1994,
1998). The model was first specifically calibrated and validated in two sites against eddy
covariance flux measurements and olive tree aboveground biomass and yield. In this
study, the NEE was used as indicator of olive grove C-sequestration capacity, and the
NPP as a proxy for yield. Potential change in C-sequestration capacity and productivity
were assessed using impact response surfaces (IRSs), with a focus on the two goals of the
Paris Climate Agreement: Bholding the increase in the global average temperature to well
below 2 °C above pre-industrial levels and pursuing efforts to limit the temperature
increase to 1.5 °C^ (UNFCCC 2015).

2 Materials and methods

2.1 Calibration and validation sites

Two olive groves located in central Italy were used as calibration/validation sites for the
modeling exercise. The sites were located in Tuscany, one of the most important olive
cultivation regions, thus to be considered highly representative of typical Mediterranean olive
groves.

1. Site 1 (Follonica, 42°56′N, 10°46′E) was used for model calibration (2010) and validation
(2011–2012) against eddy covariance data. The olive grove covers more than 6 ha with
over 1500 plants at 7 × 5 m spacing (low plant density) with average canopy height of
5.5 m, covering about 25% of the ground (Maselli et al. 2012). Olive leaf area index (LAI)
was equal to 1. Total fruit production was retrieved for the period 1999–2006 and 2010–
2012. Harsh weather conditions coupled with alternate fruit bearing caused unharvesting

Mitig Adapt Strateg Glob Change



in 2011. The soil has a clay-sand texture, pH of 7, and bulk density of 1.27 Mg m−3. The
available water content was estimated to range from 60 to 90 mmm−1. The local climate is
characterized by mild winter and high temperatures and prolonged drought periods during
summer. Total precipitation is around 600 mm year−1 on average with a typical
Mediterranean seasonal distribution (for details, see Brilli et al. 2016).

2. Site 2 (Venturina, 42°01′N, 10°36′E) was used to further validate DayCent model against
inventorial measurements. The olive grove (Olea europaea L. cv. Frantoio) was planted at
a density of 513 trees ha−1 in April 2003 at the University of Pisa experimental farm. The
soil is a Typic Haploxeralf, coarse-loamy, mixed, thermic (Soil Survey Staff 2010), 1.5 m
deep, with sandy loam texture (Gucci et al. 2012). Meteorological data were acquired
from a weather station located in the grove (Pessl Instruments GmbH, Weiz, Austria)
(Caruso et al. 2013; Caruso et al. 2014). The grove was divided into three randomly
distributed blocks, each consisting of three irrigation treatments: fully irrigation (100% of
ETc), deficit irrigation (46–48% of ETc), and rainfed. The aboveground biomass and LAI,
used for model validation, were determined for 2008, 2009, and 2010. For further details,
see Scandellari et al. (2016).

2.2 Alternative management scenarios across the Mediterranean region

To assess the impact of future climate variability on the current olive grove C-sequestration
capacity and productivity in the Mediterranean region, six representative areas were chosen:
Brindisi and Florence (Italy), Coimbra (Portugal), Cordoba (Spain), Crete (Greece),
Montpellier (France) (Fig. 1). For each area, two different agronomic scenarios and one soil
type were used (Table 1). Given the broad variability of timing and management inputs of this
agroecosystem, the two agronomic scenarios used in this study were built to generally reflect
traditional and modern-intensive cultivations, namely extensive (EXT) and intensive (INT).
The soil was built to reflect a well-balanced soil (medium texture) in order to simulate the best
soil condition for all sites (e.g., good water infiltration, aeration, moisture content). This
allowed the impact of only climate variability on olive grove C-sequestration capacity and
productivity to be pointed out, avoiding coupling effects with different soil characteristics
among sites.

2.3 Meteorological data and future climate scenarios

Three meteorological datasets were used: (i) ancillary measurements from the two local
stations (daily minimum (Tmin) and maximum (Tmax) air temperature, precipitation (P),
and global radiation) were used for calibrating and validating DayCent; (ii) data from the
European climate assessment and dataset (ECA&D) (www.ecad.eu/) archive were used for the
long-term climate characterization (1971–2000) of the six testing areas; (iii) 300 years of
synthetic weather data from the latest version (ver 5.5) of the weather generator LARS-WG
(Semenov and Barrow 1997; Semenov and Stratonovitch 2010) were used to create the
baseline scenarios (Tmax, Tmin and P) at daily time step for the six testing areas. These data
were then perturbed by increasing the daily Tmax and Tmin between + 0 °C and + 3 °C at 0.5
°C intervals (ΔT), and P between 0.0 and − 20% at 5% (ΔP) intervals. These temperature
increases are consistent with projections of the highest reference concentration pathway
(RCP8.5) from the multimodel ensemble CMIP5 datasets (Collins et al. 2013).
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2.4 Eddy covariance data acquisition and processing

The eddy covariance (EC) micrometeorological technique was applied to measure carbon
dioxide (CO2) and energy exchanges (i.e., sensible heat (H), and latent heat (LE))
between ecosystem and atmosphere (Baldocchi et al. 1996) at the Follonica site. The
EC station was installed in the central part of the olive grove to maximize spatial
coverage of measurements. The fast response sensors (i.e., a Metek USA 1 triaxial sonic
anemometer and a Licor 7500 open path infra-red CO2-H2O analyzer) were placed at 7 m
in height from the ground and about 2 to 3 m above the canopy. Data from sensors were
acquired at high frequency (20 Hz) and then stored on a portable laptop. Ancillary data
included half-hourly measurements of soil temperature from 5 to 20 cm (thermocouples J
and T types), air temperature and humidity (HMP45 Vaisala), global and net radiation
(CMP3 and NR LITE Kipp & Zonen), and rainfall (Davis 7852 rain gauge). All binary
files and meteorological data collected by the EC tower were stored on a data logger

Fig. 1 Ikonos Panel Sharp (IPS) image from Google Earth showing Mediterranean basin and the position of the
six test sites. Above and below the IPS image the 30-year climate courses (monthly maximum and minimum air
temperature (°C) and precipitation (mm)) are reported for each site. Source: Google Earth
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(Campbell CR10X) and then processed by the Eddy Pro® Software (https://www.licor.
com/env/products/eddy_covariance/eddypro.html). Final outputs from Eddy Pro®
consisted of NEE data at half-hourly resolution. These data were then processed using
Reichstein et al. (2005) (http://www.bgc-jena.mpg.de/~MDIwork/eddyproc/) in order to
partition the net flux into the main components, namely gross primary production (GPP)
and ecosystem respiration (Reco). For uncertainties correction, footprint analysis and
data coverage percentage see Brilli et al. (2016).

2.5 DayCent description, simulation setup, and run

DayCent, the daily time step version of the biogeochemical Century model (Parton et al.
1994, 1998), was designed to simulate soil C dynamics, nutrient flows (nitrogen (N),
phosphorus (P), sulfur (S)), and trace gas fluxes (CO2, CH4, N2O, NOx, N2) between
soil, plants, and the atmosphere (Parton et al. 1998, del Grosso et al. 2001a, b). The
model was used for the following reasons: (i) it takes into account the effect of tree
canopy cover on grassland production, N competition between the two vegetation layers,
and the effects of different agronomic practices (pruning, tillage, mowing, fertilization)
driving C-dynamics, thus resulting as a suitable tool for reproducing NEE and NPP in
complex ecosystems, including savannas; (ii) it is able to simulate the effects of elevated
CO2 and other global changes on net primary production, transpiration rate, and C/N
ratio in biomass, thus being a highly suitable tool for predicting the GHG mitigation
potential of different management systems under future scenarios (De Gryze et al. 2010).

Simulation set-up included weather, soil, vegetation, and management implementa-
tion. The weather variables included daily minimum and maximum air temperature,
precipitation, and solar radiation. According to the BERN-CC model for the A1B
projections at 2050, the CO2 concentration was set to 400 ppm for the baseline and
550 ppm for increased temperature scenarios. Soil characteristics were based on field
data collected within the test sites. The vegetation ecophysiological characteristics were
initially set according to default values found for Mediterranean mixed grass and
evergreen trees. Management practices for spin-up and current period were set to reflect
as closely as possible the historical and current land use, vegetation type, and manage-
ment. The spin-up for setting up initial conditions of the main state variables (e.g.,
carbon and nitrogen pool sizes) for calibration and test sites consisted of almost
2000 years of continuous forest (1–1924), followed by a low yield wheat monoculture
(1925–1951) and woody systems (1952–2010).

Once implemented, DayCent was calibrated and validated following three steps: (1)
sensitivity analysis to detect the most relevant parameters controlling the NEE and GPP.
The most sensitive inputs were identified manually changing one input parameter at each
run, thus determining the magnitude of changes in the outputs; (2) calibration of the most
important parameters identified with sensitivity analysis, minimizing the root mean
square error (RMSE) between observed and simulated data of daily NEE and GPP at
Follonica site for 2010; (3) validation against daily NEE and GPP at Follonica site for
2011 and 2012, aboveground biomass and LAI with three types of management for the
period 2008–2010 at Venturina (site 2) and yield at both sites for the period 1999–2012.
Yields were calculated using a potential harvest index of 0.35 on olive tree biomass
(expressed as dry matter, DM) (Villalobos et al. 2006). To limit the effect of alternate
bearing, yields were averaged over 2 years.
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2.6 Impact response surfaces

The impact response surfaces (IRSs) is a statistical methodology showing the response of
an impact variable to changes in two explanatory variables (here, precipitation and
temperature). These surfaces are built by plotting the results of first- and second-order
function (Lenth 2009; Wu and Hamada 2009) outcomes of the predictors to the response
variable changes. This methodology has been widely applied by several modeling studies
(Fronzek et al. 2010; Pirttioja et al. 2015, Ruiz-Ramos et al. 2018). In this study, IRSs
were generated using 100 years of outcomes at yearly and monthly time-step of four
variables (i.e. GPP, NEE, NPP and Reco) for each management and location. Only yearly
IRSs are reported here, while monthly IRSs were used to summarize the monthly tendency
of each variable to ΔP and ΔT changes. The monthly tendency was calculated identifying
the direction of the maximum variation rate (i.e., slope direction) from each IRS pixel to its
neighbors. IRSs were created using Brsm^ package (Lenth 2009) in the statistical software
environment R (http://www.R-project.org/).

2.7 Statistical analysis

Correlation coefficients (r) and root mean square error (RMSE) of observed and simulated data
were calculated to assess model accuracy. All statistics were applied at different time scales
(daily, 10 days, and monthly). Uncertainties associated to each average value were computed
as 95% confidence intervals assuming a Gaussian distribution. IRSs were used to assess
changes in yearly dynamics of productivity and C-sequestration capacity among the baseline
and different scenarios. The IRSs were built using the last 100 runs of the model for each
scenario considered, averaging the data across years.

3 Results

3.1 Climate trend

The six study areas reflected the typical climatic trend of a Mediterranean environment, with
clear differences in the long-term seasonal and annual regimes (Fig. 1). Average yearly rainfall
differed across sites: Coimbra (1005 mm) and Florence (880 mm) were the wettest, Crete was
the driest (471 mm). The other sites showed a yearly average of about 600 mm. The highest
rainfall was concentrated in spring (April–May) and late autumn (October–November).

The highest air temperatures were in July and August at Cordoba (average maximum of
36 °C) and Florence (average maximum of 31.2 °C), the lowest in January at Florence
(average minimum of 10.1 °C) and Montpellier (average minimum of 11.5 °C).

3.2 Model sensitivity

The sensitivity analysis indicated that the most relevant parameters controlling NEE and GPP
(derived from simulated NPP by using the NPP/GPP ratio reported by Zhang et al. 2009 for
shrub-evergreen ecosystems) resulted as being those related to plant production and water and
nutrient availability, plant density and canopy cover effect, C allocation to plant organs, and
decomposition processes. Once identified, these parameters were calibrated in a range derived
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from the literature, DayCent handbook (https://www.nrel.colostate.edu/projects/century/index.
php) and Zhoua et al. (2007) (Table S1).

For olive trees, the potential aboveground monthly production (PRDX(1)) was reduced
from 0.5 to 0.23. The optimum and maximum air temperature for biomass production and
growth were reduced from a default value of 27 to 23 °C and from 36 to 35 °C, respectively,
while the number of soil layers used to determine water and nutrients available for crop growth
was changed from 5 (30 cm soil depth) to 8 (75 cm). The biomass partitioning among the five
tree compartments (leaves, fine branches, large wood, fine, and coarse roots) was calibrated
changing the C allocation due to new production (fcfrac) and its response to water and nutrient
stress (tfrtc). The conversion factor from biomass to LAI was changed from 0.008 to 0.007
while the maximum C/N ratio in leaves was increased from 60 to 90. The maintenance
respiration for large wood and coarse roots was reduced from 0.01525 to 0.0045. Lastly, the
ratio between basal area and wood biomass (basfct), the parameter relating tree basal area to
grass N fraction (basfc2), the multiplier for the equation to dynamically compute the above-
ground herbaceous layer production in the absence of trees (sitpot), and the theoretical
maximum LAI achievable in a mature forest were set to reproduce the olive grove character-
istics (medium-low density, < 300 plants/ha).

For mixed grasses, the coefficient for calculating potential aboveground monthly produc-
tion (PRDX(1)) was set to 0.3. The optimum and maximum air temperature for grass growth
were decreased from 22 to 18 °C and from 34 to 26 °C, respectively. The number of soil layers
used to determine water and mineral N, P, and S that are available for crop growth were
increased from 2 to 4 (from 5 to 30 cm).

3.3 Model calibration and validation

The daily patterns of NEE and GPP simulated by the model at daily time steps during 2010
were very close to those measured in the field (Fig. 2, negative values indicate a C sink whilst
positive values indicate net CO2 emissions). Cumulative NEE simulated by the model for the
period March–December of 2010 (− 616 gC m−2 year−1) was only 5% lower than that
measured (− 647.2 ± 25.4 gC m−2 year−1), while simulated GPP (1190.2 gC m−2 year−1) was
almost the same as the measured value (1179 ± 25.7 gC m−2 year−1).

Model validation over 2011–2012 confirmed the capacity of the model to reproduce the C-
flux dynamics in the grove (Fig. 3a, b and Table 2). In 2011, the biggest differences between
simulated and measured fluxes were detected during early spring, when the model tended to
overestimate the NEE. Cumulated yearly NEE simulated by the model (− 384.7 gC
m−2 year−1) was higher than that measured (− 149.3 ± 13.2 gC m−2 year−1), while the simu-
lated GPP (897.7) was virtually the same as the measured one (875.8 ± 12.4 gC m−2 year−1). In
2012 (February–September), the model was able to simulate the measured daily GPP and NEE
pattern (Table 2). Cumulative simulated NEE (− 181.5 gC m−2 year−1) and GPP (494.5 gC
m−2 year−1) were 17 and 21% lower than that observed (i.e. − 218.3 ± 11.2 and 624.9 ± 13.1
gC m−2). Based on the whole study period, the simulated NEE (− 1182.2 gC m−2) and GPP
(2500.0 gC m−2) were very close to the measured values and always within the experimental
variability of measured data (Fig. 3a, b). The cumulated patterns over the whole study period
confirmed the good model performances at reproducing olive grove C-fluxes (Fig. 3c).

Model validation against LAI and aboveground biomass showed some contrasting results.
Aboveground biomass was well simulated by the model (Fig. 4a), with almost no differences
between simulated and measured data. By contrast, the simulated LAI reproduced the
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observed climate and management variations, but did not cover the whole variability range,
showing a flatter pattern compared to the observed (Fig. 4b). Lastly, the model was validated
against actual yields at Follonica and Venturina from 1999 to 2012. Statistics confirmed the
DayCent reliability in reproducing yields under different environmental (i.e., soil and climate)
and management conditions.

3.4 Impact response surfaces: net ecosystem exchange and net primary production
response

Under extensive management, the yearly mean values of olive grove NEE (Fig. 5a) showed a
continuous decrease of C-sequestration capacity from the baseline by increasing temperature
and decreasing precipitation, varying in magnitude among the sites. The highest NEE reduc-
tions were observed under the extreme climate scenario (ΔT = + 3 °C; ΔP = − 20%) for all
sites. Here, the lowest decrease was found at Coimbra (− 15%) and Florence (− 40%), the
highest at Cordoba (− 140%). The patterns of isolines differed among the sites. At Coimbra
and Florence, the wettest sites, the isolines were almost vertical, thus indicating the main role
of temperature in controlling NEE decrease. By contrast, at Brindisi, Cordoba, and Crete, the
isoline patterns suggested the main role of precipitation in controlling NEE decrease, while at
Montpellier, they indicated a similar relative importance of precipitation and temperature.

Fig. 2 Simulated (red line) and measured (black line) daily patterns of GPP (a) and NEE (b) in 2010. Vertical
bars represent 95% confidence interval of the mean
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Fig. 3 Simulated (red line) and observed (black line) daily pattern of GPP (a) and NEE (b) and cumulated
pattern (c) of simulated (dashed line) and observed (full line) GPP (red line), NEE (green line), and Reco (blue
line) during the period 2010–2012. Vertical bars represent 95% confidence interval of the mean

Table 2 Statistics (r and RMSE) of model calibration (2010) and validation (2011, 2012) reported for GPP and
NEE calculated for single years and over the whole period (2010–2012) using different time steps

GPP NEE

Year Time-step r RMSE r RMSE

2010 Daily 0.66 2.39 0.59 2.04
10 days 0.84 21.32 0.82 17.29
Monthly 0.87 61.51 0.87 50.50

2011 Daily 0.41 1.47 0.24 1.46
10 days 0.56 13.11 0.31 12.58
Monthly 0.74 35.79 0.44 34.82

2012 Daily 0.60 1.49 0.45 1.24
10 days 0.83 13.65 0.73 9.31
Monthly 0.92 42.69 0.86 25.55

2010–2012 Daily 0.60 2.00 0.46 1.74
10 days 0.78 17.39 0.66 14.51
Monthly 0.86 52.01 0.73 41.56
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Fig. 4 Simulated and measured. a Aboveground biomass (tDM/ha). b LAI. c Yield (tDM/ha). White and gray
diamonds were yields simulated at Venturina and Follonica, respectively
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The monthly pattern of NEE under baseline and three extreme scenarios (ΔT = 0 °C;ΔP =
− 20%, ΔT = + 3 °C; ΔP = 0% and ΔT = + 3 °C; ΔP = −20%) is reported below each IRS in
Fig. 5. These patterns showed that the highest C-uptake (usually in spring) occurred about 4 to
8 weeks earlier, depending on the level of air temperature increase, compared to the baseline.
The stronger effect of increased temperature was found during the growing season (i.e.,
March–October), when a strong C-sequestration reduction was observed. By contrast, in-
creased temperature contributed to a continuous C-uptake during winter, increasing NEE
compared to the baseline. While temperature increase played a key role in determining
variations in the monthly NEE pattern between baseline and the warmer scenarios, the rainfall
decrease was the key driver for C-uptake reduction, influencing the magnitude especially in
drier areas where the NEE turned into Reco during the summer. The joint effect of temperature
increase and precipitation decrease exacerbated both monthly pattern and magnitude of NEE,
resulting in an average C-sequestration loss of about 60% in all sites (Table S2).

The yearly mean values of olive grove NEE for intensive management (Fig. 5b) showed a
different pattern of C-sequestration capacity from the baseline by increasing temperature and
decreasing precipitation, compared to extensive management. A slight NEE increase between
+ 1 °C and + 2.5 °C was found at Coimbra, tending to decrease by reducing rainfall. A similar
pattern was also observed at Brindisi, Crete, and Montpellier, where the NEE was maintained
at the baseline value when temperatures were in a range between 0 and + 1.5 °C, 0 and + 1 °C,

Fig. 5 a IRSs of annual NEE in response to ΔT and ΔP changes and its monthly pattern under the baseline
(filled line, black circles) and three extreme scenarios (ΔT = 0 °C; ΔP = − 20%, ΔT = + 3 °C; ΔP = 0% and
ΔT = + 3 °C; ΔP = − 20%) under EXT. b IRSs of annual NEE in response of ΔT and ΔP changes and its
monthly pattern under the baseline (filled line, black circles) and three extreme scenarios (ΔT = 0 °C; ΔP = −
20%, ΔT = + 3 °C; ΔP = 0% and ΔT = + 3 °C; ΔP = − 20%) under INT
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and 0 and + 2 °C, respectively. However, a slight decrease was observed both reducing
precipitation and by approaching the extreme conditions (ΔT = +3 °C; ΔP = − 20%). The
highest NEE reduction compared to the baseline was observed at Cordoba (− 30%).

The monthly pattern of NEE still indicated that increased temperatures determined an
advancement of the spring C-uptake peak and a NEE reduction during summer. However,
under intensive management, the impact of increased temperature was highly compensated for
by irrigation, which totally offset the rainfall decrease and also maintained the current yearly
level of NEE. Irrigation was only unable to compensate for the impact of temperature on C-
uptake at Cordoba, resulting in a reduction of spring C-uptake and an increase of summer
respiration that tended to increase approaching the driest and warmest conditions. At Cordoba,
both monthly pattern and magnitude of NEE were further influenced by the joint effect of
temperature increase and precipitation decrease, resulting in a C-sequestration reduction of
about 34% (Table S2). The yearly mean values of olive grove NPP for extensive management
(Fig. 6a) showed a continuous decrease in productivity from the baseline, variable in magni-
tude among the sites by increasing temperature and decreasing precipitation. The highest NPP
reductions observed under the extreme scenario (ΔT = + 3 °C; ΔP = − 20%) was found at
Montpellier (− 70%), the lowest at Coimbra (− 6%), and Florence (− 15%). Cordoba and Crete
showed similar patterns and NPP reductions (− 60%). The IRSs showed different shape among
the sites.

Fig. 6 a IRSs of annual NPP in response to ΔT and ΔP changes and its monthly pattern under the baseline
(filled line, black circles) and three extreme scenarios (ΔT = 0 °C; ΔP = − 20%, ΔT = + 3 °C; ΔP = 0% and
ΔT = + 3 °C; ΔP = − 20%) under EXT. b IRSs of annual NPP in response to ΔT and ΔP changes and its
monthly pattern under the baseline (filled line, black circles) and three extreme scenarios (ΔT = 0 °C; ΔP = −
20%, ΔT = +3 °C; ΔP = 0% and ΔT = +3 °C; ΔP = − 20%) under INT

Mitig Adapt Strateg Glob Change



Similarly to the monthly patterns of NEE, temperature increase played a key role at
determining variations in the monthly NPP pattern between baseline and the warmer scenarios,
while rainfall decrease was the key driver for C-uptake reduction. Generally, the magnitude of
NPP decrease was lower than that observed for NEE, with the joint effect of temperature
increase and precipitation decrease causing an average NPP reduction of about 45% at all sites
(Table S2).

The yearly mean values of olive grove NPP for intensive management (Fig. 6b) showed a
different pattern of C-sequestration capacity from the baseline by increasing temperature and
decreasing precipitation compared to extensive management. A slight NPP increase by
increasing temperature was observed at Brindisi, Coimbra, and Montpellier. The highest
NPP increase was found at Coimbra (4%) when temperature increased between + 2 and +
2.5 °C. By contrast, the other sites showed a NPP decrease by increasing temperatures. Under
the extreme scenario, the highest NPP decrease was observed at Cordoba (− 15%) followed by
Florence (− 10%).

The monthly pattern confirmed that irrigation was able to compensate for the impact of
rainfall reduction as well as partly limit the effect of temperature increase on productivity,
allowing the current NPP level to be maintained in almost all sites. The highest yearly NPP
decrease was observed at Cordoba and Florence—the warmer sites—where the temperature
increase reduced C-uptake capacity during the whole growing season.

3.5 Global warming at + 1.5 °C and + 2 °C

Changes of NEE and NPP from the baseline to + 1.5 and + 2 °C warming and decreasing
precipitation were found over all Mediterranean areas using both types of management
(Table S3). These changes are described here considering only the current precipitation
level (Table 3), given the low confidence in rainfall changes (timing and amount) under
future scenarios (IPCC 2013). Under extensive management, the NEE strongly decreased
from baseline (− 4.83 tC ha−1 year−1, on average) by − 20.1 and − 25.9% on average,
under + 1.5 and + 2 °C ΔT, respectively. The highest NEE reduction at + 2 °C was found
at Montpellier (− 56.9%), the lowest at Coimbra (− 6.8%). Increasing temperature from
+ 1.5 to + 2 °C (Δ1.5–2 °C), the highest NEE decrease was found at Cordoba (− 11%)
and Crete (− 7.5%). The NPP showed a similar pattern to baseline (4.7 t C ha−1 year−1,
on average) at + 1.5 °C (− 8.5%, on average) and + 2 °C (− 10.9%, on average)
compared to NEE, with an overall decrease of 2.4%, on average. The highest NPP
reduction at + 2 °C was found at Montpellier (− 34.4%), the lowest at Coimbra (− 1%).
Increasing temperature by + 2 °C, the highest decrease was found at Cordoba, mostly
driven by the reduced production. Generally, under extensive management, all six
Mediterranean areas experienced a decrease in C-sequestration capacity and productivity
when temperature increased from + 1.5 to + 2 °C, and this was amplified when precip-
itation was reduced.

A similar pattern was observed for intensive management where, however, irrigation
strongly reduced the magnitude of warming impacts. Overall, the baseline NEE (− 8.28 tC
ha−1 year−1, on average) and NPP (6.55 tC ha−1 year−1, on average) decreased by 1.8 and 0%
at + 1.5 °C and 3.2 and 0.8% at + 2 °C, respectively. The highest NEE reduction at + 2 °C was
found at Florence (− 10.3%), while Coimbra experienced an increase of 2.6%. Increasing
temperature from + 1.5 to + 2 °C, the highest decrease was found at Florence (3%). The
highest NPP reduction at + 2 °C was again observed at Florence (− 6.4%), whilst Coimbra
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experienced a considerable increase (4.2%). Increasing temperature from + 1.5 to + 2 °C, the
highest decrease was found at Florence (1.9%).

4 Discussion

4.1 Model sensitivity, calibration, and validation

The most important parameters controlling plant growth and C-fluxes in DayCent were air
temperature thresholds (optimal and maximum), number of soil layers influencing water and
nutrient availability, and C-allocation within the different plant organs, in agreement with those
identified by del Grosso et al. (2011), Rafique et al. (2013), and Necpalova et al. (2015).
Concerning air temperature thresholds (Table S1), the calibration found the optimum and
maximum temperature for olive tree production at 23 and 35 °C, respectively. These agree
with studies suggesting the olive tree optimum in a 22–32 °C range, depending on the
cultivation area (Carr 2014) and maximum thresholds above which physiological efficiency
starts to reduce in the range 32–35 °C. More specifically, a considerable reduction in net
photosynthesis was indicated at temperatures above 35–38 °C (Bongi and Long 1987; Marra
2009), while heat stresses leading to very detrimental conditions for the species can be
observed when air temperatures exceed 40 °C (Carr 2014). Similarly, the optimum (18 °C)
and maximum (26 °C) air temperature used for grass production are consistent with several
native herbaceous species. The number of soil layers used to determine water and nutrient
availability was calibrated by increasing the root depth from 30 to 75 cm. This reflected the
findings by Rallo and Provenzano (2013), which indicated 0–0.75 m as the soil depth where
80% of roots are found. The biomass allocation was also consistent with results reported in the
literature: the simulated above/belowground ratio was 0.27, close to that (0.3) found for olive
orchard by Nardino et al. (2013); while the ratio between simulated growth and maintenance of
tree respiration (0.24) was similar to that reported by Perez-Priego et al. (2014) for olive trees.

The calibration allowed assessing the reliability of DayCent at reproducing C-dynamics of
the experimental olive grove (site 1), while the validation was needed for confirming that the
calibrated parameters well reflected the olive ecophysiology when model was applied over
different pedoclimatic and management conditions (site 2). The overall assessment of simu-
lated olive grove C-dynamics indicated a substantial agreement with observed data. The model
was capable of reproducing NEE, GPP, aboveground biomass, and yield under different
conditions. As expected, the main modeling discrepancies were found simulating short-term
C exchange fluctuations (del Grosso et al. 2011), while they were strongly reduced when the
time-scale was expanded. In this study, the major discrepancies were found in spring, when
agricultural practices such as tillage can modify both soil and ground vegetation, inducing
higher ecosystem respiration due to oxidation of soil organic matter by increased bacterial
activity (Pisante et al. 2015; Fiedler et al. 2016; Krauss et al. 2017), resulting in rapid changes
in C emissions that can lead to minor uncertainties in C-flux partitioning. For instance, in 2011,
the application of tillage in early spring in conjunction with a dry growing season (− 40%)
resulted in a prolonged period with lack of ground vegetation that may have reduced the
capacity of the system to uptake C. This condition was not well reproduced by the model,
where tillage induces changes on soil C and N emissions, water-filled pore space (WFPS), and
soil organic carbon (SOC) content (del Grosso et al. 2005; Álvaro-Fuentes et al. 2017; Weiler
et al. 2017; Wang et al. 2017), but it does not mimic the ground cover removal.
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4.2 Future climate scenarios and alternative management practices

The results indicated a progressive decrease in C-sequestration capacity and productivity
approaching extreme climate conditions, particularly when extensive management practices
were used. Extensive management is adopted in the majority of olive groves, with traditional
low-input plantations and wide plant density, few or no chemical inputs, no irrigation, and a
more intensive weed control by soil tillage. The lack of agronomic and, hence, potential
adaptation practices make the traditional groves highly responsive to climate variables. In fact
NEE and NPP changes were particularly affected by precipitation, since water availability is
the main limiting factor for vegetation activity in Mediterranean environments. In this study,
the lower amounts of spring rainfall were at Crete (100.3 mm), Brindisi (136.4 mm), and
Cordoba (139.8 mm), but the higher NEE decreases were observed at Cordoba (− 120%),
Crete (−8 0%), Montpellier (− 60%), and Brindisi (− 50%). This situation, which disagrees
with the findings by Brilli et al. (2016), can be explained by the effect of air temperature
exceeding the ecophysiological threshold determined for the species. When air temperature is
above the maximum threshold at which photosynthesis takes place, physiological
photoprotection mechanisms tend to decrease C-uptake until the system turns into a C-source,
reducing yearly NEE and NPP (Camarero et al. 2012; Song et al. 2014). This decrease was
considerable at Cordoba, where observed maximum mean monthly temperatures in July and
August exceeded 35 °C, which is reported as the critical threshold above which olive tree
production is reduced (Bongi and Long 1987; Marra 2009; Carr 2014). By contrast at Crete,
where spring rainfall was lowest, the lower average monthly maximum temperature compared
to Cordoba allowed a small but continuous C-sink even during the warmer period (i.e.,
summertime).

Increasing temperatures generally decreased NEE and NPP in all areas. This trend, varying
in magnitude among the sites, was mainly associated with changes in seasonal activity (Figs. 5
and 6). The highest peak of NEE and NPP, usually observed in spring, was anticipated by
about 4–8 weeks—depending on the level of air temperature increase—compared to the
baseline. The peak also resulted as lower in magnitude since the optimum for olive groves
shifted in a period when temperatures tend to rise quickly, thus shortening the period of highest
vegetation activity. Increased temperature also led to low but continuous photosynthetic
activity during winter. This pattern well reflected the reduction in the occurrence of winter
photoinhibition and frost damage due to increased minimum temperature (Ogaya and Penuelas
2003). By contrast, increased temperature during summer may affect a wide number of
metabolic processes such as respiration, meristem initiation, water transport, and phenology,
including photosynthesis (Battaglia et al. 1996; Atkin and Tjoelker 2003; Ghannoum and Way
2011), resulting in a strong decrease of NEE and NPP compared to the baseline. Despite olive
trees being able to survive under very dry conditions, thanks to ecophysiological mechanisms
such as their inherent capacity to uptake water at high water potential and control stomata
closure (Bongi et al. 1987; Fereres et al. 1996; Gucci and Caruso 2011; Sorrentino 2001),
severe heat stress can lead to photosynthesis inhibition for prolonged periods (Fereres et al.
1996; Sorrentino 2001). When air temperatures are well above the critical threshold for
photosynthesis, the respiration peak is found jointly with the starting point of photosynthesis
decline, leading to minimum carbon gain (NEE) and reduced growth potential (NPP) (Lloyd
and Farquhar 2008; Ghannoum and Way 2011). This is typical of Mediterranean species such
as olive trees living close to their optimum temperature range (Saxe et al. 2001; Lloyd and
Farquhar 2008; Wertin et al. 2011).
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Intensive management is generally used in olive groves to obtain high yields and maximum
revenue. Under intensive management, irrigation plays a key role as it can reduce the compe-
tition between ground and tree vegetation for water and nutrients, thus maximizing the
photosynthetic efficiency of the whole system (Villalobos et al. 2000; Tognetti et al. 2005).
Under the simulated warming scenarios, this agronomic practice was able to compensate for
NEE and NPP decrease in all rainfall reduction intervals over almost all areas. The only
exception was Cordoba, where a yearly decrease of NEE (11.6%) and NPP (9.1%) was
observed at ΔP = − 20%. This decrease was mainly associated with low production during
the period March–May (Fig. 6), suggesting the need to lengthen the period with no irrigation in
those months. In the worst warming scenario, irrigation was unable to maintain the current level
of NEE and NPP in sites with warmer summer temperature (i.e., Cordoba and Florence);
however, it almost totally compensated for NEE and NPP losses in all other sites, also resulting
in a slight increase in C-sequestration capacity and productivity at Coimbra (Table S2). Despite
irrigation playing a fundamental role for limiting losses or maintaining current NEE and NPP
levels, this agronomic practice is not economically viable. Currently, 50% of water consump-
tion in the Mediterranean basin is for agriculture, with higher amounts in the driest regions (up
to almost 90% in Syria, Egypt, Cyprus, and Greece) (FAO2015). Future warming is expected to
lead an increase in water use, with detrimental impacts especially in the hottest and developing
sub-regions (Faurès et al., 2002), further exacerbated by related environmental issues such as
groundwater over-exploitation and salinization (Souissi et al. 2013). For instance, about 85% of
all water is consumed to produce food in Spain (Garrido et al. 2010); therefore, full irrigation in
regions where olive grove cultivation is widespread (i.e., Andalusia) could add significant
pressure to water basins (e.g., Guadalquivir basin) (Salmoral et al. 2011). Other concerns relate
to farming system locations and information availability. For instance, in Italy, olive groves are
usually cultivated on hilly and marginal areas far fromwater basins, making the use of irrigation
difficult; moreover, information related to water supply timing and amounts should be more
diffused and easily accessible. These issues raise important questions about the irrigated olive
grove sustainability and its related business (e.g. transformation costs, selling price). Tools able
to assess the olive grove response to water supply are needed to improve the knowledge on
irrigation timing and amount, thus increasing its efficiency and reducing the overall costs. The
potential of such tools should be exploited especially in the driest areas such as Cordoba, where
expected changes in the olive grove ecophysiological pattern would be better addressed by
scheduling the right amount and timing of water supply.

A comprehensive overview of the climate impacts at the two-headed temperature goals
provided by the 2015 Paris Agreement is missing for several agroecosystems. In this study,
results showed that moving from 1.5 to 2 °C could strongly impact olive groves. An overall
increase of 2 °C can easily drive physiological temperatures above the maximum threshold
indicated for the species (35 °C) in several Mediterranean areas. As shown, this increase would
reduce the C-sequestration capacity and productivity of the whole system, especially during
summertime. Under this condition, detrimental effects would be conceivable on ecosystem
services such as reduced mitigation capacity (Brilli et al. 2016), increased presence of
pathogens (Ponti et al. 2014), and reduced yield (Tupper 2012). Future warming may also
lead to indirect losses in the olive oil and table olives market due to changes in product quality
(Tupper 2012; Dag et al. 2014; Ponti et al. 2014; Ozdemir 2016). Although these issues can be
partly compensated for by irrigation, the costs for its planning, systems building, and use (i.e.,
energy) would not be viable for the major grove areas, traditionally marginally located, and
managed with low inputs.
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This study has been focused on Mediterranean basin, a strategic economic, cultural, social,
and environmental area touching three continents (Europa, Asia Africa). This area, projected to
be more threatened by climate change, is globally the major where olive producers are located.
Decreased olive grove mitigation capacity over the basin can more rapidly lead to warmer
climate which in turn would require more adaptation. This should be focused especially to
practices aimed at increasing soil water content or reducing evapotranspiration such as
irrigation, grass cutting, mulching, etc. (Zhang et al. 2012; Andersen et al. 2013), which
may play a key role at maintaining a suitable level of production and mitigation capacity in the
next decades. These practices can allow the inter-linkages between mitigation and adaptation,
which are essential and should not be considered as alternatives to each other but rather the
best way to maintain a suitable level of production by reducing greenhouse gas emissions
(Smith and Olesen 2010). Adaptation, however, would result in an increase of costs both to
keep warming below the two degree target foreseen by Paris agreement (mitigation costs) or to
reduce productivity losses (adaptation costs). Also, given the changed food demands and diets
of the consumers, this cultivation is increasing attention within the global market (Xiong et al.
2014) and therefore impacts on these agro-ecosystems, especially when managed excluding
any adaptation strategy, may have huge economic and social implications not only continental
but also global.

5 Conclusion

The use of DayCent allowed CO2 and energy fluxes to be investigated at a daily time scale
thanks to the model’s capability to reproduce the effect of tree canopy cover on grassland
production, N competition between the two vegetation layers, and the effects of different
agronomic practices driving C-dynamics. These abilities, used to improve the understand-
ing of the responses of olive grove NEE and NPP to different environmental and anthropic
factors in six Mediterranean sites, indicated a progressive decrease of uptake and produc-
tivity of olive groves approaching extreme climate conditions, particularly when extensive
management was adopted. This decrease was also found to accelerate between 1.5 and
2 °C across all Mediterranean areas, confirming the findings of the IPCC AR5 Working
Group 2 RFC assessment. However, adaptation measures devoted to soil water content
increase (i.e., irrigation) can strongly reduce the decrease of both production and mitiga-
tion capacity.

Despite the DayCent model resulted to be a suitable tool for assessing the mitigative
and productivity response of a Mediterranean olive grove ecosystem under future climate
and different managements, further improvement of its structure is still needed. For
instance, there is still an open debate about the sensitivity of SOC decomposition to soil
increase temperatures, which cannot properly account in current first-kinetic models. In
addition, other climate change impacts are not at all considered, such as the occurrence of
pests and diseases on productivity. This latter aspect would be fundamental especially for
predicting changes in risks of pathogens under future scenarios, where the expected
increase of temperature and the changed pattern of precipitation may modify the pathogen
presence and intensity (i.e., olive fly, olive knot, etc.) along the whole year. Finally, new
field experiments considering specific adaptation and mitigation strategies are recom-
mended to gain a broad overview about the role that olive groves can play under future
conditions as well as to improve the reliability of future projections.
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