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Abstract The application of spectral vegetation indices for
the purpose of vegetation monitoring and modeling increased
largely in recent years. Nonetheless, the interpretation of bio-
physical properties of vegetation through their spectral signa-
ture is still a challenging task. This is particularly true in Med-
iterranean oak forest characterized by a high spatial and tem-
poral heterogeneity. In this study, the temporal dynamics of
vegetation indices expected to be related with green biomass
and photosynthetic efficiency were compared for the canopy
of trees, the herbaceous layer, and two shrub species: cistus
(Cistus salviifolius) and ulex (Ulex airensis). coexisting in a
cork oak woodland. All indices were calculated from in situ
measurements with a FieldSpec3 spectroradiometer (ASD
Inc., Boulder, USA). Large differences emerged in the tempo-
ral trends and in the correlation between climate and vegeta-
tion indices. The relationship between spectral indices and
temperature, radiation, and vapor pressure deficit for cork
oak was opposite to that observed for the herbaceous layer
and cistus. No correlation was observed between rainfall and
vegetation indices in cork oak and ulex, but in the herbaceous
layer and in the cistus, significant correlations were found.
The analysis of spectral vegetation indices with fraction of
absorbed PAR (fPAR) and quantum yield of chlorophyll fluo-
rescence (AF/Fm') evidenced strongest relationships with the
indices Normalized Difference Water Index (NDWI) and Pho-
tochemical Reflectance Index (PRI)s;,, respectively. Our re-
sults, while confirms the ability of spectral vegetation indices
to represent temporal dynamics of biophysical properties of
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vegetation, evidence the importance to consider ecosystem
composition for a correct ecological interpretation of results
when the spatial resolution of observations includes different
plant functional types.

Keywords Spectral vegetation indexes - In situ spectral
measurements - Vegetation heterogeneity - Cork oak open
woodlands - Mediterranean forest

Introduction

In recent years, the use of remote sensing products to retrieve
biophysical properties of vegetation encountered growing in-
terest for ecology studies. Spectral vegetation indices (VIs) are
increasingly applied to monitor physiological and phenologi-
cal changes of canopies and frequently integrated into produc-
tivity models (Yuan et al. 2014; Cheng et al. 2014). A frequent
application are gross primary productivity (GPP) estimates
following a data-model fusion approach theoretically based
on the light use efficiency (LUE) concept (Monteith 1972,
1977). The LUE equation presumes a linear relationship be-
tween GPP and the photosynthetic active radiation absorbed
by vegetation (absorbed photosynthetic active radiation
(APAR)), where LUE is the slope of the regression line. The
attractiveness of this approach relies on the possibility of
obtaining all input parameters from remote sensing data
(Ollinger 2010) enhancing the reliability of estimates based
on structural and climate parameters (Carvalhais et al. 2010).
APAR is the result of the incident photosynthetic active radi-
ation (PAR) multiplied by the fraction of absorbed PAR
(fPAR) which is generally assumed to be linearly related with
the Normalized Difference Vegetation Index (NDVI) (Myneni
and Williams 1994; Sims et al. 2006). LUE is parameterized
according to the vegetation type (Running et al. 2004) and
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environmental constraints (Carvalhais et al. 2010; Potter et al.
1993) or estimated by the Photochemical Reflectance Index
(PRI) (Drolet et al. 2008).

Despite the general assumption of the linear relationship
between fPAR and NDVI, in some cases, other indices
showed better performance than NDVI. Under low vegetation
cover, for example, the Enhanced Vegetation Index (EVI)
(Gao et al. 2000) and the Modified Soil-Adjusted Vegetation
Index (MSAVI) (Rondeaux et al. 1996) demonstrated to be
able to correct for the interference of soil reflectance. On the
opposite, in dense vegetation, it was observed that NDVI sat-
urates and the fPAR-NDVI relationship is not linear (Brantley
etal. 2011; Huete et al. 2002). In grasslands subjected to water
and nutrient stress, Cristiano et al. (2010) compared the per-
formance of different indices and identified a modified NDVI,
named green NDVI (GNDVI) as the best estimator for grass-
lands fPAR. Other authors suggest the use of chlorophyll in-
dices (CI) to improve fPAR estimates (Sims et al. 2006). The
Normalized Difference Water Index (NDWI), initially devel-
oped to estimate tissue water content (Gao 1996), was also
found useful to estimate leaf biomass and hence also fPAR, in
crops from semiarid environments (Bolton and Friedl 2013)
and the leaf area index in boreal forests (Heiskanen et al.
2013). It appears evident that a VI maintaining a consistent
relationship with fPAR independently of vegetation structure
is still lacking.

The ability of PRI to represent LUE dynamics depends
mainly on plant functional types. In herbaceous species,
GPP seasonality is expected to depend essentially on green-
ness and fPAR while limited changes in LUE (and PRI) are
expected (Gamon et al. 1995; Tagesson et al. 2012). On the
opposite, in evergreen tree species, only small changes are
expected to occur in NDVTI across time while PRI is expected
to reflect changes in LUE and assumes primary importance for
GPP determination (Sims et al. 2006; Gamon et al. 1995). In
semideciduous shrubs, an intermediate behavior is expected,
but large differences were observed among species in the
LUE-PRI relationship (Filella et al. 2004).

The time step of measurements is also important for
interpreting LUE dynamics. On a daily basis, experimental
evidences show that the PRI-LUE relationship depends on
transient changes in the ratio of pigments of the xanthophylls
cycle and the instantaneous efficiency of photosystem II
(Penuelas et al. 1995). At longer time steps, from weeks to
seasons, PRI variability is also strongly influenced by changes
in chlorophylls and carotenoid pigments resulting by changes
in canopy structure and phenology (Soudani et al. 2014;
Gamon and Bond 2013; Barton and North 2001) and possibly
leading to a misinterpretation of PRI trends. Therefore, several
alternative PRI formulations have been tested to reduce these
interferences (Hernandez-Clemente et al. 2011; Porcar-Castell
et al. 2012). Nonetheless, the number of field studies testing
different alternatives for PRI is still limited.
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An additional source of variability in the relationship be-
tween Vs and the biological properties of vegetation, relevant
for forest and agroforestry systems, is the coexistence and
frequent spatial overlap of different plant functional types.
Mediterranean open oak woodlands are particularly challeng-
ing in this context. These agroforestry systems are character-
ized by a discontinuous tree canopy and an understory char-
acterized by an herbaceous layer interposed by shrubs
(Bugalho et al. 2011). As a result, oak woodlands present a
mosaic of vegetation highly dynamic in time and space.

Previous studies on similar ecosystems demonstrated that
VI information obtained from remote sensing was useful to
estimate productivity (Chiesi et al. 2005; Garbulsky et al.
2008; Maselli et al. 2009; Ogutu and Dash 2013), but these
studies, performed at the ecosystem level without
distinguishing among functional types, do not contribute to
the understanding of the relationship between VIs and bio-
physical properties of vegetation and results cannot be ex-
plained from an ecophysiological point of view. The collec-
tion of VlIs retrieved by in situ spectral measurements of
coexisting plant functional types (PFTs) permits to compare
seasonal dynamics of biological properties of vegetation. This
is a prerequisite to the application of VIs in ecology studies
and fundamental to a correct interpretation of remote sensing
retrievals at the ecosystem scale.

Time series of VIs make also possible to study inter- and
intra-seasonal response patterns of vegetation to climate param-
eters, which are useful for predictive studies, of major relevance
in the actual climate change context (Schimel et al. 2015). The
Mediterranean region is expected to be particularly vulnerable
to changes in climate patterns (Giorgi and Lionello 2008). An
analysis of the VIs-climate relationship can be useful to under-
stand how biophysical variables are influenced by climate
drivers and at which time step for each PFT.

The main goal of this study is to assess differences in the
VIs representing fPAR and LUE among different PFTs
coexisting in a cork oak woodland. Specifically, we intend
to answer to the following questions: (1) Are the temporal
patterns of NDVI and PRI different among PFTs? Large dif-
ferences are expected between evergreen oaks and the season-
al herbaceous layer, but the response of shrubs is difficult to
predict. (2) Are other indices better estimators of fPAR and
LUE than NDVI and PRI, respectively, for the PFTs included
in this study? (3) Does the relationship between climate
drivers and Vs diverge among PFTs?

Methods
Study site

Field measurements were collected in a 50-year-old cork oak
woodland (Quercus suber L.) located in central Portugal (39°
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08'20.9" N, 9° 19" 57.7" W, 165-m altitude). Climate is typ-
ically Mediterranean with hot and dry summer while more
than 80 % of the annual precipitation is concentrated between
October and April. The average annual precipitation recorded
at the climate station of Santarém (39° 12’ N, 8° 44’ W) for the
period 1981-2010 was 652 mm, and mean daily temperature
was 17 °C (www.ipma.pt/pt/oclima/normais.clima/). The soil
is a cambisol (FAO), with 81 % sand, 5 % clay, and 14 % silt.
Tree density is 177 tree ha ' and leaf area index (LAI) is 1.5.
The mean height below the canopy and total height of trees are
3.1 and 7.9 m, respectively. The mean diameter at breast
height is 24.7 cm (Correia et al. 2013). The understory is
composed of a mixture of shrubs and herbaceous species. A
survey of the understory composition performed in June 2013,
following the pin-point method (Kent and Coker 1992),
showed that shrubs and herbaceous species represented 27.6
and 39.2 %, respectively, of the understory layer cover frac-
tion, while the remaining is covered by litter and bare soil.
Cistus salviifolius (cistus) and Ulex airensis (ulex) are the
most represented shrub species and have contrasting growth
habit and drought resistance. The ulex has shoots and leaves
modified into spines and deep roots conferring high drought
resistance. The cistus has shallow roots and a semideciduous
habit, losing part of its foliage during the summer drought to
limit transpiration (Correia et al. 2013; Werner et al. 1999).
The herbaceous layer is dominated by grasses (44.5 %) and
legumes (28.7 %).

Measurements were performed on cork oak trees, cistus,
and ulex individuals. Herbaceous plots were delimited by 50 x
50-cm quadrats. Cork oak leaves shedding period was esti-
mated by the leaf biomass collected every 10 days from bas-
kets randomly positioned below the tree canopy. Nadir view
photographs of each target (tree canopy, shrub, and herba-
ceous plots) were taken at each measurement day for qualita-
tive assessment of phenology. Rainfall (ARG100, Environ-
mental Measurements Ltd., Gateshead, UK), solar radiation
(BF2, Delta-T Devices Ltd., Cambridge, UK), humidity, and
air temperature (CS215, Campbell Scientific, Inc., Logan, UT,
US) are collected continuously and averaged at a 30-min time
step (CR10X, Campbell Scientific) at the top of a 22-m-tall
tower located in the site, as part of an eddy covariance system,
measuring carbon and water fluxes at the scale of the ecosys-
tem (Costa-e-Silva et al. 2015).

Spectral measurements

The observations were acquired with a FieldSpec3
spectroradiometer (ASD Inc., Boulder, USA), which provided
hyperspectral reflectance data in the range of 350-2500 nm,
from April 2011 to October 2013, on a monthly basis. The
visible and near-infrared region (350-1000 nm) is measured
with a spectral resolution (full-width half maximum) of 3 nm
and a sampling interval of 1.4 nm. The mid infrared region

(1000-2500 nm) is measured with a spectral resolution of
10 nm and a sampling interval of 2.0 nm. Spectra were col-
lected from the canopy of six cork oak trees, four cistus and
four ulex shrubs, and four herbaceous quadrats. The targets
were selected within the study area among those fully exposed
to sun radiation. Measurements of tree canopy were done
using a scaffold on the south side of the canopy. All measure-
ments were performed with a nadir view, a field of view angle
0f25°, and a distance of about 90 cm from the target, covering
an area with a diameter of approximately 40 cm. All measure-
ments were conducted within 2 h around solar noon, to min-
imize the effects of shadowing and solar zenith changes, with
five replicates of each target, each representing the average of
25 spectra, with the bare fiber optic cable inserted into a pistol
grip. A white reference of known reflectance (Spectralon pan-
el, Labsphere, Inc., North Sutton, USA) was used to normalize
for variations in atmospheric conditions and to convert the
measurements into absolute reflectance.

fPAR measurements

The fraction of PAR intercepted by the canopy (fPAR) was
measured using a linear PAR ceptometer (AccuPar LP-80
Decagon Devices Inc., Pullman, WA, USA) for the same trees,
shrubs, and herbaceous plots where spectral measurements
were conducted. The radiation intercepted by the canopy
was considered approximately equal to absorbed radiation,
as the amount of reflected radiation in the PAR range is usu-
ally small (Gower et al. 1999). Measurements of incident
(PAR)) and transmitted PAR (PAR,) were used to compute
fPAR according to the following equation:

PAR — 1-PAR;
PAR;

For each target, at least two measurements above the can-
opy and three (herbaceous plots), five (shrubs), or eight (trees)
measurements below the canopy were taken. All measure-
ments were performed on the same day of spectral measure-
ments, also around solar noon. Measurements were
interrupted between November and February, when the frac-
tion of incident to total PAR radiation was less than 0.8 due to
the low solar zenith angle.

Chlorophyll fluorescence

Chlorophyll fluorescence measurements were performed only
for cork oak leaves because the configuration of the fluorim-
eter leaf clip did not permit to perform measurements of the
herbaceous layer or shrubs. Three sunlit terminal shoots were
collected from the upper south-facing side of the tree canopy,
where canopy spectral measurements were performed. Mea-
surements of chlorophyll fluorescence and reflectance were
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immediately performed on six fully expanded leaves per tree.
The maximum (F#m’) and current fluorescence (F) were mea-
sured at natural day light conditions using the pulse-
modulated fluorimeter Mini-PAM (Heinz Walz, Effeltrich,
Germany). The quantum yield, an estimator of the photosyn-
thetic efficiency of photosystem II, was calculated as follows:
AF/Fm', where AF=Fm'-F (Genty et al. 1989).

Data analysis

Measurements of canopy reflectance were used to build up
spectral VIs. Narrow band indices were selected from the
literature among those known of potential interest as green
biomass or photosynthetic LUE estimators (Table 1). Pearson
correlation coefficient was applied to analyze the strength of
the relationship between VIs and meteorological variables av-
eraged at different time windows: 0, 5, 10, 30, and 90 days
back since the day of data collection. After a first screening of
the data, the 0- and 10-day time windows were discarded from
the analysis, as results were never consistently different from
those at 5-day time window. The meteorological variables
analyzed were as follows: daytime average PAR (PAR,
umol m 2 s™'), air temperature (Temp, °C), vapor pressure
deficit (VPD, hPA), and total rainfall (mm).

Pearson coefficient was also applied to determine the de-
gree of correlation () between the spectral VIs and biophys-
ical properties of vegetation (fPAR and AF/Fm'). Linear re-
gressions were established for the pairs of variables showing
strongest correlations for each PFT, and slopes of regressions
were tested for differences among PFTs by comparing their
confidence intervals. Conditions of normal distribution and
homoscedasticity were always verified. Statistics were per-
formed by the use of the IBM SPSS Statistics package (v20).

Table 1  Spectral indices tested in this study

Results
Conditions during the experiment

During the experimental period, from April 2011 to October
2013, seasonal patterns of temperature and PAR were similar
(Fig. 1). The maximum and the minimum daily average tem-
peratures were always recorded in August and in January,
respectively. The two hydrological years (October—Septem-
ber) of 2011-2012 and 2012-2013 were different from the
normal average (1960-1990) of 650 mm, being 35 % lower
in 2011-2012 (418 mm) and 20 % higher in 2012-2013
(798 mm). In the dry year of 2011-2012, rainfall was concen-
trated in the periods of October—November and April-May,
while in 2012-2013, rainfall was distributed between October
and March.

Temporal patterns of NDVI and PRI

Marked differences were observed in the NDVI temporal
trends among the oak canopy (Fig. 2a), the herbaceous layer
(Fig. 2b), and the shrub species (Fig. 2c). Cork oak canopy
showed small changes across time, ranging from 0.7 to 0.85.
Nonetheless, a constant decrease was observed from July 2011
to May 2012 and again from July 2012 to April 2013. The
trend is clearly related with leaf ontogeny, and the lowest peak
observed corresponded to the period of most intense leaf
yellowing and shedding that occurs yearly in cork oak. The
herbaceous layer, on the contrary, showed the largest NDVI
range, shifting from 0.2 to 0.7, with the lowest values ob-
served during the senescence and drying out that extended
from May to October in 2011 and 2013 and anticipated to
March in the dry year of 2012. The atypical low precipitation

Name Formula

References

Green biomass

NDVI Normalized Difference Vegetation Index (Rgo0—Re70)/ (Rgoot Re70) Rouse et al. (1974)
GNDVI  Normalized Difference Vegetation Index green  (R750—Rss0)/ (R750 Rs50) Gitelson and Merzlyak (1998)
EVI Enhanced Vegetation Index 2.5%( Rnir—Rred)/ (Rair + Gao et al. (2000)
6% Rpeq—7.5#Rppuet1)
MSAVI  Modified Soil-Adjusted Vegetation Index [(Rg00—Rs70)(1+L)1/(Rgoo+Re70+L) Qi et al. (1994)
CI Chlorophyll index (R750—R705)/ (R750+ R705) Gitelson and Merzlyak (1994)
NDWI Normalized Difference Water Index (Rgs0—R1240)/ (R0t R1240) Gao (1996)
Photosynthetic light use efficiency
PRI Photochemical Reflectance Index (Rs70—Rs31)/(Rs70t Rs31) Gamon et al. (1992)
PRIs;» (Rs12—Rs31)/(Rs12t Rs31) Hernandez-Clemente et al. (2011)
PRIsys (Rs70—Rs45)/ (Rs70+ Rs4s) Gamon et al. (1997; Porcar-Castell et al. (2012)

Indices were divided into two groups: indices correlated with green biomass and indices correlated with photosynthetic light use efficiency. Coefficients

applied for EVI are those adopted by the MODIS-EVI algorithm
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recorded between October 2011 and June 2012 affected also
the amount of green biomass of the herbaceous layer as evi-
dent from the differences in the maximum NDVI recorded. In
the hydrological year 2011-2012, the maximum value of
NDVI (0.53) was observed in December, while in the follow-
ing growing season, NDVI reached 0.71 in March, suggesting
that the growth of the herbaceous layer lasted for a longer
period in the wet year (see Figs. 1 and 2b). The two shrub
species (Fig. 2c) showed different seasonal patterns. The
semideciduous cistus showed a marked decrease of NDVI
during summer months, and the minimum annual value was
recorded every year at the end of the summer, before the return
of autumn rains. The ulex showed a much smaller drop of
NDVI during summer, as compared to cistus. For ulex in both
years of 2012 and 2013, it was possible to appreciate a

01/12/11 01/04/12 01/08/12 01/12/12 01/04/13 01/08/13

Date

decrease of NDVI in February and March related with the
appearance of yellow flowers.

The range of PRI values was smaller than the observed for
NDVI; however, it was still possible to appreciate seasonal
patterns. In 2011-2012 and 2012-2013, the PRI value in-
creased in cork oak from December to April and then de-
creased sharply (Fig. 2d). The highest observed values of
PRI corresponded to the lowest NDVI values (Fig. 2a), when
old yellow leaves prevail in the canopy. The lowest values
were observed after old leaves shed, when the canopy is ex-
clusively composed of new leaves, and corresponded to the
highest values of NDVI observed. Between June and Decem-
ber, PRI was low and constant around 0.05. The herbaceous
layer showed a smaller variation in PRI than the other func-
tional types, ranging from 0.05 to 0.1 (Fig. 2e) with no evident
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Fig. 2 Average values of NDVI and PRI measured in cork oak (a, d),
herbaceous layer (b, e), and shrubs (¢, f) in a Mediterranean oak
woodland from April 2011 to October 2013. Each point represents the
average of six replicates for trees, six to eight for shrubs, and four for the

Date Date

herbaceous layer. Vertical bars represent standard errors of the mean. At
the bottom are reported phenological events: catkin development (left-
hatched bars) and leave shedding (crossed bars) of cork oak, flowering
of cistus (closed bars), and ulex (right-hatched bars)
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seasonal pattern. In both shrub species, cistus, and ulex
(Fig. 2f), an increasing trend was observed from April/June
to August/September. Similar to the observed for cork oak,
also for ulex, maximum PRI values were recorded in March,
which corresponded to the lower NDVI.

fPAR and spectral indices

We tested different green biomass VIs for their correlation
with fPAR (Table 2). NDWI showed the highest correlation
coefficient (r) for the oak canopy, herbaceous layer, and cistus.
NDVI also showed significant correlations with fPAR, but
less strong than the observed for NDWI, especially for the
herbaceous layer. In this PFT, GNDVI also showed a signifi-
cant correlation to fPAR. The CI, generally assumed to be
representative of chlorophyll content, showed a significant
correlation with fPAR for the herbaceous layer and the cistus.
The last showed the higher degree of correlation for any of the
tested indices. On the contrary, no significant correlation was
found for ulex for any index. A linear regression analysis
(Table 6) was performed for NDWI in oak canopy (Fig. 3a),
the herbaceous layer (Fig. 3b), and cistus (Fig. 3¢) to assess its
potential as estimator of fPAR. The comparison of slopes
showed no differences in the regression line among PFTs.

Chlorophyll fluorescence and spectral indices

The spectral indices expected to be related with photosynthet-
ic efficiency, PRI, PRIs;,, and PRIs4s (see Table 1) were tested
for their correlation with AF/Fm'. At both leaf and canopy
levels, PRIs;, showed a better performance than the other
indices (r=0.647**, against 0.334 and 0.422, respectively,
for PRI and PRIs45). A significant linear relationship was ver-
ified only for PRIs;» and AF/Fm' (Fig. 4) (AF/Fm'=
0.825*PRI5;,+0.317, ¥=0.635, P<0.0001).

Table2 Pearson correlation coefficient () between selected vegetation
indexes and fPAR measurements in different species and vegetation types
in a cork oak woodland (N=31 for oak canopy, N=24 for herbaceous
layer, N=49 for cistus, N=47 for ulex)

R

Vegetation index Oak canopy Herbs Cistus Ulex

NDVI 0.564%%* 0.424%* 0.771%%* -0.178
GNDVI 0.298 0.470%* 0.658%%* -0.253
EVI 0.241 0.356 0.623%%* -0.159
MSAVI 0.257 0.350 0.633%* —0.144
CI 0.282 0.454%* 0.725%%* -0.113
NDWI 0.599%* 0.573%* 0.833%%* -0.092

*Correlations significant at the 95 %; **correlations significant at 99 %
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The influence of climate variables

Correlations between VIs and climate drivers (temperature,
PAR, rainfall, and VPD) were analyzed for each PFT and
within the shrub PFT for the two species, at time windows
of 5, 30, and 90 days (Tables 3, 4, 5, and 6). Generally,
contrasting patterns were observed between VIs related with
green biomass (NDVI, GNDVI, EVI, MSAVI, CI, NDWI)
and those representing photosynthetic efficiency (PRI,
PRIs;,, and PRIsys). Correlations were different for cork
oak, herbaceous layer, and shrub species and depended also
on the time window. In oak canopies (Table 3), positive cor-
relations were observed between Temp, PAR, and VPD and
the indices NDVI, GNDVI, CI, and NDWI, while correla-
tions were negative for PRI and similar indices. Correlations
with rainfall were always weak and not significant. The stron-
gest correlations with Temp, PAR, and VPD were observed
for the NDWI on a 30-day time window. On the same time
window, PRIs;, showed globally the highest correlations with
PAR, VPD, and Temp, but on a 90-day time window, corre-
lations with the same variables were stronger for PRI and
PRIs,s than PRIs)o.

The correlations for the herbaceous layer showed marked
differences from what was observed for cork oak (Table 4).
For almost all pairs of variables, correlation coefficient in-
creased as the time window increased, showing their maxi-
mum at 90-day time window. At this time window, NDVI
showed the best correlations with Temp, rainfall, PAR, and
VPD. Among the VIs related with photosynthetic perfor-
mance, the PRIs;, on a 90-day time window showed highest
correlations with climate drivers.

The semideciduous shrub cistus, similarly to the ob-
served for the herbaceous layer, showed that VIs represent
better the influence of climate drivers on biological proper-
ties of vegetation on a 90-day time window (Table 5). At
this time window, GNDVI was the index best correlated
with Temp and PAR, while CI showed the highest correla-
tions with rainfall and VPD. Similar increase of correlation
coefficient with longer time windows, but opposite trend
with the meteorological variables, was observed for estima-
tors of photosynthetic LUE, with PRI and PRIs4s showing
similar performance and, in both cases, better than the ob-
served for PRIs;,. The ulex showed generally weak corre-
lations between VIs and meteorological variables (Table 6).
Only rainfall showed a positive, significant correlation with
VIs related with green biomass (NDVI, GNDVI, and CI).
Similar to the observed for the herbaceous layer and the
cistus, better correlations were obtained on a 90-day time
window. Correlations with rainfall were significant for CI
and, in a lesser extent, for NDVI and GNDVI. PRIs;,
showed better performance than PRI and PRIs4s and posi-
tive significant correlations with Temp and VPD on a 90-
day time window.
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Fig. 3 Relationships observed “in situ” between fPAR and NDWI, for cork oak canopy (a), herbaceous layer (b), and cistus (c¢). Regression line

parameters are shown in the bottom of the figure

Discussion
NDVI and PRI temporal trends

Our results show clear differences among functional groups in
the temporal trends of NDVI and PRI. NDVI was fairly stable
along the experimental period, for the cork oak, in contrast to the
seasonal marked pattern observed in the herbaceous layer, with
the only exception of a decrease observed every year in corre-
spondence with the peak of leaf fall. This effect was also ob-
served in holm oak (Soudani et al. 2014) and confirms the ability
of VIs to mirror seasonal dynamics also in evergreen species
with small temporal changes in canopy structure. On the other
way, shrubs showed differences in their NDVI trend among the
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Fig.4 Relationships observed between leaf AF/Fm'and PRIs;, obtained
from canopy cork oak spectral measurements. Each point is the average
of five replicates per six tree (N=30) measurements on the same day

two species, particularly during the summer period, when the
semideciduous cistus reduces considerably its foliage and a drop
in NDVI was observed. Similarly, studies in ecosystems domi-
nated by shrub species reported a decrease in NDVI during
summer stress (Fuentes et al. 2006), and comparative studies
of deep-rooted and shallow-rooted shrub species showed a de-
crease of NDVTI in the second with the onset of summer drought
(Pifiol et al. 1998), underlining the ability of this VI to represent
differences in the response of shrubs to stress conditions.

In contrast with the NDVI trends, larger amplitude of values
was observed for PRI in the cork oak canopy than in the herba-
ceous layer, and differently from what observed for the herba-
ceous layer, both cork oak canopy and shrubs showed marked
seasonal PRI trends. This VI proved to be related to LUE in a
considerable number of experiments (Garbulsky et al. 2011),
and seasonal trends have been observed in long-term studies
in evergreen species such as holm oak (Soudani et al. 2014) or
conifers (Cheng et al. 2009), while in shrubs, results are con-
trasting and depend on the species (Filella et al. 2004). In the
present study, the seasonal trends observed in cork oak and
shrub species were different, which was also evidenced by the
differences observed in the correlation sign between PRI and
climate variables, suggesting a different physiological response
of trees and shrubs to climate drivers. While our results clearly
show that temporal patterns of NDVI and PRI were able to track
differences in the seasonal trend of different functional groups,
they also evidence drawbacks in the ecological interpretation of
VIs. For example, PRI peaks were observed in shrubs in corre-
spondence of flowering, due to the distinctive spectral signature
of the flowers, as observed also in other shrub communities
(Filella et al. 2004) and alert for the need to associate spectral
information with phenological data, for example, photographs,
which allow to date the flowering (Fig. 2). Most important,
differences in temporal trends observed among vegetation types
alert for the importance of the knowledge about species compo-
sition and their spatial arrangement in the interpretation of VIs
retrieved in heterogeneous forests from remote platforms.
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Table 3  Correlation coefficients between VIs and climate variables for cork oak

NDVI GNDVI EVI MSAVI  CI NDWI PRI PRI, PRIss

5-day time

PAR (umol m2 s ) 0.52%* 0.40* —0.53*%*%  —0.54** 0.31 0.68***  —0.25 —0.73***  —-0.36*

Temp (°C) 0.46%* 0.40* -0.27 —0.28 0.43* 0.60%**  —0.59%**  —(63%*F*  —0.54**

VPD (hPa) 0.26 0.29 —0.26 -0.27 0.31 0.40* —0.38* -0.35% -0.32

Rainfall (mm) -0.12 —-0.12 0.17 0.18 —0.03 —0.25 -0.08 0.18 -0.32
30-day time

PAR (pmol m™ s7) 0.61*%* 0.52%* —0.34* —0.35% 0.45%* 0.79%**  —041* —0.78*%**  —0.49%**

Temp (°C) 0.60*** 0.56*** 0.02 0.01 0.61%** 0.67%%%  —0.71%*¥*  —0.62%¥**  —().69***

VPD (hPa) 0.47%* 0.47%* —0.04 —0.04 0.46** 0.60** —0.47%* —0.53** —0.46%*

Rainfall (mm) —-0.03 0.10 0.12 0.12 —0.02 —0.16 —0.12 0.10 —-0.09
90-day time

PAR (umol m 2 s™") 0.58%** 0.58***  —0.01 —0.02 0.63%** 0.68%**  —(.68%**  —0.60***  —(.69***

Temp (°C) 0.44* 0.52%* 0.39* 0.39* 0.65%** 0.43* —0.74%%* =027 —0.69***

VPD (hPa) 0.33 0.42* 0.26 0.26 0.52%* 0.36* —0.62%*%*  -0.25 —0.57%%*

Rainfall (mm) 0.09 —-0.07 0.00 0.00 —0.08 0.03 0.05 —0.14 0.04

Climate variables are represented as the average (PAR, Temp, and VPD) or the sum (rainfall) of values over 5-, 30-, or 90-day time windows back since
the collection of spectral measurements in the field. Best correlation for pair of variables is highlighted in italics

*Correlations significant at the 95 %; **correlations significant at 99 %; ***correlations significant at 99.9 %

Other VI representatives of fPAR and photosynthetic
efficiency

Despite the good agreement observed among all indices of the
group of Vs related with green biomass, NDWI showed
highest correlations with fPAR than any other index for oak
canopies, herbaceous layer, and cistus, and we suggest the

possibility of applying this index for fPAR estimations in dif-
ferent functional types. The NDWI has been originally devel-
oped to estimate water content of vegetation (Gao 1996), but it
has been already shown that it is also a good predictor of leaf
biomass in crops from semiarid regions (Bolton and Friedl
2013) and LAI in boreal forest (Heiskanen et al. 2013). Sim-
ilar to the reported by Heiskanen et al. (2013), we observed

Table 4 Correlation coefficients between VIs and climate variables for the herbaceous layer

NDVI GNDVI EVI MSAVI CI NDWI PRI PRIy, PRIsys

5-day time

PAR (umol m2s™")  —0.35% —0.10 -0.20 —0.15 -0.29 —-0.03 0.55%** 0.35% 0.50%*

Temp (°C) —0.54** —0.34* —0.45%* —0.40* —0.46%* -0.29 0.53%* 0.50%* 0.57%*

VPD (hPa) —0.48%* -0.27 —0.43* —0.37* —042* -0.31 0.60%** 0.45%%* 0.57%%*

Rainfall (mm) 0.09 —0.08 —0.02 —0.05 0.07 —0.04 —0.41* —0.08 —0.27
30-day time

PAR (umol m2 s —0.52%* -0.24 —0.31 -0.25 —0.45%* —-0.16 0.65%** 0.52%%* 0.68%**

Temp (°C) —0.65%***  —(0.48%* —0.53** —0.47** —0.59%**  —(0.43* 0.54%* 0.62%%* 0.65%**

VPD (hPa) —0.67*** —0.44* —0.53%* —0.47%* —0.61%**  —0.46** 0.67%** 0.65%** 0.75%%*

Rainfall (mm) 0.40* 0.16 0.24 0.21 0.39* 0.27 —0.64***  —0.42% —0.60%**
90-day time

PAR (umol m2s7)  —(.77%%* —0.58%¥*  —(.62%**  —0.56%**F (. 7[¥*¥*¥  —(.52%* 0.64%** 0.75%%* 0.77%%*

Temp (°C) —0.69%** —0.63%*%  —(.62%%*F  —(.58%**  —(.66%**  —(.62%** 0.42* 0.64%** 0.56%**

VPD (hPa) —0.74%%* —0.67%¥%  —Q.7]*FF —0.68%**  —(.7]*F* (. 70%** 0.47%* 0.70%** 0.63%%**

Rainfall (mm) 0.77%%* 0.71%%* 0.74%%* 0.69*** 0.74%%* 0.79%%%  —0.49** —0.74%%%  —(.63%**

Climate variables are represented as the average (PAR, Temp, and VPD) or the sum (rainfall) of values over 5-, 30-, or 90-day time windows back since
the collection of spectral measurements in the field. Best correlation for pair of variables is highlighted in italics

*Correlations significant at the 95 %; **correlations significant at 99 %; ***correlations significant at 99.9 %
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Table 5 Correlation coefficients between VIs and climate variables for cistus
NDVI GNDVI EVI MSAVI CI NDWI PRI PRIs;» PRIsys
5-day time
PAR (umolm?2s ")  —0.03 -0.37* 0.15 0.14 -0.25 0.27 0.31 -0.27 0.15
Temp (°C) —0.40%* —0.71*%%*  —0.30 -0.31 —0.58%** —-0.19 0.44* 0.07 0.40%*
VPD (hPa) -0.33 —0.55*%**  —0.16 —-0.15 —0.47%* —-0.13 0.37* 0.11 033
Rainfall (mm) 0.02 0.10 -0.21 -0.24 0.09 —-0.15 —0.16 0.04 —-0.08
30-day time
PAR (umol m?2s ")  —0.18 —(.49%* 0.01 0.00 —0.42* 0.12 0.48%* -0.18 0.30
Temp (°C) —(.58%** —0.81%** —0.47*** —0.47%** —().73%** —0.39% 0.60%** 0.20 0.56%**
VPD (hPa) —0.56%** —0.73***  —(.38* —0.36* —(.72%** -0.34 0.68*** 0.23 0.61%**
Rainfall (mm) 0.09 0.07 —-0.11 -0.12 0.19 —0.06 —0.40* —0.04 -0.25
90-day time
PAR (umol m2s")  —0.59%** —0.80%** —0.47** —0.47%* —(.74%** —0.39* 0.66%** 0.20 0.57%%*
Temp (°C) —0.76%** —0.81%** —(.73%%* —(.72%%%* —(0.79%** —(.72%%* 0.62%** 0.47%* 0.64%**
VPD (hPa) —(0.78%** —0.80%** —(.75%** —0.74%%* —0.83%** —(.73%** 0.66%** 0.50%* 0.71%%*
Rainfall (mm) 0.55%%* 0.41* 0.47%* 0.45%* 0.55%** 0.51%* —0.62%** —0.47%* —0.62%**

Climate variables are represented as the average (PAR, Temp, and VPD) or the sum (rainfall) of values over 5-, 30-, or 90-day time windows back since
the collection of spectral measurements in the field. Best correlation for pair of variables is highlighted in italics

*Correlations significant at the 95 %; **correlations significant at 99 %; ***correlations significant at 99.9 %

similar parameters for the NDWI-fPAR regression line for oak
trees and shrubs, strongly suggesting the use of this index for
fPAR estimates in heterogeneous ecosystems. This index
could be particularly interesting in the perspective of the use
of spectral retrievals at a low spatial resolution where different
PFTs are undistinguished, to describe green biomass temporal
trends at the ecosystem level.

Similarly to previous studies (Cristiano et al. 2010), in the
herbaceous layer, the GNDVI showed higher correlations with
fPAR than NDVI. The two shrub species revealed a contrast-
ing pattern, with the ulex showing no correlations between
fPAR and VIs and the cistus showing highly significant cor-
relation degrees with all Vis. Obviously, this is the result of
different growth habit and physiognomy. While the

Table 6 Correlation coefficients between VIs and climate variables for ulex

NDVI GNDVI EVI MSAVI CI NDWI PRI PRIs» PRIsys

5-day time

PAR (umol m 2 s™") 0.11 —0.08 —-0.11 —-0.12 0.05 0.30 —0.34 —-0.06 -0.28

Temp (°C) 0.11 —0.08 —-0.05 —-0.05 0.00 0.09 —0.55%* 0.16 —0.39*

VPD (hPa) 0.06 —0.14 0.00 0.00 —0.04 0.11 —0.26 0.01 —-0.17

Rainfall (mm) 0.01 0.05 0.00 0.00 0.04 —0.11 —0.10 0.08 —0.11
30-day time

PAR (umol m 2 s™") 0.08 —0.14 —0.02 —0.02 —0.04 0.24 —0.36* 0.05 —0.26

Temp (°C) 0.04 —0.10 —0.01 —0.01 —-0.10 —0.02 —0.47** 0.30 —0.29

VPD (hPa) —0.01 —0.17 0.00 0.02 —-0.17 0.05 —0.24 0.13 —0.12

Rainfall (mm) 0.15 0.23 0.04 0.03 0.26 —0.03 —0.30 0.05 -0.32
90-day time

PAR (umol m2 s™") —0.03 —0.16 -0.07 —-0.07 -0.18 —0.06 —0.38* 0.34 -0.18

Temp (°C) —-0.06 —-0.09 0.02 0.02 -0.21 -0.26 -0.29 0.45%* —-0.09

VPD (hPa) —-0.06 —0.08 —-0.05 —-0.05 —0.21 —0.24 -0.26 0.39* —-0.05

Rainfall (mm) 0.37*% 0.35* 0.31 0.30 0.49%* 0.33 —0.29 -0.17 —0.44%*

Climate variables are represented as the average (PAR, Temp, and VPD) or the sum (rainfall) of values over 5-, 30-, or 90-day time windows back since

the collection of spectral measurements in the field. Best correlation for pair of variables is highlighted in italics

*Correlations significant at the 95 %; **correlations significant at 99 %; ***correlations significant at 99.9 %
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semideciduous cistus is subjected to temporal changes in its
leaf area, as showed also by the NDVI temporal trend, in the
ulex, due to its peculiar modified leaves and the green bark
that covers most of the branches, the absence of a relationship
between VIs and LAI (and fPAR) was expected. Contrary to
the observed in other studies on low-density vegetation (Ma
et al. 2014), the EVI did not produce better results than NDVI
in its correlations with fPAR. EVI is expected to reduce the
effect of soil background reflectivity (Huete et al. 2002) which
was likely to influence the spectral signature of the canopy in
the present study, subjected to seasonal drought and canopy
cover decrease. Nonetheless, similar results have been previ-
ously observed in similar ecosystem (Cheng et al. 2006),
where EVI increased the noise of the temporal trend, as com-
pared to NDVL

Our results showed that, for cork oak, PRIs;, is a better
estimator of photosynthetic efficiency than PRI. Previous
studies showed significant correlations between the quantum
yield and PRI, not found in this study. Gamon et al. (1997)
found a consistent positive linear relationship between PRI
and quantum yield across different functional types. The
PRI-quantum yield relationship was also found significant
under superimposed drought conditions in tree species on a
short term (Ripullone et al. 2011); however, other studies re-
ported a weak PRI-quantum yield correlations, especially un-
der long-term experimental conditions (Hmimina et al. 2014).
The PRIs;, index was previously adopted by Hernandez-
Clemente et al. (2011) in Pinus species (Pinus nigra and Pinus
sylvestris) and demonstrated to reduce the variability caused
by changes in the structure of the canopy. The study of
Hernandez-Clemente et al. (2011) was performed during sum-
mer stress conditions, while our experiment spans across sea-
sons, suggesting that the index is less sensitive than PRI to leaf
ontogeny, canopy structure, and background, also subjected to
changes along the experiment. Correlations observed between
PRIs;, and climate drivers confirm our results on the suit-
ability of this spectral index for photosynthetic efficiency
monitoring. In another study, Porcar-Castell et al. (2012) re-
ported a better performance of PRIs4s than PRI as estimator
of photosynthetic efficiency across seasons in Scots pine. In
our study, PRIs45 did not show a better performance in com-
parison with other indices. The reasons for such different
results could be multiple and clearly evidence a need for
further long-term studies on the relationship between physi-
ological processes associated with photosynthesis and PRI in
the different functional groups.

The influence of climate drivers on spectral signature
The analysis of the correlations between VIs and climate
drivers clearly evidences differences in the biophysical re-

sponse of different PFTs. The herbaceous layer showed sig-
nificant and positive correlation between VI estimators of
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green biomass and rainfall but negative correlations with
Temp, PAR, or VPD, while, for the last three variables, an
opposite trend was observed for cork oak. Differences in the
timing of annual cycle can explain the contrasting relation-
ships observed. The germination of the herbaceous species
occurs in the autumn, after the first rains, and biomass growth
is confined to the period February—May (Jongen et al. 2013),
strongly depending on precipitation, as indicated by NDVI
and rainfall time series (Figs. | and 2). At the end of spring,
when temperature and VPD raise, the herbaceous biomass is
already drying out. In the evergreen cork oak, the annual re-
new of the canopy lasts for about 2 months and new leaves are
completely developed only at the end of June (see Fig. 2). The
existence of a positive relationship between shoot elongation
and average temperature (30 days) before budburst was con-
firmed by phenological studies on the same species in the
region (Pinto et al. 2011).

It is noteworthy that the two shrub species showed con-
trasting patterns in their relationship between VIs and climate
drivers; while the ulex showed weak correlations with all
climate variables, the cistus showed patterns similar to the
herbaceous layer. In this semideciduous shrub species, the
reduction of leaf area is an effective strategy to limit water
losses by transpiration during the summer months (Harley
et al. 1987), which corroborates the positive correlation of
VI estimators of biomass and rainfall and the negative corre-
lation of the same VIs with VPD and temperature (Table 5).
Globally, our results evidence that phenological differences
among PFT are reflected in VIs and suggest caution in the
adoption of spectral information in ecology studies from re-
mote platforms without identification of the composition of
the vegetation in the study area.

A good agreement has been also observed between VIs
related with photosynthetic efficiency (PRI, PRIs;,, and
PRIs4s) and climate variables. Also, in this case, the patterns
observed were opposite for the cork oak and for the herbaceous
layer and the cistus. Globally, these indices were negatively
correlated with Temp, PAR, and VPD in cork oak and positive-
ly in the herbaceous layer. Again, these differences should be
ascribed to differences in the physiological response of different
functional types to climate drivers. The herbaceous layer and
the shrub cistus showed a strong dependence of VIs on rainfall
at a 90-day time window, not observed in cork oak and ulex. In
the Mediterranean region, precipitation is the main constrain to
photosynthesis and growth (Pereira et al. 2006; Pereira and
Chaves 1993) and an exacerbation of water deficit conditions
is predicted for the region by climate change scenarios (Giorgi
and Lionello 2008). This is particularly critical for shallow-
rooted species, like those of the herbaceous layer and the cistus,
which are unable to access to groundwater, and justifies the
strong correlation observed between VIs and rainfall on a
long-term basis. It is less critical for the deeply rooted species
such as cork oak (David et al. 2013) or ulex.
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Biophysical properties mirrored by VIs showed to be more
influenced by climate on a monthly (30-day time window) and
seasonal (90-day time window) basis than on a short term (5-
day time window). This was true either for VIs related with
fPAR as well as with those related with photosynthetic light
use efficiency and for all the vegetation types analyzed. In
agreement with quantum yield measurements, PR1s;, showed
to be the best correlated with climate drivers for cork oak
canopy in the short term. When the time window increases,
the degree of correlation with PRI and PRIs4s increases and
prevails at a 90-day time window. Differences observed in the
short and long terms are known to depend on the higher sen-
sitivity of PRI, as compared to PRIs;,, to canopy structure and
pigment concentration (Filella et al. 2009; Penuelas et al.
1995; Garbulsky et al. 2011). This can explain the difference
observed in the performance of the indices between short and
long terms but does not explain the weaker correlation ob-
served for the cistus for PRIs;,, and it is indicative of the need
for further studies of the dynamics of photosynthesis and spec-
tral signature in shrub species.

Conclusions

Results from this study evidence the potential of VIs for mon-
itoring biological properties of vegetation and mirroring the
phenological and physiological response of different function-
al groups to climate drivers. Spectral sensors, as showed in
many studies, can be employed as tools in ecology studies and
forest management, allowing indirect monitoring of vegeta-
tion and increasing the reliability of GPP models. Moreover,
in the actual climate change context, with unexpected changes
in the seasonal patterns of temperature and precipitation for
the Mediterranean area (Giorgi and Lionello 2008), temporal
series of VIs make possible to study inter- and intra-seasonal
response patterns to climate parameters, which are fundamen-
tal for predictive studies (Schimel et al. 2015).

At the same time, the present study suggests that partic-
ular care should be taken in the interpretation of spectral
information retrieved from remote platforms or in situ ob-
servations from the top of tree canopies (Hilker et al. 2011)
in heterogeneous ecosystems such as Mediterranean open
woodlands. Our results clearly show how differences among
PFT seasonal dynamics are represented by VIs. Accounting
for those differences is critical to a correct interpretation of
the relationship between the spectral signature of the vege-
tation and its biophysical properties and essential to a correct
upscaling of GPP by models integrating optical information
(Porcar-Castell et al. 2015).

Results evidence also the need for further studies relating
biological and optical properties in different functional
groups at different time windows to clarify differences ob-
served between climate drivers and VlIs at different time

steps. These studies would contribute to the identification of
functional types based on traits distinguishable by optical
properties (Ustin and Gamon 2010; Gamon 2015), strength-
ening the relationship between ecological information and
remote sensing observations.

Comparative studies of in situ and remote sensing data
are also envisaged to distinguish biological variability from
other confounding factors, such as atmospheric conditions,
illumination, and observation angles, which are relevant
sources of variability when spectral information is retrieved
from remote platforms.
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