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ABSTRACT:The present study modeled how futureterrestrial net primary productivity (NPP) changes
spatiotemporally for the eastern Mediterranean biomes of Turkey using Carnegie Ames Stanford
Approach (CASA) model, M oderate Resol ution Imaging Spectroradiometer (MODI S) data, the four
regional climate change scenarios (RCP 2.6, RCP 4.5, RCP 6.0 and RCP 8.5), and such ancillary data
as percent tree cover, land use/cover map, soil texture, and normalized difference vegetation index
(NDVI). A mean decrease occurred by 3.2% in the present (2000-2010) mean annual NPP of the most
productive biome-deciduous broadleaf forest-in responseto the average increases by 5°Cin maximum
temperature, by 2 °C in minimum temperature, by 276 mm in maximum rainfall, and the average
decrease by 69 mm in minimum rainfall anong the RCPs for the future (2070-2100) period. The
maximum annual NPP increases occurred by 4.4% for evergreen needle leaf forest, by 3.9% for
grassland, 3.4% for cropland, 2.2% for mixed forest, and 1.1% for shrubland in responseto RCP 8.5.
Deciduous broadleaf forest NPP appeared to be more vulnerable than the other biomes to the
decreased rainfall and the increased air temperature of the water-limited growing season projected
by the RCPs. Increasing winter and spring temperatures appeared to benefit the earlier spring green-
up of grasses, evergreen needle leaf trees, crops, and shrubs. Our results suggest that a shift from
deciduous broadl eaf forest toward conifer forest may become more widespread, in particular, inthe

southern, low-altitude areas of the study region.

K ey words: Carbon budget, Regional climate change, MODI S, NPP, Mediterranean

INTRODUCTION

One of the key processes that drive terrestrial
carbon (C) cycle at the local-to-global scales is net
primary productivity (NPP). This means C gain via
photosynthesis and C loss via plant respiration. Net
primary productivity is abetter indicator of vegetation
productivity than gross primary productivity (GPP)
whichisimpossibleto directly quantify in situ without
accounting for the simultaneous process of autotrophic
respiration (Lamberty et al. 2005). Net primary
productivity couples the biosphere not only to the
atmosphere but also to the pedosphere, thus
influencing both rate variables e.g. latent heat fluxes,
litterfall, soil respiration, and nitrogen (N) mineralization
and state variables e.g. soil organic and vegetation C
and N pools, and atmospheric CO, concentration
(Prentice et al. 2000; Tang et al. 2010). Significant
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alterations of local C cycles due to burning of fossil
fuels, and land-use and land-cover changes have
cumulatively enhanced the greenhouse effect, and
thus, have resulted in global climate change (Potter et
al. 2006). Increased air temperature, atered precipitation
regime, and increased frequency of extreme climatic
events have in turn triggered changes in the structure
and function of terrestrial and aquatic ecosystems
(IPCC 2013). The 5th Assessment Report (ARS) of the
Intergovernmental Panel on Climate Change (IPCC)
developed future climate change scenarios
representative of possible greenhouse gas (GHG) and
aerosol concentrations to reach a particular radiative
forcing (W/m?) in 2100 called “Representative
Concentration Pathways (RCPs)” (IPCC 2013).

Quantification and prediction of biome NPP and
its spatiotemporal responsesto futureregional climate
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change scenarios are of great importance to policy
makers, institutions of natural resource management,
and stakeholders to secure and enhance C
sequestration potential of terrestrial and aguatic biomes
(Wangeta. 2011; Evrendilek, 2014). Thisisin particular
true for biological productivity and diversity of
Mediterranean biomes whose vulnerability to climate
change has been already high due to the combined
effects of aridity and anthropogenic disturbances that
existed historically. Direct in situ measurements of
biome NPP arelimited by cost, time, and spatiotemporal
coverages, whereas NPP estimates based on remote
sensing and biogeochemical models provide
information in time and space series at wide ranges of
spatiotemporal resolutions (Houghton 2005; Tang et
al. 2010). Various bhiogeochemical models have been
used to quantify impacts of regional climate change
projections over the Mediterranean biomes on
magnitude, rate, and direction of changes in NPP.
However, to the authors’ best knowledge; there exist
no process-based modeling studies about
spatiotemporal NPP dynamics over the vast areas of
complex Mediterranean terrain in Turkey. The
objectives of this study were to quantify NPP for the
entire eastern Mediterranean biomes of Turkey using
CarnegieAmes Stanford Approach (CASA) model and
Moderate Resolution Imaging Spectroradiometer
(MODIS) data in response to the four RCP climate
change scenarios.

MATERIAL & METHODS

Study region: The eastern Mediterranean region
of Turkey coversan areaof ca. 76123 km? (38% of the
entire Turkish Mediterranean region of 198165 km?)
and has the characteristic Mediterranean climate with
mild, rainy wintersand hot, dry summers(Fig. 1). The
atitudinal range of the study region varies between 0
mand 3700 m above sealevel (Fig. 1), withmean annual
minimum and maximum valuesranging from 375 mm¢to
1003 mm for rainfall and from -2 °C to 19 °C for air
temperature, respectively (Fig. 2). The region has
mountainous terrain with diverse micro climate and
Mediterranean vegetation belts, with the neighboring
Taurus Mountain range separating it from the central
Anatolian steppe. Major evergreen needle leaf tree
species are Pinus nigra, Pinus brutia, Cedrus libani,
Abiescilicica, and Juniperus excels, while deciduous
broadleaf tree species include Fagus orientalis,
Quercus cerris, Fraxinusornus, and Carpinusorientalis
(Yilmaz 1998; Donmez et al. 2011). Dominant shrubland
species include both maquis elements (e.g. Quercus
coccifera, Arbutus unedo, Phillyrealatifolia, Pistacia
lentiscus, Juniperus oxycedrus, Mrytus communis,
Ceratoniasiliqua, Spartium junceum, Nerium ol eander,
and Laurus nobilis) and garrigue elements (e.g. Cistus
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salvifolius, and Sarcopoterium spinosum), while
dominant herbaceous species of grassland include
Triticum dicoccoides, Alopecurus myosuroides,
Hordeum bulbosum, Bromus intermedius, Trifolium
campestre, and Acantholimon and Astragal us species
(Ozturk et al. 2002).

Model description: The CASA model was used to
estimate present and future spatiotemporal dynamics
of annual and monthly biome NPP in the study region
at a 250-m resolution as a function of absorbed
photosynthetically active radiation (APAR), and mean
light use efficiency (€) as follows (Potter et al. 1993,
2003):

NPP=APAR x =&
NPP = f(NDVI)x PAR x e x g(T) x h(W)

where APAR (MJ/m#month) is a function of
normalized difference vegetationindex (NDV1) (APAR/
PAR H” NDVI), and down welling photosynthetically
activeradiation (PAR, MJm#month), while € (ing C/
MJ) is a function of the maximum achievable light
utilization efficiency. Light use efficiency is adjusted
by such stress-induced reduction factors as
temperature [g(T)] and water [h(W)] (Potter et al., 2004).
In addition, the maps of percent tree cover, land use/
cover, and soil texture were used to run the model at a
250-m spatia resolution on a monthly basis. A flow
chart of the methodology is shown in Fig. 2.

NPP models driven by satellite data have many
advantages over model sdriven only by climate and/or
resources both for detecting global change and for
yielding temporally and spatially resolved fields of
NPP. The biological basis of the links between the
inputs and the outputs for a model like CASA are
feasible sincethey use actual data set including several
biophysical variables such as land cover, soils and
topography (Field et al., 1995). Inthisregard, the CASA
model was chosen in this study to estimate regional
NPP dynamicsin acomplex M editerranean region.

Remotely sensed imagery: Remotely sensed data
used in this study were based on MODIS 16-day
composite data obtained from the National Aeronautics
and Space Administration (NASA) at a 250-m spatial
resolution with 36 spectral bands (NASA 2013). A total
of 71 MODI Simagesacquired between 01.04.2000 and
31.10.2014 were used for land use/cover classification.
The following spectral bands are primarily used for
analyses of vegetation and land surface in land use/
cover classification: blue (459-479 nm), green (545-
565 nm), red (620-670 nm), near infrared (841-875 nm
and 1230-1250 nm), and shortwave infrared (1628-1652
nmand 2105-2155 nm) (Gobron et al. 2000, Wang et al.
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2013). These images were geometrically corrected
according to WGS 84 Datum and the ED 1950
coordinate sysiem. TheMODIS/TerraNDV | images (L3
Global) at a250-m spatial resolution were extracted and
inputted to the CASA model for the study areain order
to account for spatiotemporal variationsin APAR and
photosynthetic activity.

Present and future climate data: Daily
meteorological databetween 01.01.2000 and 31.12.2010
used inthis study were obtai ned from 69 meteorol ogical
stations and included rainfall, solar radiation, and air
temperature (Turkish State Meteorological Service,
2012). Thedaily meteorological datawere aggregated
onamonthly basis, co-krigged using Digital Elevation
Model (DEM) and inputted into the CASA model as
themaindriving variablesat a250-m spatial resol ution.
Future climate projectionsfor changes in temperature
and rainfall by the year 2100 for the eastern
Mediterranean region of Turkey were derived fromthe
HadGEM 2-ES simulationsdriven by thefour RCPsat a
1-km spatial resolution described below. These climate
change simulations were obtained from the WorldClim
research group (WorldClim 2013) and were downscaled
to a250-m spatial resolution and inputted to the CASA
model. The HadGEM 2-ES global model isbased on a
fully coupled atmosphere-ocean general circulation
model (HadGEM?2) developed by the UK Met Office
Hadley Centre, with additional dynamic representation
of global-scale biogeochemical processes of terrestrial
and aguatic ecosystems, at an atmospheric resolution
of 1.875°x 1.25°with 38 verticdl levels, and at atemporal
resolution of 30 min (Collins et al. 2011; Jones et al.
2011).

The RCP projections are the most recent climate
change projections developed in the Fifth Assessment
of the IPCC report as part of the Coupled Model
Intercomparison Project Phase 5 (CMIP5) (Hijmanset al.
2005; WorldClim 2013). The four climate change
scenarioswere generated by four integrated assessment
models as follows: RCP 2.6 by Integrated Model to
Assessthe Globa Environment (IMAGE) (van Vuuren
et al. 2007), RCP4.5 by Mini-Climate Assessment M odel
(MiniCAM) (Clarkeet d. 2007), RCP6.0 by As a-Pecific
Integrated Model (AIM) (Hijiokaet al. 2008), and RCP
8.5 by Modd for Energy Supply Strategy Alternatives
and their General Environmental Impact (MESSAGE)
(Righi etd. 2007). Thefour RCPsfor the2070-2100 period,
and the baseline condition for the 2000-2010 period were
presented in Figs. 3 and 4 for the study region in terms
of their associated spatiotemporal variations of mean
atmospheric CO, concentration, air temperature and
rainfall.

Ancillary data: The MODIS land cover product
was used to classify vegetation types and land use/

cover types according to the CORINE land
classification schemeat a250-m spatial resolution. Soil
texture map at a250-m spatial resol ution was based on
the FAO classification system of five classes by which
one of the designations “coarse”, “medium”, “fine”,
and “very fine” or their combination was assigned to
the dominant soil type based on the relative fraction
of clay, silt, and sand contents present in the top 30
cmof soil (Potter et a. 2003). The classes derived from
the pedotransfer rules and expert opinions, and soil
classification map at ascale of 25000 werealso utilized
for thisstudy. Regression Tree (RT) agorithm (Breiman
etal. 1984; Loh, 2002; Tottrup et a. 2007) was used to
predict percent tree cover over the study region. The
maps of percent tree cover, land use/cover, and soil
texture were also used at a 250-m spatial resolution
prior to being fed into the CASA model.

Statistical analyses: Pearson’s correlation analysis
was carried out to detect strength and direction of
linear relationshi ps between measured versus estimated
data. Tukey’s multiple comparison test following one-
way analysis of variance (ANOVA) was performed to
capture significant differences in mean NPP values
among the RCPs and the baseline condition. One
sample t test was used to test significant differences
between mean NPP simulated for each biome under
the RCPs and mean biome NPP under the baseline
condition. The significance level of p < 0.05 was
adopted for hypothesis testing. All the statistical
analyses were performed using Minitab 17.0.

RESULTS& DISCUSSION

NPP simulations under baseline condition: The
land use/cover map generated in this study included
the following six biomes: deciduous broadl eaf forest,
mixed deciduous broadleaf and evergreen needle | eaf
forest, evergreen needle leaf forest, grassland,
shrubland, and cropland (Fig. 5). Accuracy analysis
was carried out comparing the land use/cover
classification map and the ground truth data collected
fromfield campaigns (Table 1). The resulting percent
tree cover map derived from RT is shown in Fig. 6.
Accuracy of the percent tree cover map was defined
using correlation coefficient (r) which was0.76 which
indicated the RT model quantified the spatial
distribution of forest types within a reasonable
accuracy for the study region. Our simulations under
the baseline (2000-2010) climate condition acrossthe
study region showed that the Mediterranean biome
NPP ranged monthly from 29 gC/m?for shrubland in
November to 325 gC/m?for deciduous broadleaf forest
in June during the vegetation period of April to
November (Fig. 7) and spatially from closeto zero for
fallow or uncultivated cropland to 3.2 kgC/m? for



Int. J. Environ. Res., 10(2):341-356, Spring 2016

JeueL WL UL AFETE AYTF 0=
1 1 1 [l 1 1

Tempearature { "C/yr )
e 1Y

- 5

Rainfall imm/yr)

. 1003

] 3
-
% 4 ~
£ g z
E' | BASELINE u g' | BASELINE
e T T T T T
3OTE JUTE IEICE LLTE O TR
1 1 1 ] 1 1
Temparature { "C/yr ) Rainfall {mm/yr}
_— 23 e - 1370
" e g 350
Ty
= %
b
Q Acnveplenic S0 convendialicr ol 121 pum B k Alnwsprmnis GO, vun ez balin oT42E spn 7
T T T T T T
3ICOE MYVE H/UCE g iy MO fo-i i) it
| 1 1 ) 1 1
Temperature { "C/yr ) Rainfall (mm/yr)
— 24 e, *
.
z 0 = P9

£ i WLy B ?_ B RCP 4.5 3 o
‘:“; admrpbe i 2T, o wenhialon el 235 poen i —n i Ammaspaerke GOk cora2abratian of 538 spm i i1y
1 1 1 T 1 T
320 OE MEITE IEUE zELTC o TS
[ 1 1 1 1 1
Temperature { "C/yr ) Rainfall (mm/yr})
2 - 12e7
J— ]
=z =
N - =4 o
] 3
fleszimoring i
S =
- 4 .
g ‘«\ . F . S
; T smespnenc o, +aacentraton ol Lid ppm ; i [ % T A oy e sl of 676 s [=—_"n
Ll ) Ll I ) 1
A AT U 2F M= BECUE ¥OCE 2ETUE
1 1 1 1 1 1
N Gk .
Temparature { "C/yr ) s 2 Rainfall {mm/yr)
25 A 3-;:‘.-._ 1227
L 5 & y
— 2 ! i # ‘-‘1‘1{?

T
1
\..
*
gl
L}
T
WOIH
1

# A%. '.'%.
= & -
= | i LEIN  H B
- X P % = L B
B Aot ic 22, sawmniatn of £33 g ; [— " & | stmosarens o corcatatin atus som ; —
1 1 1 I Ll 1

Fig. 3. A spatiotempor al comparison among the baseline (2000-2010) condition, and futur e (2070-2100)
RCP scenariosacrosstheeastern M editerranean region of Turkey

345



Donmez, C. etal.

Ramfall {mm)

Jan Feb Mar Apr

Chart Area l

' e

10 -

Temperature (°C)
-

May Jun

Oct Nov

Jul  Aug

sep Dec

Jan Feb Mar Apr

May

TJun

Jul Aug 5Sep Oct Nov Dec

Fig. 4. M ean monthly comparisonsamong the baseline (2000-2010) and futur e (2070-2100) climate
conditionsin termsof air temper atureand rainfall acrossthe eastern M editerranean region of Turkey

deciduous broadl eaf forest on an annual basis (Fig. 8).
Mean annual NPP under the baseline condition varied
between 452 + 244 gC/m?for shrubland and 1529 + 378
gC/m? for deciduous broadleaf forest, with the mean
terrestrial NPP of 881 + 380 gC/m?/yr over the different
biomes (Table 2). LPJ-GUESS simulations estimated
mean terrestrial biome NPP at 380 gC/m?/yr acrossthe
EU for the 1961-1990 period (Morales et al. 2007).
Cropland, shrubland, mixed forest, evergreen needle
leaf forest, grassland, and deciduous broadleaf forest
cover 40.0%, 23.3%, 19.5%, 7.8%, 7.6%, and 1.8% of
the study region, respectively, (Table 2). The spatially
varying extents of the biomes partly indicate the
relativeimportance of their rolesto theregional C cycle
because their C source or sink strength depends not
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only ontheir areabut also on their rate and stock limits
to sequester, store and retain C in soils and vegetation
over the long-term, their vulnerability to human-
induced disturbances including climate change, and
adoption of best management practices.

Spatiotemporal variationsin climatic driversunder
baseline condition and RCPs: A multiple comparison
of the baseline condition (2000-2010) and the four
climate change scenarios (2070-2100) is presented in
Fig. 3 in terms of spatiotemporal variations in mean
annua maximum and minimum air temperatures, mean
annual maximumand minimum rainfall, and mean annual

, concentration across the study
reglon Temporally, the average values of the RCPs
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Table 1. Accuracy assessment matrix of land use/cover classification for thestudy region

Land cover/use Producer’s accuracy(%) User’s accuracy(%) Kappa(%)
DBF 85 87 87
MF 78 79 81
ENF 81 79 80
Grassland 79 81 83
Shrubland 81 83 84
Cropland 86 88 89

Overall Accuracy 82 84
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Fig. 6. Perce'nt treecover ;'nap of theeaétern M editerlranean regiorlm of Turkey inbutted intothe CASA
model under the baseline (2000-2010) climate conditions
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indicated increases by 26% (5°C) and 113% (2°C) in
mean annual maximum and minimum air temperatures,
respectively, by 27% (276 mm) in mean annual maximum
rainfall and adecrease by 18% (69 mm) in mean annual
minimum rainfall. The monthly changesin mean rainfall
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were such that rainfall decreased during both the early-
to-middle growing season from May to July and the
late growing season from October to November but
increased during the period of August to October (Fig.
4). Spatially, the distinct difference in rainfall
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distribution between the baseline condition and the
RCPs was that the spatial extent of the mean annual
minimum rainfall localized along the northern edges of
the study region under the baseline condition
decreased significantly over the same area under the
RCPs(Fig. 2). Similarly, the spatial extent of mean annual
minimum temperature in the northern sections under
the baseline condition increased noticeably, thus
creating localized climate cooling over the same area
under theRCPs4.5and 6.0 (Fig. 3). Onamonthly scale,
mean annual air temperature relative to the baseline
condition was higher in increasing order in response
tothe RCPs2.6, 6.0, 4.5 and 8.5, respectively. The RCP
2.6 asthelowest emission and radiativeforcing scenario
representative of the most severe mitigation measures
limited mean minimum and maximum temperature
increases to 1°C (50%) and 4°C (21%), respectively,
mean minimum rainfall decreaseto 45 mm (12%), and
mean maximum rainfall increaseto 267 mm (37%) by
the 2070-2100 period. The RCP 8.5 mean minimum and
maximum temperaturesare projected toincrease by 4°C
(200%) and 6°C (32%), whilethe RCP 8.5 mean minimum
and maximum rainfall is projected to decrease by 84
mm (22%) and to increase by 224 mm (22%),
respectively, for the sametime period. Mean minimum
and maximum temperatures are expected to increase at
the same rate by 2°C (100%) and 5°C (26%),
respectively, under the intermediate climate change
scenarios represented by RCP 4.5 and RCP 6.0.
However, the RCP 4.5 scenario projects 16 mm less
increase in mean maximum rainfall and 4 mm more
decrease in mean minimum rainfall than the RCP 6.0
scenario.

NPP simulations under baseline condition versus
RCPs: Therewas no significant difference between the
baseline condition and the RCPs in terms of mean
annua biome NPP (p>0.05). Themeanterrestrial biome
NPP of the study region varied between 877 + 360 gC/
m?/yr under RCP 2.6 and 894 + 363 gC/m?yr under RCP
8.5, with the grand mean of 885 + 7 gC/m?/yr . Themean
annual biome NPP under the baseline condition
decreased by 0.5% under RCP 2.6 and increased by
0.7%, 0.1%, and 1.4% under the RCPs 4.5, 6.0 and 8.5,
respectively. Bonan (2008) reported that NPP of global
terrestrial biomes decreased by up to 6% °C*in seven
process-based models and increased by 1 to 2% °C*
in four process-based models. The overall slight
increasein the mean present annual NPP over the study
region in response to the RCPs suggests that the
enhanced NPP (negative feedback) of grassiand,
evergreen needle leaf forest, cropland, mixed forest,
and shrub land on average dlightly more than offset
the decreased NPP (positive feedback) of deciduous
broadleaf forest. The higher mean annual NPP of all
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the terrestrial biomes by 0.4% under the RCPs than
under the baseline condition may be attributed
primarily tointeraction impacts of theincreasesin mean
annual air temperature and rainfall projected by the
RCPsonNPP (Fig. 4).

When the mean annual NPP valueswere compared
between the baseline condition and the average value
of the RCPs, there was a decrease by 3.2% for
deciduous broadleaf forest (p < 0.001), whereas
increases ranging from 0.7% for shrub land (p = 0.02)
to 2.8% for grassland (p = 0.01) occurred for the
remaining biomes (Table 2). However, the mean annual
NPP values of mixed and evergreen needle leaf forests
increased by 0.9% and 2.4%, respectively, under the
RCPs but did not differ significantly when compared
tothebasdline condition (p>0.05). Moraleset al. (2007)
used the LPJ-GUESS process-based ecosystem model
driven by 10 regional climate model-generated climate
scenarios over the European Union (EU) for the 2071-
2100 period. Morales et a. (2007) found that mean
annual NPP increased by 14.9 + 4.8% for the southeast
Mediterranean region of the EU (35-45°N latitudes,
18-35°E longitudes) including the western
Mediterranean biomesof Turkey, by 75% for evergreen
needle leaf forest, and by 5% for grassand over the
southwest and southeast Mediterranean EU in
response to mean temperature increase by 4.8°C and
mean rainfall decrease by 16.4%. A mechanistic model
used by Osborne et al. (2000) simulated that evergreen
sclerophyllous shrub (locally known as maquis) NPP,
on average, rose by 25% in Portugal, Spain, and France
during the past century owing to CO, fertilization and
increased water use efficiency. The process-based
model (GOTILWA+) smulationsby Keenanet al. (2011)
showed CO, fertilization toincrease forest NPP despite
increased drought stress by up to three times that of
the non-CO, fertilization scenario by the 2050-2080
period and emphasized limits that soil organic C and
nitrogen interactions pose to Mediterranean biome
NPP stimulated by CO, fertilization. Such crop models
as Daisy, CERES, and CropSyst applied to Spain by
Olesen et a. (2007) so asto reflect southern European
crop conditions under regiona climate scenarios for
2071-2100 indicated amean yield increase of 90% for
spring wheat, but a yield decrease of 21% for both
winter wheat and irrigated grain maize.

Regardless of the RCPs used, the monthly CASA
model simulations indicated an increase of different
magnitudes during thewinter and spring (January-May)
and a decrease of different magnitudes during the
summer (June-September) inthe NPP trgjectoriesof all
thebiomesrelative to the baseline condition (Figs. 89to
14). The simulated increases in mean annual NPP
ranged from 0.4% with shrubland under the RCPs 2.6
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and 6.0to0 4.4% with evergreen needleleaf forest under
RCP 8.5. The simulated decrease in mean annual NPP
varied between 0.2% with mixed forest under RCP 2.6
and 3.5% with deciduous broadleaf forest under RCP
2.6 (Table 2). This pattern suggests that deciduous
broadleaf forest NPPis more vulnerabl e than the other
biomes to the decreased rainfall and the increased air
temperature of the water-limited growing season
projected by the RCPs. In other words, the onset date
of green-up, and thus, spring vegetation growth for
deciduous broadl eaf forest biomesin the study region
may not be significantly coupled with the mean air
temperature increase and the rainfall increase or
decrease of the pre-growing season before April.
However, the rising winter and spring temperatures
but the change in non-growing season rainfall
appeared to benefit the earlier spring green-up, and
thus, spring growth of grasses, evergreen needle leaf
trees, crops, and shrubs in decreasing order of
magnitude. Greater vulnerability of deciduous
broadleaf forest than mixed and conifer foreststo the
decreased growing-season rainfall between both April
and August and October and November may stem from
the fact that growing-season evaporative fraction
defined asthe ratio of evapotranspiration (latent heat
flux) to available energy asanindicator of physiological
stress is generally greater over deciduous broadleaf
forest than over conifer forest (Piao et al. 2006; Bonan
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2008). Sabate et al. (2002) reported that simulation
results of a process-based forest growth model
(GOTILWA+) for the Mediterranean forests of Pinus
halepensis, P. pinaster, P. sylvestris, and Fagus
sylvaticain Italy and Spain, on average, showed 148%
and 55% higher NPP values for evergreen needle leaf
and deciduous broadleaf forests, respectively, in
response to the mean increases in atmospheric CO,
concentration (CO, fertilization) by 90%, air temperature
by 40% andrainfall by 40% projected for the 2090-2100
period which were linked primarily to effects of CO,
fertilization, and extended growing season. As a
conseguence of thisfuture NPP response of deciduous
broadleaf forest, ashift from deciduous broadl eaf forest
toward conifer forest may become morewidespread, in
particular, in the southern, low-altitude areas of the
study region.

NPP simulations under RCPs: There was no
sgnificant difference among the RCPsin terms of mean
annual biome NPP (p > 0.05). The two extreme
projections of RCP 8.5 (the business-as-usual GHG
emissions scenario) and RCP 2.6 (the most severe
mitigation measures) climate change scenarios exerted
the most and | east prominent influences on annual and
monthly NPP values of all the biomes relative to the
baseline condition, respectively (Figs. 8 to 13) (Table
2). Out of all the RCPs, the RCP 8.5-driven CASA
simulations of mean annual NPP led to the most
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Fig. 9. Temporal net primary productivity (NPP) dynamicsof ever green needleleaf forest under the
baselineclimatecondition and thefour RCP scenarios
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increases by 4.4% with evergreen needle leaf forest,

by 3.9% with grassland, by 3.4% with cropland, by

2.2% with mixed forest, and by 1.1% with shrubland

and to the least decrease by 3% with deciduous
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broadleaf forest. On the contrary, the mean annual NPP
simulations under the RCP 2.6 projection resulted in
the least increases by 1.7% with grassland, by 1.1%
with cropland, by 0.6% with evergreen needleleaf forest,
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and by 0.4% with shrubland and in the most decreases
by 3.5% with deciduous broadleaf forest, and by 0.2%
with mixed forest.

Given the similar spatiotemporal distribution of
temperature and rainfall under the RCPs 2.6 and 8.5
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(Figs. 2 and 3), the higher mean annual biome NPP
values under RCP 8.5 than RCP 2.6 can be attributed
mainly to the higher magnitudes of the mean minimum
and maximum temperatureincreases, and the resulting
narrower temperature range (minimum minus maximum)
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Table2. M ean annual net primary productivity (NPP, gC/m?/yr) of theeaster n M editerranean biomesunder the
baselineand RCP climate scenarios

M ean NPP

(gC/m2yr) M ean NPP (gC/m2/yr) in 2070-2100 ?nr :;nd
L and use/cover in 2000-2010 h
Area . change
(km?) Baseline RCP26 RCP45 RCP60 RCP8S5 (%)
1476 + 1482 + 1480 +
DBF 1402 1529 + 378 360 362 362 1483 + 363  -3.2
MF 14873 876 + 233 874 +233 887 +241 881+237 895+ 246 0.9
1048 + 1073 + 1061 +
ENF 5911 1042 + 257 - 67 263 1088 + 273 2.4
Grassland 5754 591 + 174 601+ 177 610+ 181 605+ 180 614 + 184 2.8
Shrubland 17699 452 + 244 454 + 249 456 + 255 454 +253 457 +260 0.7
Cropland 30484 797 + 80 806+70 817+75 812+60 824+ 69 2.2
Grand 76123 881 + 380 877 +360 888 +362 882+362 894 + 363 0.4
total/mean

under RCP 8.5 (23°C/yr) than RCP 2.6 (24°Clyr).
Annually, 3°C higher mean minimum temperature and
2°C higher maximum temperature (the narrower
temperature range) under RCP 8.5 than RCP 2.6 are
most likely to have extended the length of the growing
season, thus, increased all the biome NPP values by
1.9% more under RCP 8.5 than RCP 2.6. For example,
Chmielewski and Rotzer (2001) found that an early
winter or spring (February to April) warming of 1 °C
advanced the beginning of growing season by 7 days.
There was a smaller difference in mean annual biome
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NPP values between the RCPs 4.5 and 6.0 than between
theRCPs 2.6 and 8.5. Thesdlightly (0.6%) higher mean
annual NPP value over the biomes under RCP 4.5 with
lower mean annual minimum and maximumrainfall than
under RCP 6.0ismost likely to result from the dightly
higher mean monthly temperature under RCP 4.5 than
under RCP 6.0, given the similar spatiotemporal
distribution of temperature and rainfall. The spatial
extent of NPP differences between the baseline
condition and each of the RCPs according to the
aggregated biome classification shows the maximum
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NPP decrease concentrated inthe Middle Eastern parts
where forests mostly exist and the maximum NPP
increase in the eastern parts where forests and

cropland mostly exist (Fig. 15).

CONCLUSIONS

The combined use of the CASA model, the
MODIS data, and the interpolations of the baseline
conditions and the regional climate change scenarios
(RCP2.6, RCP4.5, RCP6.0, RCP8.5) yielded regional -
scale insight into spatiotemporal NPP responses of
the eastern Mediterranean biomes of Turkey between
2000-2010 and 2070-2100. The present study reveaed
that mean annual NPP increased for al the biomes
except for deciduous broadleaf forest though not
significant relative to the baseline condition. Our
results showed a clear discrepancy of trajectory
between deciduous broadleaf forest and the other
biomes in terms of their NPP response to the RCPs.
The present study did not take into account changes
in biome redistribution, CO, fertilization effect, soil
nutrients and water, land use/cover, and management
practices. In the future studies, interaction effects of
thedriving variables (e.g. CO, fertilization, changesin
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minimum and maximum daytime versus nighttime
temperatures, and management practices) should be
guantified not only on all the ecosystem compartments
(e.g. soil organic C pools, and soil water content) but
also on both ecosystem structure (e.g. biodiversity,
and herbivory) and function (e.g. nutrient and water
cycles).

Under the RCP 2.6 scenario, annual NPP decreases
from -53 gC/m?/yr for DBF formations whereas under
the RCP 4.5 scenario, annual NPPisupto-47 gC/nv/yr.
The results under both scenarios show that the larger
decreasesin NPP mainly occur in DBF formation, NPP
of Grasdandsisexpected to increase approx. +2.8 %in
total. Moreover, NPP of the land cover types of the
study are will show a slight increase under RCP
scenarios in future. Our study also indicated a strong
correlation between and climate variables and regional
NPP. Temperature is a key factor which significantly
effectsforest growth in the south part of the area. Both
temperature and rainfall might be key factors on NPP.
Temperature has the greater impact on NPP in karst
areas particularly in Mediterranean regions. These
analysis of the interactions among NPP and climate
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variables has contributed to our understanding of
vegetation productivity, especially in a complex
Mediterranean watershed.
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