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Abstract The vulnerability of a water-limited region like the Iberian Peninsula (IP) to climate changes
drives a great concern and interest in understanding its impacts on the carbon cycle, namely, in terms of
biomass production. This study assesses the effects of climate change and rising CO, on forest growth,
carbon sequestration, and water-use efficiency on the IP by late 21st century using 12 models from the CMIP5
project (Coupled Model Intercomparison Project Phase 5). We find a strong agreement among the models
under representative concentration pathway 4.5 (RCP4.5) scenario, mostly regarding projected forest growth
and increased primary production (13, 9% of gross primary production (GPP) increase projected by the models
ensemble). Under RCP8.5 scenario, the results are less conclusive, as seven models project both GPP and net
primary production to increase (up to 83% and 69%, respectively), while the remaining four models project
the IP as a potential carbon source by late century. Divergences in carbon mass in wood predictions could
be attributed to model structures, such as the N cycle, land model component, land cover data and
parameterization, and distinct clusters of Earth System Models (ESMs). ESMs divergences in carbon feedbacks
are likely being highly impacted by parameterization divergences and susceptibility to climate change and CO,
fertilization effect. Despite projected rainfall reductions, we observe a strong agreement between models
regarding the increase of water-use efficiency (by 21% and 34%) under RCP4.5 and RCP8.5, respectively. Results
suggest that rising CO, has the potential to partially alleviate the adverse effects of drought.

1. Introduction

Predicted changes in climate conditions and land use are likely to have significant effects on ecosystem
services, namely, on biomass production for energy use. The consistently projected increases in temperature
(by +5.5°C) and decreases in precipitation (by 30%) by the end of the century for the Mediterranean basin
[Kelemen et al., 2009] may have a large impact on forests and the related ecosystem services they provide
[Keenan et al., 2011]. As such, the Mediterranean region is being considered one of the most vulnerable
climatic change hot spots [Giorgi, 2006; Benoit and Comeau, 2005; Giorgi and Lionello, 2008], with projected
particularly intense land-atmosphere feedbacks [Seufert et al., 1995], mainly due to expected water resources
scarcity [Benoit and Comeau, 2005].

In semiarid ecosystems, as is the case of most of the Iberian Peninsula (IP), ecosystems are water limited,
meaning that productivity is broadly controlled by water availability [Reichstein et al., 2002]. Henceforth, the
ecosystem services and goods in the IP are under a growing threat by the observed decreasing trend of annual
precipitation (in addition to variations in temperature, fire regimes, and other human influences) [Montaldo
et al., 2008; Lindner et al., 2010]. Also, carbon sequestration potential will be impacted by more frequent
droughts [Tubiello et al., 2007; Frank et al., 2013]. Ciscar et al. [2011] predicted that Southern Europe would
experience the largest yield losses, which would reach approximately 25% by 2080 under a 5.4°C temperature
increase. Recent events, such as the intense drought throughout the Iberian Peninsula in 2004/2005, resulted
in significant cereals production reduction of ~40% on average [Garcia-Herrera et al., 2007]. Also, deciduous
broadleaf forests (beech and oaks) in northern central Italy, which is partly characterized by a Mediterranean
climate [Kottek et al., 2006]), showed reductions in growth rate up to 50% in 2000-2004 compared to those in
1997-1999, due to a marked water deficit [Bertini et al., 2011]. However, some experiments and yield surveys
suggest that forest productivity will be positively impacted by warming temperatures [Keenan et al., 2011], as
the result of the direct fertilization effect of increased CO,, besides other indirect effects, is the lengthening of
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the growing season. These contradictory results indicate that elevated CO, concentration ([CO,]) may offset
negative impacts that climate change may have on productivity. For example, Norby et al. [2005] suggest
that the growth response of trees to elevated CO, is relatively predictable across a broad range of sites, with
an average increase of 23% when doubling the CO, levels up to 550 ppm. Gaucherel et al. [2008] project a
significant increase in productivity of pine and oak (+26 and +43%, respectively) by the end of the 21st century,
due to the direct effect of CO, increase. One reason refers to the fact that plants are able to increase their
water-use efficiency (WUE), an important characteristic of ecosystem productivity linking carbon and water
cycling [Prior et al., 2011], implying an enhanced resistance of vegetation to drought.

Earth System Models (ESMs) are used to project trends in vegetation productivity and carbon storage. They
incorporate components describing the atmosphere’s interaction with land use and vegetation, while taking
into account atmospheric chemistry, aerosols, and the carbon cycle [Taylor et al., 2012]. ESMs may differ in its
parameterization and forcing components (i.e., change in climate and atmospheric [CO,]) leading to contradictory
answers to the same questions [Friedlingstein et al., 2006], contributing to uncertainties in terrestrial sources
and sinks of CO,. The wide range of published estimates, from dynamic global vegetation models (DGVMs;
[Sitch et al., 2008]) and ESMs [Friedlingstein et al., 2006], differs in their projections due to different but plausible
representations of the underlying processes [Ahlstrém et al., 2012]. Despite the vast improvement of models in
the last decades, some challenging uncertainties remain, preventing the prediction of accurate long-term
impacts of climate on the forestry sector. Therefore, it is of high interest to get a better understanding of the
response of the terrestrial biosphere to slender the large models uncertainty.

In this study, we assess the results from 12 models from the Coupled Model Intercomparison Project Phase 5
(CMIP5) exercise [Taylor et al., 2012] regarding the carbon balance projected for the Iberian Peninsula. The
following variables are considered: carbon mass in wood (Cwood), carbon in vegetation (Cveg), gross primary
production (GPP), and net primary production (NPP). We aim to better understand the modeled effects of
changing climate on vegetation activity by analyzing multiple drivers of climate change, namely, precipitation,
air surface temperature, and atmospheric [CO,]. A particular focus on how models accommodate WUE is
undertaken, since precipitation is projected to decline, in order to diagnose how models simulate the
response of carbon fluxes to water stress. Model intercomparison analysis of Cwood is expected to provide
different responses of IP’s forest growth and carbon accumulation in relation to current climate. In order
to understand the modeled impact of increasing atmospheric [CO,] we consider two climate scenarios:
one accounting for the impacts of climate changes and elevated CO,, and the other accounting solely for
the effect of CO,. In section 2 we describe the study area and methodology, in section 3 we disclose the
main results, and in section 4 we discuss trends, drivers of feedbacks, and sources of uncertainties. Finally,
in section 5 we present the main conclusions. The results and discussion follows a three-component
framework for intercomparing the 12 CMIP5 models: (1) trends of carbon fluxes and storage for different
climate change projections, (2) sensitivity of carbon fluxes to climate variables, and (3) changes in water-use
efficiency associated to increases in water scarcity.

2. Materials and Methods
2.1. CMIP5 Models Description and Experiment Design

We use data from 12 ESMs from the fifth phase of the Coupled Model Intercomparison Project (CMIP5) listed
in Table 1 and obtained from the Earth System Grid Federation (ESGF) gateways of the Program for Climate
Model Diagnosis and Intercomparison (PCMDI) (http://pcmdi9.linl.gov/esgf-web-fe/), and the Norwegian
Storage Infrastructure project (NorStore) (http://noresg.norstore.no/esgf-web-fe/).

The 12 ESMs were selected based on the following requirements: (i) data should be available for the 30 year
periods corresponding to the historical period (set as reference scenario) and to the future scenarios period;
(ii) data should be available for the four carbon variables of interest (namely, NPP, GPP, Cwood, and Cveg); and
for precipitation, air surface temperature, and evapotranspiration; (iii) temporal resolution for each model
and variable should be monthly. All models represent vegetation as a mixture of plant functional types (PFTs)
that may vary in response to variations in climate and [CO;] forcing. Some models also simulate dynamic
vegetation explicitly (by describing mortality, establishment, and succession) whose differences will be taken
in consideration.
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Table 2. Iberian Peninsula (IP) Coordinates Selection for Each Model

Model Horizontal Resolution IP Latitudes IP Longitude IP Grid Dimensions®
CanESM2 2.8x2.8°

BNU-ESM, MIROC-ESM, 2.8x28° 37°67-43°20 351°6-2°8 3x5
MIROC-ESM-CHEM, BCC_CSM1.1

BCC_CSM1.1 (m) 1x1° 37°57-43°12 351°-2°55 6x11
IPSL-CM5A-MR 1.5x%x1.27° 38°03-44°37 350°-2°5 6Xx6
NorESM1-M

NorESM1-ME 1.5%1.9° 36°90-42°00 350°-2°5 5%x6
CESM1-BGC, CCSM4 3.75x%3.75° 38°24-43°83 351°-2°5 7%x12
MPI-ESM-LR 1.5%1.9° 38°17-43°82 352°5-1°87 3x6

@Number of pixels of each matrix representing the IP.

Two representative concentration pathways (RCPs) [Moss et al., 2010] were retained for analysis, namely,
RCP4.5 and RCP8.5, also used for the CMIP5 project. These two scenarios reflect global GPP, NPP, and Cwood
responses to CO, increase and climate change simultaneously. Data were not available for the variable
Cwood for MPI-ESM-LR and the variable evapotranspiration for CCSM4 model under the RCP8.5 scenario.

A fixed climate scenario assuming the CO, from RCP4.5 scenario (“esmFixClim2” experiment) was also retained.
This scenario suppresses changes in climate forcing that respond to CO, in order to assess changes in NPP, GPP,
and Cwood considering only CO, increase. Only the models BCC_CSM1.1, CanESM2, and MIROC-ESM had GPP,
NPP, and Cwood data available of the FixClim experiment.

2.2. Study Area

The Iberian Peninsula (IP) is located in southwestern Europe (roughly 37°1'N to 43°20'N, and 350°20'E to
2°20'E). It comprises approximately 20% of the surface area of the Mediterranean region [Quézel, 1985] and
crosses three main types of climates: Mediterranean climate, oceanic climate, and semiarid climate [Kottek
et al., 2006]. Spatial ranges and sample dimension per model differ slightly between models, since they
have different resolutions. Table 2 presents the selection of area for each model based on the coordinates of
the actual IP.

2.3. Data Processing

We used 30 year periods to construct a representative climatology of historical and future climate and
ecosystem responses to climate variability. Historical period refers to 1970 to 1999, while future projections
refer to a 100 year span from the historical period. We consider the period between 2070 and 2099 for
data analysis.

2.3.1. Model Output

Our analysis is based on the evaluation of mean annual fields of climate and response variables as outputted
by the models. The changes between the historical period and future scenarios are obtained by computing
the relative differences (%) of the variable of interest (X), e.g.,

Xrcpas — Xui
AXrcpastiisto = — o1 100 1)

XHisto
As an example, in order to compute the relative change of mean annual NPP in the Iberian Peninsula under
the climate projection RCP4.5 in comparison to the historical period (ANPPrcpa4 5_Histo), the mean annual NPP
over each grid pixel was averaged by 30 years for both historical and RCP4.5 scenarios (NPPsto and
NPPgcp4s, respectively) and quantified as follows:

NPPgcpas — NPy
ANPPRcp4 5-Histo = RCII]\T;PH- M % 100 )
isto

A matrix with spatial representation of mean NPP relative changes is generated as output. Afterward, the
whole grid is spatially averaged generating the value of the overall change for the study area.

2.3.2. Impact of CO, Fertilization and Climate Change CO, Driven on Carbon Fluxes

The FixClim experiments, which assumes the same concentrations of atmospheric CO, as in the RCP4.5
experiment, were used to assess the effect of climate change on carbon fluxes, when climate change that
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Figure 1. Thirty year average of carbon in wood stock (kg/mz) for each climate time model.

should respond to CO, increase was suppressed. Equation (3) indicates the change of NPP relative to historic
period (ANPPEixciim-Histo), @S @ response to the sole effect of CO, while climate change resulting from increasing
CO, is neglected.

NPPixcim — NPPhisto

ANPPEixclim—Histo = NPP,, % 100 3)
isto

Combining FixClim with the RCP4.5 experiment enables to reflect how carbon cycle is affected by climate
change under conditions of increasing CO,. This is formulated as follows:

ONPPEiclim—rcpa.s = NPPrixcim — NPPRepa s (4)

i ONPPEixclim—
ANPPE?:(S;I? _ FixClim—RCP4.5 %« 100 (5)
‘ NPPrcpas

where ONPPgi,ciim rcpa.s indicates the change of NPP due to climate change and ANPPEXSIT the relative
changes due to climate change, when both climate change and CO, fertilization are considered.
2.3.3. Response of Carbon Variables and Water-Use Efficiency to Climate Variables
The assessment of the response of carbon variables to changing climate variables (i.e., variation of carbon flux
per unit of change of climate variable) was obtained through the ratio between the differences between
future and historical means of each variable, expressed as follows:

ONPPRrcpa.s_tisto = NPPrcpas — NPPhjso (6)
OET45_ isto = ETrcpas — ETHisto 7)
ONPPRcpa 5 Histo
NPPgy = O0 — ACPA5Histo (®)
P e 5ET4.5—Histo

where the variations NPPgrcpas_pisto and 0ETrcpas_nisto indicate the absolute difference between future
(RCP4.5) and historical scenario of NPP and evapotranspiration, respectively (given as examples) and pNPPgy
the ratio between them.

For the calculation of the response of water-use efficiency to changes in climate variables in a 100 year
period, the ratio of GPP and evapotranspiration (Equation (9)) was computed for historical (WUE;sto) and
future periods (WUEgcps.s and WUERgcpg s) as follows:

GPPRCP4A5 GPPHisto
WUE = ——; WUEgisto = 9
RCP4S = “pp Histo = 9)
AWUERcp4 5,4, = WUERcpa.s — WUEwisto (10)
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Figure 2. Annual means of Cwood along 30 year periods segregated by family of models. (a) First family of models, historical
period; (b) first family of models, RCP4.5 scenario; (c) second family of models, historical scenario; (d) second family of models,
RCP4.5 scenario; (e) third family of models, historical scenario; and (f) third family of models, RCP4.5 scenario.

3. Results

In this section we analyze the results from carbon accumulation (in wood) and carbon sequestration throughout
the Iberian Peninsula, and their comparison. We also disclose the results from the response and quantification
of C feedback to changing climate variables as well as the future projections of WUE trends across the 12
CMIP5 models.

3.1. Carbon Accumulation on Wood: Forest Growth

Forest growth simulated by the CMIP5 models is illustrated in Figure 1 that shows the 30 years mean annual
values of carbon mass in wood (Cwood) per square meter under the historical period (Cwoodysio) and
under future scenarios (Cwoodgcps.s and Cwoodgcps s). MPI-ESM-LR is not included since there were no
available data. The dashed line refers to observed data, namely, Cwood observations by remote sensing
during 2010 [Thurner et al., 2013].

Three distinct clusters based on the similarities between Cwood averages and Cwood changes between
scenarios appear evident. The first cluster of five models (left group on Figure 1) shows an increase of Cwood
relative to historical period (1970-1999), with ranges between 1.1 and 2.5 kg C/m?, and between 1.2 and
2.6 kg C/m?, for RCP4.5 and RCP8.5 scenarios, respectively. BCC_CSM1.1 (m) presents substantially lower
values (nearly half of Cwood) compared to the rest of the group, being closer to the second cluster of models,
in terms of amount of Cwood stored.

The second cluster of models (CCSM4, CESM1-BGC, NorESM1-M, and NorESM1-ME) simulates lower amounts
of Cwood (~1.0 kg C/m? for historical period), and a decreasing trend down to half of the Cwood during
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GPP observations (1982-2005)

| 850 g C/m%year Ensemble
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BSLI:/ICl_f BCC_C CanES NIIROCI\_/I}:EIS{S/[F CCSM 4CESMI NorES NorES  BNU- CIE/[SSIX- lli\g\flw- Intermo
(m) SM1.1 M2 | -ESM CHEM -BGC MI-M M1-ME ESM MR LR del

GPPref 618 725 783 844 836 842 846 805 830 605 1209 | 1509 871
mGPP4.5 876 971 894 902 880 917 879 839 902 616 1384 | 1782 = 987
mGPP8.5 1131 1085 = 909 825 786 840 921 747 798 632 1489 | 2075 | 1020

NPPref 348 394 560 457 441 297 294 274 126 205 575 833 400
ENPP4.5 472 503 648 448 440 314 301 273 138 199 647 996 448
mNPP85 589 532 640 369 338 307 313 260 285 190 693 1147 = 472

Figure 3. Thirty year average of gross primary production and net primary production in the Iberian Peninsula.

historical time for RCP8.5 scenario. Under RCP4.5, those models simulate a slight increase of Cwood compared
to historical period; however, this increase is not as significant as in the first cluster of models.

The third cluster of models (BNU-ESM and IPSL-CM5A-MR) presents mean values of Cwood significantly
high for historical period (above 3 kg C/m?) and distinguishable results from the previous clusters.
BNU-ESM projects lower Cwood under RCP4.5 scenario than in historical and RCP8.5 scenarios, while
IPSL-CM5A-MR projects decrease Cwood values for increasing CO, levels. The Cwood observations are
slightly higher than the historical estimations of Cwood, for every model belonging to the second cluster
and also BCC_CSM1.1, which in principle makes sense since 2010 is 10 years away from the historical
period (i.e., 1970-1999).

Mean annual values of Cwood for 30 consecutive years are shown in Figure 2, for historical period (left column)
and RCP4.5 scenario (right column). Under RCP4.5 scenario, the trends across the 30 year periods are not
remarkable, with just a small increase along the years perceived for the second cluster of models and for the
BCC models (i.e., BCC_CSM1.1 (m) and BCC_CSM1.1) during the historical period (1970-1999). CanESM2
presents a small decreasing trend within each 30 year set, for both historical and RCP4.5 scenarios. The MIROC
models show the greatest slopes and a noticeable decadal-scale variability of carbon in wood storage—
potentially a result of the competition modulation between vegetation and the transition between land use
types. Land use is reproduced by a data set of fractional changes of land use in each grid, computed using a
10 year time step [Watanabe et al., 2011].

3.2. Carbon Sequestration: GPP and NPP Projections by Late 21st Century

BNU-ESM estimates the lowest value of GPP for historical period (GPPy;s;0), around 605 g C/mz/yr, while
IPSL-CM5A-MR and MPI-ESM-LR the highest records of GPPys, 1209 and 1509 g C/m?/yr, respectively. Under
RCP4.5 scenario, estimations of GPP (GPPgcp4.5) range between 616 and 1782 g C/mz/yr (BNU-ESM and
MPI-ESM-LR, respectively); while under RCP8.5, the GPP response (GPPrcpgs) is wider, ranging between 632
and 20759 C/mz/yr (BNU-ESM and MPI-ESM-LR, respectively) (Figure 3).

As for GPP, IPSL-CM5A-MR and MPI-ESM-LR present the highest estimated NPP values, 575 and 833 g C/mz/yr,
respectively, under the RCP4.5 scenario. The lowest NPPy;s, €stimations are simulated by NorESM1-ME
(~1269 C/mz/yr), and for future scenarios it keeps lower values compared to other models. Estimates of
NPPgrcp4s range between 1389 C/mz/yr (NorESM1-ME) and 996 g C/mz/yr (MPI-ESM-LR), and of NPPgcpg 5
between 190 g C/m?*/yr (BNU-ESM) and 1147 g C/m?/yr (MPI-ESM-LR).
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Figure 4. The relative variation of GPP and NPP (by average pixel) between future scenarios and historical scenario.

From the comparison with observed data (dashed line in Figure 3), GPP during a similar historic period
(1982-2005) was calculated to be 850 g C/m?/year. This value was significantly close to the averaged
intermodel GPP, suggesting that the overall estimation of GPP modeled for that period is fairly plausible.

The trends of GPP and NPP projected by the ESMs for late 21st century present discrepancies among them, as
shown in Figure 4, which presents the relative difference between production rates of the average pixel
representing the entire IP. Most models project the averaged pixel of IP to increase GPP and NPP under
RCP4.5 scenario (exceptions are for MIROC-ESM-CHEM and BNU-ESM for GPPgcp4.5, and both MIROC models,
BNU-ESM and NorESM1-M for NPPgcpa s).

The models broadly agree on GPP estimates under the RCP4.5 scenario as they all predict an increase
relative to historical records, i.e., the overall estimation of relative change between RCP4.5 scenario and
historical period (AGPPrcpa.s-Histo) iS POsitive and the ensemble projects a 13.9% increase. The range

of positive change is considerably wide, going from 1.8% (BNU-ESM) up to 41.7% (BCC_CSM1.1.(m)). For
RCP8.5 scenario, ESMs present a considerable variation in magnitude and sign of GPP (AGPPgcpg s-Histo)s
being apparent two clusters of model estimates. One composed by the BCC models, CanESM2, CESM1-BGC,
BNU-ESM, IPSL-CM5A-MR, and MPI-ESM-LR which present a broad range of positive relative increase

of AGPPgcpg 5 Histo, fanging from 4.5% (BNU-ESM) up to 83% (BCC_CSM1.1 (m)). The second group with
the remaining models simulates a negative response ranging from —0.3 to —7.2% (CCSM4 and NorESM1-M,
respectively).

The positive differences of ANPPgcpa4 s.Histo Fange between 2.6% (CESM1-BGC) and 35.7% (BCC_CSM1.1 (m)),
whereas the negative changes range between —0.4% (NorESM1-M) and —2.0% (MIROC-ESM). For the RCP8.5
scenario, positive changes of ANPPgcpg 5-Histo fange between 3.5% (CCSM4) and 69.1% (BCC_CSM1.1 (m)),
and negative changes between —5.3% (NorESM1-M) and —23.3% (MIROC-ESM-CHEM). NorESM1-M estimates
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Figure 5. Relative change (%) of Cwood, GPP, and NPP under scenario of climate change and rising CO, (RCP4.5-Histo); and
relative change of Cwood, GPP, and NPP under scenario only accounting to effect of rising CO, (FixClim-Histo).

are not included in Figure 4, since it simulates a drastic increase of NPP (around 126%) for the RCP8.5
scenario, which would make difficult its interpretation. It is noticeable that NorESM-ME presents the lowest
estimate of NPPs0 (1269 C/mz/yr), which justifies the abrupt perceptual growth when compared to
RCP8.5 (285 g C/m?/yr).

Figure 5 enables the comparison of relative changes (%) of carbon fluxes for RCP4.5 scenario, under two
different conditions: (i) assuming the joint effects of climate change and increasing CO, on carbon responses
and (ii) carbon cycle feedback ignores climate change induced by carbon emissions and only responds to
increasing CO,. The comparison aims at understanding the isolated effect and the magnitude of CO, on
carbon sequestration and accumulation in wood. We take the simulations of Cwood, GPP, and NPP from
BCC_CSM1.1, CanESM2, and MIROC-CHEM models, as these are the only models providing data relative to the
experiment with a fixed climate and assuming the same carbon concentrations as in RCP4.5. In ascending
order, GPP, NPP, and Cwood present growing positive impact of atmospheric [CO,]. MIROC-ESM simulates
the highest impacts (70%) on Cwood, while vegetation production (GPP and NPP) is most impacted on
simulations by CanESM2 and BCC_CSM1.1. The later tops GPP and NPP relative differences of FixClim, and
RCP4.5 scenario to historical period, followed by CanESM2 and MIROC-ESM. The relative change of GPP

to historical period simulated by BCC_CSM1.1 is an exception as it amounts to 34 and 31% under RCP4.5
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Figure 6. Relative changes (%) of Cwood, GPP, and NPP between FixClim and RCP4.5 scenario.
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scenario and FixClim scenario, respectively. Under FixClim, MIROC-CHEM changes the response sign as it
simulates a positive change (16%) in NPP relative to historic period, when under climate changing conditions
the response was negative (—2%).

The estimated climate change effect on carbon cycle, relative to simulations assuming climate change and
increased [CO,], can be depicted in Figure 6. The trends appear opposite from the former analysis, except

for Cwood, since MIROC also projects to be greatly impacted (42%). For every model, GPP is less affected (and in
the case of BCC_CSM1.1 it is negative, —2%). MIROC-ESM is the model accounting for the greatest effect of
climate change on GPP and NPP, with 15 and 18%, respectively.
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Figure 8. Relative difference (%) of temperature, precipitation, and evapotranspiration between future scenarios (RCP4.5
and RCP8.5) and historical records.
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Table 4. Sensitivity of Carbon Variables to CO, Under RCP4.5°

Models BCC_CSM1.1 (m) BCC_CSM1.1 BNU-ESM MIROC-ESM MIROC-ESM-CHEM CCSM4
Cwood 1.23 3.21 —5.25 1.91 1.20 0.70
NPP 0.66 0.58 —0.03 —0.05 —0.01 0.09
GPP 1.38 131 0.06 0.31 0.24 0.40
Models NorESM1-M NorESM1-ME CESM1-BGC CanESM2 IPSL-CM5A-MR MPI-ESM-LR
Cwood 0.03 0.61 0.43 1.34 —0.93 0

NPP —0.01 0.07 0.04 0.34 0.39 0.87
GPP 0.18 0.38 0.18 0.59 0.93 1.46

@Units: Net primary productzion sensitivity to CO, concentration (g C/yr/ mz/ppm); Gross primary production sensitivity to
CO, concentration (g C/yr/ m“/ppm); Carbon mass in wood sensitivity to CO, concentration (g C/yr/ m*/ppm).

the amount of annual incorporation of carbon per unit area per unit of climate variable. In regard to
temperature, expressed in carbon mass flux per degree Celsius (g C/yr/m?/°C), the majority of models show
high production response and present a very wide range of values. pNPP+ (sensitivity of NPP to temperature)
ranges from values as high as 74.9 g C/yr/m?/°C (MPI-ESM-LR) down to negligible values (NorESM1-M).
MIROC-ESM and NorESM1-M are the only models presenting a negative but small sign of pNPP+, simulating
the decrease of carbon flux lower than 1gC/m? for each increasing degree Celsius.

Sensitivities to precipitation (pNPPp and pGPPp), expressed by carbon flux per gram of water (g /yr/m?/C/g H,0),
show negative responses from every model (except for MIROC-ESM). This sign is expected as it results

from the quotient between positives values of INPP4 s isto (Since most ESMs modeled NPP increases

Intermodel —205 33,9
B O 1 () e —— 105
B M .| — 5 ¢
N —— .1
o — 11

17,2
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Figure 9. Percent change in water-use efficiency under future scenario in
Iberian Peninsula.

relatively to historical period) and
negative values of 0P4 5 nisto (as every
model project rainfall decreases by
2070-2100 for RCP4.5 scenario).

The less significant sensitivities are
simulated by MIROC-ESM.

The GPP sensitivity to CO, is positive
across all models, ranging between
0.06 and 1.46 g C/m*/ppm (BNU-ESM
and MPI-ESM-LR, respectively). Most
models simulate a positive response of
NPP to CO, ranging between 0.04 and
0.87 g C/m?/ppm (CESM1-BGC and
MPI-ESM-LR, respectively). For cases
where pNPPc(, is negative, the range
was less broad, varying between —0.01
(MIROC-ESM-CHEM and NorESM1.1-M)
and —0.05 g C/m?*/ppm (MIROC-ESM).
For pCwoodco, most models also present
positive responses (with exceptions for
BNU-ESM and IPSL-CM5A-MR) (Table 4).

3.4. Water-Use Efficiency Future
Projection Changes

Almost every model simulates a decrease
in mean annual evapotranspiration,
between —2.2% (BNU-ESM) and —14.1%
(MPI-ESM-LR), under RCP4.5. BCC_CSM1.1
and the NorESM models project small
positive increases for this variable, around
1.2% (BCC_CSM1.1) and 5.3 and 2.6%
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Figure 10. Assessment of hydric stress existence for RCP4.5 projected by each model.

for the NorESM1-M and NorESM1-ME, respectively). Under the RCP8.5 scenario, every model predicts a
decrease in evapotranspiration (except NorESM1-M which keeps it constant) (Figure 9).

WUE simulations during historical periods ranged between 0.9 and 3.0 g C/g H,O (BNU-ESM and MPI-ESM-LR,
respectively) (Figure 9). The average WUE modeled for the historical period is very close to the observation
data referring to a similar period (1982-2005). Again, these values reinforce the high reliability of GPP
(and evapotranspiration) estimations at least during the historical period. The mean of the modelling ensemble
for WUE estimates is 20.5 and 34.0% of relative increase for RCP4.5 and RCP8.5, respectively. Every model
(except NorESM1-M) presents an increased WUE under both future RCP scenarios with AWUERcp4 s5_Histo Fanging
between 5% (BNU-ESM) and 56.8% (BCC_CSM1.1 (m)). The WUE values in RCP8.5 are up to twice as high

as those in the historical period, ranging between 0.9% (NorESM1-ME) and 105.3% (BCC-CSM1.1 (m)) (Figure 9).
Figure 10 presents relative changes of GPP and precipitation between RCP4.5 and historical records,
enabling to depict the models which GPP response decreased as a probable effect of reduced rainfall,
namely, MIROC-ESM-CHEM and BNU-ESM.

4, Discussion
4.1. Forest Growth Trends in Iberian Peninsula Over the 21st Century

A common feature to every model of the first cluster, defined by the 21st century projections of forest growth
(Figure 1), is the absence of the nitrogen (N) cycle (Table 1). This could explain the increase of carbon mass in
wood (Cwood) with increasing atmospheric CO,, since there is no growth constraint from N limitation [Zaehle
et al., 2010]. The same applies to the third cluster (BNU-ESM and IPSL-CM5A-LR), since this cluster projects
considerable high amount of Cwood, although they do not simulate Cwood increasing straightforwardly with
rising CO, levels. Both models assume vegetation competition and are partly based on the same land cover
(Global Land Cover Classification) [Krinner et al., 2005], which can contribute to the high Cwood simulations.

This model segmentation by clusters, points N cycle inclusion as a major differentiator among the ESMs, more
specifically at the level of trends projections for RCP8.5 scenarios and Cwood amounts. Conversely, the
second cluster (composed by CSM4, CESM-BGC, and the NorESM models) runs the N cycle on its experiments,
which is likely the main reason for forest reduction under RCP8.5 scenario compared to historical values.
Besides the inclusion of the N cycle, as described by Lawrence et al. [2011], the greatest similarity shared by
this cluster is the common land model component (CLM4), with no simulation of dynamic vegetation (DV).
The absence of plant community dynamics (e.g. competition, diversity) could also be behind the reasons
determining forest decrease under RCP8.5 scenario, as it determines less adaptability by the vegetation.

The first and second model clusters (amounting to 10 of the 12 models) are in agreement in terms of forest
growth projections for scenario RCP4.5 that could potentially result from the higher CO, concentration
prescribed (relative to historic period). However, it is challenging to quantify the overall effects controlling

APARICIO ET AL.

©2015. American Geophysical Union. All Rights Reserved. 653



@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2014JG002755

tree growth as it is controlled by complex interactions between numerous factors such as related and
nonrelated climate change factors (e.g., forest management [Lavalle et al., 2009]). In fact, one relevant feature
to take into account during forest growth projections is the land use and land cover use change (LULCC), with
consequences both at the carbon cycle level and vegetation cover. For example, it changes the allocation
of the carbon reservoirs among the PFT, which could result in extra CO, emissions as a consequence of
transitional changes in carbon pools. Nevertheless, as concluded from Figure 2, LULCC is not relevant, at
least for a year-based level for the covered periods. By intercomparing each 30 year period, there is no
correspondence between LULCC and the Cwood behavior from year to year. IPSL-CM5A-MR and the second
model cluster translate a clear evidence of this. Both are following the same harmonization protocol [Hurtt
et al,, 2011] (Table 1), but that is not reflected within a 30 year sequential behavior in regard to Cwood
accumulation (Figure 2).

As for the underlying processes dominating carbon storage in wood, we would suggest that models falling in
the same cluster likely make similar assumptions about the mechanisms regulating carbon incorporation on
wood. BNU-ESM and IPSL-CM5A-MR can be considered exceptions as their trends vary between themselves
and strongly vary from the two first clusters. As such, these models present a clear structural difference
compared to the others, and we hypothesize that ecophysiology differences are the main reason.

4.2, CO, Fertilization Effect in Iberian Peninsula by Late 21st Century

The interannual variability shown for annual GPP and NPP does not promptly link each model to one of the
three clusters earlier defined. Based on sign and magnitude of vegetation response to climate change

and prescribed [CO,], two major clusters are observed (Figure 4). The first cluster, including seven models
(BCC models, MPI-ESM-LR, CanESM2, IPSL-CM5A-MR, CCSM4, and CESM1-BGC), predicts increases of net and
gross production, under both RCP4.5 and RCP8.5 scenarios (with exception for CCSM4 under RCP8.5). These
results imply that these models assume the vegetation of the IP to be a stronger sink of CO, by late century.

The second cluster, comprising the remaining models, simulates decreases of GPP and NPP, or slight increases
for GPP under RCP4.5 (as is the case of the NorESM models and MIROC-ESM), suggesting that some models
may be projecting the IP as a source of CO,. The MIROC models show the most distinct trends, simulating
significant decreases of NPP under RCP8.5. Although not so marked, GPP also decreases under RCP8.5.
BNU-ESM and NorESM1-M models also simulate future decrease of NPP, although not so strong. The inclusion
of N cycle and dynamic vegetation seemingly has little perceivable effect on assigning models to the
clusters (Table 1).

Figure 4 reinforces the suggestion that positive variations of NPP and GPP from historical to future scenarios
are linked to the CO, fertilization effect in most cases. The experiment FixClim enabled to disclose the sole
effect of CO,, i.e., carbon cycle feedback is only forced by changes in CO, concentrations and changes in
climate changes derived by that are ignored (Figure 5). The increase of positive response discloses the
strength of rising CO, concentration alone on the carbon cycle as simulated by these models. BCC_CSM1.1
and CanESM2 present a stronger primary production feedback to CO, than MIROC-ESM. The enhanced
terrestrial photosynthesis due to CO, enriching projected by the two prior models (Figure 4) agrees with
those findings and with consequent increased WUE values (Figure 9).

The positive results in Figure 6, translating the susceptibility of vegetation only to climate change triggered

by CO, atmospheric concentrations, show that the variables more affected by climate change are Cwood, NPP,
and GPP, in decreasing order. This suggests that models simulate climate change to play a greater role on carbon
allocation rather than carbon (net and gross) sequestration. The MIROC-ESM shows most contrasting responses to
climate change, meaning that it is more controlled by climate change than effects of increasing CO,, which
consolidate the last conclusion. These findings are in agreement with previous exercises [Arora et al., 2013],
where MIROC had the strongest land carbon-climate feedback among several ESMs (BCC_CSM1.1 and CanESM2
were also part of the study). The highest impact of climate change variables on MIROC and lowest CO,-driven
response could explain the fact that it is one of the few models that may be projecting the Iberian Peninsula as
a carbon source (Figure 4) along with the fact that it is projecting the strongest decreases in precipitation (Figure 8).

The BBC models present the greatest CO,-driven GPP and NPP responses (Figure 5). These models do not
accommodate land use and land cover change (LULCC) nor land management. The lack of LULCC along with no
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constraints to N cycle raises the strong possibility that these two models might be potentially overestimating
the 21st century response of carbon sequestration and storage. Moreover, the BCC models do not simulate
dynamic vegetation, and thus, the composition and abundance of plant functional types (PFTs) within a

grid cell are time invariant [Wu et al., 2013]. This means that BCC models neglect the changes in physical

and biogeochemical properties of the vegetation, following actual land cover changes. Our assessment is
corroborated by Brovkin et al. [2013], who highlight the importance of LULCC on carbon fluxes projections and
the risks of overlooking or underestimating NPP. Land use change is a critical component of the terrestrial
carbon cycle and it is likely the driver of some of the intermodel variations in carbon fluxes results.

Besides looking into differences in model structure and parameterizations, the causes of model discrepancies
can be assessed through the relationships between variables (Figure 7). The slope (close to 1) of the trend line
fitted to the relationship between the variation of GPP and variation of carbon mass in vegetation (Cveg),
suggests that the discrepancies between models rely on modeling ecophysiology. That slope implies a strong
linear relationship between ACveg and AGPP across models, meaning that the effect of changes in vegetation
cover, for instance, do not affect this relationship. On the other hand, the slope of the trend line fitting the
relationship between ANPP and ACwood is significantly lower than 1. From these results, we hypothesized that,
when taking into account the net uptake of carbon and its incorporation in wood pool, the different responses
between ESMs are mostly due to parameterization discrepancies. It should be noticed that biogeochemical
processes underlying the gross uptake of carbon into vegetation as a whole are better known than allocation of
net carbon flux to a specific pool (wood). In fact, the outputs for Cwood seem to be highly land cover
dependent as noticed before.

4.2.1. Rainfall Reduction and Water-Use Efficiency Trends

Almost every model simulates increasing WUE with increasing [CO,] levels (Figure 9), which implies an
increased carbon sequestration despite the nearly 16% of rainfall reduction projected by the ESMs ensemble
(Figure 8). These results are consistent with a significant CO, fertilization effect. Therefore, the rise of CO, is
overcompensating for growth declines, anticipated from a drier climate, suggesting a stronger effect of CO,
fertilization than water reduction, likely detectable in other forests across the Mediterranean [Koutavas, 2013].
Nevertheless, this assertion is questionable as the IP is broadly characterized as a water-limited region
[Reichstein et al., 2002]. On one hand, it is widely accepted that increased WUE composes an expectable
response to a drier climate due to reduced stomatal conductance [Prior et al., 2011]. Furthermore, that
mechanism regulating stomatal behavior is broadly adopted in ecosystem models. But, on the other hand,
some studies found that WUE is also impacted by severe droughts [Lu and Zhuang, 2010]. We also hypothesize
that CO, fertilization effect might be overrated leading to the overestimation of carbon fluxes, which in
part is supported by Zhou and Riley [2012]. Models belonging to the first cluster corroborate this assumption
since they present a doubled increase of WUE between RCP4.5 and RCP8.5 (Figure 9). NorESM1-M model
should be referred as exception, as it projects decreased WUE for future scenarios.

With rainfall reduction (Figure 8), BNU-ESM and MIROC-ESM-CHEM are the only models simulating decreases
of GPP (Figures 4 and 10), showing to undergo hydric stress under the RCP4.5 scenario. Despite the high
consistency on WUE increase and lack of hydric stress, the results of models are highly uncertain. Orlowsky and
Seneviratne [2013] emphasize the large uncertainty in the quantification and projection of drought on the
regional scale, and even so their studies suggested that droughts have increased in the Mediterranean and are
projected to increase further. Regional drought hot spot hardly displays any trend over the last decades.
However, soil moisture anomalies from CMIP5 are suggesting increasing soil moisture in the Mediterranean
[Orlowsky and Seneviratne, 2013], which is likely in agreement with our results since evapotranspiration is
decreasing across models (Figure 8). However, the uncertainty in the representation of soil moisture-climate
feedbacks in current models [e.g., Koster et al., 2004] and the overall spread of climate models with respect to
drought projections [Seneviratne et al., 2013] emphasize the need for a deeper evaluation of the underlying
factors on the hydrological cycle and land water balance.

In order to address water balance and due to the lack of soil moisture data for every ESMs, evapotranspiration
rate was considered, as it is determined by climate drivers and soil moisture. Projections for evapotranspiration
present broad discrepancies among the models (Figure 8). The majority of the models project decreases in
evapotranspiration for prescribed CO, scenarios being consistent with other simulation exercises for the region
[e.g., Boé and Terray, 2008], while few (BCC_CSM1.1 and the NorESM models) project small increases under
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RCP4.5. The trends of evapotranspiration rates could also suggest that it is contributing to soil moisture which in
turn will benefit continued carbon sequestration despite decreasing precipitation rates.

4.3. Drivers of Carbon Cycle Feedbacks and Quantified Sensitivities

The relative changes in climate and evapotranspiration data show similar trends across models, although with
few exceptions (Figure 8), which could relate to changes in carbon flux projections. For temperature, every
model predicts increasing temperature with CO, rise by 2070-2099. The MIROC model simulates the most
marked temperature increases (which agrees with findings in Brovkin et al. [2013]), translating the most marked
reductions of precipitation, specially accentuated for RCP8.5. MIROC's strong climate-change-driven responses
(most markedly for RCP8.5) may be turning the IP forests into a source of CO, (Figure 4). On the other hand,
MPI-ESM-LR projects similar decrease in precipitation (although not so strong temperature increase) and is the
third model with higher and positive GPP and NPP responses. Furthermore, when comparing modelling
aspects, both MIROC and MPI-ESM-LR do not present strong differences, as they have dynamic vegetation,
LULCC, and absence of N cycle. The most evident differences between these two models are the simulated
temperatures, which could raise the question that MIROC is assuming temperature to be a constraint to production
(by reaching an optimal peak, for instance). Hence, the modelling of ecophysiology would explain the
difference. Moreover, the discrepancy in the approach used for carbon flux calculations and in the different
representations of the underlying chemical and physical processes can also explain the differences.

The analysis of quantified sensitivities is of great interest as it enables to disclose the importance of model
input imprecisions on modeling processes. However, intermodel comparisons of sensitivities should be
approached with caution. They should only be undertaken toward a specific variable at a time or variables
sharing the same units (e.g., NNP and GPP). Hence, the quantification of sensitivities should not be cross-checked
straightforwardly in order to prevent false assumptions—as the differences of magnitudes rely on the
units adopted for each variable. Also, it should be noted that sensitivities were calculated solely for RCP4.5
scenario.

The models belonging to the cluster defined by high production rates (BCC models, CanESM2, IPSL-CM5A,
and MPI-ESM-LR) (Figure 4) naturally demonstrate a high and positive sensitivity toward temperature
(Table 3). The remaining models also show a positive response of GPP to this variable. However, for NPP,
two models disagree with the sign of the response, as they simulate small carbon loss per increased degree
Celsius (e.g., —0.84 g C/yr/m?/°C for MIROC-ESM). Again, the fact that the modelling ensemble presents
rather more agreement on GPP sensitivities rather than NPP could be due to the processes determining either
the accumulation of carbon in vegetation or losses through respiration. This hypothesis is also in accordance
with the findings from Figure 7, as there is a stronger intermodel correlation between variations of GPP
and Cveg than between variations of NPP and Cwood (since more and complex processes are related).
As for the quantifications of sensitivity to CO,, the multimodel positive GPP response to increasing CO,
concentrations could again suggest that the carbon sequestration is improved owing to CO, fertilization effect
as photosynthesis process is enhanced.

Regarding now specifically the sensitivities of Iberian Peninsula forests, every model simulates Cwood increase
per unit of temperature. Exceptions are natural for BNU-ESM and IPSL-CM5A, which present a strongly marked
negative sensitivity under RCP4.5 (Figure 1), potentially related to considerable differences between the
parameterization of these models, as discussed before.

It should also be borne in mind that this sensitivity analysis would be composed of a more meaningful and
reliable result if the carbon-related variables (i.e. NPP, GPP and Cwood) were compared with climate variables
(i.e., precipitation and temperature), resulting from the running experiment where carbon cycle is ignoring
the effects of CO,. The same note applies to sensitivities toward CO,. Interesting results would appear if the
carbon fluxes from runs where vegetation is ignoring climate change and only accounting for CO, increase
(which is the case of the FixClim experiment) would be available for all models. However, as stated before, for
this case, only three models had such data available.

4.4, Sources of Uncertainties and Improvements to CMIP5 Models

The scope of this research exercise is mostly focused in the model intercomparison of output differences on
predicting carbon cycle feedback and associated climate change sensitivities. The quantification of carbon
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cycle-climate feedback is necessary for lessening uncertainty between Earth System Models [Friedlingstein
et al., 2006], contributing to their improvement.

It should be noted that the experiments assessed were performed with prescribed CO, atmospheric
concentrations, and a full assessment of biogeochemical effects of RCP scenarios and driving variables on
carbon sequestration in IP forests is not regarded in this study. Notwithstanding, our results point out some
features as indicators of uncertainties or limits to models—both related to model structure or to climate
drivers. There are a broad number of factors that may contribute to data divergence: (i) uncertainties in the
data, (ii) incorrect representation of environmental drivers in the models, and (jii) incorrect or discrepancies in
model ecophysiology, structure, or parameterization of the response to driving variables.

Differences in Cwood must be due to different model skills in simulating GPP as well as carbon allocation or
in representing the response of Cwood to drivers through model parameterization and structure. BNU-ESM
and IPSL-CM5AMR, for instance, show a unique disconnection between NPP and wood carbon, which could be
due to differences in the way plant biomass is allocated to wood pool in the model. A further investigation
in these particular modelling structures should be able to provide a definitive explanation. Our results also
show the importance of parameterization, land model component, and inclusion of N in predictions of
carbon wood incorporation, as they were key features to assign models in distinct clusters. Dynamic vegetation
is another source of uncertainty, since it changes allocation with climate change variables.

The results show that differences in NPP did not contribute significantly to differences in Cwood across ESMs.
Nevertheless, as NPP is a significant driver of Cwood, this lack of connection between these two responses,
suggest them as focal variables for improving forest carbon estimates. Given the large range of NPP across
ESMs, it is a possibility that revising photosynthesis and respiration algorithms in some ESMs could lead

to more consistent NPP results. However, even with the improvement of temperature, precipitation, and
evapotranspiration, these drivers are always constrained to limitations in the ability to explain NPP trends in the
IP with the current model structures, as similar drivers (Figure 8) lead to unrelated intermodel responses
(Figure 4). The lack of a meaningful response to precipitation, i.e., barely perceivable correspondence between
ANPP and APrecipitation, though actual soil moisture and available water to the plants could be addressed
here, could be in fact another dominant source of uncertainty. Additionally, we saw no pattern in changing
climate variables that would fall in two distinct clusters, as simulations of productions do. Also, the structural
features examined did not clearly relate to differences in the model projections, with respect to the assumption
of N cycle, or temperature and moisture sensitivity functions (Table 1).

In fact the loss of pattern or agreement of ESMs under higher CO, forcing (RCP8.5), in respect to the potential
shift of the IP forests into a source of CO,, can be an indicator of uncertainty due to differences in model
parameterization. It should be reinforced that the experiments assessed were performed always for the same
time span from historical period (1970-1999) and with prescribed CO, forcing, and a full assessment of
biogeochemical effects of RCP scenarios on carbon sequestration (and storage in wood pools) is beyond the
scope of this study.

These are also key processes with no margin of doubt which request for more understanding and improvement
since they play extremely important roles in the terrestrial carbon cycle—more specifically on carbon
sequestration. These key processes include the strength of CO, fertilization (to which there are no data available
for all models) and the removal or lessening of climate change uncertainty. These processes gather a great
uncertainty as they compete, posing challenges in assessing their main roles on carbon cycle feedback. This is in
part resulting from the lack of understanding that the drivers present in the biosphere component. Also,
given the large range of evapotranspiration and GPP across ESMs, it may be possible to improve WUE
simulations by reviewing photosynthesis and stomatal conductance algorithms in some of the ESM, so that
WUE would become more consistent among the models.

Another avenue of improvement is on ESMs parameterization. Differences in certain parameterization features
may lead to nonlinear effects on wood carbon storage that are not well described by the average characteristics
of a grid cell. The improvement of model parameterization, as well as empirical data sets and model driving
variables, could substantially increase intermodel simulation agreement and ultimately (and optimally)
agreement with terrestrial observations. The comparison of results with observations would also help to
constrain high discrepancies and to disclose eventual overestimations as pointed by Zhou and Riley [2012].
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Moreover, despite the almost unanimous optimistic results (for RCP4.5) (for forest growth and carbon
sequestration), it should be borne in mind that elevated CO, also changes plant morphology and the
spatial patterns of plant species. These results should also be handled cautiously since Mediterranean
terrestrial ecosystems are mostly constrained by droughts which, along with increased fire risk and insect
pathogen damage [Lindner et al., 2010], make it difficult to predict how the NPP or GPP will change in the
long term at whole ecosystem level.

Nevertheless, despite the varied magnitudes and signs of model outputs, they enabled to draw several
conclusions out of model responses regarding possible main drivers of carbon sequestration and wood
accumulation, thus determining model differentiators. Improvements to these features, such as stronger
confidence on the roles of CO, fertilization effect and the incorporation of N cycle as well as land cover
change are major features for predicting future trends of forest growth and carbon sequestration with
more confidence.

5. Conclusions

This paper proposed a three-component framework to analyze long-term results from 12 models from the
CMIP5 on (1) primary productivity and forest growth; (2) carbon sequestration and quantification of its
sensitivity to climate variables, and (3) water-use efficiency under prescribed atmospheric CO, concentration
scenarios in the Iberian Peninsula. The results support the following statements:

1. The majority of the models’ projections simulate forest growth by 2070-2099 relative to historic values
(1970-1999) under RCP4.5 scenario. Under the RCP8.5 scenario the results have a broader variation both
in magnitude and sign. The main sources of divergences in carbon mass in wood (Cwood) predictions,
could be attributed to model structures, such as N cycle absence/presence, land model component, land
cover data, and parameterization resulting in three distinct clusters of ESMs.

2. Increases in GPP are consistent across ESMs under RCP4.5 scenario (1.8%-41.7%). When forced by RCP8.5
atmospheric CO, concentration, models simulate large spread responses and results are less conclusive,
as seven models projecting both GPP and NPP to increase (up to 83% and 69%, respectively), while
the remaining models may project the IP as a carbon source by late century. ESMs divergences in carbon
feedbacks are likely being highly impacted by parameterization divergences and susceptibility to either
climate change or CO, fertilization effect, which raised hypothesis of overestimations.

3. Results suggest that rising CO, has the potential to partially alleviate the adverse effects of drought on
primary production, as water-use efficiency is projected to increase by all ESMs, having a model ensemble
mean around 21% and 34%, under RCP4.5 and RCP8.5 scenarios, respectively. Given the considerable
wide intermodel variation and projected rainfall reductions (—11% and —24%), these results emphasize
the need to improve our understanding of water stress, soil moisture, and current quantification of CO,
fertilization effect.

Overcoming gaps in knowledge is of top importance to strengthen confidence in ESMs. This paper addresses
proposals to improve the ability to predict the response of the carbon cycle to climate change in drought prone
ecosystems. More reliable predictions are important assets to provide valid information to policy makers about
the potential impacts of carbon emissions and likely outcomes for forest and forestry-related services.
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