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Abstract: The last IPCC report predicts warmer and drier conditions for the future European climate and the 
Mediterranean basin could be highly sensible to future climatic change. In order to investigate how the fore-
cast more stressing factors could affect Mediterranean shrubland ecosystems, an appropriate manipulation 
of the microclimate was carried out in an area covered by Mediterranean  maquis aimed at extending the 
drought period and increasing the night-time temperature.  Soil  cover,  plant growth, litterfall,  leaf  water 
status, and leaf nutritional status were monitored over three growing seasons. The manipulation altered the 
microclimate according to common scenarios, increasing mean annual night-time air temperature by about 1 
°C and mean annual temperature by about 0.5 °C, and decreasing precipitation between 6-46% of the total 
rainfall during the growing seasons. A general increase of vegetation cover was observed in the whole com-
munity during the three years of experimentation. This positive temporal pattern was mainly observed in 
control and warming treatment, whereas in the drought treatment it was less evident. At species-specific 
level, a clear negative effect of drought treatment was observed for C. monspeliensis percentage cover. Shoot 
elongation was not significantly affected by the warming treatment. A significant negative effect of drought 
treatment was noticed in the 2001-2002 and 2002-2003 growing seasons. An increase of N and P concentra-
tions in the drought treatment in Cistus was observed and it can be explained by the reduced shoot growth 
induced by the water shortage that we had observed in the same treatment. The absence of a concentration 
effect on the other two species could be the signal of the different behaviour with regard to a drier climate, 
and therefore could be a symptom of future change in species composition. We underline the need of long-
term observation, because of the different responses of plants in the short and long- term conditions.
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Introduction
The  last  IPCC report  predicts  warmer  and drier 

conditions  for  the  future  European  climate  (Kun-
dzewicz et al. 2001). In particular, the Southern part 
of the continent will  experience an increasing aver-
age temperature (0.1-0.4  °C per  decade),  as a con-
sequence of increased night-time temperature (East-
erling et al. 1997), and reduced precipitations, (from 

-1% to -5% per decade, Cubasch et al. 1995, Cubasch 
et al. 1996). Both phenomena will be mostly evident 
in  summer,  hence  drier  climate  conditions  will  be 
likely to occur.

The Mediterranean area might be highly sensible 
to  future  climate  change  (Gualdi  &  Navarra  2005, 
Peñuelas et al. 2004a, Peñuelas et al. 2004b, Ogaya et 
al. 2003, Carrión 2002, Peñuelas et al. 2002, Lavorel et 
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al. 1998). In this area shrublands ecosystems repres-
ent  an  important  vegetation  component,  a  wide-
spread variety resulting from degradation of Medi-
terranean forests caused by anthropic activities (agri-
culture,  pasture,  wood,  and recently  tourism,  etc.) 
carried out for thousands of years by native popula-
tions for their purpose needs. The Italian “gariga” is a 
shrubland community that represents the first step of 
soil  covering  process  subsequent  to  disturbances 
(fire, grazing, deforestation. An example of  gariga is 
the formation with Cistus monspeliensis and C. cretic-
us subsp.  eriocephalus,  with  Dorycnium pentaphyllum 
(Biondi et al. 2001). The Cistus species are pyrophyte, 
i.e.  pioneer  plants  spreading by seed  and forming 
dense stands after fires (Tarrega et al.  1997).  These 
stands represent the first step after the establishment 
of herbaceous plants and rustic suffrutices,  such as 
Helichrysum italicum, that abound in poorer and more 
degraded edaphic conditions (Mossa et al. 1993). Cli-
matic  variation  can alter  the  conditions  that  allow 
the  evolution  of  this  type  of  vegetation  towards 
more evolved aspects, such as those represented by 
maquis with holm oak. The predicted lower precipit-
ations and higher temperature may cause a general 
degeneration of Mediterranean forests through dir-
ect  effects  on  plants  (increased  transpiration,  pho-
todamage,  lower  photochemical  efficiency,  de-
creased water use efficiency, decrease of productiv-
ity)  and  indirect  effects  on  the  abiotic  component 
(soil erosion, nutrient leaching, more frequent wild-
fires - Broncano et al. 2005, Körner et al. 2005, Caser-
meiro  et  al.  2004,  EEA  2004,  Llorens  et  al.  2003, 
Ogaya &, Peñuelas 2003, Bakkenes et al. 2002, Hon-
nay et al. 2002, Martinez-Mena et al. 2002, De Luis et 
al. 2001, Giovannini et al. 2001, Osborne et al. 2000, 
Scarascia-Mugnozza  2000,  Mossa  et  al.  1993).  This 
would imply loss of  habitats and species,  with the 
migration of Southern species northwards, as repor-
ted in Skov & Svenning (2004) and Hughes (2000).

The aim of this work was to investigate how Medi-
terranean  shrubland  ecosystems  could  respond  to 
longer drought period and increased night-time tem-
perature, which were obtained by an appropriate mi-
croclimate manipulation in an area covered by gar-
rigue. We supposed that the increased temperature 
and  the  lower  water  availability  would  have 
changed the community structure, inducing a lower 
growth for the “more evolved” species,  such as  C.  
monspeliensis, in favour of the more rustic one (H. it-
alicum). In a 4-year study we monitored: species cov-
er, plant growth by measuring woody biomass, lit-
terfall and shoot elongation, water status by leaf wa-

ter potential and nutritional status by leaf chemical 
analysis.

Materials and Methods

Description of the area
The experimental area (about 0.12 ha) is located in 

the peninsula of Capo Caccia (north-western Sardin-
ia),  within  a Natural  Reserve  (40°  37’N,  8°  10’  E). 
Four different vegetation types can be easily identi-
fied in the area: a quite recent forested area of pine 
trees, the Mediterranean macchia, a Quercus ilex forest 
and  the  garrigue,  located  near  the  coast  line  and 
dominated  by  small  bushes  and  tiny  herbaceous 
plants growing between emerging rocks. The geolo-
gic  substrate  is  Mesozoic  limestone  (Corrias  et  al. 
1983).  The main soil  type is  Terra Rossa (Lithic Xer-
orthent and Typic Rhodoxeralfs, USDA 1993 - Valsecchi 
1976, Pietracaprina 1989). The soil is rocky and shal-
low (20-30 cm); the texture is  sandy loam, with an 
ABC profile, and neutral pH.

The  climate  is  semi-arid:  the  average  rainfall 
amount is 640 mm yr-1; precipitation falls in autumn 
and spring with a long dry period from May to Au-
gust, with about 60 mm. The mean annual temperat-
ure is 16.8 °C. The mean of minimum temperatures 
in the coldest month is 7 °C, the mean of the maxim-
um temperatures in the hottest month is 28 °C (met-
eorological  station  of  Fertilia  Airport  N  40°38’  E 
8°17’; altitude 40 m a.s.l.; sea distance 4273 m; period 
of observation 1961-1990).

The experimental plots are located in a fire-break 
strip  realized  in  1973.  The  fire-break  strip,  nearly 
wide 125 x 10 m, slope 10%, had been managed by 
controlled fire until 1990, then mechanically in 1991 
and 1992. Since 1993 no other intervention has been 
done and vegetation started to colonize the soil. The 
plots  are  covered  by  vegetation  with  a  maximum 
height of 1.0 m mainly represented by Cistus monspe-
liensis, Helichrysum italicum and Dorycnium pentaphyl-
lum. The presence of other shrubs (Pistacia lentiscus, 
C.  creticus,  Daphne  gnidium,  etc.)  is  more  sporadic. 
Bare soil is about 20% of soil cover.

Microclimate manipulation and climate monitoring
The experimental  manipulation  of  climate  condi-

tions  at  field  scale  was  carried  out  employing  a 
newly developed night-time warming technique and 
an  automated  covering  system  to  extend  summer 
drought (Beier et al. 2004; Fig. 1). Extended summer 
drought was induced by covering the plots with wa-
terproof plastic curtains, transparent to infrared radi-
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ation,  during rain events that occurred during two 
periods per year, in spring and in autumn (May 1st - 
June  13th 2002;  August  27th -  November  15th 2002; 
April 1st - May 31st 2003; October 1st - November 30th 

2003; April 1st - May 31st 2004; October 1st - Novem-
ber 30th 2004).  Passive night-time warming was in-
duced throughout  the  year  by covering vegetation 
and  soil  with  aluminium  curtains  at  night.  This 
method enables the ecosystem to retain a portion of 
energy accumulated during the light period, simulat-
ing the mechanism of global warming. The curtains 
run along two rails placed on a light scaffolding 1.5 
m tall. The curtains were coiled on a beam and con-
nected to a motor. The movement of the curtains was 
controlled automatically by an electronic devise set 

to the following conditions:
• the  warmed  plots  were  automatically  covered 

when light intensity at sunset was lower than 0.4 
W  m2.  At  sunrise  the  curtains  were  retracted  to 
leave the plots open during the day;
• a rain  sensor  activated  the  curtains  to  cover  the 

drought plots  whenever it  rained and to remove 
them when it stopped. The water collected by the 
curtains was removed from the area by gutters;
• to keep the hydrological conditions in the warmed 

plots unaffected, rain sensor activated the removal 
of  the  curtains  in  case  of  rain  during  the  night 
(sensitivity < 0.3 mm). When the rain stopped, the 
curtains were automatically drawn over the veget-
ation again.
Twenty  m2 plots  (5x4  m)  were  manipulated  by 

night-time warming and extending drought, and the 
responses  to  the  treatments  were compared  to  the 
control plots. Each type of manipulation was replic-
ated 3 times. Pre-treatment measures were conduc-
ted to identify variability between sites or plots.

In each plot, air temperature and relative humidity 
at 20 cm height from soil (Igromer HP100A, Rotron-
ic, CH), soil temperature at 10 cm depth and at 20 cm 
depth (LTN NR3, Tecno.El,  IT) and soil  water con-
tent (ECH2O probe model EC-20, Decagon Devices, 
Inc.)  at 10 cm depth were continuously monitored. 
Moreover, a weather station measured air temperat-
ure and relative humidity (Igromer HP100A, Rotron-
ic,  CH),  wind  direction  and  speed  (03002  Young, 
USA), global solar radiation (PYR SKS1110, Skye In-
struments, UK) and precipitation (ARG199, Environ-
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Fig.  1 -  The plot  is  delimited  by light  scaffolding, 
upon which two rails allow the curtains to run and 
mimic the climate change. For more details see the 
text.

Tab. 1 - (a) Growing season (September-May) daily mean temperatures of air (Ta), soil at 10 cm depth (Ts10) 
and soil at 20 cm depth (Ts20); (b) Growing season (September-May) daily mean minimum temperatures of 
air (Ta), soil at 10 cm depth (Ts10) and soil at 20 cm depth (Ts20). The following symbols indicate significant 
differences between the warming treatment and the control: *** p < 0.001; [a]p < 0.06.

(a) 
Year

Ta Ts10 Ts20
Control 

(°C)
Warming 

(°C)
Effect 

(%)
Control 

(°C)
Warming 

(°C)
Effect 

(%)
Control 

(°C)
Warming 

(°C)
Effect 

(%)
2001-2002 14 14 +2.2*** 14 15 +3.9*** 15 16 +2.7***
2002-2003 13 14 +1.9*** 14 14 -0.2[a] 15 15 -2.2***
2003-2004 13 13 +3.6*** 14 14 +0.8*** 14 15 +1.4***

(b) 
Year

Ta 
(min)

Ts10 
(min)

Ts20 
(min)

Control 
(°C)

Warming 
(°C)

Effect 
(%)

Control 
(°C)

Warming 
(°C)

Effect 
(%)

Control 
(°C)

Warming 
(°C)

Effect 
(%)

2001-2002 8 9 +9.8*** 13 14 +6.7*** 14 15 +5.0***
2002-2003 6 7 +14.7*** 12 12 +3.7*** 13 13 +1.5***
2003-2004 7 8 +12.4*** 12 13 +4.1*** 13 14 +2.1***
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mental Measurements, UK) at 2 m height. The open-
ing and closing time of the curtains were recorded 
for each plot by sensors (Mac-I) installed along the 
rails. These sensors allow to check the good working 
of the curtains and, when compared to the time of 
raining, to calculate the amount of precipitation re-
moved. All the sensors were acquired and stored in a 
data logger (CR10X Campbell Scientific,  Inc.,  USA) 
and downloaded on a laptop every week nearly.

The average temperatures were calculated for the 
growing season, covering the months from Septem-
ber, when the autumn precipitations occur, till May, 
before the beginning of the summer dry period.

Plant cover
The pinpoint method (Troumbis & Memtsas 2000; 

Merino  et  al.  1990)  was used in  order  to  measure 
plant frequency, and to indirectly estimate plant cov-
er. A sharpened pin was lowered through the veget-
ation along different  transects.  Each plant  hit  with 
the pin was counted and the plant species and type 
of contact recorded. 300 measurements for each plot 
were  collected.  Two  different  contact  types  were 
identified: vegetative parts (green and dead) and re-
productive  structures  (flowers,  inflorescences,  and 
fruits). The total number of hits for each species (and 
for each part of plant) per transect was expressed as 
portion  of  all  the  pin  per  transect.  Pre-treatment 
measurements were done in summer 2001 to identify 
variability  between  plots.  The  measurement  fre-

quency  was  yearly,  during  the  first  two  weeks  of 
May,  at  the peak of  the growing season,  except in 
2001 when the campaign was done in June.

Plant biomass
Plant  dimensions  were  calibrated  against  woody 

biomass  using  destructive  sampling  outside  the 
plots. In winter 2001 inside an external plot (5x5 m) 
the  maximum  height  (H)  and  the  two  orthogonal 
maximum crown diameters (Dc1 and Dc2) were taken 
for the following perennial plants (C. monspeliensis, 
H. italicum, D. pentaphyllum, P. lentiscus and C. cretic-
us).  The plants  were then harvested.  The collected 
material  was dried at 70 °C up to constant weight 
and then weighed to measure the dry woody bio-
mass  (DWB).  Given  the  projected  crown area  (Ac) 
equal to (eqn. 1):

Ac=Dc1/2∗Dc2 /2

The apparent volume (Va) of each plant was calcu-
lated as (eqn. 2):

V a=Ac⋅H

Five different relationships for the  i species (i= 5) 
between the Va and DWB were found (eqn. 3):

DWBi=a i⋅V ai
where  a  is  the  estimated  coefficient.  The  apparent 
volume has been widely used to determine the aerial 
biomass in polycormic plants of  the Mediterranean 
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Tab. 2 - Mean annual biomass accumulation (g m-2 yr-1) calculated during the period 2002-2004. CM = Cistus 
monspeliensis; CC = C. creticus; PL = Pistacia lentiscus; HM = Helichrysum italicum; DP = Dorycnium pentaphyl-
lum; TOT = above ground biomass growth of the total biomass. D.OFF = period with the Drought treatment 
turned off.

Growing 
season Period

Day of 
Drought 

treatment

Precipitation (mm) Mean RWC (%)

Control Drought Removed 
rain (%)

Control Drought Effect 
(%)

2001-2002

1st period 61 1 1 0 21 15 -31
2nd period 30 38 24 -35 22 16 -29
D.OFF - 199 199 - 57 59 4
annual 91 238 224 -6 45 44 -2

2002-2003

1st period 76 152 80 -47 26 16 -38
2nd period 54 9 8 -7 18 21 14
D.OFF - 252 252 - 71 65 -8
annual 130 412 339 -18 48 43 -11

2003-2004

1st period 60 178 31 -83 59 56 -5
2nd period 61 146 57 -61 51 37 -27
D.OFF - 188 188 - 58 62 7
annual 121 513 276 -46 57 55 -3
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region (Sternberg & Shoshany 2001; Usó et al. 1997).
In early spring 2002 and 2004, H and Dc of the per-

ennial species were measured inside the nine experi-
mental plots, and the standing plant woody biomass 
was estimated by the equation 3.

The annual growth rate (AGR)  was calculated as 
(eqn. 4):

AGR=[DWB2004−DWB2002/DWB2002]/2∗100

where 2004 and 2002 represent the sampling years.

Litterfall
In each plot, 10 litterfall collectors were located un-

der  the  canopy of  plants  according to  their  cover. 
Each collector was made of PVC tubes with a circu-
lar area of 385 cm2 and 20 cm high. The bottom of the 
collector was closed with a net (0.25 mm2) to prevent 
material  loss.  The  material  was collected,  dried  in 
oven  and  weighed  up  to  constant  weight  almost 
monthly.

Plant shoots growth
Direct measurements of plant growth were carried 
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Fig. 2 - Soil cover percentage by the 
different species at the pre-treatment 
(2001). The values are the average of 
the nine plots.

Fig. 3 - Trend line of cover percentage observed: (a) for the whole community, and (b) for Cistus monspelien-
sis in treated and non-treated plots during the years of experimentation. Full circles with continuous line = 
Control; full triangles with dash line = Warming; open squares with dot line = Drought.
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out for the most dominant species (C. monspeliensis). 
At the beginning of the vegetative cycle (September), 
every year a sample of 10 shoots was labelled in each 
plot. The shoots were harvested in March when max-
imum  elongation  of  terminal  main  shoots  was 
reached and flower  buds  appeared  at  the  apex  of 
shoots.  For  each  shoot  the  following  parameters 
were measured: length of the main shoot, orthogonal 
basal diameters, number of leaves, and leaf area.

Leaf chemical composition
Leaves of upper-canopy were sampled every year 

to  determine  leaf  chemical  composition.  C  and  N 
concentrations  were  determined by elemental  ana-
lyzer (Carlo Erba model 1108EA, Milan, IT). P con-
centration was determined by colorimetry using the 
blu-molibdathe method described in Allen (1974).

Predawn water potential
Xilematic pre-dawn water potential was measured 

from April  2002 to August 2004 every two months 
on  C.  monspeliensis by  pressure  chamber  (model 
SKPM  1400,  Skye  Instruments  LTD,  UK).  Before 
dawn, one shoot per plant was cut after enclosure in 
a  plastic  bag and measured  in  one  minute.  Three 
plants  of  for  each  plot  were  measured  in  each 
sampling date, for a total of 27 measurements.

Statistical analysis
The effect of warming and drought treatments on 

the air and soil temperatures was tested by a Wilcox-
on signed rank test. We tested if the daily temperat-
ure differences (warming minus control and drought 
minus control, respectively) could be assumed to be 
higher than zero.

One-way  ANOVAs  with  plant  variables  as  de-
pendent  variable  and  treatment  as  independent 
factor was performed for each year (or date) to com-
pare  warming  and  drought  treatments  separately 
with control treatment. We considered the plot as the 
smallest independent unit; therefore we used the av-
erage value of each variable per plot (n = 3 per treat-
ment),  except  for  shoots.  Significant  differences 
between  means  were  identified  by Duncan’s  mul-
tiple range test.

The plant cover results relative to the whole com-
munity and to the three dominant species (C. mon-
speliensis,  H. italicum and D. pentaphyllum) were sub-
jected to regression analysis in order to describe, for 
each treatment, the trend of this variable during the 
experiment.  Significant  differences  between  coeffi-
cient  slope  relative  to  control  and  each  treatment 
were identified by Student’s test.

Leaf chemical composition differences were tested 
by a two-way ANOVA. The mean value per plot for 
each nutrient (n = 3 per treatment) was used as de-
pendent  variable.  Nutrients  and species  were  ana-
lyzed separately. Year (n = 4) and treatment (n = 3) 
were the independent variables.

Results and discussion

Effect of the treatments on microclimate
The warming treatment increased significantly soil 

and air  temperature during the three growing sea-
sons (Tab. 1). The effects on the minimum air tem-
peratures were on average +0.9 °C, +0.6 °C and +0.4 
°C,  measured  respectively  at  +20  cm  (Ta),  -10  cm 
(Ts10) and -20 cm (Ts20).  As a consequence of  the 
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Fig. 4 - Annual growth rate calculated in the period 
2002-2004.  Control  =  Black  bars;  Warming  =  Grey 
bars; Drought = White bars. CM = Cistus monspelien-
sis; CC = C. creticus; PL = Pistacia lentiscus; HM = Heli-
chrysum italicum; DP = Dorycnium pentaphyllum; TOT 
= above ground biomass growth rate of the total bio-
mass.

Tab.  3 -  Parameters  of  the  allometric  regression 
DWBi = a i * Vai used to estimate the aerial biomass of 
the five mentioned species.

Species a n r2 p
C. monspeliensis 1311.8 ± 76.2 12 0 p<0.001
H. italicum 2364.4 ± 243.7 24 0 p<0.001
P. lentiscus 2364.4 ± 243.7 4 0 p<0.01
D. pentaphyllum 577.6 ± 17.4 11 0 p<0.01
C. incanus 2969.1 ± 437.4 13 0 p<0.01
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higher minimum temperatures, the daily mean tem-
peratures  were  significantly  affected  as  well:  the 
strongest  effect  was  on  Ta (+0.3  °C);  the  effect  on 
Ts10 was positive in 2001-2002, but in 2002-2003 and 
2003-2004 it  was almost  null;  Ts20  was warmer in 
2001-2002 and 2003-2004, and it was colder in 2002-
2003.

The  removed  precipitation  amounts  (sum  of  the 
two periods - Tab. 2), expressed as percentage of the 
total precipitation fallen during the growing season, 
were  6%,  18%  and  46%  respectively  in  2001-2002, 
2002-2003 and 2003-2004. The system was not always 
effective in cutting rain, as occurred during the au-
tumn  of  the  first  growing  season  and  during  the 
spring of the second growing season.

The effect of reduced precipitations on soil  water 
content was not always evident, because of the high 
heterogeneity of soil, and because of the low number 
of sampling points per plot (Netto et al. 1999). Mean 
soil relative water contents (normalized to the annu-
al maximum soil water content) during the drought 
were decreased by 2% (t value = -1.5, p = 0.13), 8% (t 
value = -7.2,  p < 0.001) and 3% (t value = -2.7,  p < 
0.01), respectively in 2001-2002, 2002-2003 and 2003-
2004.

As previously reported in De Angelis et al. (2005), 
the obtained change in microclimate was not of the 
same magnitude compared to other climate manipu-
lative experiments (Hollister  et al.  2005,  Sardans & 
Peñuelas 2004, Sardans & Peñuelas 2005, Nijs et al. 
1996). Nevertheless, this was the tribute to pay to ob-
tain one of the main objective of the used device, i.e. 
avoiding the secondary effects of  devices as OTCs, 
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Fig. 5 - Monthly leaf litterfall 
of  the  entire  community.  In 
order  to  simplify,  standard 
errors  are  not  drawn.  Con-
trol  =  full  circles  with  con-
tinuous line; Warming = full 
triangles with long dash line; 
Drought = open squares with 
short dash.

Tab.  4 -  Annual  biomass accumulation  (g m-2 yr-1) 
calculated during the period 2002-2004. [a] = above 
ground biomass growth of the total biomass.

g m-2 yr-1 Control Warming Drought
Cistus mon-
speliensis 13.7 (± 5.3) 21.5 (± 5.2) 22.7 (± 16.5)

C. creticus 4.7 (± 3.1) 0.7 (± 0.3) 2.9 (± 1.1)
Pistacia len-
tiscus 0.6 (± 0.5) 0.9 (± 0.4) 5.0 (--)

Helichrysum 
italicum 36.3 (± 18.1) 28.8 (± 17.1) 21.3 (± 13.0)

Dorycnium 
pentaphyllum 6.0 (± 3.2) 11.6 (± 6.1) 8.0 (± 2.0)

Total[a] 61.2 (± 23.2) 63.5 (± 7.4) 56.6 (± 17.3)
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electrical  wires and infrared lamps (Saavedra et al. 
2003, Wan et al. 2002, Turnbull et al. 2002, Strömgren 
& Linder 2002, Shaver et al. 2000, Norby et al. 1997, 
Harte & Shaw 1995), which included interaction with 
water  cycle  and  undifferentiated  increase  in  day- 
and night-time temperatures. On the other hand, our 
microclimate  manipulation  was  realistic  because  it 
altered  meanly  night-time  temperature  and  pro-
longed the summer dry period, that is what the in-
strumental records had revealed for the last decades 
(Folland et al. 2001, Easterling et al. 1997). Addition-
ally, Kundzewicz et al. (2001) report for the future an 
increase in air temperature by 0.1-0.4 °C per decade 
and a change in summer precipitations by -5% per 
decade,  so that  the simulated climate,  obtained by 
the described devices, and the below reported plant 
responses, seem to mirror in a realistic way the situ-
ation in the short or medium-term of 10-50 years.

Change in plant cover
Pre-treatment measurements (late spring 2001) did 

not show significant differences between treatments 
in term of percentage of cover and reproductive ef-
fort. C. monspeliensis, H. italicum and D. pentaphyllum 
provided almost 60% of soil cover; about 21% of soil 

was covered by other species, the main of which was 
P. lentiscus and C. creticus; about one fifth of soil was 
classified as bare soil (Fig. 2).

A  general  increase  of  vegetation  cover  was  ob-
served  in  the  whole  community  during  the  three 
years of experimentation, even if the increase of this 
parameter  in  warming and drought treatment was 
almost null  in 2003.  This positive temporal pattern 
was mainly observed in control and warming treat-
ment (p = 0.01 and 0.07 in control and warming re-
spectively) whereas in the drought treatment it was 
less evident (p = 0.14 - Fig. 3A). No significant differ-
ences between regression slopes were observed.

At species-specific level, a clear negative effect of 
drought treatment was observed for  C. monspeliensis 
percentage cover. The trend line, in fact, showed a 
negative slope significantly different from the one of 
control,  (p<0.05  -  Fig.  3B).  No  particular  effect  of 
warming was observed on this species. On the con-
trary,  H. italicum and  D. pentaphyllum did not show 
any identifiable temporal trend either in treated or in 
non-treated plots (data not shown).

The positive temporal trend of the total cover ob-
served in the control and warming treatment, except 
that in the drought ones (Fig. 3A) seems to indicate 
that  the  evolutionary  process  of  plant  community 
has not stopped after 12 years (after the last disturb-
ance in 1993) since the fire-break strip has no longer 
been managed. This behaviour is similar to those re-
ported  by other  studies  (Calvo  et  al.  2002),  where 
plant cover had been recovered in 12-15 years after 
the disturbances. However, our climate and edaphic 
conditions could explain the quite slow evolution of 
the vegetation community.

The negative trend observed for the Cistus cover in 
the drought treatment (Fig. 3B) gives evidence to the 
negative effect of water shortage on the evolution of 
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Tab. 5 - Shoot length (± s.e.) and diameter (± s.e.) of C. monspeliensis per year and treatment. Different letters 
mean significant differences among the treatments (p < 0.05); n.a. = not available.

Growing 
season

Treatment Shoot diameter 
(mm)

Shoot length 
(cm)

Total leaf 
area (cm2)

# leaves 
shoot-1

Mean leaf 
area (cm2)

2001-2002
Control 2.0 ± 0.11 a 6.9 ± 0.5 a n.a. n.a. n.a.
Warming 1.8 ± 0.07 ab 6.0 ± 0.3 ab n.a. n.a. n.a.
Drought 1.7 ± 0.05 b 5.3 ± 0.3 b n.a. n.a. n.a.

2002-2003
Control 1.8 ± 0.08 a 7.8 ± 0.5 a 32.8 ± 3.4 a 42.6 ± 3.9 a 0.77 ± 0.04 a
Warming 1.9 ± 0.04 a 7.8 ± 0.3 a 33.2 ± 3.0 a 44.0 ± 4.0 a 0.81 ± 0.07 a
Drought 1.7 ± 0.07 a 6.2 ± 0.5 b 28.6 ± 3.3 a 33.3 ± 2.9 a 0.85 ± 0.05 a

2003-2004
Control 2.0 ± 0.06 a 6.2 ± 0.4 a 29.1 ± 3.3 ab 54.7 ± 4.9 a 0.54 ± 0.04 a
Warming 2.0 ± 0.07 a 7.2 ± 0.5 a 33.9 ± 2.9 a 59.1 ± 4.3 a 0.57 ± 0.02 a
Drought 1.7 ± 0.05 b 5.7 ± 0.5 a 20.6 ± 2.1 b 45.8 ± 4.4 a 0.41 ± 0.02 a

Tab. 6 - Leaf litterfall production (± s.e.) during the 
three growing seasons, expressed as g m-2 period-1. 
Different  letters  indicate  significant  differences 
(p<0.05) among the treatments per each growing sea-
son.

g m-2 
period-1 Control Warming Drought

2001-2002 51.1 (± 12.3) a 57.7 (± 6.6) a 51.6 (± 22.1) a
2002-2003 52.0 (± 12.3) a 52.8 (± 7.5) a 40.0 (± 9.9) a
2003-2004 34.2 (± 7.0) a 41.0 (± 2.6) a 21.6 (± 5.2) a
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this community. This idea is corroborated by the fact 
that in 2001 (pre-treatment) we had observed an in-
verse relationship between plant cover of Cistus and 
Helichrysum in the nine plots;  therefore it  could be 
plausible  to  think  of  an  exclusive  use  of  space. 
Moreover, the carbon isotopic composition of leaves 
(as reported in de Dato 2004) had demonstrated that 
Cistus plants were negatively influenced in their sto-
matal response by the drought treatment, effect not 
observed in Helichrysum. If the negative trend in Cis-
tus cover is confirmed in the future, we could assert 
that the evolutionary phases of this ecosystem will 
be  blocked  and,  on  the  contrary,  the  less  evolved 
steps  will  find  enough space  and resources  to  ex-

pand. Considering that the cycles of plant adaptation 
and recovery after disturbances are longer than the 4 
years of the present study (Hollister et al. 2005, Ep-
stein  et  al.  2004,  Calvo  et  al.  2002,  Tarrega  et  al. 
2001),  a  longer-term  experiment  could  give  more 
clear responses about the behaviour of plants at spe-
cific and functional group level.

Effects on plant growth and litterfall
In  2002  the  estimated  above  ground  standing 

woody biomass inside the experimental plots varied 
between 328 and 545 g m-2. On average 72% of this 
amount was due to the sum of  C. monspeliensis and 
H. italicum biomasses. D. pentaphyllum, C. creticus and 
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Fig. 6 - Leaf chemical composition (Carbon, Nitrogen and Phosphorous) of the three main species  Cistus 
monspeliensis (a-d-g),  Helichrysum italicum (b-e-h) and Dorycnium pentaphyllum (c-f-i) for the years 2001-2004 
(2001 is pre-treatment). Control = Black bars; Warming = Grey bars; Drought = White bars.
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Fig. 7 -  Comparison of:  (a) control  vs. warming 
and (b) control vs. drought predawn water poten-
tials measured on shoots of Cistus monspeliensis in 
different dates. The symbol * indicates significant 
differences (p < 0.05) among the treatments. Con-
trol = full circle with continuous line; Warming = 
full triangles with long dash line; Drought =open 
squares  with  short  dash.  The  darkened  areas 
show the period with the drought treatment run-
ning.

Tab. 7 - F-ratios and p-values summary table of the ANOVAs on leaf chemical composition and C/N ratios 
for the species C. monspeliensis, H. italicum and D. pentaphyllum.

Element Species Years Treatment Years*Treatment
Carbon C. monspeliensis F = 85.02; p<0.001 F = 2.25; p = 0.13 F = 1.16; p = 0.36

H. italicum F = 8.88; p<0.01 F = 0.51; p = 0.61 F = 0.41; p = 0.86
D. pentaphyllum F = 5.71; p<0.01 F = 1.08; p = 0.36 F = 0.77; p = 0.60

Nitrogen C. monspeliensis F = 7.80; p<0.01 F = 5.82; p<0.01 F = 0.67; p = 0.68
H. italicum F = 33.10; p<0.001 F = 0.63; p = 0.55 F = 0.24; p = 0.96
D. pentaphyllum F = 83.49; p<0.001 F = 0.87; p = 0.43 F = 4.33; p<0.01

Phosphorous C. monspeliensis F = 10.42; p<0.001 F = 4.33; p<0.05 F = 1.53; p = 0.22
H. italicum F = 0.34; p = 0.79 F = 1.47; p = 0.26 F = 2.57; p = 0.06
D. pentaphyllum F = 2.83; p = 0.07 F = 0.23; p = 0.80 F = 0.19; p = 0.98

C/N ratio C. monspeliensis F = 24.62; p<0.001 F = 5.98; p = 0.008 F = 0.78; p = 0.59
H. italicum F = 60.7; p<0.001 F = 0.61; p = 0.56 F = 0.30; p = 0.93
D. pentaphyllum F = 45.79; p<0.001 F = 0.57; p = 0.57 F = 1.95; p = 0.12
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P. lentiscus contributed on average with 19%, 6% and 
4% respectively.

In  the  control  treatment  the  annual  growth  rate 
(AGR;  Fig. 4) for the period 2002-2004 was 27%; in 
the  warming  treatment  it  was  34%  and  in  the 
drought treatment it was 27%, not significantly dif-
ferent between the treated and non-treated plots. In 
terms of biomass, this is equivalent to an increase of 
only about 60 g m-2 yr-1 of woody dry weight, aver-
aged between the two years (Tab. 3).

Shoots basal diameter of  C. monspeliensis was not 
significantly  affected  by  the  warming  treatment, 
whereas  the  drought  treatment  inhibited  signific-
antly  this  parameter  during  the  growing  seasons 
2001-2002  and  2003-2004  (-15%  and  -10%  respect-
ively, p < 0.05), but not in the 2002-2003 growing sea-
son (-6%, p = 0.4 - Tab. 4).

Shoot elongation was not significantly affected by 
the warming treatment. A significant negative effect 
of  drought treatment was noticed in the 2001-2002 
and  2002-2003  growing  seasons  (-21%  in  both  the 
year; p < 0.05) but not in 2003-2004 (p = 0.7 - Tab. 4).

The warming treatment did not have effect on the 
other  parameters  in  the  2002-2003  and  2003-2004 
growing seasons. The drought treatment had a neg-
ative effect on the mean leaf  area in the 2003-2004 
growing season (p < 0.05 - Tab. 4).

The observed  changes  in  the  shoot  growth were 
caused by a rainfall decrease and by the consequent 
change  in  soil  water  content.  These  results  match 
with  the  experimental  findings,  that  derive  from 
studies  carried  on  both  in  shrublands  and  maquis 
species  and  in  conifer  forests  (Körner  et  al.  2005, 
Peñuelas et al. 2004, Llorens et al. 2003, Ogaya et al. 
2003, Cinnirella et al. 2002, Rovira et al. 2002) of the 
Mediterranean basin, which all claimed water avail-
ability  as the limiting factor  for  plants of  this  area 
and showed that decreased precipitations could have 
a  central  role  for  plant  productivity.  This  experi-
ment, in addition, stress this characteristic, given that 
the  experimentally  drought  was  not  a  permanent 
stress,  but  it  was  carried  out  on  only  during  the 
growing seasons. Moreover, different periods of the 
drought treatment brought different results on shoot 
elongation. In fact, the drought treatment in the au-
tumn 2001 and 2002 (growing seasons 2001-2002 and 
2003-2004 respectively) removed summer precipita-
tions,  because  it  run  from  September  to  October, 
causing a slightly recover of the soil  water content 
and therefore a stronger effect on shoot elongation, 
that starts after the dry summer whenever the first 
rains fall; on the contrary, in the autumn 2003 (grow-

ing  season  2003-2004)  the  drought  treatment  run 
later (October-November), when soil water recharge 
had  already  occurred  and  the  shoot  growth  had 
already started. Considering the biomass growth at 
the community level, no significant effect was found. 
This  is  not  in  contrast  with  the  change  in  shoot 
elongation, because shoot elongation is a more pre-
cise  measure  and  moreover  it  is  a  more  sensible 
parameter than biomass accumulation especially  in 
the short period (in this study we are testing only 
three growing seasons).

Differently  from  the  drought  treatment,  warmer 
temperatures did not bring any positive or negative 
effect on plant and shoot growth (Tab. 4). In temper-
ate and boreal regions, warming experiments had in-
duced higher plant growth (Rustad et al.  2001).  In 
the  Mediterranean  area,  where  temperature  is 
already optimal, neither stimulation effect on photo-
synthesis or on vegetative period lengthening can be 
plausible (Peñuelas et al.  2004).  In this site,  in fact, 
Cesaraccio et al. (2004) did not find any significant 
elongation of  the vegetative period.  De Dato 2004) 
did not report, for the same site, positive effect of the 
warming treatment on litter decomposition process 
and on the soil CO2 efflux. In a parallel experiment 
on a shrubland community in Spain,  Llorens et al. 
(2003) did not report a significant change of net pho-
tosynthesis at higher temperatures.

The leaf litterfall amount calculation was based, as 
for the biomass, on the growing season, that is to say 
considering the litter fallen during the period from 
September of the year n until August of the year n+ 
1. In the control treatment (Tab. 5), leaf litterfall was 
51.1, 52.0 and 34.2 g m-2 period-1 respectively during 
the growing seasons 2001-2002, 2002-2003 and 2003-
2004. C. monspeliensis produced most of the litter (70-
80% of all the collected material). The warming treat-
ment  increased  the  litterfall  production  by  +13%. 
+2% and +20% respectively in the 2001-2002,  2002-
2003  and 2003-2004  growing  seasons  compared  to 
the control. In the drought plots litterfall production 
was between 51.6 and 21.6 g m-2 period-1, lower than 
the control values by 23% 37% in the 2002-2003 and 
2003-2004,  but the difference was +1% in the 2001-
2002. All these effects were never statistically signi-
ficant.  The  maximum  in  the  litterfall  occurred  in 
summer (June-July), as typical of the drought-avoid-
ing plants with summer-deciduousness habit (Fig. 5), 
with  no  differences  between  the  control  and  the 
warming and drought treatments. According to sev-
eral  authors (Pavón et  al.  2005,  Alegre et  al.  2004, 
Simmons  et  al.  1996),  litter  production  is  strongly 
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controlled by precipitation,  following a direct  rela-
tionship  (lower  the  precipitation,  lower  the  litter 
production).  Moreover,  Pavón et al.  (2005)  showed 
that temperature was negatively related to litterfall 
amount. The lack of treatment effect in the present 
study was unexpected,  the high standard errors  of 
the data are the results  of  the different  percentage 
distributions  of  the  species  inside  the  plots. 
However, it is in accordance with the lack of treat-
ments  response  in  the  biomass  growth and in  the 
number of leaves per shoot (Fig. 4, Tab. 4).

Leaf chemical composition
Leaf  C  concentration  was  approximately  50%  in 

the analyzed species (Fig. 6 a-b-c, Tab. 7). This value 
followed  a  slightly  significant  decreasing  trend  in 
the three species, but no effect due to the treatments 
was ever noticed.

Leaf  N  concentration  at  the  pre-treatment  was 
between  1.2-2.2%,  with  D.  pentahyllum the  richest 
species (Fig. 6 d-e-f,  Tab. 7). In Cistus leaves a signi-
ficant higher value of the mean N concentration in 
the  drought  than  in  the  control  treatment  (about 
+10%) was found. The warming treatment did not al-
ter significantly the leaf C content in all the species. 
During the study period, N concentration followed 
an increasing temporal trend in all the species.

P concentration varied among the species between 
82 and 92 µg per g of leaf dry weight (Fig. 6 g-h-i, 
Tab. 7). In Cistus there was a significant higher con-
centration  of  P in  the  drought  than in  the  control 
(about +60%). The warming treatment did not alter 
significantly  the  leaf  P  content  in  all  the  species. 
Along the years, we observed a decreasing trend of 
leaf P concentration in Cistus but not in  Helichrysum 
and Dorycnium, independently of the treatments.

In the three species the C:N ratio followed a signi-
ficant  decreasing  trend (Tab.  7),  with  a  significant 
negative drought effect (about -5%) on the average 
value in Cistus.

Nutrient concentration is the result of the balance 
between uptake and growth. The observed increase 
of N and P concentrations in the drought treatment 
in  Cistus can  be  explained  by  the  reduced  shoot 
growth induced by the water shortage that we had 
observed  in  the  same treatment.  The  absence  of  a 
concentration effect on the other two species could 
be the signal of the different behaviour with regard 
to a drier climate, and therefore could be a symptom 
of future change in species composition, as also par-
tially seen in plant cover (Fig. 3).

It is worth to say that over time foliar N tended to 

increase and foliar P to decrease (although strictly to 
Cistus) in the control treatment (that is to say in nat-
ural conditions). The resulting increase in the N:P ra-
tio highlights a progressive importance of P limita-
tion (Peñuelas et al. 2004a; Sardans & Peñuelas 2004), 
and this pattern could influence its evolution. On the 
other  hand,  a  decrease  in  the  C:N  ratio  (more  N 
available for decomposers) can lead to a better litter 
palatability and to a more rapid litter decomposition 
process (De Angelis  et al.  2000),  with positive con-
sequences  on  nutrients’  cycles.  The  observed  re-
duced C:N in the drier conditions can be an alarm 
because, if a quicker decomposition is not accompan-
ied by an increased uptake (as it  is  likely to occur 
given  the  decrease  in  plant  cover  in  the  drought 
treatment)  nutrient  leaching can strongly limit  this 
ecosystem (Casermeiro et al. 2004, Martinez-Mena et 
al. 2002).

Predawn water potential
In the control treatment, predawn water potential 

(PWP) of  Cistus shoots varied between -0.4 and -3.5 
MPa  (Fig.  7),  similar  to  values  found  in  another 
study  investigating  a  different  Cistus species 
(Borghetti  et  al.  2004).  The lowest  values  occurred 
during summer period, except in October 2003, be-
cause of the dryness of that year. The warming treat-
ment did not affect the PWP. The warming treatment 
did not affected the PWP, showing a -9% difference 
with  the  control,  not  statistically  significant.  The 
drought treatment negatively affected PWP at three 
sampling  dates,  when  the  drought  treatment  was 
running and during the season with enough precipit-
ation, and not in the very dry spring 2003, when only 
about 50 mm of rain fell. On average, the percentage 
drought difference was -11%, not statistically signi-
ficant from the control.

These results point out that Cistus is stressed under 
drier conditions and therefore it can perform less C 
accumulation and growth (Cinnirella et al. 2002, Ab-
ril & Hanano 1998, Lebourgeois et al. 1998), as also 
confirmed by the decreased elongation of its shoots. 
The drought treatment decreased PWP in the short 
term (when the treatment was active), while this ef-
fect was absent during the rest of the year. Therefore, 
Cistus plants were able to recover after the removal 
of  the stress factor.  This characteristic  is  due to  its 
shallow rooting depth and to the persistence of  its 
over-summer leaves which allow it to re-establish its 
water potentials on the occasion of rain events occur-
ring after the dry season (Werner et al. 1999, Harley 
et al. 1987).
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Conclusion
Although not  dramatically,  the  microclimate  ma-

nipulation  altered  the  microclimate  according  to 
common scenarios (Kundzewicz et al. 2001, Cubasch 
et al. 1996, Cubasch et al. 1995), giving a possible im-
age of the climate in the short and medium term and 
the possible responses of this shrubland community.

The drought treatment influenced the changes of 
Cistus cover, differently from what happened to that 
of  Helichrysum,  in  addition  to  the  effects  on shoot 
elongation in  Cistus. This different behaviour could 
be the sign of a possible change in species composi-
tion with possible consequences on the evolution of 
this community. A new community structure could 
imply different processes at soil (Hawkes et al. 2005) 
and plant level (Armas & Pugnaire 2005). We under-
line  the need of  long term observation,  because of 
the different  responses  of  plants  in  the short-  and 
long-term  (Peñuelas  et  al.  2004a).  The  lack  of  a 
warming effect on the measured variables, could be 
the results of the low increase of temperature due to 
the  manipulation,  especially  during  the  diurnal 
hours (Llorens et al. 2003) but stresses also the cent-
ral role of water availability for plants of the Medi-
terranean region.
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