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Abstract

Warmer temperatures and extended drought in the Mediterranean Basin are becoming
increasingly important in determining plant physiological processes and affecting the
regional carbon budget. The responses of plant physiological variables such as shoot
water potential (V), carbon-assimilation rates (A), stomatal conductance (gs) and
intrinsic water-use efficiency (iWUE) to these climatic regimes, however, are not well
understood. We conducted long-term (16 years) field experiments with mild nocturnal
warming (+0.6 °C) and drought (-20% soil moisture) in a Mediterranean early-
successional shrubland. Warming treatment moderately influenced ¥, A and gs
throughout the sampling periods, whereas drought treatment strongly influenced these
variables, especially during the summer. The combination of a natural drought in
summer 2003 and the treatments significantly decreased A and iWUE. Foliar §'°C
increased in the treatments relative to control, but not significantly. The values of ¥, A
and gs were correlated negatively with vapor-pressure deficit (VPD) and positively with
soil moisture and tended to be more dependent on the availability of soil water. The
plant, however, also improved the acclimation to drier and hotter conditions by
physiological adjustments (gs and iWUE). Understanding these physiological
processes in Mediterranean shrubs is crucial for assessing further climate change
impacts on ecosystemic functions and services.

Keywords: global warming, frequent droughts, physiological response; long-term

experiments; plant acclimation



50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

1. Introduction

Mediterranean-type shrubland ecosystems occupy large areas of the global
terrestrial surface and provide important ecosystemic services, such as carbon storage,
global biogeochemical cycles and the conservation of biodiversity [1-5]. The impacts
of anthropogenic climate change, however, are gradually representing a prominent
disturbance, affecting from individuals to ecosystems [3,5—7]. Numerous studies of
Mediterranean ecosystems have reported that global warming is advancing plant spring
phenology and extending growing periods [3,8—10]. In contrast, rapid changes in the
patterns of temperature and precipitation have also negatively affected plant growth and
survival by reducing water availability, ultimately leading to catastrophic carbon
starvation and widespread mortality [11-15]. Robust climatic models have projected a
continuous increase in warming and drought severity in the Mediterranean Basin for
the coming decades, which could severely impact carbon sinks in shrubland ecosystems
and alter regional carbon budgets [16,17].

Many studies over the latest several decades have reported physiological [18-23],
morphological [3,24,25] and genetic [3,26-28] changes in Mediterranean plants in
response to warming and drying conditions. Among these changes, physiological
adjustments are considered the most rapid and effective, because they can increase
photosynthetic rates or decrease water loss and improve intrinsic water-use efficiency
(IWUE) via stomatal conductance (gs) [3,11,25,29-31]. Recent studies have also

demonstrated the resistance and resilience of terrestrial biomes to climatic change by
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the modulation of the responses to inter-seasonal and inter-annual stresses over time
[25,32-34]. Changes in iWUE regulated by gs have been widely studied by the
variation of foliar carbon isotope (8*3C) composition [35], so WUE can be evaluated
by changes in the amount of foliar §*3C [36—39]. Our understanding of the effects of
future scenarios of warming and drought on these physiological processes in
Mediterranean shrubs, however, remains poor due to a lack of long-term data sets.

Climatic experiments have provided effective approaches for studying the potential
physiological and phenological changes in plants to future climatic regimes [40-44].
Numerous field experiments manipulating in Mediterranean ecosystems have helped to
identify the physiological [18-21,45], morphological [24,25] and structural [11,34,46]
adjustments of plants for coping with changes in climatic regimes. Long-term
precipitation-manipulation experiments in Mediterranean forests have highlighted
dampened effects on carbon assimilation [45], biomass accumulation [47,48] and
aboveground net primary production (ANPP) [48]. The physiological adjustments over
time in response to new climatic regimes, however, are still unclear because most
experimental studies have short terms (<5 years) [18-21,23]. Long-term experiments
are consequently desirable for interpreting the cumulative effect of certain climatic
regimes and detecting the patterns of plant physiological responses [42,45,48].

We carried out a long-term nocturnal warming and drought experiment in a
Mediterranean early-successional shrubland from 1999 to 2014 (16 years), which is one
of the longest climate-manipulation experiments ever conducted. Species in early-

successional stages are sensitive to rapid climate change but have received little
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attention [3,18,20,49]. We studied the shrub Erica multiflora, which is widely
distributed in western and central Mediterranean Basin and is one of the dominant
species at the study site [18,20]. Previous experimental studies conducted in this
experimental site have observed that the rates of carbon assimilation in E. multiflora
were not affected by warming but were significantly decreased by drought throughout
the first two years of treatment [18]. Prieto et al [20] reported that warming tended to
increase the rate of carbon-assimilation of this species in cold seasons, but the response
to drought depended on the year and season. Our sampling periods were: 1999-2001
(short-term), 2003-2005 (medium-term) and 2014 (long-term). The specific objectives
of our study were to (1) verify if warming and drought exacerbate the loss of shoot water
in Mediterranean shrub species, (ii) investigate the effects of experimental warming and
drought on A, gs, iWUE (A gs™') and foliar 8!3C levels at different timescales, and (iii)
determine the effect of long-term ecosystem exposure to warmer and drier conditions
on plant physiological adjustments. The results will be crucial for identifying the
potential physiological responses to climatic changes and will help us to understand

further the effects of climate on terrestrial ecosystemic functions and services.
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2. Materials and methods
2.1 Study site
We carried out a field experiment on a south-facing hill (13% slope) in Garraf Natural
Park near Barcelona (northeastern Spain) (41°18" N, 1°49" E; 210 m a.s.l.). The climate
at the experimental site is typically Mediterranean, with mild winters, dry summers and
rainy springs and autumns. The mean annual air temperature during the study period
was 15.8 °C, with the maximum mean summer temperature (June-August) of 23.5 °C.
The mean annual precipitation was 537.3 mm, as much as 70% of which falls in spring
and autumn. The soil is calcareous and composed of marls and limestone, with depths
of 10-40 cm. The site suffered two large fires in summer 1982 and spring 1994, which
degraded the vegetation to early-successional shrubland. Most of the current vegetation
has sprouted from underground organs after the two fires. The vegetation is co-
dominated by E. multiflora, a species widely distributed in the Mediterranean Basin. E.
multiflora grows mainly in the spring but also in the autumn; flowering begins in late
summer and ends the following spring.
2.2 Experimental manipulations

Nine plots (5 x 4 m?) were randomly organized in three blocks, with each block
having one warming, one drought and one control plot. Each treatment thus had three
replicates. The experiment was maintained from 1999 to 2014.

The warming treatment consisted of a passive nocturnal warming by covering the

plots with aluminum curtains. This covering system reduces the amount of long-wave
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infrared radiation reflected back to the atmosphere at night [40]. A light scaffold was
installed in each warming plot for supporting the covering. The curtains were
automatically unfolded at night and retracted during the day and were controlled by
light sensors (below and above 200 lux, respectively). This passive nocturnal warming
is realistic and effective, because the effects of global warming are predicted to be
higher at night than during the day [40,49]. The curtains were automatically retracted
during rain to avoid influencing the hydrological cycle.

The drought treatment extended the summer drought to the following spring and
autumn by preventing rainwater from entering the plots using transparent waterproof
roofs [40]. Scaffolds were also installed in the drought plots, but the curtain material
was transparent plastic. Rain sensors activated the curtains to cover the plots whenever
it rained during the treatment period and retracted them when the rain stopped. Rain
was sensed by a sensitive (>5 mm rainfall) tipping-bucket rain gauge. The rainwater
blocked by the waterproof plastic was drained outside the plots. The curtains were also
automatically retracted to avoid damage during winds exceeding 10 m-s*. The drought
plots were treated the same as the control plots during the rest of the year. The control
plots had similar scaffolds as the warming and drought plots but without curtains.

2.3 Environmental conditions

Air temperature and precipitation have been recorded at the study site since 1998.
Soil temperature at -5 cm depth was recorded by temperature sensors distributed in each
plot. Precipitation was recorded by a tipping-bucket rain gauge 1.5 m above the ground.

Relative humidity was recorded every 30 minutes at a nearby meteorological station.
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Vapor-pressure deficit (VPD) was calculated every 30 minutes from the relative
humidity and air temperature. Soil moisture in the top 15 cm of soil was measured
weekly by Time Domain Reflectometry (TDR) using three probes in each plot.
2.4 Measurements of shoot water potential and gas exchange

We monitored the shoot water potential (), foliar carbon-assimilation rates (A)
and gas exchange (gs) for 3-6 consecutive days per season during the sampling periods
(spring 1999 to winter 2001, winter 2003 to summer 2005 and winter 2014 to autumn
2014). Five current-year shoots of E. multiflora with similar growth performance were
collected in each plot to measure the changes of y at midday (11:00-13:00, solar time)
using a Scholander-type pressure chamber (PMS Instruments, Corvallis, USA).
Measured Erica plants were always the same ones, permanently marked with labels at
the beginning of experiments. Foliar A and gs were measured on three consecutive days
in each season with a portable gas-exchange system (an ADC4 system configured with
a chamber model PLC4B (Hoddesdon, Hertfordshire, UK) from 1999 to 2001, a
CIRAS2 system (Hitchin, Hertfordshire, UK) from 2003 to 2005 and an LI-6400XT
system (LI-COR Inc., Lincoln, USA) from 2013 to 2014). Two to six sunny and
current-year shoots with similar growth status were collected from each plot, and gas
exchange was measured in triplicate. Leaf area was measured using ImageJ 1.46r (NIH,
Maryland, USA) from a photocopy of all leaves on the twigs. Intrinsic water-use
efficiency (IWUE) was calculated from the gas-exchange measurements as the ratio A
gs L. The medium- (2003-2005) and long-term (2014) periods focused on gs and iWUE.

2.5 Isotopic and elemental analyses
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Foliar 5'3C content was measured for current-year leaves in August 2000, 2004
and 2014. Leaves from three E. multiflora plants were collected in each plot and
analyzed in an EA1108 elemental analyzer (Carlo Erba, Milano, Italy) coupled to a
Delta C isotope ratio mass spectrometer with a CONFLO IT interface (Thermo Finnigan
MAT, Bremen, Germany). The results were calibrated with interspersed international
isotopic carbon standards (IAEA, Vienna, Austria). Values are expressed relative to
Pee Dee Belemnite (PDB) standard for 5!3C as:

& 13C = (Rsample/Rstandard -1) X 1000 (%o)

where 3C is the heavier carbon isotope and R is the ratio of the heavier to the
lighter isotope (**C:*2C) for the sample and standard. The accuracy of the measurements
was =+ 0.15%o for & 3C.

2.6 Data analyses

For all physiological parameters (¥, A, gs, iWUE and §'3C), we calculated one
value per plot as the mean of all plants measured per plot. The warming and drought
treatments were always separately compared with the controls. The differences between
the treatments and controls were analyzed by analyses of variance using R version 3.2.3
(R Core Development Team, 2015). The significance level was p<0.05 for the statistical

tests within year and season.
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3. Results
Climatic parameters

The climatic parameters (rainfall, temperature and VVPD) varied greatly throughout
the sampling periods (Fig. 1). The highest temperatures were recorded in summer
(mean of June, July and August), with the highest summer temperature of 26.4 °C in
2003. The rainy seasons were usually spring and autumn. VPD was correlated with
accumulated precipitation and temperature, with extremely severe deficits in summer
2003. The mean annual soil temperature at -5 cm depth was on average 0.6 °C higher
in the warming than in the control plots. There were no significant differences between
warming and control plots in 2014 (Fig. 2a). Soil moisture in the 0-15 cm layer
fluctuated with season and year during the sampling periods, with wet springs and
autumns and dry summers (Fig. 2b). Soil moisture averaged 20% lower in the drought
treatment than the control plots throughout the sampling periods (p<0.01).

Shoot water potential (y)

Shoot water potential (y) of E. multiflora varied with VPD and was lowest in
summer (Fig. 3). The warming treatment did not significantly affect y compared to the
control, but y was significantly lower in the drought treatment throughout the sampling
periods (p<0.01).

Foliar gas exchange

Carbon-assimilation rates (A) was highly variable in the control plants inter-

seasonally and inter-annually throughout the sampling periods. Photosynthesis was

10
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generally highest during the wet seasons (spring and autumn) and lowest during the hot
and dry summers (Fig. 4). Neither warming nor drought treatment significantly
decreased the values of A when compared to control, and warming treatment even had
some positive effects. The values of A, however, decreased significantly under both
warming and drought in the extremely hot and dry summer of 2003 (p<0.01 and p<0.05,
respectively). The values of gs fluctuated greatly with season and year and was lowest
in winters and highest in the wet springs and autumns (Fig. 5), but gs in the warming
and drought treatments was similar to that in the controls. The iWUE in control was
generally highest in summer, except for the extreme summer of 2003 (Fig. 6). The
(IWUE) was generally higher in the warming and drought treatments but decreased
significantly in summer 2003 due to the combination of the extremely hot summer and
the experimental warming (p<0.05) and drought (p<0.05).

Shoot water potential (y), Carbon-assimilation rates (A) and stomatal conductance
(gs) were correlated negatively with VVPD and positively with soil moisture, indicating
a strong dependence on soil moisture. The (IWUE), however, was not affected when
soil-water potential and VPD were high (Fig. 7).
Variability of isotopic values (**C)

The foliar & *C values in E. multiflora varied greatly during the sampling periods
(Fig. 8). The & 3C values after one year of both the warming and drought treatments
were similar to those in the controls. After five years of treatment, however, were
significantly higher in the warming treatment than the controls. Neither the warming
nor the drought treatments had significant effects on & C after 15 years of treatment.

11
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4. Discussion

Shoot water potential (y) in E. multiflora was highly variable inter-seasonally and
was lowest in hot and dry summers (Fig. 3). The lower v in the experimental treatments
was likely induced mainly by increased evapotranspiration in the warming treatment
and by the decrease in soil moisture due to the exclusion of rainwater in the drought
treatment [18,20]. The effects on v differed greatly between warming and drought
treatment, consistent with the previous studies showing that the impacts of drought
treatment on plant water potential were stronger than those of warming treatment
[18,20]. Our results indicated that hot and dry summers accelerated the loss of water
from plant shoots, which can cause large-scale crown die-off, mortality and vegetation
shifts in Mediterranean ecosystems [11,14,15]. Long periods of warmer and drier
climate combined with extreme conditions in the future would likely cause more severe
shoot-water deficits in Mediterranean shrubland ecosystems [15,17].

Foliar photosynthesis is an important physiological process of plant life that is
strongly affected by conditions of temperature and water across various types of
ecosystems [23,31,34]. The moderate warming and prolonged drought treatments
decreased photosynthetic rates, although the experimental warming had some positive
effects in wet seasons (Fig. 4). Photosynthesis in E. multiflora was strongly correlated
with soil moisture, and it was significantly lower in both the warming and drought
treatments during the extreme summer in 2003, probably due to the lower water
availability [14,17].

12
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Stomatal adjustment is the primary regulator of foliar hydrological changes, which
control the response of WUE to climatic stresses [23,31]. Photosynthesis is highly
correlated with gs, although the mechanisms by which water stress limits
photosynthesis by stomatal closure or metabolic impairment are controversial
[23,30,31]. Most studies accept that stomatal closure is the main determinant of
photosynthesis under moderate drought stress [20,23,45,50]. Foliar photosynthetic rates
are also well correlated with gs in some studies of Mediterranean species [18-20,45].
Plant photosynthesis, however, may not be limited by stomatal closure but by metabolic
impairment [3,20,23,50,51]. Our study indicated that foliar photosynthetic rates were
significantly lower in both the warming and drought treatments in the extreme 2003
summer, but this effect was probably associated with the impairment of photosynthetic
enzymes, because the treatments did not significantly affect gs [23,31,51].

Intrinsic water-use efficiency (iWUE) is an important indicator of plant
physiological response to environmental changes [23,31,39]. In our study, the plants
increased iWUE to reduce water loss in summer, except in the extreme 2003 summer
(Fig. 6), consistent with the theory that the balance between carbon assimilation and
the control of water loss is optimized in hot and dry summers [29,30,39]. Climatic
extremes such as during the 2003 summer, however, can cause severe plant-water
deficits that can irreversibly damage plant hydraulic systems [11,12,14,15,17]. Changes
in foliar 8'°C during warmer and drier conditions can increase plant WUE via
photosynthetic or metabolic processes [35-37,39,52]. Our results, however, showed
that §!°C did not change significantly in the warming and drought treatments throughout

13
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the study period, except in the warming treatment in 2004 when §'°C was significantly
higher, which was probably due to the higher iWUE after the extremely hot summer in
2003 (Fig. 8). Various studies have reported that '3C discrimination decreases with the
concentration of intercellular carbon dioxide due to stomatal closure, and ultimately
WUE [3,38,39,52]. Foliar 8*3C was therefore higher under the warming and drought
conditions, consistent with the findings of other experiments in terrestrial ecosystems
where plants regulate the relationship between WUE and climate change [32,37,39].

The available information on global change indicates that long periods of warming
have been impacting terrestrial ecosystems since the mid-20™" century [5,16]. We have
also concluded that the severe decrease in water availability had substantial effects on
physiological processes, such as ¥, A and gs, whereas the effects of the mild warming
treatment were very mild (nearly no influences). These differential treatment effects
indicate that low water availability may has a more direct impact on plants [23,31].
These physiological adjustments, however, are essential for adapting to changes in
climatic regimes. Our study shows that the physiological responses (A, gs, iIWUE and
813C) to long-term experimental warming and drought decrease over time, indicating
acclimation to the climatic stresses [21,23,45,46]. Robust models, however, predict that
global warming will continue to increase, accompanied by other stresses such as
extreme droughts and heat waves [5,16,17]. Mediterranean species have shown some
acclimation responses and strategies, but these could be potentially overwhelmed by
future climate, leading to increased risks of xylem embolism, crown die-off and
mortality, which would affect future ecosystemic carbon budgets.

14



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

Acknowledgements

This research was financially supported by the European Research Council Synergy
grant ERC-2013-SyG-610028 IMBALANCE-P, the Spanish government project CGL
2013-48074-P and the Catalan government project SGR2014-274. We are also grateful
for the financial support of the China Scholarship Council. We thank all the people who

maintained the experiment and collected the data.

15



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

References

[1]

[2]

[3]

[4]

W.W. Wessel, A. Tietema, C. Beier, B.A. Emmett, J. Penuelas, T. Riis-Nielsen,
A qualitative ecosystem assessment for different shrublands in western Europe
under impact of climate change, Ecosystems. 7 (2004) 662—671.

S.H.M. Butchart, M. Walpolel, B. Collen, A. Strien, J.P.W. Scharlemann, R.E.A.
Almond, J.E.M. Baillie, B. Bomhard, C. Brown, J. Bruno, K.E. Carpenter, G.M.
Carr, J. Chanson, A.M. Chenery, J. Csirke, N.C. Davidson, F. Dentener, M. Foster,
A. Gallil, J.N. Galloway, P. Genovesi, R.D. Gregory, M. Hockings, V. Kapos, J.
Lamarque, F. Leverington, J. Loh, M.A. McGeoch, L. McRae, A. Minasyan,
M.H. Morcillo, T.E.E. Oldfield, D. Pauly, S. Quader, C. Revenga, J.R. Sauer, B.
Skolnik, D. Spear, D. Stanwell-Smith, S.N. Stuart, A. Symes, M. Tierney, T.D.
Tyrrell, J. Vié, R. Watson, Global biodiversity : indicators of recent declines,
Science. 328 (2011) 1164-1169.

J. Pefiuelas, J. Sardans, M. Estiarte, R. Ogaya, J. Carnicer, M. Coll, A. Barbeta,
A. Rivas-Ubach, J. Llusia, M. Garbulsky, I. Filella, A.S. Jump, Evidence of
current impact of climate change on life: a walk from genes to the biosphere.,
Glob. Chang. Biol. 19 (2013) 2303-38.

E. Doblas-Miranda, J. Martinez-Vilalta, F. Lloret, A. Alvarez, A. Avila, F.J.
Bonet, L. Brotons, J. Castro, J. Curiel Yuste, M. Diaz, P. Ferrandis, E. Garcia-
Hurtado, J.M. Iriondo, T.F. Keenan, J. Latron, J. Llusia, L. Loepfe, M. Mayol, G.
Moré¢, D. Moya, J. Penuelas, X. Pons, R. Poyatos, J. Sardans, O. Susl, V.R.

16



358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

[3]

[6]

[7]

[8]

[9]

[10]

Vallejo, J. Vayreda and J. Retana, Reassessing global change research priorities
in mediterranean terrestrial ecosystems: How far have we come and where do
we go from here?, Glob. Ecol. Biogeogr. 24 (2014) 25-43.

A.W.R. Seddon, M. Macias-Fauria, P.R. Long, D. Benz, K.J. Willis, Sensitivity
of global terrestrial ecosystems to climate variability, Nature. 531 (2016) 1-15.
G. Walther, E. Post, P. Convey, A. Menzel, C. Parmesan, T.J.C. Beebee, J.
Fromentin, O.H.I, F. Bairlein, Ecological responses to recent climate change,
Nature. 416 (2002) 389-395.

C. Parmesan, G. Yohe, A globally coherent fingerprint of climate change impacts
across natural systems., Nature. 421 (2003) 37-42.

A. Menzel, T.H. Sparks, N. Estrella, E. Koch, A. Aaasa, R. Ahas, K. Alm-Kiibler,
P. Bissolli, O. Braslavska, A. Briede, F.M. Chmielewski, Z. Crepinsek, Y. Curnel,
A Dahl, C. Defila, A. Donnelly, Y. Filella, K. Jatczak, F. Mage, A. Mestre, .
Nordli, J. Pefiuelas, P. Pirinen, V. Remisové, H. Scheifinger, M. Striz, A. Susnik,
A.J.H. Van Vliet, F.E. Wielgolaski, S. Zach, A. Zust, European phenological
response to climate change matches the warming pattern, Glob. Chang. Biol. 12
(2006) 1969-1976.

J. Pefiuelas, T. Rutishauser, 1. Filella, Phenology feedbacks on climate change,
Science. 324 (2009) 887—-888.

Y.H. Fu, H. Zhao, S. Piao, M. Peaucelle, S. Peng, G. Zhou, P. Ciais, Y. Song, Y.
Vitasse, Z. Zeng, 1. a Janssens, M. Huang, A. Menzel, J. Pen, Declining global
warming effects on the phenology of spring leaf unfolding, Nature. 526 (2015)

17



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

[11]

[12]

[13]

[14]

[15]

[16]

104-107.

N. McDowell, W.T. Pockman, C.D. Allen, D.D. Breshears, N. Cobb, T. Kolb, J.
Plaut, J. Sperry, A. West, D.G. Williams, E.A. Yepez, Mechanisms of plant
survival and mortality during drought: why do some plants survive while others
succumb to drought?, New Phytol. 178 (2008) 719-739.

C.D. Allen, A.K. Macalady, H. Chenchouni, D. Bachelet, N. McDowell, M.
Vennetier, T. Kitzberger, A. Rigling, D.D. Breshears, E.H. (Ted) Hogg, P.
Gonzalez, R. Fensham, Z. Zhang, J. Castro, N. Demidova, J.-H. Lim, G. Allard,
S.W. Running, A. Semerci, N. Cobb, A global overview of drought and heat-
induced tree mortality reveals emerging climate change risks for forests, For.
Ecol. Manage. 259 (2010) 660—-684.

J. Carnicer, M. Coll, M. Ninyerola, X. Pons, G. Sanchez, J .Pefiuelas, Widespread
crown condition decline, food web disruption, and amplified tree mortality with
increased climate change-type drought., Proc. Natl. Acad. Sci. U. S. A. 108 (2011)
1474-1478.

W.R.L. Anderegg, J.M. Kane, L.D.L. Anderegg, Consequences of widespread
tree mortality triggered by drought and temperature stress, Nat. Clim. Chang. 3
(2013) 30-36.

W.R.L. Anderegg, A. Flint, C.-Y. Huang, L. Flint, J.A. Berry, FW. Davis, J.S.
Sperry, C.B. Field, Tree mortality predicted from drought-induced vascular
damage, Nat. Geosci. 8 (2015) 367-371.

A.G. Dai, Increasing drought under global warming in observations and models,

18



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

[17]

[18]

[19]

[20]

[21]

[22]

Nat. Clim. Chang. 3 (2013) 52-58.

M. Reichstein, M. Bahn, P. Ciais, D. Frank, M.D. Mahecha, S.I. Seneviratne, J.
Zscheischler, C. Beer, N. Buchmann, D.C. Frank, D. Papale, A. Rammig, P.
Smith, K. Thonicke, M. van der Velde, S. Vicca, A. Walz, M. Wattenbach,
Climate extremes and the carbon cycle, Nature. 500 (2013) 287-295.

L. Llorens, J. Pefiuelas, 1. Filella, Diurnal and seasonal variations in the
photosynthetic performance and water relations of two co-occurring
Mediterranean shrubs, Erica multiflora and Globularia alypum., Physiol. Plant.
118 (2003) 84-95.

R. Ogaya, J. Pefiuelas, Comparative field study of Quercus ilex and Phillyrea
latifolia: photosynthetic response to experimental drought conditions, Environ.
Exp. Bot. 50 (2003) 137-148.

P. Prieto, J. Pefiuelas, J. Llusia, D. Asensio, M. Estiarte, Effects of long-term
experimental night-time warming and drought on photosynthesis, Fv/Fm and
stomatal conductance in the dominant species of a Mediterranean shrubland,
Acta Physiol. Plant. 31 (2009) 729-739.

JM. Limousin, L. Misson, A.V. Lavoir, N.K. Martin, S. Rambal, Do
photosynthetic limitations of evergreen Quercus ilex leaves change with long-
term increased drought severity?, Plant, Cell Environ. 33 (2010) 863—875.

R.A. Garcia, M. Cabeza, C. Rahbek, M.B. Araujo, Multiple dimensions of
climate change and their implications for biodiversity, Science. 344 (2014)
1247579.

19



424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

U. Niinemets, T. Keenan, Photosynthetic responses to stress in Mediterranean
evergreens: mechanisms and models, Environ. Exp. Bot. 103 (2014) 24-41.
J.M. Limousin, S. Rambal, J.M. Ourcival, J. Rodriguez-Calcerrada, I.M. Pérez-
Ramos, R. Rodriguez-Cortina, L. Misson, R. Joffre, Morphological and
phenological shoot plasticity in a Mediterranean evergreen oak facing long-term
increased drought, Oecologia. 169 (2012) 565-577.

D. Sperlich, C.T. Chang, J. Penuelas, C. Gracia, S. Sabate, Seasonal variability
of foliar photosynthetic and morphological traits and drought impacts in a
Mediterranean mixed forest, Tree Physiol. 35 (2015) 501-520.

A.S. Jump, J. Peniuelas, Running to stand still: adaptation and the response of
plants to rapid climate change, Ecol. Lett. 8 (2005) 1010-1020.

A.S. Jump, J. Pefiuvelas, L. Rico, E. Ramallo, M. Estiarte, J.A. Martinez-
Izquierdo, F. Lloret, Simulated climate change provokes rapid genetic change in
the Mediterranean shrub Fumana thymifolia, Glob. Chang. Biol. 14 (2008) 637—
643.

L. Rico, R. Ogaya, A. Barbeta, J. Pefiuelas, Changes in DNA methylation
fingerprint of Quercus ilex trees in response to experimental field drought
simulating projected climate change, Plant Biol. 16 (2014) 419-427.

M.M. Chaves, J.S. Pereira, J. Maroco, M.L. Rodrigues, C.P.P. Ricardo, M.L.
Osorio, 1. Carvalho, T. Faria, C. Pinheiro, How plants cope with water stress in
the field. Photosynthesis and growth, Ann. Bot. 89 (2002) 907-916.

A.R. Reddy, K.V. Chaitanya, M. Vivekanandan, Drought-induced responses of

20



446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

[31]

[32]

[33]

[34]

[35]

[36]

[37]

photosynthesis and antioxidant metabolism in higher plants, J. Plant Physiol. 161
(2004) 1189-1202.

J. Flexas, A. Diaz-Espejo, J. Gago, A. Gallé, J. Galmés, J. Gulias, H. Medrano,
Photosynthetic limitations in Mediterranean plants: A review, Environ. Exp. Bot.
103 (2014) 12-23.

L.A. Cernusak, N. Ubierna, K. Winter, J.A.M. Holtum, J.D. Marshall, G.D.
Farquhar, Environmental and physiological determinants of carbon isotope
discrimination in terrestrial plants, New Phytol. 200 (2013) 950-965.

G.E. Ponce Campos, M.S. Moran, A. Huete, Y. Zhang, C. Bresloff, T.E. Huxman,
D. Eamus, D.D. Bosch, A.R. Buda, S. a Gunter, T.H. Scalley, S.G. Kitchen, M.P.
McClaran, W.H. McNab, D.S. Montoya, J. a Morgan, D.P.C. Peters, E.J. Sadler,
M.S. Seyfried, P.J. Starks, Ecosystem resilience despite large-scale altered
hydroclimatic conditions, Nature. 494 (2013) 349-52.

A. Nardini, M.A. Lo Gullo, P. Trifilo, S. Salleo, The challenge of the
Mediterranean climate to plant hydraulics: responses and adaptations, Environ.
Exp. Bot. 103 (2014) 68—79.

H.K.T. Farquhar G D, Ehleringer J R, Carbon isotope discrimination and
photosynthesis, Annu. Rev. Plant Biol. 40 (1989) 503-537.

J. Pefiuelas, L. Filella, F. Lloret, J. Pifiol, D. Siscart, Effects of severe drought on
water and nitrogen use by Quercus ilex and Phillyrea latifolia, Biol. Plant. 43
(2000) 47-53.

J. Pefiuelas, J.M. Hunt, R. Ogaya, A.S. Jump, Twentieth century changes of tree-

21



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

[38]

[39]

[40]

[41]

[42]

[43]

ring 613C at the southern range-edge of Fagus sylvatica: increasing water-use
efficiency does not avoid the growth decline induced by warming at low altitudes,
Glob. Chang. Biol. 14 (2008) 1076—1088.

J. Peniuelas, J.G. Canadell, R. Ogaya, Increased water-use efficiency during the
20th century did not translate into enhanced tree growth, Glob. Ecol. Biogeogr.
20 (2011) 597-608.

C.A. Nock, P.J. Baker, W. Wanek, A. Leis, M. Grabner, S. Bunyavejchewin, P.
Hietz, Long-term increases in intrinsic water-use efficiency do not lead to
increased stem growth in a tropical monsoon forest in western Thailand, Glob.
Chang. Biol. 17 (2011) 1049-1063.

C. Beier, B. Emmett, P. Gundersen, A. Tietema, M. Estiarte, C. Gordon, A.
Gorissen, L. Llorens, F. Roda, D. Williams, Novel approaches to study climate
change effects on terrestrial ecosystems in the field: drought and passive
nighttime warming, Ecosystems. 7 (2004) 583-597.

C. Beier, C. Beierkuhnlein, T. Wohlgemuth,J. Pefiuelas, B. Emmett, C. Korner,
H. de Boeck, J.H. Christensen, S. Leuzinger, I.A. Janssens, K. Hansen,
Precipitation manipulation experiments — challenges and recommendations for
the future, Ecol. Lett. 15 (2012) 899-911.

S. Leuzinger, Y. Luo, C. Beier, W Dieleman, S. Vicca, C. Korner, Do global
change experiments overestimate impacts on terrestrial ecosystems?, Trends
Ecol. Evol. 26 (2011) 236-241.

Z. Wu, P. Dijkstra, G.W. Koch, J. Penuelas, B.A. Hungate, Responses of

22



490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

[44]

[45]

[46]

[47]

[48]

[49]

terrestrial ecosystems to temperature and precipitation change: a meta-analysis
of experimental manipulation, Glob. Chang. Biol. 17 (2011) 927-942.

H.J. De Boeck, S. Vicca, J. Roy, 1. Nijs, A. Milcu, J. Kreyling, A. Jentsch, A.
Chabbi, M. Campioli, T. Callaghan, C. Beierkuhnlein, C. Beier, Global change
experiments: challenges and opportunities, Bioscience. 65 (2015) 922-931.

R. Ogaya, J. Llusia, A. et al. Barbeta, Foliar COL! in a holm oak forest subjected
to 15 years of climate change simulation., Plant Sci. 226 (2014) 101-107.

N.K. Martin-Stpaul, J.M. Limousin, H. et al. Vogt-Schilb, The temporal response
to drought in a Mediterranean evergreen tree: comparing a regional precipitation
gradient and a throughfall exclusion experiment., Glob. Chang. Biol. 19 (2013)
2413-2426.

A. Barbeta, R. Ogaya, J. Pefiuelas, Dampening effects of long-term experimental
drought on growth and mortality rates of a Holm oak forest, Glob. Chang. Biol.
19 (2013) 3133-3144.

D. Liu, R. Ogaya, A. Barbeta, X. Yang, J. Penuelas, Contrasting impacts of
continuous moderate drought and episodic severe droughts on the aboveground-
biomass increment and litterfall of three coexisting Mediterranean woody
species, Glob. Chang. Biol. 21 (2015) 4196-4209.

G. Kroel-Dulay, J. Ransijn, LK. Schmidt, C. Beier, P. De Angelis, G. de Dato,
J.S. Dukes, B. Emmett, M. Estiarte, J. Garadnai, J. Kongstad, E. Kovacs-Lang,
K.S. Larsen, D. Liberati, R. Ogaya, T. Riis-Nielsen, A.R. Smith, A. Sowerby, A.
Tietema, J. Penuelas, Increased sensitivity to climate change in disturbed

23



512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

[50]

[51]

[52]

ecosystems., Nat. Commun. 6 (2015) 6682.

J. Flexas, H. Medrano, Drought-inhibition of photosynthesis in C3 plants:
stomatal and non-stomatal limitations revisited, Ann. Bot. 89 (2002) 183—189.
W. Tezara, V.J. Mitchell, S.D. Driscoll, D.W. Lawlor, Water stress inhibits plant
photosynthesis by decreasing coupling factor and ATP, Nature. 401 (1999) 914—
917.

R. Ogaya, J. Pefiuelas, Changes in leaf 613C and 615N for three Mediterranean
tree species in relation to soil water availability, Acta Oecologica. 34 (2008) 331—

338.

24



534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

Figures

Fig. 1 Seasonal variation of mean air temperature, precipitation and vapor-pressure
deficit (VPD) during the sampling periods 1999-2001, 2003-2005 and 2014. Wi, winter;
Sp, spring; Su, summer; Au, autumn.

Fig. 2 (a) Changes of seasonal soil temperature in the control and nocturnal warming
treatment during the sampling periods. (b) Changes of seasonal soil moisture in the
control and drought treatment during the sampling periods. Significant differences
between the control and treatment plots are indicated by asterisks (**, p<0.01). Each
treatment had three replicates (n=3 plots). Wi, winter; Sp, spring; Su, summer; Au,
autumn.

Fig. 3 Changes in shoot water potential in Erica multiflora during the sampling periods
in the control and warming treatment and drought treatment. Significant differences
between the control and treatment plots are indicated by asterisks (*, p<0.05; **,
p<0.01). Each treatment had three replicates (n=3 plots). Wi, winter; Sp, spring; Su,
summer; Au, autumn.

Fig. 4 Seasonal variation of net photosynthetic rates in Erica multiflora in the control
and treatment plots during the experimental periods. Error bars indicate the standard
errors of the means (n=3 plots). Significant differences between the control and
treatment plots are indicated by asterisks (*, p<0.05; **, p<0.01). Wi, winter; Sp, spring;
Su, summer; Au, autumn.

Fig. 5 Seasonal stomatal conductance in Erica multiflora in the control and the warming
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and drought treatments during the medium- and long-term study periods. Error bars
indicate the standard errors of the means (n=3 plots). Wi, winter; Sp, spring; Su,
summer; Au, autumn.

Fig. 6 Intrinsic water-use efficiency iWUE, A g in E. multiflora leaves in the control
and the warming and drought treatments during the medium- and long-term sampling
periods. Error bars indicate the standard errors of the means (n=3 plots). Significant
differences are indicated by asterisks (*, p<0.05). Wi, winter; Sp, spring; Su, summer;
Au, autumn.

Fig. 7 The relationships of shoot water potential (SWP), net photosynthetic rate,
stomatal conductance and intrinsic water-use efficiency (iIWUE) with vapor-pressure
deficit (VPD) and soil moisture during the sampling periods.

Fig. 8 Foliar 83C in E. multiflora in summer 2000, 2004 and 2014. Error bars indicate
the standard errors of the means (n=3 plots). Significant differences with control are

indicated by asterisks (*, p<0.05).
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