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In the Mediterranean region, ecosystems are severely affected by climate variability. The

Italian Peninsula is a hot spot for biodiversity thanks to its heterogeneous landscape

and the Mediterranean, Continental, and Alpine climates hosting a broad range of plant

functional types along a limited latitudinal range from 40′ to 46′ N. In this study we

applied a comparative approach integrating descriptive statistics, time series analysis,

and multivariate techniques to answer the following questions: (i) do the climatic variables

affect Gross Primary Productivity (GPP), Reco, Water Use Efficiency (WUE), and ET to a

similar extent among different sites? (ii) Does a common response pattern exist among

ecosystems along a latitudinal gradient in Italy? And, finally (iii) do these ecosystems

respond synchronically to meteorological conditions or does a delayed response exist?

Six sites along a latitudinal, altitudinal, and vegetational gradient from semi-arid (southern

Italy), to a mountainous Mediterranean site (central Italy), and sub-humid wet Alpine

sites (northern Italy) were considered. For each site, carbon and water fluxes, and

meteorological data collected during two hydrologically-contrasting years (i.e., a dry

and a wet year) were analyzed. Principal Component Analysis (PCA) was adopted to

identify temporal and spatial variations in GPP, Ecosystem Respiration (Reco), WUE, and

Evapotranspiration (ET). The model outlined differences among Mediterranean semi-arid,

Mediterranean mountainous, and Alpine sites in response to contrasting precipitation

regimes. GPP, Reco, WUE, and ET increased up to 16, 19, 25, and 28%, respectively in

semi-arid Mediterranean sites and up to 15, 32, 15, and 11%, respectively in Alpine

sites in the wet year compared to the dry year. Air temperature was revealed to be

one of the most important variables affecting GPP, Reco, WUE, and ET in all the study

sites. While relative air humidity was more important in southern Mediterranean sites,
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global radiation was more significant in northern Italy. Our work suggests that a realistic

prediction of the main responses of Italian forests under climate change should also

take in account delayed responses due to acclimation to abiotic stress or changing

environmental conditions.

Keywords: forest ecophysiology, GPP, WUE (water use efficiency), rainfall variability, carbon flux and partitioning,

RECo2

INTRODUCTION

Air temperatures and rainfalls are among the major climatic
drivers of the terrestrial carbon cycle, and climate change
can strongly affect ecosystem processes such as photosynthesis
and respiration (Griffin and Prager, 2017). For instance,
drought stress induces stomatal closure and consequently
decreases photosynthesis (Osakabe et al., 2014). Global warming
is also associated with reduced soil respiration due to a
reduced microbial activity and root growth (Jensen et al.,
2003; Schlesinger et al., 2016). By means of the increase
in the occurrence of extreme heat and drought events, a
substantial drying and warming of ecosystems in Mediterranean
regions is expected (Gouveia et al., 2017; Paeth et al., 2017).
Different patterns of these changes are expected for the various
microclimates that characterize the Italian peninsula (Chelli et al.,
2017). Increasing mean annual temperature and a reduction of
precipitation (in particular snowfall) in summer and winter are
expected in both the Alpine and in the mountainous temperate
climatic zones (Gobiet et al., 2014). Increasing temperature and
an inversion of the precipitation annual pattern (lower in winter
and higher in summer) followed by a concurrent increase in
intensity and frequency of extreme events is expected for the
coastal Mediterranean area (Giorgi and Lionello, 2008). Spatio-
temporal variability in rainfall regimes affects ecophysiological
processes in a diverging way: on one side drought stress can
stimulate plant metabolism to acclimatize to water stress, driving
to enhanced plant respiration (Flexas et al., 2005; Bhargava
and Sawant, 2013). On the other side, precipitation pulses can
stimulate photosynthesis (Huxman et al., 2004; Wu et al., 2011)
and ecosystem respiration (Inglima et al., 2009). Water Use
Efficiency (WUE, the ratio of carbon gain by photosynthesis to
water loss by evapotranspiration) represents the link between
carbon and water cycles at a local scale and was considered for
a long time to be representative of plants’ water use strategies
(Donovan and Ehleringer, 1991). Earlier studies showed an
increase in WUE over the last decades in response to growing
CO2 concentrations, due to reduced stomatal conductance to
maintain the intercellular CO2 concentration at a constant level
(Yu et al., 2008; Pe-uelas et al., 2011; Keenan et al., 2013). WUE
for arid ecosystems showed a negative response to drought,
whereas WUE for humid ecosystems showed both positive and
negative responses to drought (Huang et al., 2017). A recent
study by Limousin et al. (2015) partly contradicts this paradigm,
demonstrating that a convergence in WUE response to drought
exists in plant species with different tolerances to drought. The
responses of variables such as WUE and, more generally, Gross
Primary Productivity (GPP), Ecosystem respiration (Reco), and

Evapotranspiration (ET) to weather variability and changes in
climate regimes at ecosystem level can be studied with the
eddy covariance technique. This technique provides high-time
frequency resolution carbon and water flux measurements,
allowing a reliable evaluation, at high temporal resolution, of
ecosystem GPP, Reco, ET, and WUE (Aubinet et al., 2012).
Earlier studies identified time-lags of months and years in the
response of GPP and Reco to environmental changes (Zhang
et al., 2014). Relatively few studies have focused on hours to day
delayed eco-physiological and ecological responses to weather
variability (Bréda et al., 2006; Incerti et al., 2007). The ecological
importance of these lagged responses was recently discussed and
experimental methods were proposed to fill this knowledge gap
(Detto et al., 2013; Montagnani et al., 2018). We took advantage
of an important anomaly observed in the Italian peninsula in
2014, marked by a very cool and wet summer, in particular
in the northern part of Italy, where monthly precipitations
in July were 84% above the mean for the years 1982–2013
(NIMBUS, 2015; Ratna et al., 2017), preceded by a moderately
dry year (2013), to test the following hypotheses: (i) Do the
climatic variables affect GPP, Reco, WUE, and ET to a similar
extent among different sites? (ii) Does a common response
pattern exist among ecosystems along a latitudinal gradient in
Italy? (iii) Is the statistical prediction of GPP, Reco, WUE, and
ET behavior improved taking account of both synchronic and
delayed vegetation responses to meteorological variables?

MATERIALS AND METHODS

Site Description
The study sites were selected as representative of a wide set of
ecosystems in the Italian peninsula and the island of Sardinia
from Mediterranean coastal to alpine sites, homogeneously
distributed from northern Italy to central-southern Italy, ranging
from 40◦ to 46◦N latitude, 7◦ to 13◦E longitude, and 20m to
2160m at the sea level (Figure 1). This combined latitudinal and
altitudinal diversification influences local climate regimes, soil
attributes, and the vegetation characteristics (Table 1).

The selected sites fall into three main climate classes:
Mediterranean semi-arid (Temperate with dry and hot summer,
Csa), Mediterranean mountainous (Temperate without dry
season, Cfa), and intra-alpine semi-continental (Continental,
without a dry season and with a cool summer, Dfc). The
vegetation at the sites is represented by maquis (shrubland
with densely growing evergreen shrubs), a holm oak forest,
a beech forest, a spruce forest, a subalpine grassland, and
a larch forest, for Capo Caccia, Castelporziano, Collelongo,
Renon, Torgnon grassland and Torgnon forest sites, respectively.

Frontiers in Forests and Global Change | www.frontiersin.org 2 May 2019 | Volume 2 | Article 16

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
https://www.frontiersin.org/journals/forests-and-global-change#articles


Conte et al. Forest Responses to Rainfall Variability

FIGURE 1 | Annual precipitation anomaly (%) observed in 2014 compared with the climatic average 1981–2010 method used for analysis of anomalies by Haylock

et al. (2008). The six experimental sites in Italy are reported in the map.

A detailed description and instruments used for each site is
presented in Supplementary Materials. The sites are equipped
with eddy covariance towers measuring CO2, H2O, and energy
fluxes between the ecosystems and the atmosphere. All the sites
considered in this study are part of the ICOS and/or Fluxnet
international networks.

Meteorology and Flux Analysis
Two years (2013 and 2014) of continuous meteorological and
flux data (30min. time resolution) measured at all sites were
considered in this study. Air and soil temperature (Tair and
Tsoil, ◦C), precipitation (P, mm), relative air humidity (RH, %),
global radiation (RAD,Wm-2), and soil water content (SWC, %)
were recorded every minute and averaged for 30min. intervals
with meteorological sensors. Flux measurement equipment was
installed on scaffold towers. Tri-dimensional sonic anemometers
were used to measure instantaneous wind speed and temperature
fluctuations. H2O and CO2 concentrations were measured with
an infrared gas analyser. Data were recorded at 10Hz for all trace
gases. For information on instrumentation models used in each
site and flux calculation routines, please see the references cited
in Table 1.

H2O, CO2, and latent and sensible heat fluxes were calculated
according to the eddy covariance technique (Aubinet et al.,
2012). In order to avoid any discrepancy in flux calculation
and partitioning that may arise from the use of different flux
processing routines, GPP (GPP, µmol (CO2) m−2 s−1), and
Ecosystem Respiration (Reco, µmol (CO2) m−2 s−1) were

calculated with the REddyProcWeb flux-partitioning tool based
on Reichstein et al. (2005). Ecosystem Water Use Efficiency
[WUE, g(CO2) kg

−1(H2O)] was calculated as the ratio of carbon
gain [GPP, g(CO2)] to water consumption [Evapotranspiration
ET, kg(H2O)].

Data Analysis
The investigated meteorological variables were Tair, Tsoil, vapor
pressure deficit (VPD), RH, SWC, RAD, and P. A mixed
analysis strategy grounded on exploratory multivariate statistics
(Principal Component Analysis, PCA), correlation techniques
and multiple regression models, was adopted in this study with
the aim to identify (and rank the importance of) a relatively
large number of contextual variables considered as candidate
predictors of the eco-physiological processes investigated here
(Colantoni et al., 2016). A comprehensive analysis strategy
including different techniques with less stringent normality
assumptions (Duvernoy et al., 2018) is particularly appropriate
to investigate a vast set of synchronic and delayed relationships
among environmental variables reflecting (apparent and latent)
ecological processes behind an ecosystem’s complexity and eco-
physiological response to climate variability. The use of PCA
is not a novel approach per sé, but it allows orthogonalization
of a number of contextual variables (i.e., predictors) identifying
only relevant, non-redundant variables that can be inserted in
a subsequent regression model. We preferred to use a two-
step procedure (PCA and block regression) instead of single-
step approaches, such as stepwise regression or partial least
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TABLE 1 | Main characteristics of the experimental sites.

Site Coordinates Elevation

(m a.s.l.)

Main species T (◦C) P

(mm)

LAI H (m) Soil

depth

(m)

Soil type Climate

(KGCC)

References

Capocaccia 40◦36’N 8◦9’E 74 Juniperus phoenicea

L., Pistacia lentiscus L.

15.9 588 2.8 0.93–1.43 0.3–0.4 Lithic

Xerorthent

Csa Marras et al., 2011

Castelporziano 41◦42’N

12◦21’E

19 Quercus ilex L. 15.2 805 3.4 12 0.45 Calcareous

Regosoil

Csa Fares et al., 2014,

2018.

Collelongo 41◦50’N

13◦35’E

1560 Fagus sylvatica L. 6.9 1,116 4.5–6.2 21.2 0.4–1 Humic Alisol Cfa Maesano et al.,

2017; Mazzenga,

2017; Nestola et al.,

2017

Renon 46◦25’N

11◦17’E

1735 Picea abies L. 4.7 809 5.1 29–30 0.6 Haplic

Podsol

Dfc Montagnani et al.,

2009; Aubinet et al.,

2010

Torgnon-

Forest

45◦49’N

7◦33’E

2100 Larix decidua Mill. 2.9 1,100 0.9 16.5 0.6 Arenosol Dfc Migliavacca et al.,

2008

Torgnon-

Grassland

45◦50’N

7◦34’E

2160 Nardus stricta L.,

Festuca nigrescens All.

3.1 920 2.8 0.18 0.8 Cambisol Dfc Migliavacca et al.,

2011b; Galvagno

et al., 2013

The KGCC is the Köppen-Geiger climate classification (Kottek et al., 2006).

square regression, because of the large number of redundant
variables (stepwise regression works better with a relatively low
number of redundant predictors) and the broad sample size
(partial least square regression is better for smaller sample sizes).
In other words, we used PCA as a preparatory analysis (Pili
et al., 2017), i.e., to prepare a redundant dataset to be used
as a non-redundant predictors’ dataset, having investigated the
latent, multivariate relationships among the original variables
within the dataset. More specifically, to take into account
the short-time (i.e., 3-day time window) delayed response of
GPP, Reco, and WUE to the investigated variables, partial
autocorrelations (PAC), i.e., the conditional correlation between
the time series x0 and its own lagged values x0+I, were
calculated for each dependent variable, site, and year. It was
arbitrarily decided to take account of the first 3 highest (positive
and/or negative) PAC coefficients shown by the resulting partial
autocorrelation function (Figures S1–S8). Under the hypothesis
that the selected PAC represents the response induced by one of
the independent variables, they were delayed according to the
lags corresponding to the selected PAC. Therefore, each dataset
was finally composed by the instantaneous variables and their
three delayed replicates (indicated with “_lag1”, “_lag2”, ”lag3”,
respectively), ranging from 30min to 48 h. Prior to multivariate
analysis, the standardization of all variables was applied to obtain
data with zero mean and variance equal to 1 with the aim
to make them comparable, regardless of the original unit of
measurement (Pili et al., 2017). Standardization was applied to
each observed value calculating z-scores by subtracting the mean
(µ) and dividing the result by the standard deviation (σ). To
reduce the number of variables, a PCA run, using a Spearman
non-parametric rank correlationmatrix as input data matrix, was

applied to the collected environmental variables (Salvati et al.,
2014). A non-parametric correlation PCA matrix instead of the

most traditional Pearson’s one-moment correlation coefficient

was adopted with the aim to analyse together linear and non-
linear correlations among variables. Only principal components
with absolute eigenvalues higher than 1 were considered in
subsequent analysis. The components’ loadings matrix (the
matrix that contains the correlations between the variables
and components) was used to identify which variable(s) was
(were) more strongly correlated with each extracted component
(Duvernoy et al., 2018). Variables with loadings > |0.4| were
considered in the subsequent analysis (Colantoni et al., 2016).
The scores of the selected principal components were used as
statistically-independent predictors in three models (using both
linear and quantile regressions) with standardized GPP, Reco,
and WUE as dependent variables, respectively. The resulting
models were:

GPP = β1PC1+ β2PC2+ β3PC3+ . . . + εi (1)

Reco = β1PC1+ β2PC2+ β3PC3+ . . . + εi (2)

WUE = β1PC1+ β2PC2+ β3PC3+ . . . + εi (3)

Where βi is the slope of the i-th principal component (based
on component scores) and εi is the model’s error for each
dependent variable. Comparison of the model’s outputs between
linear and non-linear (quantile) regression techniques allows
identifying specific functional forms characterizing the statistical
relationship existing between the dependent variable and the
predictors, contributing to reduce the impact of variables with
(more or less evident) deviations from normality on the model’s
results. To estimate the overall impact of environmental variables
on GPP, Reco, andWUE, a composite index was finally calculated
by multiplying the slope of the linear model covariates with the
absolute loading of each native variable on the selected principal
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components, in turn multiplied by the proportion of variance
explained by the same component (Salvati and Zitti, 2005)

Ii = βi × ρi × σ 2 (4)

Where Ii is the index measuring the impact of the i-th variable on
the dependent variable; βi is the i-th regression coefficient; ρi is
the correlation coefficient between the original variable and the
i-th principal component (PCi); σ 2 is the proportion of variance
explained by the i-th PC.

RESULTS

Dynamics of Climatic Conditions
Among Sites
The 2 years of study (2013 and 2014) were characterized by
markedly different rainfall regimes. Cumulative precipitation
registered in 2013 and 2014 were, respectively: 613 and 522mm
for Capo Caccia; 665 and 900mm for Castelporziano; 1,287
and 1,319mm for Collelongo; 834 and 1,400mm for Renon;
1,561 and 1,716mm for Torgnon-forest; and 1,044 and 1,085mm
for Torgnon-grassland. The year 2013 was drier than 2014
except for at Capo Caccia. A similar rainfall distribution was
observed in the precipitation anomaly map of 2014 shown
in Figure 1. Four study sites fell in an area characterized by
evident precipitation anomalies, indicating an increase of 9–39%
rainfalls except for Capo Caccia, where an opposite trend
was observed. At Collelongo, Torgnon-grassland, and Torgnon-
forest the precipitation anomaly was very limited, with 3, 4, and
9%, respectively. However, these three sites experienced higher
precipitations during the summer months in the wet year, with
an increase of 14, 31, and 30%, respectively. In accordance with
the observations described above, the year 2013 was considered
the “wet year” for Capo Caccia and the “dry year” for all the other
study sites; consequently, 2014 is the “dry year” for Capo Caccia
and the “wet year” for all the other sites.

Response of GPP, Reco, WUE, and ET to
Varying Precipitation Regimes
For each site an increase in GPP was observed during the wet
year (Table 2). A similar pattern was found in the Reco for all
the study sites with an exception made for Collelongo, where
a slight (4%) reduction in Reco was observed in the wet year.
Collelongo experienced however a very limited precipitation
anomaly, therefore we expected no or very minor changes in all
ecophysiological variables. Finally, WUE increased in the sites
of Capo Caccia, Renon, Torgnon forest, and Torgon grassland
in the wet year (Table 2), while lower values were observed in
Castelporziano and Collelongo sites. Considering the magnitude
of the differences in precipitation between the 2 years of study,
the most responsive sites to rainfall increase concerning GPP
and WUE were Collelongo forest and Torgnon-grassland, while
Torgnon-forest was the most responsive site for Reco.

For the whole dataset, the highest partial autocorrelation
coefficients were found at lags of 0.5, 3.5, and 24 h for GPP,
0.5, 1, and 12 h for Reco, and 0.5, 9, and 24 h for WUE,
respectively (Figures S1–S8). The biplot resulting from the PCA

TABLE 2 | Percent differences in Precipitation, GPP, Reco, WUE, and ET between

the dry and the wet year for each site.

Sites Precipitation GPP Reco WUE ET

Capocaccia 15 16 13 25 28

Castelporziano 26 12 19 −5 20

Collelongo 3 12 −4 −15 10

Renon 39 8 5 5 −2

Torgnon forest 9 12 36 9 6

Torgnon grassland 4 15 20 15 11

FIGURE 2 | Biplot (arrows indicate average scores for different sites; gray

squares are scores; green labels are loadings) of the two principal components

showing differences in the position of the investigated sites between the 2

years of study (indicated with”_13” and “_14” for 2013 and 2014, respectively).

Variables clustering together indicate similar environmental conditions.

Divergence between variables’ position in the biplot indicates different

underlying conditions.

(Figure 2) shows that the two first components specifically
outline Tair (PC1) and RH (PC2) gradients. For each site, we
show differences between the first two components explaining
together approximately half of the total variance. Collelongo
(COLL), Torgnon grassland (TOR_G), Torgnon forest (TOR),
and Capo Caccia (CAP) showed similar patterns between the
2 years. The biplot showed low or no discrimination within
each site, with the exception of Castelporziano (CPZ) and Renon
where differences in precipitation between the 2 years of study
were higher (around 500 and 240mm, respectively) compared
with the other sites. Interestingly, Northern Italian sites were
concentrated on the top left of the panel, while Southern Italian
sites were clustered on the bottom right.

Linear regressionmodels (Equations 1, 2, 3,Table 3) helped us
to describe the relationship between each of the three dependent
variables and the environmental factors summarized into
statistically-independent variables (i.e., principal components).
For GPP and Reco, the site with the highest goodness of fit
(adjusted R2) was Collelongo (0.70 and 0.75, respectively for 2013
and 2014), although it was the only site with the highest R2

observed for the dry year. The site with the lowest R2 was Capo
Caccia (0.40 and 0.15, respectively). Regression models on WUE
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showed lower R2 when compared to GPP and Reco (Table 3).
WUE displayed the lowest R2 for the Northern Italy sites and the
highest R2 for the Southern Italy sites. Furthermore, adjusted R2

of the WUE models in the Southern part of Italy were higher in
the dry year (Collelongo and Capo Caccia) or similar between
the 2 years (Castelporziano). Comparable results were obtained
using quantile regressions (Tables S1–S4).

The relationship between adjusted R2 and precipitation (top)
or latitude (bottom) is illustrated in Figure S9. Considering
precipitation, a positive correlation was observed for Reco (with
a Spearman correlation coefficient (rs) = 0.51 while a negative
correlation was observed for ET (rs=−0.5), and no relationship
was found for both GPP and WUE. Considering latitude, a
positive correlation was observed for Reco (with a Spearman
correlation coefficient (rs) = 0.61) while a negative correlation
was observed for WUE (rs = −0.66), while no significant
correlations were observed for GPP and ET.

To better compare environmental variables affecting GPP,
Reco, and WUE between the dry and the wet year, we classified
environmental variables by their coefficient of impact (Equation
4, Figure 3 and in Figures S10–S13). We observed that although
the independent variables were the same for each site, there
were differences in their coefficients of impact between the
dry and the wet year. Tair was the variable with the highest
coefficient of impact on GPP, Reco, WUE, and ET with values
ranging between 50 and 88%, respectively of the total impact. The
highest values were observed for Reco in the sites of Collelongo
and Castelporziano with coefficient values of 87 and 88% in
the wet and in the dry year, respectively. Among the others,
RAD and RH were the variables with the highest coefficient. In
particular, RAD showed its maximum coefficients of impact for
the WUE, with values increasing from 10% (Torgnon grassland)
in the northern sites to 42% (Capo Caccia) in the southern
sites. RH showed different patterns among sites and dependent
variables, with maximum coefficients of impact for GPP ranging
from −35 to 10% for Colleongo and Torgnon grassland,
respectively. Interestingly, both Capo Caccia and Colleongo
showed concurrent opposite coefficients of impact during the
same year. In fact, GPP resulted in a negative correlation with
RH (from −7 to −35%) and a positive correlation with its
3.5 h delayed variable RH lag2 (11 to 15%), while only positive
coefficients of impact were observed for the northern sites Renon
and Torgnon.

DISCUSSIONS

Inter-site Comparison
Marked climatic differences among the study sites were observed
across the latitudinal gradient studied in this work. PCA
analysis showed that the sites converge into three distinct
groups (Figure 2). These results suggested that mountain sites
such as Renon and Torgnon grassland and forest could have
similar response patterns, and were strongly distinguished from
Mediterranean sites such as Castelporziano and Capo Caccia.
Located in central Italy and representing a mountain area with
intermediate climate conditions between southern and northern
Italy, Collelongo site resulted in an intermediate position

between the two aforementioned groups. GPP, Reco, WUE, and
ET increased in almost all the experimental sites during the wet
year (the only exception was the WUE in Collelongo). These
results confirm the hypothesis that changes in water availability
can effectively impact plant eco-physiological processes. Marked
differences between sites were observed in the goodness of fit of
different regression models run in this study (Table 3). Focusing
on Reco, we observed that goodness of fit of the models increased
with precipitation, a statistically significant negative correlation
was observed with ET (Figure S9). Collelongo, one of the sites
with the highest average annual precipitation regime, showed
the highest R2 while Capo Caccia, the site with the lowest
precipitation, showed the lowest R2. High R2 coefficients may
indicate that the selected variables were suitable to describe this
process in sites characterized by high (or medium-high) water
availability, while they became poor predictors in ecosystems
with “water-saving” strategy where plants respond less promptly
to water increase/scarcity in the soil. This strategy consists
of an efficient stomatal control and other several morpho-
functional traits such as roots and wood density, and leaves
persistence (Canadell and Zedler, 1995; Hacke et al., 2001;
Vilagrosa et al., 2003). Therefore, we found the lowest R2 in
regressionmodels predicting both Reco andGPP, in Capo Caccia,
which, similarly to the holm oak ecosystem in Castelporziano,
is a coastal Mediterranean schlerophyllous maquis i.e., a “water
saving” ecosystem well-adapted to semi-arid climate (Gratani
and Varone, 2004).

Interestingly, the sites for which the model was more
efficient to predict Reco and GPP showed the lowest predictive
capability for WUE (Table 3, Figure S9). Geographically, we
found decreasing WUE moving from southern, Mediterranean
sites to northern, mountain sites, together with the goodness
of fit of our model (Table 3). This may be explained by the
degree of adaptation of the vegetation to average higher condition
of dryness as observed at the Mediterranean sites, with the
evolution of water-stress-avoiding morphological features, like
the thickening of the leaf cuticle characterizing sclerophyll leaves.
WUE displayed the lowest R2 in the alpine sites, while southern
sites showed the highest R2. These results confirm our hypothesis
that WUE is an important indicator of plants’ adaptation to
drought stress, with “water saving” ecosystems (especially maquis
and Holm Oak forests) able to sustain their physiological activity
unaltered under drought conditions. The R2 of the models in
the southern part of Italy were generally higher in the dry year
(Collelongo and Capo Caccia) or comparable between the 2 years
(Castelporziano). Collelongo did not show water limitations, the
reason for its high R2 could lie in the vegetation characteristics.
In fact, Collelongo forest is dominated by Fagus sylvatica and it
was previously demonstrated that this species has the capability
to recover after drought periods, maintaining also a low stomatal
conductance, thus increasing the WUE (Gall and Feller, 2007).

Multiple effects of environmental variables on GPP, Reco,
WUE, and ET were evident in Figure 3 where the same variables
appeared both instantaneously and with delays. In fact, by
using only instantaneous variables, the models showed low R2

suggesting that a delayed effect on these biological processes
was missing (data not shown). Instead, the implementation of
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TABLE 3 | Linear regression models for GPP, Reco, and WUE as dependent variables.

Variable Site Year PC1 PC2 PC3 PC4 PC5 PC6 PC7 AIC R2adj

GPP CAP 2013 +0.29 +0.31 +0.46 +0.19 −0.07 +0.05 – 38,904 0.46

2014 +0.18 −0.34 −0.42 +0.13 −0.21 +0.03 – 40,663 0.40

COL 2013 +0.55 +0.26 −0.39 −0.16 −0.21 −0.05 +0.06 27,729 0.72

2014 +0.59 −0.12 +0.35 +0.2 +0.09 +0.07 – 34,036 0.59

CPZ 2013 +0.23 −0.55 −0.48 +0.19 +0.12 – – 31,289 0.65

2014 +0.38 −0.44 −0.49 +0.22 +0.05 +0.01 – 30,955 0.66

REN 2013 −0.43 −0.14 −0.33 +0.49 +0.15 – – 32,840 0.62

2014 +0.50 – −0.57 −0.15 +0.14 +0.03 – 31,032 0.66

TOR 2013 +0.42 −0.11 −0.53 −0.29 −0.08 −0.01 – 34 ,901 0.57

2014 + 0.47 – −0.53 +0.19 −0.14 +0.03 – 34,485 0.58

TOR_G 2013 +0.57 −0.17 −0.05 +0.38 +0.12 −0.05 – 34,925 0.57

2014 −0.56 −0.14 +0.29 −0.25 +0.19 +0.09 – 35,237 0.56

Reco CAP 2013 +0.36 +0.13 +0.19 +0.08 −0.09 −0.03 – 45,751 0.20

2014 +0.26 +0.05 −0.2 +0.14 +0.02 −0.13 – 46,938 0.15

COL 2013 +0.71 +0.04 −0.13 −0.27 +0.3 −0.15 – 25,589 0.75

2014 +0.74 −0.22 −0.1 −0.11 −0.23 – – 29,376 0.69

CPZ 2013 +0.31 +0.06 +0.08 −0.2 +0.44 +0.03 – 42,032 0.36

2014 −0.43 +0.04 −0.16 – −0.1 +0.19 – 44,154 0.27

REN 2013 −0.61 −0.44 +0.04 0.17 +0.09 – – 30,856 0.66

2014 +0.73 −0.34 −0.03 +0.05 −0.01 – – 31,343 0.65

TOR 2013 +0.47 +0.29 +0.09 −0.14 +0.08 −0.04 – 41,064 0.39

2014 +0.53 −0.34 −0.09 −0.09 +0.09 +0.04 – 39,370 0.45

TOR_G 2013 +0.53 −0.35 +0.1 0.01 +0.03 – – 38,927 0.46

2014 +0.57 −0.52 +0.06 −0.22 +0.03 −0.08 – 28,373 0.70

WUE CAP 2013 +0.21 +0.5 +0.16 0.04 −0.02 −0.08 – 42,465 0.34

2014 +0.31 +0.42 −0.17 +0.02 −0.05 −0.17 – 42,281 0.35

COL 2013 +0.42 +0.35 −0.32 −0.09 +0.11 −0.13 0.06 38,251 0.48

2014 +0.49 +0.22 −0.3 – +0.07 −0.02 – 40,585 0.41

CPZ 2013 +0.29 +0.6 +0.03 −0.07 +0.06 +0.02 – 38,857 0.46

2014 +0.39 −0.53 −0.13 – +0.02 −0.04 – 38,818 0.46

REN 2013 −0.23 −0.03 −0.4 +0.1 −0.02 – – 45,108 0.23

2014 +0.25 +0.12 −0.44 +0.04 – – – 43,429 0.30

TOR 2013 +0.23 −0.04 −0.40 + 0.15 −0.01 – −0.01 44,870 0.24

2014 +0.28 – −0.45 +0.02 +0.02 – – 43,544 0.30

TOR_G 2013 +0.39 +0.06 −0.03 −0.14 – – +0.08 45,922 0.20

2014 +0.39 +0.1 +0.18 +0.05 +0.03 +0.06 +0.04 45,673 0.21

ET CAP 2013 +0.29 +0.50 +0.35 −0.04 +0.20 +0.08 – 35,964 0.54

2014 +0.33 −0.44 +0.36 +0.11 −0.31 +0.05 – 35,349 0.56

COL 2013 +0.39 +0.24 −0.42 +0.11 −0.13 −0.20 +0.03 35,345 0.56

2014 +0.41 −0.15 +0.36 +0.01 +0.24 −0.03 – 40,318 0.42

CPZ 2013 +0.46 −0.55 +0.31 −0.06 −0.06 −0.22 – 28,592 0.70

2014 +0.52 −0.46 −0.43 −0.09 +0.06 −0.18 – 25,516 0.75

REN 2013 −0.42 −0.05 +0.15 +0.54 −0.03 −0.15 – 34,574 0.58

2014 +0.38 – −0.55 +0.11 −0.01 +0.17 – 37,191 0.51

TOR 2013 +0.36 −0.03 −0.54 −0.29 +0.14 +0.07 – 36,240 0.54

2014 −0.41 +0.04 +0.44 −0.37 +0.07 +0.06 +0.11 36,309 0.54

TOR_G 2013 +0.54 −0.07 −0.02 −0.47 +0.07 −0.10 – 34,062 0.59

2014 +0.55 – +0.25 −0.39 −0.19 −0.17 −0.04 32,258 0.63

PCx indicates the significant coefficient (p < 0.05) assigned to each principal component working as predictor. AIC is the Akaike’s information criterion. R2adj is the adjusted

R-square coefficient.
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FIGURE 3 | Comparison of the environmental variables affecting Gross Primary Productivity (GPP), Reco, Water Use Efficiency (WUE), and ET. On the X axes are

reported the variables with the highest correlation coefficient with the selected principal component. On the Y axis is reported the normalized coefficient of impact with

GPP, Reco and WUE. Variables with a coefficient of impact <10% are not shown.

the dataset with lagged variables contributed to the increase
of the adjusted R2. Such evidence gave us the opportunity
to assess which environmental factor affected—instantaneously
or delayed—the vegetation ecophysiological processes. The
importance of these variables was first observed in the factor
loadings of the PCA (see Tables S5–S8). These variables, such
as the daily-lagged precipitation showed high correlation (up
to r = 0.89) with one of the selected Principal Components
being representative of the whole component. In some cases, the
PC representative of these lagged variables resulted to affect the
dependent variable more than the other predictors, as in Capo
Caccia, where the lagged air temperature affected GPPmore than
the other variables in both 2013 and 2014. The samewas observed
for Collelongo, where a 24 h-delayed variable affected GPP more
than the other predictors in 2013.

Site Specific Differences Between the Dry
and the Wet Year
GPP

At all our sites, both in dry and wet years, we observed
that Tair was the most important factor affecting GPP, with a
coefficient of impact up to 70% with few exceptions (Figure 3).
As expected favorable growing temperatures promote higher
GPP level as amply demonstrated in the last decades for the
northern hemisphere (Niu et al., 2011; Wu et al., 2016). Negative
impacts on GPP down to 25% were revealed by RH especially
for drought-prone sites such as Capocaccia and Castelporziano.
Such sites also displayed a positive delayed effect of RH. This

behavior could be related to rainy events that even if they
instantaneously reduce photosynthesis, they recharge the water
table which in turn may sustain the photosynthetic process in
a later period (Huxman et al., 2004; Ogle and Reynolds, 2004).
By comparing dry and wet years in Castelporziano, a holm oak
forest, which is a successional evolution of the maquis forest
present in Capo Caccia, there were marked differences between
the third most important variables which are RH in the dry
year, and 24-h delayed RAD in the wet year, were observed.
This pattern can be easily explained, since small changes in
relative humidity lead to a fast response in GPP from Quercus
ilex under dry climate conditions as already reported for this site
by Savi and Fares (2014). Conversely, under wet conditions one
of the most important limiting factors for carbon assimilation
is solar radiation. This delayed behavior observed in drought-
prone ecosystems is interpreted as the delayed response of the
respective biochemical and physio-chemical processes in leaves
and in the soil thus affecting carbon assimilation. Several authors
indeed found delayed physiological responses by plants after
rainfall events. Sala and Lauenroth (1982) observed an increase
in leaf water potential and conductance within 12 h after the

simulation of a small rainfall in a semi-arid grassland ecosystem.
Schwinning et al. (2003) observed a 3-days delayed response
by Hilaria jamesii after watering. These delays were associated
with physiological acclimation and the growth of new roots
and leaves (Huxman et al., 2004). Such delays should not be
interpreted as a response to an isolated event, but could also be
caused by prolonged exposure to changing conditions. For this
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reason, delayed variables assessing relevant factors and processes
allow a more complete view of the ecosystem responses to
environmental changes.

Concerning ecosystems with “water spending” strategies at
higher latitudes, Collelongo showed differences in the third
variable affecting GPP: while RH became more important than
the RAD in the dry year, the latter was more relevant in the
wet year, when RH is no more a limiting factor. A similar
pattern was observed in Renon, where Tair and RAD had a
larger impact on GPP in both years while only in the dry year
variables related to water availability such as RH lag1 and SWC
had a significant impact to GPP. Finally, both Torgnon forest
and Torgnon grassland did not show strong differences between
the 2 years perhaps because in the dry year, even if precipitation
were lower than 2014, these are not enough to represent limiting
conditions for GPP in these environments, where ecosystems
benefit from the high water input derived from snowmelt at
the beginning of the growing season. Moreover, European larch
(Torgnon forest) has been considered from different studies as
a anisohydric species (Anfodillo et al., 1998; Leo et al., 2014),
especially when growing at high (i.e., higher than 2,000m asl)
altitudes, where a severe reduction of soil water content is less
probable (Obojes et al., 2018).

Reco

The ecosystems present along the latitudinal gradient showed
an increasing sensitivity of Reco to temperature, moving from
the plain to mountain top, confirming the findings from
Rodeghiero and Cescatti (2005). To different extents, all these
ecosystems depend on concurrent carbon assimilation and soil
water availability and, more specifically on the presence of rain
pulses, the effect possibly combined with that of temperature (He
and Callaway, 2009). When soils are relatively dry, metabolic
activity was shown to increase strongly with water availability,
while there is a broad range of near optimum soil water content
where changes in soil moisture only have little effect, if any, on
soil respiration (Migliavacca et al., 2011a).

Concerning temporal variability in Reco (Figure 3),
temperatures (Tair and Tsoil) played a dominant role in all
the sites, in both the dry and wet years, since temperature is
one of the main drivers for soil microbial emissions (Shao
et al., 2013). Precipitation and soil water content affected
Reco more in the dry year than in the wet year, as shown
by Renon, Torgnon forest, Castelporziano and Capo Caccia.
These variables are important for soil respiration because they
control microbial activity and all the related processes (Yan et al.,
2015). The pivotal role of precipitation in the dry year could
be connected to the Birch effect (Birch, 1958) that identifies
pulse in soil respiration caused by the wetting of dry soils. This
effect is particularly relevant in Mediterranean sites, as observed
by Jarvis et al. (2007).

Interestingly, we observed that in the southern sites, Tair
had an impact 5-times higher than the other variables on Reco.
Instead in the northern sites, the RH played an important role,
with an impact 0.5 times lower than Tair. We hypothesize
that this difference could be explained by the observable gap
in average water availability between the Northern and the

Southern sites (wetter and drier, respectively). In support to our
finding, (Gunti-as et al., 2013) observed that the sensitivity of
soil respiration to temperature is lower at field capacity than
under drier conditions. They have formulated two hypotheses to
explain this behavior: (1) the labile component of organic matter
is more sensitive to temperature than the recalcitrant one; (2) the
rewetting of soil combined with high temperatures can lead to
higher CO2 emissions.

Lagged responses were previously observed by Chen et al.
(2009) for both GPP and Reco. Furthermore, (Unger et al.,
2012) observed a 3-day delayed response after rain events in a
Mediterranean ecosystem and associated this delay to the second
phase of the Birch effect. Finally, Ruehr et al. (2010) observed
a strong correlation between the soil respiration and the soil
temperatures delayed by 2–4 h. In our study however, lagged
responses in Reco were less pronounced compared to GPP, and
only appreciated in the sites of Collelongo and Torgnon.

WUE

Consistent among sites, we observed an increase inWUEmoving
from the dry to the wet year, in agreement with Limousin et al.
(2015) who found convergence in WUE responses to drought
between drought-tolerant and less drought-tolerant plants. This
can be partly counterintuitive, since plant trait plasticity would
move in the opposite direction. A similar increase in WUE at
the ecosystem scale with increasing precipitation, in contrast
with findings from leaf-physiological studies, was found also
by Sun et al. (2016). Two arguments can be raised to explain
these features. Firstly, in the wet year the average VPD is lower.
Wang et al. (2018) observed that the VPD, in addition to the
increasing CO2 concentration in the air, can partly explain the
increasing trend in WUE as observed in several other studies
(Keenan et al., 2013; Giammarchi et al., 2017). Additionally,
an often neglected effect in the same direction is given by the
different ratio between direct and diffuse radiation that decreases
during rainy periods. Diffuse light typically favors assimilation,
and to a minor extent evapotranspiration in the presence of
atmospheric aerosol (Steiner et al., 2013), therefore, we suggest
that higher diffuse/direct radiation fraction may have favored
WUE in the wet year as experimentally found by Brodersen
et al. (2008). Previous research in alpine sites, including Renon,
also demonstrated that the increased WUE in the wet years is a
clear effect of the reduction in radiation and VPD. These sites
are evidently switching from 1 year to the next according to
radiation condition change (Ryu et al., 2008; Teuling et al., 2009).
In agreement with these studies, radiation had a higher effect on
ET in wet years at the Alpine sites (Figure 3).

In Torgnon forest and grassland sites, WUE did not change
markedly between the 2 years of study. This behavior suggests
that water availability in the dry year could have been enough
to satisfy the vegetation requirements at the “water spending”
ecosystems of northern latitudes. Interestingly, a delayed Tair had
a negative impact on WUE in Capo Caccia, thus suggesting that
extended exposure to higher growing temperature may have led
to an increase of evapotranspiration (ET) with unbalanced water
loss with respect to carbon assimilation (Trepekli et al., 2016).
In general, lagged variables did not play a significant impact in
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our predictive models, except for at Castelporziano where lagged
radiation effect had a positive impact onWUE, as also previously
found (Boese et al., 2017), thus suggesting that prolonged periods
of high solar radiation, or even episodes of cloud cover and
diffuse radiation have a delayed positive impact on WUE in both
the wet and dry year. This may represent evidence of an adaptive
capacity of this drought-prone ecosystem.

CONCLUSIONS

In this study, we presented results of a mixed statistical analysis
applied to eddy covariance data from six experimental sites in
order to evaluate how changes in precipitation could affect could
affect ecosystem processes. Data showed different responses to
precipitation regimes, with marked differences along the latitude
gradient (i.e., comparing results from northern and southern
sites) with general increases of GPP, Reco, WUE and ET during
wet years (hypothesis i).

Results of the multivariate analysis also indicated that changes
in the limiting factors with latitude and among wet and
dry years exist (hypothesis ii). Southern Mediterranean sites
are indeed more adapted to water stress occurring regularly
during the dry and hot summer months. For that reason,
and also for a reduced meteorological variability between the
considered years, we found minor differences in ecophysiological
responses between a dry and a wet year in these sites compared
with northern sites. This behavior was accurately described
by predictive models that produced similar R2 between the
2 years of study in southern sites. The best performance for
prediction of WUE was observed in southern sites under the
assumption of a more resilient response to meteorological
variables changing between wet and dry years, in accordance
with the hypothesis (ii). By contrast, predictive models for
GPP and Reco performed best in sites characterized by high
precipitation regimes.

Multivariate analysis also identified joint changes in
temperature regimes and rapid increases in VPD as a major
challenge for Mediterranean Ecosystems. Net differences were

observed between coastal and mountain sites, with GPP in
coastal sites being mainly affected by relative humidity, while
the mountain sites are affected more by global radiation.
The inclusion of lagged variables in the dataset contributed
significantly to the increase of the goodness-of-fit of regression
models. The identification of time lags, mainly for GPP and
Reco, indicated that environmental changes exert not only
an instantaneous effect on these variables, but they can have
delayed effects shaping vegetation response (hypothesis iii).
This evidence suggests that delayed effects, even on short-
time windows, should be taken into account in order to
better understand the multifaceted relationships between
environmental variables and biological processes.
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