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a  b  s  t  r  a  c  t

Understanding  the  interactions  of  climate,  vegetation  growth,  and gross  primary  production  (GPP)  is crit-
ical for  accurate  estimation  of  GPP  over  years.  The  eco-physiological  response  of two  functional  savannas
(deciduous  and  evergreen)  to  temporal  variations  in  biophysical  factors  under  similar  Mediterranean
climate  is  still  unclear.  In this  study,  we  compared  dynamics  of  major  climatic  variables,  eddy  covari-
ance  (EC)  tower-based  GPP  (GPPEC),  and  vegetation  indices  (VIs:  normalized  difference  vegetation  index
(NDVI),  enhanced  vegetation  index  (EVI),  and  land  surface  water  index  (LSWI))  over the  last  decade  in
a deciduous  savanna  (Tonzi  Ranch  in California,  USA)  and an  evergreen  savanna  (Las  Majadas  del  Tietar
in Caceres,  Spain)  under  the  Mediterranean  climate.  We  also  examined  the  relationships  among  VIs,
GPPEC, and  major  climatic  variables  in dry,  normal,  and  wet  hydrological  years.  Seasonal  dynamics  of
climatic  variables  and  GPPEC were  similar,  but  seasonal  dynamics  of  VIs  differed  at  two  savanna  sites.
Both  savannas’  VIs  and GPPEC had similar  responses  to  air temperature.  The  evergreen  savanna  showed
larger  variations  in  VIs  and  GPPEC with  respect  to changes  in annual  precipitation  than  did  the  decidu-
ous  savanna.  We  simulated  GPP  of  these  two savanna  sites  using  a light-use  efficiency  based  Vegetation
Photosynthesis  Model  (VPM).  The  modeled  GPP  (GPPvpm) at  both  savanna  sites  agreed  well  with  the  sea-
sonal  and  interannual  dynamics  of  GPPEC over  the  study  period  (slopes  of 0.83–1.15  and  R2 values  of

0.91–0.97).  The  LSWI-based  water  scalar  parameter  in  VPM  helped  to  accurately  estimate  GPP  under  dry,
normal,  and wet  years.  The  results  of this  study  help  better  understanding  the eco-physiological  response
of  evergreen  and  deciduous  savannas,  and  also  suggest  the  potential  of  VPM  to  simulate  the  interannual
variations  of GPP  in  different  Mediterranean-type  savannas  through  the  integration  of  vegetation  indices

and climate  data.

. Introduction

Mediterranean-type savannas provide many ecological ser-
ices with rich species and unique natural and human landscapes
Baldocchi et al., 2010; Correia et al., 2014). These savannas are
omposed of sparse trees and continuous understory herbaceous
over, shaped by both human activities and ecological factors

Bugalho et al., 2011; Kobayashi et al., 2013; Marañón et al., 2009).
hese savannas experience large interannual variations in tem-
erature, rainfall, and soil moisture (Joffre et al., 1999; Ma et al.,

∗ Corresponding author at: Department of Microbiology and Plant Biology, Uni-
ersity of Oklahoma; 101 David L. Boren Blvd Norman, Oklahoma 73019-5300, USA.
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168-1923/© 2016 Elsevier B.V. All rights reserved.
© 2016  Elsevier  B.V.  All  rights  reserved.

2007). In addition, climate models have projected large changes
in the Mediterranean climate in this century, including increased
mean air temperature, significantly reduced precipitation, more
concentrated rainfall events, and longer drought periods (Gao and
Giorgi, 2008; Hertig and Jacobeit, 2008). These factors are likely to
result in even more complicated interannual variations in gross pri-
mary production (GPP) of Mediterranean-type savanna ecosystems
than that of sub-tropical, temperate, and boreal ecosystems (Ma
et al., 2007). An accurate estimation of GPP for Mediterranean-type
savannas is, therefore, critical to better understand the feedbacks
of these savannas to climate change.

In past decades, production efficiency models (PEMs) based on

the light use efficiency (LUE) concept (Monteith, 1972) have been
widely used to estimate GPP of terrestrial ecosystems (Goetz et al.,
1999; Running et al., 2004; Turner et al., 2006; Veroustraete et al.,
2002; Xiao et al., 2004a; Yuan et al., 2007). These PEMs estimate GPP
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s the product of photosynthetically active radiation (PAR), the frac-
ion of absorbed PAR (FPAR), and LUE (Monteith, 1972; Potter et al.,
993). The tree-grass mixed and open canopies of Mediterranean-
ype savannas present a challenge to accurate estimation of leaf
rea index and FPAR (Hilker et al., 2008; Ruimy et al., 1999; Ryu
t al., 2010; Widlowski, 2010), which may  in turn present a chal-
enge for LUE-based GPP models to capture large interannual GPP
ariations due to year to year changes in temperature, rainfall, and
oil moisture.

The LUE-based Vegetation Photosynthesis Model (VPM), which
stimates GPP at temporal scales ranging from daily to 8-day, has
uccessfully simulated GPP across a variety of terrestrial ecosys-
ems including tropical savannas (Jin et al., 2013), croplands (Kalfas
t al., 2011; Wagle et al., 2015b), grasslands (Wagle et al., 2014), and
orests (Xiao et al., 2005a,b). VPM uses temperature (Tscalar) and
ater (Wscalar) down-regulation scalars to characterize the effects

f these factors on LUE. Satellite-based land surface water index
LSWI) that can track drought-impacted vegetation (Bajgain et al.,
015; Wagle et al., 2014, 2015b) is used in VPM to compute Wscalar.
or these reasons, several GPP model comparison studies have
hown VPM’s performance to be better than several other com-
only used GPP models in capturing the impacts of drought on GPP

n grasslands (Dong et al., 2015; Wu et al., 2010). In this study, we
valuate the performance of VPM in estimating seasonal dynamics
nd interannual variability of GPP in two oak savannas sites (one
eciduous savanna in the United States and one evergreen savanna

n Spain). These two sites have comparable Mediterranean climates
nd have in-situ climate and carbon flux data over a decade (Casals
t al., 2009; Gilabert et al., 2015; Ma  et al., 2007).

The goals of this study were to (1) examine the seasonal dynam-
cs and interannual variations of climate and vegetation growth of
he Mediterranean-type savannas based on flux observations and
emote sensing data; and (2) estimate the potential of the LUE-
ased VPM to simulate GPP of the Mediterranean-type savannas
nder different hydrological conditions. Three specific objectives
f this study were to (1) understand the seasonal dynamics of
ajor climatic variables (temperature, precipitation, and radia-

ion), vegetation indices (VIs), and carbon flux of two dominant
unctional (evergreen and deciduous) savannas under the Mediter-
anean climate; (2) examine the relationships among temperature,
recipitation, VIs, and GPP dynamics; and (3) simulate seasonal
ynamics and interannual variations of GPP over dry, normal, and
et hydrological years, using VPM.

. Material and methods

.1. Study sites

.1.1. Tonzi Ranch (US-Ton) site
The Tonzi Ranch site is located in California, USA (38.4316◦N,

20.9660◦W,  Fig. 1a). Dominant species are deciduous blue oaks
Quercus douglasii) and understory C3 grasses, with tree canopy
over of about 40%. This site has a Mediterranean climate with
ry and hot summers (little summer precipitation), and wet and
ild winters. The mean annual air temperature is 16.5 ◦C and the
ean annual precipitation is 562 mm.  The landscape features and

elevant information of this site are shown in Fig. 1b and Table 1.
etailed information on the site can be found in an earlier publica-

ion (Ma  et al., 2007).

.1.2. Las Majadas del Tietar (ES-LMa) site

The Las Majadas del Tietar site is located at Caceres, Spain

39.9415◦N, 5.7734◦W Fig. 1a). Dominant species are evergreen
olm oak trees (Quercus ilex ssp. ballota Lam.) and annual C3
rasses, with tree canopy cover of about 20%. This site experiences
eorology 226–227 (2016) 132–147 133

a Mediterranean climate and has a mean annual air temperature
of 16.7 ◦C and mean annual precipitation of 528 mm with summer
precipitation comprising less than 6%. The landscape features and
relevant information of this site are shown in Fig. 1c and Table 1.
Detailed information on the site can be found in an earlier publica-
tion (Casals et al., 2009).

2.2. Data

2.2.1. CO2 flux and meteorological data
The climate and carbon flux data used in this study were down-

loaded from the AmeriFlux website (http://ameriflux.ornl.gov/) for
the US-Ton site and European Fluxes Database Cluster (http://
www.europe-fluxdata.eu/) for the ES-LMa site. We  acquired the
gap-filled half-hourly level 2 data over twelve years (2002–2013)
for the US-Ton site. For the ES-LMa site, we acquired level 4 weekly
data over 8 years (2004–2011) and half-hourly level 2 data for
2012. We  aggregated half hourly eddy covariance tower-based GPP
(GPPEC) and meteorological data into 8-day intervals to match the
temporal resolution of MODIS-derived VIs.

2.2.2. MODIS surface reflectance, vegetation indices, and GPP
product

This study used the MODIS 8-day land surface reflectance prod-
uct (MOD09A1) at 500 m spatial resolution. It includes seven
spectral bands: red (620–670 nm), blue (459–479 nm), green
(545–565 nm), NIR1 (841–876 nm), NIR2 (1230–1250 nm), SWIR1
(1628–1652 nm), and SWIR2 (2105–2155 nm). Three vegetation
indices: NDVI (Tucker, 1979), EVI (Huete et al., 2002, 1997), and
land surface water index (LSWI) (Xiao et al., 2004a,b) were cal-
culated using the blue, red, NIR1, and SWIR1 spectral bands as
shown in Eqs. (1)–(3). The MOD09A1 data were downloaded from
the Earth Observation and Modeling Facility (EOMF) data portal at
the University of Oklahoma (http://eomf.ou.edu/visualization/).

NDVI = �NIR − �Red

�NIR + �Red
(1)

EVI = 2.5 × �NIR − �Red

�NIR + 6 × �Red − 7.5 × �Blue + 1
(2)

LSWI = �NIR − �SWIR

�NIR + �SWIR
(3)

The MODIS land science team provides the global standard
MODIS GPP (GPPmod) product (MOD17A2) at 1 km spatial res-
olution and 8-day temporal resolution (Running et al., 2004;
Zhao and Running, 2010; Zhao et al., 2005). MOD17A2 data
(version-55 of 2002–2012, version-5 of 2013) were downloaded
from NASA LAADS website (https://ladsweb.nascom.nasa.gov/
data/search.html) for the model comparison.

2.3. Analysis of climate, vegetation indices, and carbon flux data

We examined the seasonal and interannual dynamics of PAR,
mean air temperature (Tair), mean precipitation (Precip), soil water
content (SWC), VIs, and GPPEC. We  computed annual precipitation
(APhyd), mean annual precipitation (MAPhyd), and standard devia-
tion of annual precipitation (SDhyd) over each hydrological (hyd)
year (hydrological year begins in September and ends in August
of the following year) across the study period. There is not a uni-
versal physical variable to quantitatively describe the types of the
hydrological years (dry, normal, and wet  years) at the annual scale.
Precipitation is a main variable determining the humidity and dry-

ness (Chang and Kleopa, 1991; Heim, 2002). In addition, drought
indices are usually used to monitor different types of hydrolog-
ical systems (McKee et al., 1993; Palmer, 1965; Vicente-Serrano
et al., 2010). The Standardized Precipitation Evapotranspiration

http://ameriflux.ornl.gov/
http://ameriflux.ornl.gov/
http://ameriflux.ornl.gov/
http://ameriflux.ornl.gov/
http://ameriflux.ornl.gov/
http://www.europe-fluxdata.eu/
http://www.europe-fluxdata.eu/
http://www.europe-fluxdata.eu/
http://www.europe-fluxdata.eu/
http://www.europe-fluxdata.eu/
http://www.europe-fluxdata.eu/
http://eomf.ou.edu/visualization/
http://eomf.ou.edu/visualization/
http://eomf.ou.edu/visualization/
http://eomf.ou.edu/visualization/
http://eomf.ou.edu/visualization/
http://eomf.ou.edu/visualization/
http://https://ladsweb.nascom.nasa.gov/data/search.html
http://https://ladsweb.nascom.nasa.gov/data/search.html
http://https://ladsweb.nascom.nasa.gov/data/search.html
http://https://ladsweb.nascom.nasa.gov/data/search.html
http://https://ladsweb.nascom.nasa.gov/data/search.html
http://https://ladsweb.nascom.nasa.gov/data/search.html
http://https://ladsweb.nascom.nasa.gov/data/search.html
http://https://ladsweb.nascom.nasa.gov/data/search.html
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Fig. 1. Geolocation of two  savanna flux tower sites in USA and Spain (a); landscapes at the US-Ton site, USA (b); and landscapes at the ES-LMa site, Spain (c). The square line
in  b and c corresponds to the size of one MODIS pixel at 500 m spatial resolution, and the dot represents the location of the flux tower.

Table 1
Summary of two savanna study sites.

Site code Site name Country Lat Lon Dominant species MAP  (mm) MAT  (◦ C) Flux data used References

us blu
n holm

I
t
c
p
g
d
S
i
t
p
c
(

a
v
t
p
e

US-Ton Tonzi Ranch US. 38.4316 −120.966 Deciduo
ES-LMa Las Majadas del Tietar Spain 39.9403 −5.7746 Evergree

ndex (SPEI) is the difference between precipitation (P) and Poten-
ial Evapotranspiration (PET) (Vicente-Serrano et al., 2010). This
limatic water balance-based drought index includes the effects of
recipitation and temperature variations on drought assessment. A
lobal assessment showed good performance of the SPEI to capture
rought impacts on agriculture, ecology, and hydrology (Vicente-
errano et al., 2012). More information about the SPEI was  shown
n SI Appendix. To explore the responses of these two savannas
o the interannual variations of precipitation, and to evaluate the
erformance of VPM under different hydrological conditions, we
lassified the study period into three types of hydrological years
dry, normal, and wet) based on annual precipitation and the SPEI.

We performed simple regression analysis between VIs (NDVI
nd EVI) and GPPEC over the growing season to understand how

egetation greenness is related to canopy photosynthesis in these
wo savanna ecosystems. The growing season was  defined as the
eriod when GPPEC > 1 g C m−2 day−1 as in previous studies (Dong
t al., 2015; Jin et al., 2013; Wagle et al., 2014).
e oak, C3 grass 562 16.5 2002–2013 Ma  et al. (2007)
 oak, C3 grass 528 16.7 2004–2012 Casals et al. (2009)

The responses of EVI and GPP to daytime mean air temperature
(Tair daytime) were examined to determine the optimal temperature
(Topt) parameter for GPP simulation in VPM. We  categorized 8-day
EVI and GPPEC from both sites into different temperature classes
at 1 ◦C interval and computed mean EVI and GPPEC in all years for
each temperature bin. Similarly, we  also computed mean EVI and
GPPEC only in wet years for each temperature bin to exclude the
potential influence of water stress in dry years on determining Topt.
The Tair daytime at the maximum turning point (the inflection point)
of the EVI and GPPEC curves was  selected as Topt.

2.4. GPP simulation from VPM

The satellite-based VPM was developed to estimate vegetation

GPP over the photosynthetically active period (Xiao et al., 2004a,b).
The VPM estimates GPP as the product of LUE, FPARchl , and PAR.

GPPVPM = εg × FPARchl × PAR (4)
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ig. 2. Light-response curve function based on two weeks of flux tower measurem
010  for the ES-LMa site). Data points represent 30-min daytime net ecosystem C
hoton  flux density. �0 is the apparent quantum yield (mol CO2 mol−1 of photon) fr

here �g is the LUE (g C mol−1 photosynthetic photon flux density,
PFD), FPARchl is the fraction of PAR absorbed by chlorophyll, and
AR is the photosynthetically active radiation.

FPARchl is estimated as a linear function of EVI (Eq. (5)), and the
oefficient a is set to be 1.0 following previous studies (Xiao et al.,
005a,b).

PARchl = a × EVI (5)

εg is estimated as the down-regulation of maximum light use
fficiency ε0 (g C mol−1 PPFD) with temperature and water scalars
o account for temperature and water stresses as shown in Eq. (6).

g = εo × Tscalar × Wscalar (6)

0 varies based on vegetation functional types (C3 or C4 biomes)
n the VPM. The estimation methods include literature surveys and
ite-based analysis of NEE and photosynthetic photon flux density
PPFD) (Xiao, 2006). In this study, ε0 was determined from the NEE-
PFD relationship as shown in previous studies (Wagle et al., 2014,
015a,b). The Michaelis-Menten function (Eq. (7)) was used to esti-
ate ε0 at an ecosystem level based on two weeks of half-hourly

ux data during peak savanna growth (May 13–26, 2010 for the US-
on site, May  3–16, 2010 for the ES-LMa site). These periods were
elected based on the maximum 8-day NEE or GPP values for the
tudy sites. Based on this analysis, we used the ε0 value of 0.042 mol
O2 mol−1 PPFD or 0.5 g C mol−1 PPFD (Fig. 2) for both sites across
ll site-years.

EE = ε0×GPPmax×PPFD
ε0×PPFD+GPPmax

+ ER (7)

here GPPmax is the maximum canopy CO2 uptake rate
�molm−2 s−1) at light saturation and ER is ecosystem respiration.

Tscalar was estimated at each time step based on the relationship
etween stomatal conductance and air temperature (Jarvis, 1976)
ollowing the equation used in the Terrestrial Ecosystem Model
Raich et al., 1991).

(T − T )(T − T )

scalar = min max

(T − Tmin)(T − Tmax) − (T − Topt)
2

(8)

here Tmin, Tmax , and Topt are minimum, maximum, and optimal
emperatures for photosynthetic activities, respectively. We  set
uring the selected time periods (May 13–26, 2010 for the US-Ton site, May  3–16,
change (NEE) values and data were pooled for both sites. PPFD is photosynthetic
e initial slope of the light-response curve.

Tmin and Tmax values to be 0 ◦C and 50 ◦C considering the lethal
effects of cold temperature (frost) and extreme heat on plant
growth and development. Tmin and Tmax are generally selected in
such a way that the sites do not experience that level of too low
or high temperature during the growing season. Topt for photosyn-
thesis varies widely among different vegetation types (Baldocchi
et al., 2001; Medlyn et al., 2002; Sims et al., 2008). Two sites had
different portions of grass and tree covers which might alter Topt . In
this study, the site-specific Topt was, therefore, estimated using the
method described in Section 2.3. As photosynthesis occurs in day-
time, we used daytime mean air temperature instead of the daily
mean air temperature to calculate the Tscalar .

Wscalar was estimated based on the satellite-derived land surface
water index (LSWI) as:

Wscalar = 1 + LSWI

1 + LSWImax
(9)

where LSWI max is the maximum LSWI within the growing season
for individual pixels.

3. Results

3.1. Seasonal dynamics and interannual variations of climate,
vegetation indices, and GPPEC

The seasonal dynamics and interannual variations of PAR, Tair,
SWC, and Precip at two  savanna sites are shown in Fig. 3 and Table 2.
Both sites had similar seasonal dynamics of PAR and Tair, with PAR
ranging from 10 to 70 mol  m−2 day−1 and Tair ranging from 4 to
35 ◦C. SWC  at the US-Ton site ranged from 10% to 40% and dropped
significantly below 15% in dry seasons, while SWC  at the ES-LMa site
ranged from 2% to 40% and was  approximately 5% in dry seasons. In
general, rainfall mainly occurred in autumn, winter, and the next
spring at both sites (Fig. 3d). Over the study period, the US-Ton site
had a MAPhyd of 549 mm (Fig. S1a, Table 2) with summer precipita-

tion less than 1%. And the ES-LMa site had a MAPhyd of 633 mm (Fig.
S1b, Table 2) with summer precipitation about 5%. The monthly
SPEI time series for both sites are shown in Fig. S1. We  identified
the wet, normal and dry years based on the intensity and duration of
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ig. 3. Seasonal dynamics and interannual variations (8-day values) of photosyn
recipitation at two  savanna sites over the study period.

he monthly SPEI and the annual precipitation. We identified four
ry years (2006–2007, 2007–2008, 2008–2009, and 2012–2013),
hree normal years (2002–2003, 2003–2004, 2009–2010), and four
et years (2004–2005, 2005–2006, 2010–2011, and 2011–2012)

t the US-Ton site. Similarly, at the ES-LMa site, we identified four
ry years (2004–2005, 2007–2008, 2008–2009, and 2011–2012),
ne normal year (2005–2006), and three wet years (2006–2007,
009–2010, and 2010–2011).

Seasonal dynamics of VIs (NDVI, EVI, and LSWI) and GPPEC at
oth savanna sites varied from year to year depending on envi-
onmental drivers (Fig. 4). As both sites did not experience severe
ater stress in 2005–2006, 2009–2010 and 2010–2011, we com-
ared the VIs and GPPEC dynamics at two savanna sites during those
hree hydrological years. At both sites, GPPEC showed similar sea-
onal dynamics: started to increase and exceeded 1 g C m−2 day−1

uring autumn, peaked in the following spring, then decreased to
 g C m−2 day−1 or less in summer. This suggests that vegetation in

hese two savannas greened up during autumn and entered into
enescence in summer. These GPP seasonal patterns showed close
orrespondence with the seasonal patterns of VIs, as VIs started to
ncrease in autumn, declined rapidly before summer, and remained
ally active radiation (PAR), daily mean air temperature, soil water content, and

low throughout the summer. However, VIs at the ES-LMa site
peaked in winter and exhibited a high plateau during the grow-
ing season from winter to next spring, while VIs at the US-Ton site
peaked in spring and did not exhibit a high plateau during the entire
growing season. Although VIs peaked in different periods at two
sites, peak GPPEC occurred at almost the same time (Fig. 4).

3.2. The relationships among climate, vegetation indices, and
GPPEC

Relationships between VIs (NDVI and EVI) and GPPEC during the
plant growing season were examined under four scenarios: over
the entire study period; dry years; normal years; and wet years
(Fig. 5). NDVI and EVI accounted for more variabilities of GPPEC at
the US-Ton site (R2 = 0.36 and 0.55, respectively, Fig. 5(a, b)) than
at the ES-LMa site (R2 = 0.20 and 0.33, respectively, Fig. 5(e, f)) over
the entire study period. Comparison of the relationships between

GPPEC and VIs in dry, normal, and wet  years showed that the rela-
tionships were stronger in dry years at both sites (Fig. 5(c, d, h)).
These results indicated that GPPEC was  more sensitive to the vari-
ations in EVI at both savanna sites in dry years. In addition, EVI
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Table  2
Summary of mean air temperature (Ta), mean photosynthetically active radiation (PAR), accumulated precipitation, and mean soil water content (SWC) at two ssavanna
sites. dDry years, nnormal years and wwet years.

Site Year Ta PAR (mol m−2 day−1) Precipitation (mm)  SWC  (%)

US-Ton 2002–2003n 17.3 42.3 391 22.3
2003–2004n 15.8 39.3 367 22.4
2004–2005w 15.0 35.7 723 28.9
2005–2006w 16.5 36.9 952 24.1
2006–2007d 16.0 40.2 381 19.9
2007–2008d 16.0 40.2 377 20.8
2008–2009d 15.6 39.3 508 21.6
2009–2010n 17.6 48.8 314 24.2
2010–2011w 15.2 40.6 886 25.8
2011–2012w 16.5 40.4 746 19.8
2012–2013d 16.8 40.2 393 21.1
Average 16.2 40.3 549 22.8
SD  0.7 3.0 212 2.5

ES-LMa 2004–2005d 16.2 37.2 562
2005–2006n 15.4 34.8 685 18.3
2006–2007w 15.2 33.5 876 18.6
2007–2008d 15.6 38.7 528 16.4
2008–2009d 15.9 37.6 403 14.7
2009–2010w 16.1 35.0 763 19.2
2010–2011w 15.7 35.4 839 19.4

d 35.0 

35.7 

1.5 
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2011–2012 13.0 

Average 15.3 

SD  0.9 

xplained more variances of GPPEC than did NDVI in each scenario
t both sites.

Fig. 6 shows the responses of EVI and GPPEC to Tair daytime during
he plant growing season. Both GPPEC and EVI increased rapidly
ith increasing Tair daytime up to a certain threshold then decreased

s Tair daytime increased. At the US-Ton site, when GPPEC and EVI in
ll years were plotted against Tair daytime, maximum GPPEC and EVI
ccurred at 18 ◦C and 15 ◦C, respectively (Fig. 6a, b). When GPPEC
nd EVI in wet years were plotted against Tair daytime, GPPEC and EVI
eaked at 18 ◦C (Fig. 6c, d). Similarly, at the ES-LMa site, the peak
alues of GPPEC and EVI occurred at 16 ◦C and 12 ◦C, respectively,
hen data for all years were used (Fig. 6e, f) and they occurred at

4 ◦C when data in wet years were used (Fig. 6g, h). Based on these
esults, we used 18 ◦C and 14 ◦C as the Topt for the US-Ton site and
he ES-LMa site, respectively, for the GPP simulation in VPM.

We compared the responses of VIs and GPPEC to the variations of
ydrological conditions (dry, normal, and wet years) at the annual
cale between these two savanna sites (Fig. 7). As shown, follow-
ng a hydrological annual precipitation gradient from wet to dry
ears, VIs and GPPEC at the ES-LMa site decreased substantially,
hile VIs and GPPEC at the US-Ton site showed little change. LSWI
ad the largest sensitivity to the variations of annual hydrological
onditions than did NDVI and EVI.

.3. GPP predicted by the VPM

Fig. 8 shows that GPPvpm tracked the seasonal dynamics and
nterannual variations of GPPEC reasonably well over the study
eriod at both sites. A simple linear regression analysis showed

 good correlation between GPPvpm and GPPEC for the entire study
eriod and different hydrological (dry, normal, and wet) years with
lopes of 0.91–1.06 and R2 of 0.93–0.95 (Fig. 9). Linear regres-
ion coefficients for each year in Table 3 also showed that GPPvpm

as strongly correlated with GPPEC at both sites with slopes >0.83
nd R2 > 0.90. Comparison of the seasonally integrated GPPvpm and
PPEC at both sites showed that VPM slightly overestimated GPP
n some normal and dry years (for example, in 2002–2003 at the
S-Ton site and in 2011–2012 at the ES-LMa site) and slightly
nderestimated GPP in some wet years (for example, in 2004–2005
t the US-Ton site and in 2010–2011 at the ES-LMa site). At the
339 16.3
633 17.6
175 1.5

US-Ton site, annual GPPEC ranged from 822 to 1319 g C m−2 and
GPPvpm ranged from 885 to 1214 g C m−2 over the study period. At
the ES-LMa site, annual GPPEC ranged from 603 to 1328 g C m−2 and
GPPvpm ranged from 715 to 1222 g C m−2 over the study period.

3.4. MODIS GPP (GPPmod) and flux tower GPP (GPPEC)

Fig. 10 shows the seasonal dynamics of GPPmod and GPPEC
at two  savanna sites. Although GPPmod showed similar seasonal
dynamics and interannual variations of GPPEC, the magnitudes of
GPPmod were lower than those of GPPEC at both sites in all hydro-
logical years. GPPmod underestimated GPP more at the US-Ton
site (slope = 0.67, R2 = 0.92) than at the ES-LMa site (slope = 0.78,
R2 = 0.92) (Table 4).

4. Discussion

4.1. Seasonality of VIs, GPPEC and savanna phenology

The deciduous savanna at the US-Ton site consists of four pheno-
logical stages for grasses and trees (Ma  et al., 2007). Annual grasses
germinate following the first autumn rainfall and grow slowly dur-
ing the winter, grow and develop rapidly in the spring, and then die
before the onset of the dry summer. Oak leaves emerge at the end of
March and stay photosynthetically active during the summer, and
fall down in the autumn and winter (Bartolome, 1979; Ma et al.,
2007; Xu and Baldocchi, 2003). The savanna at the ES-LMa site is
composed of evergreen holm oak trees and annual grasses. Holm
oak trees emerge new leaves in spring and may  have a weak leaf
flushing in the autumn (Vaz et al., 2010; Wingate et al., 2015). The
annual grasses also germinate after the autumn rains and die by
the end of May, having a growing season of October to May  (Casals
et al., 2009; Figueroa and Davy, 1991). VIs and GPPEC at the US-
Ton site increased slowly in the autumn and winter (Figs. 4 and 7),
which can be attributed to the green up of the herbaceous layer (60%
coverage). Comparing the VIs and GPPEC in the autumn and winter

with those in the dry summer also revealed the contributions of
the herbaceous layer (80% coverage) to the seasonal dynamics of
VIs and GPPEC at the ES-LMa site. Assessment of the relative effects
of tree layer and herbaceous layer could explain the influence of the
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ig. 4. Seasonal and interannual variations in MODIS-derived vegetation indices (n
urface  water index, LSWI) and tower-derived gross primary production (GPPEC) at

avanna structure on carbon dynamics, which was not performed in
his study due to the lack of separately ground-based observations
f seasonality of VIs and GPP of trees and grasses.

.2. Responses of two savannas to variations in annual
recipitation

Our results show that interannual variations in precipitation
nfluenced VIs and GPPEC more at the evergreen savanna (ES-LMa)
ite than at the deciduous savanna (US-Ton) site. For example,
ig. 4d shows that a substantial reduction in GPPEC only occurred
n a few dry or normal years with low annual precipitation
2003–2004 and 2007–2008) at the US-Ton site, while at the ES-

Ma site, it occurred in all dry years (2004–2005, 2007–2008,
008–2009, and 2011–2012). Similarly, Fig. 7 shows that VIs and
PPEC decreased substantially in dry years at the ES-LMa site, but
ot at the US-Ton site. A meta-analysis for Mediterranean oak
lized difference vegetation index, NDVI, enhanced vegetation index, EVI, and land
avanna sites.

woodlands also showed that deciduous oak savannas were more
resilient to drought and evergreen oak savannas were more sensi-
tive to drought, as seen by a substantial reduction in ecosystem
flux during drought (Vargas et al., 2013). Different tree canopy
covers between two  sites could be a possible reason for differ-
ences in responses of two savannas to precipitation. In savannas,
grasses draw the upper soil water with shallow roots. This sup-
ply is exhausted quickly by grasses with high rate of transpiration
(Walker and Noymeir, 1982). Trees access to the deeper soil water
with deep roots. This water source support trees living through the
dry seasons (Walker and Noymeir, 1982). Tress can also use the per-
colating water from the upper layer soil which is unused by grasses
(Eagleson and Segarra, 1985). As well as, trees improve the soil
nutrients and water-holding capacity, and control the water use of

the understory vegetation by changing the microclimate (Jackson
et al., 1990; Joffre and Rambal, 1993; Scholes and Archer, 1997).
Studies of the Mediterranean savannas showed that tree canopies
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Fig. 5. Simple liner regression between tower-derived gross primary production (GPPEC) and vegetation indices (NDVI and EVI) during the growing season: US-Ton site (a–d)
and  ES-LMa site (e–h).
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Fig. 6. Responses of tower-derived gross primary production (GPPEC) and enhanced vegetation index (EVI) to daytime air temperature at two  savanna sites. (a,b,e,f) were
based  on all hydrological years’ data and (c,d,g,h) were based on wet years’ data. Grey boxes show the maximum GPPEC or EVI.
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ig. 7. Mean seasonal variation (8-day values) of three MODIS-derived vegetation i
avanna sites ((a,c,e,g) for US-Ton site; (b,d,f,h) for ES-LMa site). Data were average

mproved the soil water storage and alleviated the water stress on
egetation in the ecosystem (Joffre and Rambal, 1993; Joffre et al.,
999). The deciduous savanna at the US-Ton site has higher tree
anopy cover (about 40%) than that (about 20%) of the evergreen
avanna at the ES-LMa site. Thus, higher tree cover could reduce

he sensitivity of the US-Ton savanna to the water stress caused by
he variations in precipitation. In Mediterranean ecosystems, plant
hotosynthesis is mostly limited by soil water availability (Gilabert
 (NDVI, EVI, and LSWI) and tower-derived gross primary production (GPPEC) at two
ay of year over dry, normal, and wet  years.

et al., 2015; Niinemets and Keenan, 2014; Nijland et al., 2011; Xu
and Baldocchi, 2004). Soil moisture availability was controlled by
rainfall, soil properties, and geomorphology (Eagleson and Segarra,
1985). Differences in soil hydrological properties (i.e., SWC, Fig. 3c)
may  be another possible reason for the different responses of these

two savannas to precipitation changes. A modeling study on grass-
land ecosystems demonstrated that soil available water capacity
can alter the partitioning of precipitation and influence the buffer
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Fig. 8. A comparison between seasonal dynamics and interannual variations of tower-derived gross primary production (GPPEC) and simulated GPP (GPPvpm) at two savanna
sites.

Table 3
Linear regression coefficients (slope) and coefficients of determination (R2), and seasonally integrated values of simulated (GPPvpm) and tower-derived (GPPEC) gross primary
production for two savanna sites. Relative error in GPP sums (GPP%RE) were calculated by [(GPPvpm-GPPEC)/GPPEC] × 100. RMSE is root mean square error (g C m−2day−1).

GPPvpm = a × GPPEC GPPEC (g C m−2) GPPvpm (g C m−2) GPP%RE RMSE (g C m−2 day−1)

Site Year slope R2

US-Ton 2001–2002 1.05 0.96 906 978 7.9 0.88
2002–2003n 1.08 0.95 1082 1214 12.2 1.02
2003–2004n 1.09 0.93 895 986 10.1 1.01
2004–2005w 0.93 0.94 1319 1137 −13.8 1.16
2005–2006w 0.90 0.94 1117 1004 −10.1 0.85
2006–2007d 1.08 0.93 1068 1172 9.8 1.08
2007–2008d 1.07 0.93 822 885 7.7 0.85
2008–2009d 0.91 0.93 1023 971 −5.1 0.99
2009–2010n 1.02 0.97 1028 1074 4.5 0.85
2010–2011w 0.96 0.95 1131 1062 −6.1 0.86
2011–2012w 1.05 0.96 1022 1090 6.7 0.75
2012–2013d 1.04 0.93 1014 1094 7.9 0.89

ES-LMa  2003–2004 0.99 0.98 983 961 −2.2 0.67
2004–2005d 1.09 0.95 865 942 9.0 0.64
2005–2006n 1.01 0.95 1101 1162 5.5 0.86
2006–2007w 1.01 0.96 1249 1141 −8.6 0.86
2007–2008d 1.14 0.95 1062 1222 15.1 1.04
2008–2009d 0.91 0.97 873 804 −7.8 0.58

w

o
A
t
n
s

2009–2010 0.91 0.96 1328 

2010–2011w 0.83 0.93 1237 

2011–2012d 1.15 0.91 603 

f water stress during long drought periods (Weng and Luo, 2008).
s vegetation responses to precipitation are complicated at ecosys-
em scales, further studies of Mediterranean-type savannas are
eeded to explore the mechanisms at different spatial and temporal
cales.
1179 −11.2 0.96
1063 −14.0 1.22
715 18.6 0.97

4.3. Model comparison
At these two  savanna sites, GPPvpm showed good agreement
with GPPEC, and GPPmod was lower than GPPEC in all years
(Figs. 9 and 10). The underestimations of GPPmod have been
reported in other biomes such as the African savanna (Jin et al.,
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Fig. 9. Linear relationship between tower-derived gross primary production (GPPEC) and simulated GPP (GPPvpm) at two  savanna sites: aggregated over the study period
(a,c)  and divided into different hydrological years (b,d).

Table 4
Linear regression coefficients (slope and coefficients of determination, R2), seasonally integrated values of MODIS-based gross primary production (GPPmod) and tower-derived
GPP  (GPPEC) for two savanna sites.

2
a
t
t

013; Sjöström et al., 2013), deciduous forests (Wu  et al., 2010),

nd grasslands (Wagle et al., 2014). Previous studies have shown
hat the discrepancies between GPPmod and GPPEC are mainly due
o estimation errors of LUE in those models (Sims et al., 2008,
2006). The ε0 value used in this study was  about 0.5 g C/mol

PAR (∼1.04 g C MJ−1). This value is almost the same as that of
1.03 g C MJ−1 for savannas used by the MOD17A2 product in Col-
lection 5.0 (Kanniah et al., 2009) and lower than 1.21 g C MJ−1 used
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Fig. 10. Comparison of MODIS-based gross primary production (GPPmod) and tower-derived gross primary production (GPPEC) at two savanna sites.
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ig. 11. Comparison of active photosynthesis period (APP) and the annual maxim
roduction (GPPEC), MODIS-based gross primary production (GPPmod) and simulated
ite;  (b) for ES-LMa site). (c) shows the relationship between annual GPP (including

n Collections 5.1 and 6 (Running and Zhao, 2015; Sjöström et al.,
013; Zhao and Running, 2010). This value is also lower than the
aximum LUE inferred by the site specific estimations in trop-

cal savannas, such as 1.26 ± 0.03 g C MJ−1 (Kanniah et al., 2009)
n Northern Australia and 1.66 g C MJ−1 in Africa (Sjöström et al.,
013). This comparison showed the maximum LUE used in GPPmod
ay  be reasonable for Mediterranean-type savannas and other fac-

ors should be examined to explain the underestimation of GPPmod.

Another simple way to compare simulations of GPP models is to

valuate (1) the length of plant phenology and (2) maximum GPP
alue in plant growing season. Recent studies shows that annual
PP can be explained by the integrated controls of plant phe-
gross primary production (GPPmax) estimated from tower-derived gross primary
by Vegetation Photosynthesis Model (GPPvpm) at two  savannas sites ((a) for US-Ton
C, GPPmod and GPPVPM) and the product of GPPmax and APP at two  savanna sites.

nology (Carbon Uptake Period (CUP)) and physiological processes
(seasonal maximal capacity of CO2 uptake, GPPmax) (Wagle et al.,
2015a,b; Xia et al., 2015). As the CUP (number of days of carbon
uptake by the ecosystem) term is generally used for analysis of NEE
data (Churkina et al., 2005; Wagle et al., 2015a), here we  use Active
Photosynthesis Period (APP) for analysis of GPP data, and APP is
defined as the period of daily GPP > = 1 g C m2 d−1. We  compared
the interannual dynamics of APP and GPPmax estimated from EC

(APPEC, GPPmax EC), VPM (APPVPM, GPPmax VPM), and the standard
MODIS GPP product (APPmod, GPPmax mod) at these two savanna
sites, respectively (Fig. 11). Fig. 11a, b show that APPmod was  signif-
icantly shorter than APPEC, and GPPmax mod was  much lower than
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ig. 12. Comparison of the seasonal dynamics of tower-derived gross primary pro
ynthetically active radiation (PAR), mean daytime air temperature, and temperat
005–Jun. 2006 at two savanna sites.

PPmax EC. APPVPM and GPPmax VPM were more comparable with
PPEC and GPPmax EC. The simple linear regression analyses show

hat at these two savanna sites, the ratio � (slope in the linear
egression model) between annual GPP (including GPPEC, GPPmod
nd GPPVPM) and the product of APP × GPPmax over years ranges
rom 0.43 to 0.52 (Fig. 11c), which is much lower than the value of

 = 0.68 reported for the savanna sites by Xia et al. (2015).

.4. Parameter estimation in the VPM model

This study proposed an approach to estimate the Topt at ecosys-
em level. We  demonstrated that consistent values of Topt based on
he Ta-EVI and Ta-GPPEC relationships can be achieved by exclud-

ng the influence of water stress on EVI and GPPEC in dry years
i.e., using data only from wet years instead of all years, Fig. 6). It
ollows the assumption that maximum EVI and GPPEC values rep-
esent optimal growth conditions (Singh et al., 2003; Yang et al.,
on (GPPEC) and simulated GPP (GPPvpm), enhanced vegetation index (EVI), photo-
d water scalars in Vegetation Photosynthesis Model (VPM) for the period of Sept.

2013). Topt for photosynthesis varies widely with species at leaf
and canopy scales (Baldocchi et al., 2001; Medlyn et al., 2002). At
the site or ecosystem scales, a specific Topt may  not be applicable
to all sites and various growth conditions, especially for savannas
with various canopy proportions (Cui, 2013; Sims et al., 2008). Con-
sidering the influence of water stress on VIs for the estimation of
Topt may  improve the model’s performance, as the maximum NDVI
values are used to estimate the optimal weather at ecosystem scale
(Singh et al., 2003) and Topt is used in process-based and LUE-based
GPP models (Raich et al., 1991; Tao et al., 2005; Yang et al., 2013).
Topt for photosynthesis of Mediterranean plants ranged from 15 ◦C
to 30 ◦C according to the studies under controlled conditions, and
Mediterranean trees had higher Topt (∼22 ◦C) than did C3 grasses

(Charles-Edwards et al., 1971; Larcher, 2000; Ogaya and Penuelas,
2003). Both savanna sites are mixed ecosystems of C3 grasses and
trees, with tree coverage of 40% at the US-Ton site and 20% at the
ES-LMa site. Our analysis showed that Topt was 18 ◦C at the US-Ton
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Fig. 13. Comparison of simulation scenarios: (1) Vegetation Photosynthesis Model (VPM) with both T and W (GPP ), (2) VPM without T (GPP ), and
(
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3)  VPM without Wscalar (GPPvpm no Wscalar).

ite and 14 ◦C at the ES-LMa site. This result is reasonable based on
he Topt of Mediterranean trees and C3 grasses, and the ecosystem
tructures of these two savanna sites. This result is consistent with
he Topt range of 10–20 ◦C for photosynthesis of Mediterranean
lants under field conditions (Flexas et al., 2014). More studies are
equired to evaluate our Topt estimation approach in other terres-
rial ecosystems.

The seasonal dynamics of VIs showed some differences at two
ites (Fig. 4) and the US-Ton site had better correlation between
PPEC and NDVI/EVI compared to the ES-LMa site (Fig. 5). However,
PPVPM were comparable with GPPEC at both sites (Fig. 9). To fur-

her investigate the agreement of GPP, we compared observed and
imulated GPP and each parameter of VPM at both sites (Fig. 12) by
electing a period from Sept. 2005 to Jun. 2006. During this period,
wo sites showed significantly different VIs seasonality and consis-
ent GPP seasonality (Fig. 4). Although EVI of the ES-LMa site was
igher than that of the US-Ton site from winter to the following
pring (Fig. 12b), low radiation and temperature (Fig. 12c–e) at this
ime severely reduced the GPP of both sites (Fig. 12a). Therefore,
imilar seasonal dynamics of PAR and air temperature at the study
ites resulted in occurrence of peak GPP almost at the same time
late April or early May) (Fig. 12a). Some studies reported radiation
s a critical driver of GPP in tropical savannas (Whitley et al., 2011),
ut further study is needed to partition the individual effects of PAR
nd temperature on GPP seasonal dynamics in Mediterranean-type

avannas.

In addition, we examined the relative contributions of the water
calar and temperature scalar to the simulation of GPP (physiolog-
cal process) at these savannas under different hydrological years.
scalar scalar vpm scalar vpm no Tscalar

Fig. 13 compares GPPEC, GPPvpm, and GPPvpm without Tscalar and
Wscalar. The results show that VPM slightly overestimated GPP in
the green-up (or initial growth) stage without Tscalar or Wscalar at
both sites, but substantially overestimated GPP in the peak growth
and senescence periods. These results suggest that it is essential to
incorporate both Wscalar and Tscalar in VPM regardless of dry or wet
hydrological years. However, GPP simulation is more sensitive to
Wscalar than to Tscalar at these savanna sites. The effect of water sta-
tus on plant physiological processes such as photosynthesis (GPP)
can be represented in model by soil water content (indicator of
water supply from the soils), or atmospheric vapor pressure deficit
(indicator of atmospheric water demand and stomatal regulation),
or plant leaf/canopy water content (indicator of plant health and
stomatal control) (Xiao et al., 2004a,b). As an observation-based
diagnostic biogeochemical model, the VPM uses LSWI, which is sen-
sitive to water content in leaf/canopy/land surface, to approximate
the effect of water on GPP (Xiao et al., 2004a,b, 2005a,b). Previous
studies showed that LSWI and LSWI-based Wscalar were sensitive
to droughts in croplands and tallgrass prairie (Dong et al., 2015;
Potter et al., 1993; Wagle et al., 2014, 2015b). Although there are
trade-offs between soil water, meteorology (e.g., vapor pressure
deficit), and canopy-based (e.g., vegetation indices) parameters in
satellite-based GPP models (Gitelson et al., 2006; Sims et al., 2008;
Yang et al., 2013), our results illustrate the potential of VPM to sim-
ulate multi-year GPP using vegetation canopy characteristics (e.g.,

EVI and LSWI) and climatic variables (e.g., PAR and temperature)
for savannas (a mixture of tree and grass with low and dynamic LAI
and high gap canopies) in the Mediterranean climate.
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. Conclusions

This study compared the seasonal dynamics of climate, VIs, and
PPEC, and their interactions at two dominant functional oak savan-
as (deciduous and evergreen) under the Mediterranean climate.
PP simulation of these savannas is challenging because these
cosystems experience large variations in seasonal and interannual
ainfall and soil moisture, and they have sparse trees with open
anopies and low LAI. We  used VPM to simulate multi-year GPP
nder various hydrological conditions (dry, normal, and wet  years)
nd evaluated its performance by comparing the simulations with
PPEC and the MODIS GPP product. This study demonstrates that

he two savannas had similar seasonal dynamics of climate and
PPEC despite different VI seasonal dynamics. EVI and GPPEC had
imilar responses to daytime mean air temperature at both savanna
ites. VIs and GPPEC of the ES-LMa site (evergreen savanna) were
ore sensitive to precipitation variation from dry years to wet  years

han those of the US-Ton site (deciduous savanna). VPM simulated
easonal dynamics and interannual variations of GPP reasonably
ell at both savanna sites in all hydrological conditions. The results

f this study highlight the potential of integrating both EC tech-
ique and satellite remote sensing for better understanding and
anaging savanna ecosystems under the Mediterranean climate.
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