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• Hot and dry summer impaired carbon
fluxes in a beech forest.

• Chlorophyll indices are good proxies of
changes in NEE during stress periods.

• Carotenoid indices track plant physio-
logical status and response to stress.

• Methodological integrated approach ex-
plains forest conditions and functionality.
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This study investigates the functionality of a Mediterranean-mountain beech forest in Central Italy using simul-
taneous determinations of opticalmeasurements, carbon (C) fluxes, leaf eco-physiological and biochemical traits
during two growing seasons (2014–2015). Meteorological variables showed significant differences between the
two growing seasons, highlighting a heat stress coupled with a reduced water availability in mid-summer 2015.
As a result, a different C sink capacity of the forest was observed between the two years of study, due to the dif-
ferences in stressful conditions and the related plant physiological status. Spectral indices related to vegetation
(VIs, classified in structural, chlorophyll and carotenoid indices) were computed at top canopy level and used to
track CO2 fluxes and physiological changes. Optical indices related to structure (EVI 2, RDVI, DVI and MCARI 1)
were found to better track Net Ecosystem Exchange (NEE) variations for 2014, while indices related to chloro-
phylls (SR red edge, CL red edge, MTCI and DR) provided better results for 2015. This suggests that when
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environmental conditions are not limiting for forest sink capacity, structural parameters are more strictly con-
nected to C uptake, while under stress conditions indices related to functional features (e.g., chlorophyll content)
become more relevant. Chlorophyll indices calculated with red edge bands (SR red edge, NDVI red edge, DR, CL
red edge) resulted to be highly correlated with leaf nitrogen content (R2 N 0.70), while weaker, although signif-
icant, correlationswere foundwith chlorophyll content. Carotenoid indices (PRI and PSRI) were strongly correlat-
ed with both chlorophylls and carotenoids content, suggesting that these indices are good proxies of the shifting
pigment composition related to changes in soil moisture, heat stress and senescence. Our work suggests the im-
portance of integrating different methods as a successful approach to understand how changing climatic condi-
tions in the Mediterranean mountain region will impact on forest conditions and functionality.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Photosynthetic pigments
Proximal sensing
1. Introduction

Exploring biomes under natural stress conditions is a research prior-
ity to quantify their contribution to C balance. During the last decades,
several methods have been used to monitor ecosystem C uptake such
as, for instance, leaf and branch gas exchange (Long and Bernacchi,
2003), sap-flow technique (Scott et al., 2006), plant harvesting
(Gower et al., 1999), remote (Garbulsky et al., 2013; Huemmrich et al.,
2010) and proximal sensing (Sakowska et al., 2014), eddy covariance
(EC) technique (Papale et al., 2006) and models (Coops et al., 2009; Le
Maire et al., 2005). Among these, the simultaneous use of EC fluxes
with remote sensing allows to compare C fluxes at high temporal reso-
lution with information at a broader spatial scale, thus reducing the
weaknesses of the two techniques and generating a solid integrated
dataset (Gamon et al., 2010). However, even if flux measurements and
remote sensing are able to broadly characterize the ecosystem produc-
tivity, the mechanistic details operating at finer temporal and spatial
scales need further investigations. Thus, the integration of proximal
sensing techniques at flux tower sites may currently represent a tool
to understand physiological details operating at finer temporal and spa-
tial scales (Gamon, 2015). In this context of integrated approaches, the
“ground truthing” at ecosystem and leaf level is needed as validation
of optical measurements in their ability to monitor the seasonal vari-
ability in the ecosystemphysiological status. Fluorescence based param-
eters and pigment analyses can be used as groundmethods to verify the
accuracy of data collected fromdifferent sources. Chlorophyll (Chl)fluo-
rescence represents a powerful tool to obtain detailed information on
the efficiency of photochemistry and heat dissipation capacity
(Maxwell and Johnson, 2000), by which plants respond to environmen-
tal changes (Murchie and Lawson, 2013). Likewise, themeasurement of
changes in pigment pools are essential for testing, validating or estimat-
ing optical indices (Stylinski et al., 2002) and fluorescence (Zarco-
Tejada et al., 2003).

In this framework of different approaches to monitor vegetation
condition and assess primary productivity, the application of visible
and near infrared reflectance (NIR) developed during the last 30 years
allows to assess plant status and recognize the vegetation characteris-
tics from spectral signature (Ollinger, 2011). Normalized Difference
Vegetation Index (NDVI) (Rouse et al., 1974) and Enhanced Vegetation
Index (EVI) (Huete et al., 2002), less affected by saturation issues, were
extensively used for global vegetation monitoring. The traditional
broadband greenness indices measure green biomass and are mostly
useful to track the changes of photosynthetic activity just during the
plant growth and senescence period (Gamon et al., 1995). They were
commonly used as proxy for Leaf Area Index (LAI) (Wu et al., 2010a),
fraction of Absorbed Photosynthetically Active Radiation (fAPAR)
(Nestola et al., 2016), green biomass (Pettorelli et al., 2005) and as
input in satellite based diagnostic models (Dong et al., 2015). These
structural indices are mostly affected by the variations of canopy archi-
tecture (Haboudane et al., 2004) but can fail in predicting changes in
pigment composition, as reflectance in visible bands (i.e., red) saturates
at relatively low Chl contents. Consequently, other indices have been
explored using very informative features of the red edge region, which
corresponds to the increase of reflectance at the boundary between
the Chl absorption in the red wavelengths and leaf scattering in the
NIR wavelengths. For instance, NDVI red edge (Gitelson and Merzlyak,
1994) and Cl red edge (Gitelson et al., 2005), both including red edge
(690–750 nm) wavelengths in their formulation, provide not only bet-
ter predictions of leaf Chl content (Sims and Gamon, 2002) but also ef-
fective proxies for remote estimation of gross primary productivity
(GPP) (Wu et al., 2009). Chlorophylls were not the only pigment cluster
considered to study pigment effects on leaf optical properties. Caroten-
oids, anthocyanins and other pigments were also investigated and a va-
riety of optical indices were developed to track their content (Merzlyak
et al., 2003). Among these, the Photochemical Reflectance Index (PRI)
(Gamon et al., 1992), related to the xanthophyll cycle activity, is used
as a proxy of light-use efficiency (Garbulsky et al., 2011). The respon-
siveness of reflectance indices to changes in pigments and fluorescence
may provide accurate estimates of seasonal changes in the photosyn-
thetic flux of vegetation. In view of all these considerations, Vegetation
Indices (VIs) have thepotentiality to be essential tools in the assessment
of primary production and of other canopy attributes, including the de-
tection of stress response (Glenn et al., 2008).

Considering their C sink potential, climate change mitigation capac-
ity and socioeconomic impact, beech forests represent one of the most
important ecosystems in Europe (Danielewska et al., 2013;
Pötzelsberger et al., 2015). Hence, investigating changes in plant eco-
physiology and monitoring productivity is a relevant concern from
both an ecological and an economic point of view. When performed in
a mature forest and in natural conditions, these studies are generally
difficult due to the high canopies, and installing sensors for proximal
sensing can represent an effective approach to monitor canopy func-
tionality under different meteorological and phenological conditions.
This work used an integrated approach in order to: i) monitor seasonal
variations of C fluxes, photosynthetic pigment pools and Chl fluores-
cence and their relationships with optical indices; ii) assess which opti-
cal indices act as the best proxies for monitoring C flux dynamics in a
forest subjected to natural seasonal changes, mainly related to varia-
tions in soil water availability, temperature and vapor pressure deficit;
iii) evaluate which optical indices can detect the shifting in photosyn-
thetic pigment composition associated with stress events and with the
senescence phase in healthy and stressed vegetation.

2. Materials and methods

2.1. Study site and experimental design

The experiment was carried out at the Collelongo-Selvapiana pure
beech forest (Abruzzo region, Central Italy, 41°50′58″N, 13°35′17″E,
1560 m elevation). The site is equipped with a 28 m scaffold tower
geared towards measuring ecosystem H2O and CO2 since 1993 using
the eddy-covariance technique (Matteucci et al., 2007). The site is part
of the LTER, FluxNet and ICP-Forests network and it is included in a
wider forest area, in the external belt of the Abruzzo-Lazio-Molise
National Park and its structure and conditions are representative of Cen-
tral Apennine beech forests (Scartazza et al., 2004). Vegetation is

http://creativecommons.org/licenses/by/4.0/


Fig. 1. Seasonal variations of air temperature (T) and precipitation (a), Soil Water Content
(SWC) determined at 20 cm of soil depth (b) and Vapor Pressure Deficit (VPD) (c) in
Collelongo beech forest. Data of T, SWC and VPD are presented as 10-days period
averages ± standard error, while precipitation is presented as cumulative value of each
10-days period.
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homogeneous and dominated by European beech (Fagus sylvatica L.). In
the area of the experimental site, plant density is 740 trees ha−1 (in-
cluding trees with 1 cm diameter at 1.30 m height), the basal area is
42.2 m2 ha−1 with a mean diameter at breast height of 25.5 cm and a
mean height of 20.7 m. Mean diameter and height of the dominant
trees is 45 cm and 27 m, respectively (data are from the periodic 5-
year stand survey performed in 2012). At the peak of the growing sea-
son, LAI in 2014–2015 was 5.5–5.9 m2 m−2 (Scartazza et al., 2016). A
detailed description of the site, instrumental set-up, soil characteristics
and stand structure is reported in previous works (Guidolotti et al.,
2013; Matteucci et al., 2007; Nestola et al., 2017; Scartazza et al.,
2013). The climate is theMediterraneanmontane, with fresh tomoder-
ately warm summer and cold winters. Mean annual temperature and
precipitation measured at the site for the period 1996–2015 are 6.9 °C
and 1116mm, respectively. SoilWater Content (SWC) ismeasured con-
tinuouslywith the Timedomain Reflectometry techniqueusing a profile
of 4 CS616 probes (Campbell Scientific Inc., Logan, Utah, USA) installed
at 20 cm soil depth. For the years under study (2014 and 2015), data on
air temperature, precipitations, SWC and Vapor Pressure Deficit (VPD)
are reported in Fig. 1. Measurements described in this study started in
June 2014 and ended in October 2015, including almost entirely the
two growing seasons. Four datasets using different techniqueswere col-
lected: 1) C fluxes; 2) optical indices; 3) Chl fluorescence and 4) photo-
synthetic pigment contents. While CO2 fluxes and vegetation
reflectance were monitored continuously, fluorescence and pigments
were sampled at least once a month in both growing seasons. Details
on sampling layout are provided separately in the following sections.

2.2. Flux measurements and meteorological data

Ecosystem CO2 and H2O fluxes were measured following the
EUROFLUX (Aubinet et al., 1999) and then the FluxNet methodology.
The experimental set-up consists of a fast-response infrared gas analyz-
er (LI-7000, LI-COR, Lincoln, NE, USA) and a three-dimensional sonic an-
emometer (CSAT3, Campbell Scientific, Logan, UT, USA). Air was drawn
through the analyzer by a pump (VDO M48 × 25/l, Antriebstechinik
GmbH, Germany) installed downstream of the analyzer. Raw data
(20 Hz) and basic means (30 min) were stored in a data logger
(CR1000, Campbell Scientific). Raw EC data were analyzed using the
software package EddyPro (LI-COR, v. 5.2.1) to calculate corrected verti-
cal fluxes of CO2 and H2O, using standard corrections, including data-
quality check. All fluxes were calculated according to the standardised
approaches of FluxNet. More details are reported in Mazzenga (2017).

For this study, daily estimates of Net Ecosystem Exchange (NEE,
gCm−2 d−1, including the storage component)were used. Data are pre-
sented following the EC convention,where negative values indicate CO2

absorbed from the atmosphere (i.e. a sink for carbon). When one or
more half-hourly data weremissing or their quality was not acceptable,
gap-filling techniques were used to obtain a complete data set. To pres-
ent a complete seasonal trend, all NEE datawere used. However, for cor-
relation analysis among fluxes, ecophysiological parameters and optical
indices, NEE values with a quality flag lower than 0.65 (on average,
about 20% of data) were discarded, in order to usemore reliable and ef-
fectively measured data. Along with EC fluxes, the main meteorological
variables were measured every 10 s and averaged (or summed) over
30min including photosynthetically active radiation (PAR), air temper-
ature, soil temperature and soil water content, precipitation and other
radiation parameters. Details on meteorological measurements set-up
have been presented elsewhere (Guidolotti et al., 2013; Matteucci et
al., 2007; Scartazza et al., 2016, 2013).

2.3. Optical measurements

The tower was equipped with a multispectral radiometer system
MSR16R (CROPSCAN, Inc., Rochester, USA) which was mounted on a
metal pole (6 m) on the last floor of the flux tower (28 m) in late June
2014. The radiometer accommodated 14 wavebands (14 up and 14
down sensor band pairs; Supplemental content, Table S1), which con-
currently measured the reflecting and incoming radiation. Data collect-
ed were stored in the data logger controller (DLC). Downward looking
sensors had a 28° field of view (FOV) and detected reflected radiance
in the wavebands reported in Table S1, while the incident irradiance
(IRR) was measured through a flashed, opal glass, cosine diffuser.

Since the diameter of the field of view is half of the height of the ra-
diometer over the target, the down-facing sensors received direct
reflected irradiance from surfaces within a circular conic region having
14 m of diameter. In complex canopy ecosystems like forests, reflected
irradiance could arrive from leaves not too far below the radiometer
or leaves much lower, when there are openings below the radiometer.
Spectral data were collected during the growing seasons 2014 and
2015; the spectral indices computed in this work come from data re-
corded from July to October of both years. The radiometer was set in a
standalone operation collecting optical measurements daily from 6:00

Image of Fig. 1


Table 1
Vegetation indices computed in this study. R stands for reflectance and the following number indicates the given wavelengths.

Vegetation index Formula Reference

Structural indices
Simple Ratio (SR) R750 / R670 (Jordan, 1969)
Enhanced Vegetation Index 2 (EVI 2) 2.5 × (R750 − R670) / (R750 + 2.4 × R670 + 1.0) (Jiang et al., 2008)
Difference Vegetation Index (DVI) R 750 − R 670 (Tucker, 1979)
Normalized Difference Vegetation Index (NDVI) (R750 − R670) / (R750 + R670) (Rouse et al., 1974)
Renormalized Difference Vegetation Index (RDVI) (R750 − R670) / (R750 + R670) × 1/2 (Haboudane et al., 2004)
Modified Chlorophyll Absorption Ratio Index (MCARI 1) 1.2 × [2.5 × (R750 − R670) − 1.3 × (R750 − R550)] (Haboudane et al., 2004)
Modified Simple Ratio (MSR) (R 750 / R 670 − 1) / (R 750 / R 670 + 1) × 1/2 (Haboudane et al., 2004)
Optimized Soil-Adjusted Vegetation Index (OSAVI) (1.16) × (R750 − R670) / (R750 + R670 + 0.16) (Rondeaux et al., 1996)
Wide Dynamic Range Vegetation Index (WDRVI) (0.1 × R750 − R670) / (0.1 × R750 + R670) (Gitelson, 2004)

Chlorophyll indices
Simple Ratio red edge (SR red edge) R750 / R710 (Zarco-Tejada et al., 2001)
Simple Ratio green (SR green) R750 / R550 (Gitelson and Merzlyak, 1997)
NDVI red edge (R750 − R720) / (R750 + R720) (Gitelson and Merzlyak, 1994)
Red edge chlorophyll index (Cl red edge) (R750 / R720) − 1 (Gitelson et al., 2003)
NDVI green (R750 − R550) / (R750 + R550) (Gitelson et al., 1996)
Green chlorophyll index (Cl green) (R750 / R550) − 1 (Gitelson, 2003)
MCARI 2 [(R750 − R720) − 0.2 × (R750 − R550)] (R750 / R720) (Wu et al., 2009)
Transformed Chlorophyll Absorption Ratio Index (TCARI) 3[(R720 − R670) − 0.2× (R720 − R550) × (R720 / R670)] (Haboudane et al., 2002)
MERIS terrestrial chlorophyll index (MTCI) (R750 − R720) / (R720 − R670) (Dash and Curran, 2004)
Difference Ratio (DR) (R750 − R720) / (R750 − R681) (Datt, 1999)

Carotenoid indices
Carotenoid Reflectance Index (CRI) (1 / R510) − (1 / R550) (Gitelson et al., 2002)
Photochemical Reflectance Index (PRI) (R530 − R570) / (R530 + R570) (Gamon et al., 1992)
Structure Insensitive Pigment Index (SIPI 2) (R750 − R550) / (R750 − R670) (Blackburn, 1998)
Plant Senescence Reflectance Index (PSRI) (R670 − R510) / R750 (Merzlyak et al., 1999)

1033E. Nestola et al. / Science of the Total Environment 612 (2018) 1030–1041
to 18:00. Downward irradiance and upward radiance were stored every
10 min. In this study, only scans that met the criteria IRR ≥ 300 W/m2

and Sun angles ≤ 50° were considered. The Cropscanmultispectral radi-
ometer reflectance was calculated as the ratio between downward and
upward sensor readings. Sensor temperature corrections, up-sensor co-
sine response correction and radiometric calibration constantswere ap-
plied before the final calculation. In order to reduce solar angle effects,
reflectance data from 11:00 to 13:00 (local solar time) were selected
to compute the VIs indices (Table 1) used in our analysis. In this study,
we considered three main categories of VIs related to: i) canopy struc-
ture (structural indices); ii) biochemistry (chlorophyll indices) and iii)
plant physiology/stress (carotenoid indices).
2.4. Leaf level measurements

During 2014 and 2015, several field campaigns were carried out
from spring to autumn in order to collect different kind of leaf level
measurements and compare data between the growing seasons of the
two study-years: 1) Chl fluorescence, 2) photosynthetic pigment con-
tent and 3) nitrogen content (N, % or cg g−1). Samples were collected
within 2 h from solar noon, to reduce diurnal variability during the sam-
pling periods and to allow correlation between the biochemical and the
optical measurements (see Section 2.3). We selected six trees having
branches accessible from the flux tower at 24-26m (top of the canopy).
In each campaign, at least four branches from four different trees were
labelled, cut and immediately soaked in the water for sampling. Leaves
were kept as close to their original orientation as possible to maintain
the original illumination conditions during sampling. For each branch,
at least three leaves were randomly selected and labelled. The leaf
scale measurements were performed on the selected leaves (at least
three) for every branch (n = 12–18): fluorescence measurements
were carried out on one half of each sampled leaf, while pigment anal-
yses on the other half of the same leaf. For pigments analysis, each leaf
samplewas kept separate, immediately packed in aluminum paper, fro-
zen in liquid N2 and then preserved at−80 °C until analysis. For N anal-
ysis, sampled leaves (including the half leaves used for fluorescence
measurements) were pooled for each branch, packed and stored into
labelled paper bags. On these pooled leaves (half and intact leaves),
for a total of at least 5–15 leaves for each branch (4–6), N determination
was performed. More details are provided in the following sections.

2.5. Fluorescence measurements

Fluorescence parameters were monitored on fully expanded leaves
of the upper part of the canopy using a miniaturized pulse amplitude-
modulated fluorometer (Mini-PAM; Heinz Walz GmbH, Effeltrich, Ger-
many) between 10:00 and 12:00. The fluorometer fibre optic was kept
at a fixed angle to ensure measurements repeatability, and on average
20 leaves were sampled for each campaign.

The quantum yield of PSII in light adapted state (ΦPSII), an indicator
of the photosynthetic efficiency of photosystem II, was obtained as:

ΦPSII ¼ ΔF
F0m

¼ F0m−F
F0m

ð1Þ

where Fm′ is the maximum fluorescence yield with all the PSII reaction
centres in the reduced state obtained by superimposing a saturating
light flash during exposure to actinic light and F is the fluorescence
yield at the actual reduction state of PSII reaction centres during actinic
illumination.

The electron transport rate (ETR) (μmolm−2 s−1), which provided a
more direct estimation related to photosynthetic activity (Baker, 2008),
was calculated based on chlorophyll fluorescencemeasurement ofΦPSII

parameter, employing the following equation:

ETR ¼ ΦPSII � PPFD� 0:5� 0:84 ð2Þ

where incident photosynthetic photon flux density (PPFD) was obtain-
ed by a PAR quantum sensor positioned at measurements position (Fig.
5a, insert), 0.5 is a factor that accounts for the partitioning of energy be-
tween PSII and PSI and 0.84 is the leaf absorbance coefficient (Maxwell
and Johnson, 2000).
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Non-photochemical quenching (NPQ) was calculated according to
the Stern-Volmer equation as reported by Bilger and Björkman (1990):

NPQ ¼ Fm−F0m
� �

F0m
ð3Þ

where Fm is the maximum fluorescence yield in the dark-adapted
leaves (about 30 min) after application of a saturation flash of light
that completely closes all the PSII reaction centres.

2.6. Pigment determinations

The speciation of photosynthetic pigmentswas performed according
to the method reported by Castagna et al. (2013) and modified in Di
Baccio et al. (2014). Samples from leaves (half part) previously utilized
for fluorescence measurements were frozen in liquid N2 and stored at
−80 °C until use. Frozen samples (~190 mg, fresh weight) were ho-
mogenized under dimmed room light in 100% HPLC-grade acetone
with 1 mM Na-ascorbate, filtered through 0.2-μm filters (Sartorius
Stedim Biotech, Goettingen, Germany) and immediately analyzed. The
analysis was performed by HPLC (HPLC P4000, Thermo Fisher Scientific,
Waltham, MA, USA) using a non-endcapped column (5 μmparticle size,
250 × 4.6 mm Ø; Zorbax ODS column, Chrompack, Raritan, NJ, USA).
Pigments were eluted using 100% solvent A (acetonitrile/methanol,
75/25, v/v) for the first 15 min, followed by a 2.5-min linear gradient
to 100% solvent B (methanol/ethylacetate, 68/32, v/v), which continued
isocratically until the end of the cycle. The separation cycle was 32 min
with a flow rate of 1 mL min−1. The column was allowed to re-equili-
brate in 100% solvent A for 10 min before the next injection. Pigments
(chlorophyll a, Chl a; chlorophyll b, Chl b; lutein; neoxanthin;
violaxanthin, V; antheraxanthin, A; zeaxanthin, Z, and β-carotene)
were detected by their absorbance at 445 nm, and quantified by
injecting known amounts of pure standards (Sigma-Aldrich, Milan,
Italy) into the HPLC system. The de-epoxidation index (DEPS index) of
the pool of xanthophyll-cycle carotenoids (V+ A+ Z, VAZ) was calcu-
lated according to the following equation: [(A / 2) + Z] / (V + A + Z)
× 100. The carotenoid content shown in the “Results and Discussions”
section was calculated as the sum of lutein, neoxanthin, VAZ and β-
carotene.

For the construction and validation of calibration curves, evaluation
of total chlorophyll (Chl a + Chl b, Chl tot) and caroteinoid contents
were also measured spectrophotometrically according to the method
described by Wellburn (1994). Briefly, leaf tissue samples (30 mg,
fresh weight) were homogenized with 80% (w/v) cold acetone, centri-
fuged at 10,000 ×g per 5 min at 4 °C, and the absorbance of the super-
natant was read at 663.2, 646.8 and 470.0 nm.

2.7. Leaf nitrogen content

Leaf samples from each branch (5–15) of 4–6 plantswere oven dried
until constant weight and subsequently ground to a fine powder. About
3–4 mg of powder was used for the determination of nitrogen content
(N, % or cg g−1) using an elemental analyser (Model NA 1500, Carlo
Erba, Milan, Italy).

2.8. Data analysis

One-way ANOVAwas used to test differences in meteorological var-
iables between 2014 and 2015. Moreover, in order to characterize the
years 2014 and 2015 with respect to typical conditions at the study
site, we analyzed a time series covering the period 1996–2015 mea-
sured at the site for the following variables: average temperature for
the month of July (TJuly), cumulative precipitation for June and July
(PJune + July) and average NEE for the month of July. As a composite
index for detecting situations of high temperature coupled with low
precipitation the variables TJuly/PJune + July and y = log(TJuly/PJune + July)
were also considered (the logarithmic transformation was used to nor-
malize the time series). We used PJune + July rather than PJuly alone as
precipitation could have a more prolonged effect than temperature on
determining stress conditions. An autoregressive model (Chatfield,
2016) was fitted to each time series (1996–2015), then measured
values for the year under studywere comparedwithmodel predictions.

Statistically significant differences of results from fluorescence and
photosynthetic pigment measurements between 2014 and 2015 were
evaluated by a two-tail t-test analysis (P ≤ 0.05), conducted using
STATISTICA 6.0 (StatSoft, Inc., Tulsa, OK).

A direct linear regression between spectral indices and C fluxes was
assumed. The difference among the slopes and the intercepts of the re-
lationships between VIs and NEE for different years was evaluated
through analysis of covariance (ANCOVA). As ANCOVA showed signifi-
cant differences between the slopes and the intercepts of each relation-
ship, separate fits were considered for both years. Statistics for each
relationship (coefficient of determination - R2, root mean square error
- RMSE, number of observations - N, probability value - P and Pearson
correlation coefficient - r) were computed to evaluate the performance
of the fit of the different indices. For the regressions between NEE and
VIs, a common R2 threshold value of 0.590 was considered for both
2014 and 2015 to identify the indices with the best performances
(Table 2). Linear regressions between VIs and pigment measurements
were performed by a regression analysis (determination coefficient -
R2 and probability value - P) using GraphPad Prism 6 (GraphPad Soft-
ware, Inc., San Diego, CA). All the available campaigns (5 per year)
were used to build the regressions shown in Table 3, while Figs. 3, 4
and 5 present only the campaigns comparable as seasonal period for
both seasons of study (4 per year). The number of replicates used for
analyses and correlations are specified for each data.

3. Results and discussions

3.1. Characterization of meteorological variables and temporal patterns of
fluxes

Meteorological data showed broadly higher air temperature and
lower precipitations during 2015 as compared to 2014 (Fig. 1a). These
differences were especially evident in July, when monthly mean air
temperature was 12.9 ± 2.9 °C in 2014 and 18.8 ± 1.4 °C in 2015,
while monthly precipitation was 75.3 mm and 9.0 mm, respectively
(Fig. 1a). Overall, the soil water content (SWC) recorded in 2015 was
lower than in 2014, with the exception of a period in the first week of
October (Fig. 1b). In agreement with the higher temperatures and
lower SWC, higher values of vapor pressure deficit (VPD) were also re-
portedwithin the growing season of 2015 (Fig. 1c). Differences between
2014 and 2015 in monthly averages of temperature, SWC and VPD for
the month of July were statistically significant when tested with a sim-
ple oneway ANOVA (P b 0.0001). The analysis of 20 years-long data se-
ries for T of July (TJuly) and cumulative precipitation for June and July
(PJune + July) supported the idea of particularly unfavourable (hot and
dry) conditions for 2015 (Fig. S1).

The beech forest at Collelongo acted as a net CO2 sink between the
half ofMay and the last 10 days of October 2014,while in 2015 it started
to be a sink from the beginning of May until middle October (Fig. 2).
Over the year, the C sink capacity of the Collelongo forest was
−757 gC m−2 y−1 in 2014 and−608 gC m−2 y−1 in 2015. Both open-
ing and closing of the growing season occurred slightly earlier in 2015 as
compared to 2014. The maximum net CO2 uptake was recorded during
the last 10 days of June for both years. From July until the beginning of
August 2015 a lower sink capacity of the forest was observed as com-
pared to the same period of 2014 (Fig. 2). This was likely due to a de-
crease in SWC and an increase in air temperature and VPD (Fig. 1), as
also observed in a long term analysis (2000–2015) of the NEE and GPP
response to air temperatures andVPD conducted on the samebeech for-
est (Mazzenga, 2017). Our findings agree with what previously



Table 2
Statistics of the linear regressions between NEE and vegetation indices computed for this
study. Pearson correlation coefficient (r), coefficient of determination (R2), root mean
square error (RMSE), and probability value (P) are presented for 2014 and 2015. Number
of NEE data plotted against each optical index is 97 for 2014 and 56 for 2015. NEE is the
daily NEE sum (gC m−2 d−1), while vegetation indices are midday averages from 11:00
to 13:00. The indices which performed R2 ≥ 0.590 are indicated in bold.

2014 2015

Vegetation
indices

r R2 RMSE P value r R2 RMSE P value

Structural indices
SR −0.766 0.586 1.124 b0.0001 −0.611 0.373 0.961 b0.0001
EVI 2 −0.818 0.669 0.025 b0.0001 −0.726 0.527 0.022 b0.0001
DVI −0.804 0.647 1.849 b0.0001 −0.715 0.512 1.483 b0.0001
NDVI −0.755 0.570 0.012 b0.0001 −0.613 0.376 0.017 b0.0001
RDVI −0.822 0.675 0.172 b0.0001 −0.726 0.528 0.158 b0.0001
MCARI 1 −0.801 0.641 2.936 b0.0001 −0.721 0.520 2.190 b0.0001
MSR −0.765 0.585 0.157 b0.0001 −0.613 0.376 0.153 b0.0001
OSAVI −0.759 0.576 0.014 b0.0001 −0.616 0.380 0.020 b0.0001
WDRVI −0.762 0.581 0.044 b0.0001 −0.614 0.377 0.049 b0.0001

Chlorophyll indices
SR red edge −0.750 0.563 0.277 b0.0001 −0.786 0.617 0.192 b0.0001
SR green −0.732 0.535 0.303 b0.0001 −0.645 0.416 0.389 b0.0001
NDVI red
edge

−0.736 0.541 0.024 b0.0001 −0.767 0.588 0.017 b0.0001

CL red egde −0.740 0.547 0.137 b0.0001 −0.771 0.594 0.085 b0.0001
NDVI green −0.719 0.517 0.010 b0.0001 −0.661 0.436 0.015 b0.0001
CL green −0.732 0.535 0.303 b0.0001 −0.645 0.416 0.389 b0.0001
MCARI 2 −0.795 0.633 5.020 b0.0001 −0.767 0.589 3.173 b0.0001
TCARI 0.345 0.119 1.867 0.0005 0.321 0.103 1.637 0.0158
MTCI −0.689 0.475 0.179 b0.0001 −0.770 0.593 0.099 b0.0001
DR −0.693 0.480 0.025 b0.0001 −0.768 0.590 0.015 b0.0001

Carotenoid indices
CRI 550 −0.345 0.119 0.022 0.0005 −0.155 0.024 0.022 0.2530
PRI −0.401 0.161 0.011 b0.0001 −0.624 0.390 0.010 b0.0001
SIPI 2 0.184 0.034 0.004 0.0712 −0.271 0.073 0.006 0.0435
PSRI 0.665 0.442 0.003 b0.0001 0.445 0.198 0.007 0.0006
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reported for this site (Valentini et al., 1996) and for other ecosystems lo-
cated at similar latitudes, in which the net C uptake is strongly influ-
enced by the water availability (Reichstein et al., 2007). Further
statistical elaborations confirmed the effects of meteorological anoma-
lies observed in July on NEE (Fig. S1).
3.2. Relations between spectral indices and NEE

Although not so extensive as in crops and grasslands (Balzarolo et al.,
2015; Inoue et al., 2008; Peng et al., 2011; Sakowska et al., 2014; Wu et
al., 2010a), several studies explored the relationship between CO2fluxes
and VIs in mixed deciduous (Wu et al., 2010b; Xiao et al., 2004), larch
(Nakaji et al., 2007) and holm oak (Garbulsky et al., 2013) forests. How-
ever, to the best of our knowledge, our study is the first one from a ma-
ture beech forest where a number of VIs are related with pigments, N
content, fluorescence values and CO2 fluxes. For our deciduous beech
forest, the statistics of the linear regressions between daily C fluxes
(NEE) versus spectral indices is reported in Table 2. Almost all regres-
sions between VIs and NEE were highly significant (P b 0.0001), except
for SIPI 2, CRI 550 and TCARI for both the study-years and PSRI for 2015
(Table 2).

The results suggest that, except for MCARI 2, the indices predicting
best CO2 fluxes in 2014 were mainly associated to canopy structure
(such as RDVI, EVI 2, DVI and MCARI 1), while chlorophyll indices incor-
porating the red edge bands (such as SR red edge, CL red edge,MTCI and
DR) showed better performances in 2015. The structural indices are
generally used for the globalmonitoring of vegetation canopies and rep-
resent a number of alternatives to the conventional NDVI (Vescovo et
al., 2012). A common feature of the structural indices is the use of only
two spectral bands in their formulation, the red (Chl absorption region)
and the NIR (region in which light is scattered by leaf mesophyll). On
the other hand, chlorophyll indices are based on wavelengths located
in the red edge region (690–750 nm) to ensure a better linearity with
Chl content, and thus more suitability to follow vegetation dynamics
throughout the season. Accordingly, SR red edge, CL red edge, MTCI
and DR are known to provide good results in estimation of Chl content
in cropland, grassland and forest canopies (Gitelson et al., 2005;
Rossini et al., 2012; Zarco-Tejada et al., 2001).

The good performance of structural indices in 2014 suggests that the
plant phenological status was the main driver of canopy physiological
dynamics for that year. Differently, in the unfavourable season of
2015, high performance shown by indices in the red edge region sug-
gests that the shifting in pigment composition associatedwith stress-in-
duced changes in phenology played a relevant role as driver of seasonal
C dynamics. Differences in reflectance between healthy and stressed
vegetation due to changes in pigment content could be detected along
the red edge (Gitelson and Merzlyak, 1996; Horler et al., 1983;
Zarco-Tejada et al., 2004). In fact, a shift in the red-edge position to-
wards shorter wavelengths has been associated to stress events induc-
ing a decrease in chlorophyll and water contents (Rock et al., 1988),
increase in fluorescence (Carter and Miller, 1994) and damage to the
light harvesting structure (Meroni et al., 2009).

3.3. Relations between spectral indices and leaf biochemical traits

3.3.1. Photosynthetic pigments and nitrogen contents
The content of total Chl (Chl a+ b, Chl tot) of Fagus sylvatica L. leaves

was 1.4-fold lower in July 2015 than in July 2014 (Fig. 3a). The leaf total
carotenoids (Car) content (Fig. 3b) differed at the beginning (July) and
at the end (October) of the two growing seasons investigated. The Car
to Chl tot ratio (Car/Chl tot) was 1.6-fold higher in July 2015 than in
July 2014 (Fig. 3c), while it maintained the same trend in the last part
of the summer and in the autumn of the two growing seasons. The re-
duction in leaf Chl concentration is due to inhibition of its synthesis or
to degradation under biotic and abiotic stress or senescence conditions
(Cocozza et al., 2016; Hmimina et al., 2014; Scartazza et al., 2016). In our
study, the leaves sampled at top-canopy level did not show visible im-
pairments or chlorosis in July of both 2014 and 2015 years. Hence, the
hot spring and early summer in 2015 (Fig. 1) probably caused the ob-
served decrease in the total amount of Chl as compared to 2014. More-
over, the higher (1.6-fold) carotenoid levels reached in July 2015
compared to the same month of 2014 (Fig. 3b) suggests enhanced de-
fense capabilities against heat stress through the increased synthesis
of photoprotective pigments (Demmig-Adams and Adams, 2006). Dur-
ing the growing season, Car/Chl tot is amarker of stress of the photosys-
tems and it is strongly related to the plant photosynthetic performance
(Gamon et al., 1997), due to the antioxidant action of carotenoids and
their role in the energy dissipation mechanisms (Scartazza et al.,
2016). The fate and role of carotenoids during leaf senescence are not
yet completely clear (Dani et al., 2016). However, it seems demonstrat-
ed that among the catabolic processes activated during the leaf senes-
cence, there is a general degradation of pigments with a decrease of
total carotenoids during leaf age progression (Procházková et al.,
2009). Modifications of pigment composition are representative of the
plant physiological status and are used for the estimation of both CO2

uptake and radiation use efficiency through spectral indices (Gamon
et al., 1997; Gamon, 2015; Gitelson et al., 2002). In this respect, Table
3 showed as both structural and chlorophyll indices reported similar R2

values with Chl tot, ranging from 0.407 for MCARI 1 to 0.493 for SR
red edge. As expected, relationships involving structural indices showed
relatively low, although significant, R2 values, as they are not particular-
ly suitable to identify relatively small changes in pigment content
(Zarco-Tejada et al., 2001). However, chlorophyll indices usually used
to estimate changes in Chl content did not show the best performances
(Table 3), despite what reported in literature (Main et al., 2011;
Zarco-Tejada et al., 2004, 2001). This might be due to the relatively



Table 3
Linear regressions between optical indices and total chlorophylls (Chl tot, μg cm−2), total carotenoids (Car, μg cm−2) to chlorophylls ratio (Car/Chl tot), VAZ (Violaxanthin +
Antheraxanthin + Zeaxanthin, μg cm−2) pool, Electron Transport Rate (ETR, μmol m−2 s−1) and leaf nitrogen content (N, % or cg g−1). Coefficient of determination (R2) and probability
value (P) are computed considering the observations (N) of 2014 and 2015 together. Regressions which are not statistically significant (P ≥ 0.05) are not reported (–). Each result of pig-
ment, nitrogen andETR analysis used in the regressions is the average ofn=12–18, 40–90 and 20 leaf replicates, respectively, for every sampling campaign (5 campaigns for each year) for
a total of N = 10 observations. Vegetation indices are midday averages from 11:00 to 13:00. The indices which performed the highest R2 are indicated in bold.

Chl tot Car/Chl tot VAZ Car N ETR

Vegetation indices R2 P R2 P R2 P R2 P R2 P R2 P

Structural indices
SR 0.410 0.0461 0.500 0.0222 0.522 0.0183 – – – – 0.672 0.0037
EVI 2 0.420 0.0427 0.539 0.0157 0.496 0.0230 – – 0.553 0.0087 0.714 0.0021
DVI – – 0.526 0.0176 0.452 0.0333 – – 0.541 0.0099 0.724 0.0018
NDVI 0.492 0.0239 0.507 0.0208 0.618 0.0070 – – 0.600 0.0050 0.568 0.0118
RDVI 0.436 0.0376 0.542 0.0152 0.520 0.0186 – – 0.577 0.0067 0.700 0.0026
MCARI 1 0.407 0.0473 0.540 0.0155 0.465 0.0299 – – 0.519 0.0124 0.731 0.0016
MSR 0.439 0.0369 0.508 0.0206 0.558 0.0131 – – – – 0.650 0.0048
OSAVI 0.491 0.0239 0.508 0.02051 0.617 0.0071 – – 0.600 0.0051 0.571 0.0115
WDRVI 0.465 0.0299 0.512 0.0200 0.590 0.0095 – – 0.406 0.0350 0.622 0.0067

Chlorophyll indices – –
SR red edge 0.493 0.0236 0.561 0.0127 0.661 0.0043 – – 0.848 b0.0001 0.609 0.0077
SR green – – 0.432 0.0390 0.538 0.0158 – – 0.576 0.0067 0.570 0.0116
NDVI red edge 0.487 0.0249 0.553 0.0137 0.606 0.0079 – – 0.781 0.0003 0.536 0.0160
CL red edge 0.485 0.0252 0.570 0.0116 0.614 0.0074 – – 0.724 0.0009 0.582 0.0103
NDVI green 0.418 0.0434 0.457 0.0319 0.579 0.0105 – – 0.695 0.0014 0.548 0.0144
CL green – – 0.432 0.0390 0.538 0.0158 – – 0.576 0.0067 0.570 0.0116
MCARI 2 0.437 0.0375 0.569 0.0117 0.534 0.0164 – – 0.664 0.0023 0.675 0.0036
MTCI 0.483 0.0256 0.568 0.0118 0.607 0.0079 – – 0.675 0.0019 0.536 0.0161
DR 0.459 0.0313 0.524 0.0179 0.556 0.0132 – – 0.765 0.0004 0.467 0.0293

Carotenoid indices
PRI 0.726 0.0036 0.481 0.0383 0.800 0.0011 0.504 0.0322 0.607 0.0079 – –
SIPI 2 0.467 0.0293 – – 0.411 0.0459 – – – – – –
PSRI 0.588 0.0097 0.485 0.0252 0.763 0.0010 0.445 0.0352 0.542 0.0098 0.412 0.0454
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limited number of observations (N=10), whichmight be not fully rep-
resentative of the heterogeneity of the canopy. Moreover, the chloro-
phyll indices as CL red edge and MCARI 2 showed high correlations
with Car/Chl tot, whose importance in the plant photosynthetic activity
has just been previously discussed (Gamon et al., 1997; Scartazza et al.,
2016). On the other hand, no significant correlations were reported be-
tween Car and spectral indices computed in this study, with the excep-
tion for the carotenoid indices (i.e., PRI and PSRI) that, interestingly,
exhibited also the strongest relationshipswith Chl tot (Table 3). In addi-
tion, the xanthophyll pool fraction (violaxanthin, antheraxanthin and
zeaxanthin, VAZ) of total carotenoids showed, as expected, the highest
correlations with PRI (R2 = 0.80) and PSRI (R2 = 0.76) and good ones
Fig. 2. Seasonal variations in Net Ecosystem Exchange (NEE) at Collelongo beech forest.
Values of NEE are presented as 10-days period averages ± standard error.
with structural and chlorophyll indices. This confirms that the VIs inves-
tigated are not only generally correlated with the total photosynthetic
pigment content, but also to pigment specificity, kind and chemical sta-
tus (Gitelson et al., 2017a, 2002; Stylinski et al., 2002). In particular, as
VAZ pool is associated with the photoprotection mechanisms and its
size increases with increasing irradiance and environmental stress
(Demming-Adams and Adams, 1996), we further investigated PSRI
and PRI relationships with carotenoids in the Section 3.4.

Regarding the specificity of carotenoids, VAZ pool decreased only at
the end of the growing season, with a higher DEPS index in October
2015, indicating an increasing proportion of the absorbed radiation
not used for electron transport in photosynthesis (Fig. 4a). The lutein
content varied only at the end of the growing season (−31% in October
2015 compared to October 2014, Fig. 4b), β-carotene was 2.4-fold
higher in July and 2.5-fold lower in September 2015 than 2014
(Fig. 4c) and neoxanthin was about 1.3-fold higher in summer (July–
August) 2015 than 2014 (Fig. 4d). The lutein decrease could be due to
a transformation to the epoxide form to balance the excess excitation
energy accumulated under stress or to a degradation in anticipated se-
nescence processes (García-Plazaola et al., 2007; Procházková et al.,
2009). The variations in β-carotene were probably induced by the acti-
vation of antioxidant defense systems (Demmig-Adams and Adams,
2006) and neoxanthin might enhance the efficiency of LHC systems, re-
placing the lutein epoxide and binding the VAZ components (Dall'Osto
et al., 2006). In light of the above, the significant relationships of VIs
with Car/Chl tot ratio were mostly driven by VAZ and other carotenoid
compounds (Table 3). Indeed, neoxanthin significantly correlated with
the chlorophyll indices DR, SR red edge, NDVI red edge and MTCI (data
not shown), supporting its potential role in the photoprotective mech-
anisms as previously discussed.

Chlorophyll indices showed the strongest relationship with N con-
tent (Table 3, bold values), in agreement with other studies (Clevers
and Kooistra, 2012; Ramoelo et al., 2013; Schlemmer et al., 2013),
confirming the close dependence of Chl content and N status in the

Image of Fig. 2


Fig. 3. Total chlorophyll (Chl a+Chl b; Chl tot) (a), carotenoids (Car) (b) and carotenoids
to total chlorophyll (Car/Chl tot) ratio (c) in leaves of Fagus sylvatica L. collected at
Collelongo beech forest during the growing season 2014 (black circles) and 2015 (white
circles). Leaves were collected at the top of the canopy (26 m). Each value represents
the mean of at least three measurements for branch of six labelled trees (n = 12–18) ±
standard error. For each month, asterisks represent significantly different data (t-test,
P ≤ 0.05; n.s. = not significant, * ≤ 0.05).
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leaf. In our study, chlorophyll indices were better related to N content,
than to Chl tot, possibly because of different number of replicates and
sampling procedures performed for Chl and N analyses.

3.3.2. Fluorescence parameters
The actual photon yield of PSII photochemistry in the light (ΦPSII)

was significantly higher in July 2014 than July 2015, while during the
other campaigns no significant differences were observed (Fig. 5a).
The lowerΦPSII in July 2015 was associated with a higher non-radiative
energy dissipation (NRD) capacity, as shown by the non-photochemical
quenching (NPQ) trend (Fig. 5b,c). Inter-annual and seasonal changes of
ΦPSII were reflected in changing photosynthetic electron transport rate
(ETR) and NPQ (Fig. 5b,c). Particularly, ETR was higher and NPQ lower
in July 2014 than July 2015. These results indicated that, during the rel-
atively hot and dry July 2015, plants reduced the photosynthetic elec-
tron transport and increased the proportion of absorbed energy to be
dissipated as heat in order to avoid photoinhibition and photodamage
on PSII, as previously observed in populations of beech seedlings sub-
jected to water deficit (Cocozza et al., 2016; Pšidová et al., 2015). In Oc-
tober, ETR decreased in both years due to the onset of senescence phase.
However, in 2015 a more marked decrease of ETR and a higher NPQ
were observed (Fig. 5b,c). We found significant correlations between
ETR and all the structural and chlorophyll indices (Table 3). The best re-
lationships were found for EVI 2, RDVI, DVI and MCARI 1 (Table 3),
which are the same indices (structural) that better tracked NEE in
2014 (Table 2). This result could be partly explained by the fact that
this relationship is mainly driven by the changes in canopy structure
(LAI and canopy coverage) occurring during the final part of the vegeta-
tive period, when we recorded a rapid drop of both canopy (NEE) and
leaf level (ETR)measurements. Accordingly, ETR determined by chloro-
phyll fluorescence showed a significant positive relationship with NEE
(R2 = 0.79; P = 0.0006).

3.4. Carotenoid spectral indices as indicators of stress and senescence

The PSRI indexwas first proposed byMerzlyak et al. (1999) as being
sensitive to the senescence phase of plant development. In our study,
monthly average PSRI increased progressively from July to October
2014 (Fig. 6a), in line with the ontogenetic stages of the canopy. On
the contrary, PSRI values resulted almost stable from July to September
2015, while sharply increasing duringOctober of the same yearwith the
onset of the senescence phase (Fig. 6a). However, it is noteworthy that
the PSRI valueswere significantly higher in 2015 than in 2014 reflecting
the photosynthetic pigment composition (Figs. 3 and 4), as confirmed
by the strong relationships between PSRI with Chl tot, Car/Chl tot and
VAZ (Table 3 and Section 3.3). The lower net CO2 uptake and ETR in Oc-
tober 2015 than October 2014 support the evidence of an anticipated
senescence (Figs. 2 and 5), also suggested by the general lower content
of carotenoids, the faster and more consistent reduction of the xantho-
phylls pool and higher PSRI values in this month (Figs. 3b, 4, 6). More-
over, if the senescence phase (October) is excluded, a significant
relationship between PSRI and SWC can be observed (Fig. 6a, insert),
suggesting that when the changes in pigment composition of the cano-
py is not dependent on the senescence, this VI is sensitive to variations
of soil moisture. These results are in agreement with previous studies
showing that PSRI is a valuable proxy in determining secondary effects
of water stress (Struthers et al., 2013).

While on a diurnal time scale PRI responds to xanthophyll cycle var-
iations (Wong and Gamon, 2015a, b), in our two years-study we fo-
cused on the seasonal time scale when PRI is mainly driven by
pigment transformations associated with ontogeny and not by the xan-
thophyll cycle per se (Gitelson et al., 2017a).

The monthly averages of the PRI index showed a seasonal trend,
with a decrease during the senescence phase in October of both years
(Fig. 6b). Moreover, the PRI in 2014 resulted lower than 2015 in July
(P b 0.01), September (P b 0.0001) and October (P b 0.05), while there
was not significant difference in August (Fig. 6b). These results suggest
that PRI is an indicator of seasonal changes in leaf pigment composition
(mainly chlorophylls, carotenoids and anthocyanins), and hence of pho-
tosynthetic activity (Gitelson et al., 2017b), in line with the lower sink
capacity of the forest in July and October 2015 compared to the same
period in 2014 (Fig. 2). The PRI-Chl tot relationship was stronger than
PRI-Car (Table 3), as previously observed for beech leaves (Gitelson et
al., 2017a); anyway, the PRI correlationwith theVAZ fraction of total ca-
rotenoids was high, confirming the link of this index to the size of the
xanthophylls cycle pigment pool (Gamon et al., 1997; Gitelson et al.,
2017a). The differences in fluorescence parameters and in Car/Chl tot
ratio between July 2014 and July 2015 also reflected significant

Image of Fig. 3


Fig. 4. Leaf contents of VAZ (Violaxanthin + Antheraxanthin + Zeaxanthin) pool (a), lutein (b), β-carotene (c) and neoxanthin (d) in the beech forest of Collelongo during the two growing
seasons 2014 (black circles) and 2015 (white circles). Each value represents three measurements for branch of six labelled trees (n= 12–18) ± standard error. The insert shown in panel c
represents the de-epoxidation index (DEPS, [(A/2)+ Z]/(V+ A+ Z)). For eachmonth, asterisks indicate significantly different data (t-test, P ≤ 0.05); n.s. = not significant, * ≤ 0.05, ** ≤ 0.01.
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variations in PRI values between the two growing seasons (compare
Figs. 3, 5 and 6), indicating that this index is able to detect changes in
leaf pigment composition and energy dissipationmechanism associated
with dry and hot periods.

Merlier et al. (2015) and Hmimina et al. (2015) suggested that PRI
variability can be distinguished into two components: a constitutive
one linked to the canopy Chl content and pigment composition, and a
physiological one linked to both pigment composition and soil mois-
ture. In agreement with these studies, we reported significant relation-
ships between PRI with both Chl and Car content throughout the season
(Table 3) and between PRI and SWC when the senescence period was
excluded by the analysis (Fig. 6b, insert). These data support the hy-
pothesis that, when pigment composition is not affected by the senes-
cence phase, the plant physiological status and the environmental
factors (stress response to reduced SWC) become the main drivers of
PRI variability (Inoue and Peñuelas, 2006; Merlier et al., 2015;
Sarlikioti et al., 2010).

4. Conclusions

Our study focused on exploring the functionality of a Mediterra-
nean-montane beech forest over two years with different stress condi-
tions using various methods from canopy to leaf level. We
investigated seasonal patterns of meteorological data, C fluxes, photo-
synthetic pigments and chlorophyll fluorescence, which consistently
confirmed a hot and dry period in July 2015 and an earlier senescence
in October 2015 compared to 2014. Our results led to the following
conclusions.

- VIs related to structure (EVI 2, RDVI, DVI and MCARI 1) were found
to better predict NEE changes for 2014, while those related to
chlorophyll (SR red edge, CL red edge, MTCI and DR) provided better
performances for 2015. This suggests that when forest sink capacity
is not limited by environmental conditions, phenology (e.g. timing of
foliage development and maturity) and structural parameters (e.g.
development and layering of leaf area) are the main drivers of the
C uptake capacity; conversely, when stress events occurr during
the growing season, the shifting in pigment compositionwith the re-
lated effects on leaf physiology becomes one of the key factors of the
ecophysiological forest dynamics. Thus, our study supports the use
of red edge indices for estimation of plant stress physiology.

- Both structural and chlorophyll indices correlated with biochemical
and physiological leaf-traits associatedwith the photosynthetic per-
formance of top-canopy layer, such as ETR determined by fluores-
cence measurements, leaf Chl, carotenoid and N contents.
However, the chlorophyll indices were more tightly connected to N,
while the structural ones tracked the ETR seasonal trend mediated
by the canopy structural changes occurring during the senescence
period.

- Most of the chlorophyll indices investigated significantly correlated
with Chls and carotenoids, but PSRI and PRI were the only spectral
indices that correlated with both Chl tot, carotenoids and VAZ.
These indices were good proxies of the variations in photosynthetic
pigment composition related to changes in soil moisture (July–Sep-
tember) and senescence (October).

Overall, our study supports the hypothesis that a combination of dif-
ferent methodological approaches for the evaluation of plant functional
and structural traits can provide detailed information on the main pro-
cesses affecting forest C dynamics, also under stress conditions. This is of
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Fig. 5. The fluorescence-derived actual photochemical efficiency of PSII (ΦPSII) (a),
electron transport rate (ETR) (b) and non-photochemical quenching (NPQ) (c) in leaves
collected at Collelongo beech forest during the growing season 2014 (black circles) and
2015 (white circles). Each value represents the mean of at least 20 leaf fluorescence
measuements ± standard error. The insert shown in panel a represents the average
values of photosynthetic photon flux density (PPFD). For each month, asterisks indicate
significantly different data (t-test, P ≤ 0.05); n.s. = not significant, * ≤ 0.05, ** ≤ 0.01,
*** ≤ 0.001.

Fig. 6. Seasonal trend of PSRI (a) and PRI (b) for 2014 (black bars) and 2015 (white bars).
Data shown are monthly averages (n = 12–31) ± standard error. Asterisks indicate
significantly different data (t-test, P ≤ 0.05); n.s. = not significant, * ≤ 0.05, ** ≤ 0.01,
**** ≤ 0.0001. Inserts: correlations between PRSI (panel a) or PRI (panel b) and SWC (%).
Black and white circles represent year 2014 and 2015, respectively. The coefficient of
determination (R2) refers to the period July–September. October values (out of
relations) are presented as black and white triangles for 2014 and 2015, respectively.
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considerable interest if, as expected, climate change will increase the
frequency and intensity of heat and drought events, with potential
strong implications on C sink capacity of forest ecosystems.
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