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Abstract In arid and semiarid shrubland ecosystems
of the Mediterranean basin, soil moisture is a key
factor controlling biogeochemical cycles and the
release of CO2 via soil respiration. This is influenced
by increasing temperatures. We manipulated the
microclimate in a Mediterranean shrubland to increase
the soil and air night-time temperatures and to reduce
water input from precipitation. The objective was to
analyze the extent to which higher temperatures and a
drier climate influence soil CO2 emissions in the short
term and on an annual basis. The microclimate was
manipulated in field plots (about 25 m2) by covering
the vegetation during the night (Warming treatment)
and during rain events (Drought treatment). Soil CO2

effluxes were monitored in the treatments and
compared to a control over a 3-year period. Along
with soil respiration measurements, we recorded soil
temperature at 5 cm depth by a soil temperature
probe. The seasonal pattern of soil CO2 efflux was
characterized by higher rates during the wet vegeta-
tive season and lower rates during the dry non-
vegetative season (summer). The Warming treatment
did not change SR fluxes at any sampling date. The
Drought treatment decreased soil CO2 emissions on
only three of 10 occasions during 2004. The variation
of soil respiration with temperature and soil water
content did not differ significantly among the treat-
ments, but was affected by the season. The annual
CO2 emissions were not significantly affected by the
treatments. In the semi-arid Mediterranean shrubland,
an increase of soil CO2 efflux in response to a
moderate increase of daily minimum temperature is
unlikely, whereas less precipitation can strongly affect
the soil processes mainly limited by water availability.
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Introduction

Respiration of terrestrial ecosystems is a major flux in
the global carbon cycle and a potentially important
positive feedback mechanism for climate change
(Schimel 1995; Prentice et al. 2001). Where water is
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a limiting factor—as in arid and semiarid systems
around the Mediterranean basin—soil moisture is a
key factor controlling microbial respiration and
mineralization processes (Cortez 1997; Conant et al.
1998; Leiròs et al. 1999), which constitute part of the
CO2 efflux from soil to the atmosphere. Although the
rate at which C can be sequestered in dry regions is
low, C residence times in dryland soil are long,
sometimes even longer than in forest soils. Therefore,
arid regions may lose less C than wet regions because
lack of water limits soil mineralization and conse-
quently the return of C to the atmosphere (Wohlfart et
al. 2008). Several studies demonstrate higher CO2

emissions from soil when the climate becomes
warmer, especially when occuring in temperate and
boreal ecosystems (Peterjohn et al. 1994; Rustad et al.
2001; Melillo et al. 2002; Bekku et al. 2003). In
environments where soil C stocks can reach high
values, any temperature increase can lead to high CO2

release to the atmosphere, with a positive feedback on
climate warming. Some studies report an acclimation
effect when easily decomposable C is depleted due to
increasing temperatures. This leads to a transient
increase in CO2 emissions, followed by a return to
pre-heating emission rates (Oechel 2000; Melillo et
al. 2002; Kirschbaum 2004; Eliasson et al. 2005).
These studies were frequently conducted increasing
soil and/or air temperatures during the whole day.
But, according to some authors, global warming has
been causing a decrease in daily temperature ampli-
tude due to an increase of minimum (night-time)
temperatures (Easterling et al. 1997; Easterling et al.
2000; Vose et al. 2005), therefore specific studies to
test the impact of this trend are needed. Only little
research has focused on soil CO2 emissions in the
Mediterranean area under a moderate change in
temperature regime, perhaps based on the perception
that sparse vegetation cover and bare soil can only
produce low emissions (Wohlfart et al. 2008). Most
studies in the Mediterranean environment investigated
woodland or maquis formations, which represent later
vegetational succession stages. Gariga ecosystems are
made up of low shrubs and sparse vegetation,
representing the first stages of soil colonization after
disturbance. Those ecosystems are widespread in the
Mediterranean basin, reflecting thousands of years of
human modifications (agriculture, pastures, timber
and wood, and, recently, tourism, etc.). According to
the FAO Forest Resource Assessment (FAO 2005), 30

million ha are covered by “other wooded lands”,
including shrublands in the Mediterranean basin. The
Italian 2005 National Inventory of Forest and Carbon
INFC (http://www.sian.it/inventarioforestale/jsp/
home.jsp) reported that Mediterranean shrublands
and maquis cover about 690,100 ha. La Mantia et
al. (2007) showed a linear increase of organic C from
13 to 85 t C ha−1 in a Mediterranean soil along a
chronosequence of 30 years after land abandonment.
Warmer and drier climate conditions are forecasted
for Southern Europe during the summer season
(Cubasch et al. 1996; Kundzewicz et al. 2001;
Christensen et al. 2007). The extensive shrubland
around the Mediterranean basin warrants focusing on
the potential consequences of higher night-time
temperatures and longer summer drought periods on
soil CO2 emissions in these ecosystems.

To evaluate the responses of different ecosystem
processes to climate changes, we induced a night-time
soil and air warming and longer summer drought
periods in a semi-arid Mediterranean shrub ecosystem
(gariga) for 5 years. The approach involved a field
climate manipulation system (Warming and Drought
treatments). We analyze the responses of soil CO2

emission to the treatments over a three-year period in
order to answer the following questions:

(1) will a moderate increase of night-time temper-
atures change daytime CO2 emission rates?

(2) will a longer summer drought period change soil
CO2 emission rates? And will it alter the
following soil CO2 emission rates?

(3) will the natural summer drought alter the
response of soil respiration to increasing tem-
perature, in semi-deciduous gariga ecosystems?

(4) will the induced day-by-day increase of night-
time temperatures and the induced drought
change the annual soil carbon emission? Can
the changes be related to the season in which the
drought occurs?

In order to answer these questions:

(1) we measured soil CO2 emission at day-time and
in drought-treated and non-drought-treated peri-
ods over a three-year study period (Q1 and Q2);

(2) we compared the parameters of a set of equa-
tions describing the SR variation in response to
temperature and soil water content, in wet and
dry seasons (Q3);
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(3) we compared the estimated annual and seasonal
CO2 emissions using a semi-empirical model for
the different treatments (Q4 and Q5).

Materials and methods

Description of the area

The study area is located in the Regional Park Porto
Conte Capo Caccia in the Capo Caccia peninsula
(northeast Sardinia, Italy; 40° 37′ N, 8° 10′ E). The
geologic substrate is Mesozoic limestone and the
main soil type is Terra Rossa (Lithic Xerorthent and
Typic Rhodoxeralfs, USDA 1993). The soil is rocky
and shallow (20–30 cm); the texture is sandy loam,
with an ABC profile; pH is 7.7; soil organic matter
content is 3.9% in the main rooting zone (0–10 cm);
bulk density is 1.1 g cm−3. The climate is semi-arid,
characterized by a mean annual rainfall of 640 mm
occurring mainly in autumn and spring, with a long
dry period from May to August. The mean annual
temperature is 16.8°C, ranging from 7°C (mean
minimum temperatures in the coldest month) to 28°C
(mean maximum temperatures in the hottest month)
(meteorological station of Fertilia Airport N 40°38′ E
8°17′; altitude 40 m asl; distance to sea about 4 km;
period of observation 1961–1990).

The experimental plots (25 m2 each) were located in
a firebreak opened in 1973. The firebreak had been
managed by controlled fire until 1990, then mechani-
cally in 1991 and 1992. Since 1993, no further
interventions were made and the vegetation started to
colonize the soil. Presently, vegetation cover inside the
plots is made up by plants with a 1 m maximum height,
constituted of Cistus monspeliensis L., Helichrysum
italicum G. Don and Dorycnium pentaphyllum Scop.
The presence of other shrubs (Pistacia lentiscus L., C.
creticus L., Daphne gnidium L., etc.) is more sporadic.
Bare soil makes up about 20% of the soil surface.

Microclimate manipulation and monitoring

The experimental plots were set up according to Beier et
al. (2004). Three treatments were applied (Warming,
Drought, Control). The Warming treatment involved
covering the vegetation and soil with aluminium
curtains during the night, so that the ecosystem

retained a portion of the energy accumulated during
daylight. This simulated the effect of global warming
on daily minimum temperatures. Extended summer
drought (Drought treatment) was induced by covering
the plots with waterproof plastic curtains, transparent to
infrared radiation, during rain events that occurred
during two periods per year, in spring and in autumn
(1 May–13 June 2002; 27 August–15 November 2002;
1 April–31 May 2003; 1 October–30 November 2003;
1 April–31 May 2004; 1 October–30 November 2004).
To avoid damages of the infrastructure, the curtains
were automatically opened if the wind reaches a
threshold value (10 m s−1). In particular, during the
autumn season very intense rains were frequently
coupled with strong wind condition, thus reducing the
efficiency of the system in removing rains during this
period. Metallic barriers were inserted into the soil
around the drought plots, to avoid input of water flow
when runoff occurs. Each plot was delimited by a
metallic frame, 6×4 m wide and 1.5 m tall, supporting
the mobile curtains (5×4 m). The curtains moved
along two rails placed on the shorter sides of the
scaffolding. An electronic device automatically con-
trolled the movements of the curtains.

The control treatment was delimited in the same
manner as the treated ones, except that they did not have
any curtains. Nine plots were assigned to the three
treatments according to an experimental design with
three treatments randomly replicated in three blocks.

In each plot, air temperature (Ta) and relative
humidity at 20 cm height from the soil surface
(Igromer HP100A, Rotronic, CH), soil temperature
at 10 cm depth (Ts10) and at 20 cm depth (Ts20)
(LTN NR3, Tecno.El, IT), and soil water content
(WCs) at 10 cm depth (ECH2O probe model EC-20,
Decagon Devices, Inc.) were continuously monitored.
Moreover, an in-situ weather station measured air
temperature and relative humidity (Igromer HP100A,
Rotronic, CH), wind direction and speed (03002
Young, USA), global solar radiation (PYR
SKS1110, Skye Instruments, UK) and precipitation
(ARG199, Environmental Measurements, UK) at 2 m
height. The opening and closing times of the curtains
were recorded for each plot by sensors (Mac-I)
installed along the rails. These sensors allow the
functioning of the curtains to be checked and to
calculate the amount of precipitation excluded. All the
data were acquired and stored in a datalogger (CR10X
Campbell Scientific, Inc., USA) as half-hour mean
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values and downloaded on a laptop nearly every week.
Given the high soil heterogeneity, we removed the
differences of soil water capacity among the plots by
calculating the daily mean relative soil water content
(RSWC) as a percentage of the annual maximum,
representing the value at saturation. These values were
used for the model parameterization (see below). The
values at saturation ranged between 17 and 28 % v/v
among the nine plots, usually recorded during weeks
6–9 of every year or during the last weeks of each year,
depending on the precipitation regime; the minimum
values always occurred in summer between July and
August, and ranged between 3 and 7 % v/v.

Soil CO2 efflux

Soil CO2 (SR) efflux was measured for 3 years (from
2002 to 2004) by a portable infrared gas analyzer EGM-
3 (PP Systems, Hertfordshire, UK) connected to a
closed-type cuvette SRC1 (PP Systems, Hertfordshire,
UK). The measurements were made in the morning at
sunrise (after the period of night-time warming), and at
midday (12:00–14:00) at maximum temperatures, ap-
proximately every 30 days, on permanent 5 PVC collars
(10 cm diameter, 5 cm height) per plot placed into the
soil surface, and randomly distributed in bare soil and
under vegetation cover. Collars were inserted into the
soil for only 2–3 cm, in order to avoid root damages,
1 month before the start of measurements. Along with
soil respiration measurements, soil temperature at 5 cm
depth was recorded next to the collars by a soil
temperature probe (PP Systems, Hertfordshire, UK),
connected to the EGM.

Because soil water content varied significantly
during the year, the model proposed by Hanson et
al. (1993) was applied to the data to estimate the
temperature sensitivity of SR without the limiting
effect of water and to estimate the annual emission.
This model combines two equations to describe the
response of SR to temperature and soil water content.

The model is described by the following equation:

SR ¼ Rb � Q10
^ Ts=10ð Þð � 1� Cf=100ð Þ ð1Þ

where

Rb ¼ k� RSWC� Rmaxð Þ=ðk� RSWCþ Rmax :Þ ð2Þ
In these equations, SR is the soil respiration rate
[µmol CO2 m−2 s−1], Q10 is the increase in soil

respiration with a 10°C increase of soil temperature,
Cf is the soil coarse fraction (>2 mm), k is the
sensitivity of SR to soil water content variation, Rmax

is the maximum soil respiration rate when water
content is at saturation, and Ts is the soil temperature
at 5 cm depth.

We calculated the annual soil CO2 emission
(SRcum) for each year and for each plot—as the sum
of half-hour emissions calculated using Eq. 1 and the
measured microclimatic variables. To make consis-
tent, the soil temperatures measured continuously at
10 cm depth were calibrated, in each plot, with the
temperatures measured at 5 cm depth during the SR
measurements. Significant linear regressions were
found for each plot with values of R2 higher than
0.90. The calculated temperatures at 5 cm depth were
used for the annual calculations.

Statistical analysis

The effects of Warming treatments on the air and soil
temperatures were tested by a Wilcoxon signed rank
test. We tested if the daily minimum temperature
differences (Warming minus Control) can be assumed
to be higher than zero.

The effects of Drought treatments on the soil
relative water content were tested by a Wilcoxon
signed rank test. We tested if the daily mean value
differences (Drought minus Control) can be assumed
to be lower than zero.

Analysis of variance (ANOVA) was performed in
order to test the effect of treatments and time on soil
respiration, on estimated parameters of Eq. 1 and on
cumulated annual CO2 emissions. In the case of
significant differences between the treated variables
and the control, the post-hoc Bonferroni test was
performed. We considered the plot as the smallest
independent unit (n=3).

The statistical software SYSTAT 11 (SPSS Inc.,
Chicago, Illinois) was used to perform the analyses,
using the General Linear Model (GLM) routine.

Results

Climate and treatment effects on microclimate

The climate characteristics of the area during the three-
year study period are reported in Table 1. In 2002 and

156 Plant Soil (2010) 327:153–166



2004, the mean annual air temperature was about
16°C, similar to the 30-year mean value. In 2002, total
rainfall was about 600 mm, with an anomalous
frequency in summer; in 2004, total precipitation was
about 530 mm, with a prolonged drought from May to
early September. The year 2003 was extremely dry,
especially in spring and summer, with annual precip-
itation of 410 mm; during the spring, rainfall amounted
to only 51 mm, which is about one-third of the 30-year
mean value for this period; furthermore, the mean
temperature of August 2003 was 27°C, i.e. 5°C
warmer than the same month of the previous year or
+2°C if compared with the 30-year mean value.

The Warming treatment significantly (p<0.001)
increased the soil and air temperatures (Table 2). The
mean effects, during the three study years, on daily
minimum air and soil temperatures were about 1°C,
0.5°C and 0.3°C, respectively at +20 cm (Ta), −10 cm
(Ts10) and −20 cm (Ts20). Concerning air tempera-
ture, the greatest differences between warming and
control were recorded in 2004, with the 2002 and
2003 effects being significantly weaker. The strongest

effect on soil temperature at −10 cm occurred in 2002,
when it was significantly higher than in 2003 and
2004. The mean effects on soil temperature at −20 cm
did not different among the years.

Table 1 Climate variables for the three study years

Annual values Average

Daily mean Daily minimum Daily maximum

2002 Cumulated Rg MJ m−2 yr−1 5,598

Precipitation mm 598

Rg MJ m−2 d−1 15.3 658

Ta200 °C 16.4 12.1 20.8

HR200 % 75.4 56.1 91.1

WCs % 9.6

2003 Cumulated Rg MJ m−2 yr−1 5,954

Precipitation mm 411

Rg MJ m−2 d−1 16.3 675

Ta200 °C 17 12.1 22

HR200 % 72.4 50.1 91.6

WCs % 11.9

2004 Cumulated Rg MJ m−2 yr−1 5,472

Precipitation mm 528

Rg MJ m−2 d−1 15.2 656

Ta200 °C 16.4 11.9 20.6

HR200 % 75.2 54.7 93.9

WCs % 12

Rg Global radiation, Ta200 air temperature measured at 200 cm height, HR200 air humidity measured at 200 cm height, WCs water
content of soil

Table 2 Warming effects, expressed as mean values of the
differences warming—control, on daily minimum temperatures
for the three study years

Ta Ts10 Ts20

2002 +1.02*** B +0.59*** A +0.36*** A

2003 +1.11*** B +0.47*** B +0.20*** A

2004 +1.18*** A +0.40*** C +0.39*** A

Statistical significancewas calculated by a paired t-test on the daily
differences between the control and the Warming treatment.

Different capital letters indicate significant differences (p<0.05)
of the parameters among the 3 years. Statistical significance
was calculated by ANOVA of the daily differences between the
Control and the Warming treatments

Ta air temperature measured at 20 cm height, Ts10 soil
temperatures measured at 10 cm depth; Ts20 soil temperature
measured at 20 cm depth

***=p<0.001; *=p<0.05
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The Drought treatment was deployed during two
periods per year, as reported in the Materials &
Methods section. The amounts of excluded precipita-
tion (sum of the two periods) expressed as percentage
of the annual value were 16%, 36% and 36% in the
years 2002, 2003 and 2004, respectively (Table 3).
The Drought treatment significantly reduced the
relative soil water content when running, except
during spring (first period) 2003, when only 2 mm
of rain were excluded (Table 3). As a general pattern,
the second period was characterized by greater
precipitation compared to the first. The largest RSWC
reductions occurred in autumn 2002 (−33%) and
spring 2004 (−27%).

Soil CO2 efflux

The seasonal variations of soil CO2 efflux, soil
temperature and relative soil water content for the
three treatments and for the three study years are
presented in Fig. 1. During the entire observation
period, soil CO2 effluxes (SR) ranged between 1.2 and
5.2 µmol CO2 m

−2 s−1 in the control plots (Fig. 1). The
highest values were recorded in spring, with soil
temperatures (Ts) ranging from 20 to 30°C and relative
soil water content (RSWC) between 20 and 50%.
Generally, SR followed the same seasonal pattern of Ts
when RSWC was above 20%. During late spring and
summer, the SR decreased following the drop of
RSWC (Fig. 1). The lowest fluxes were recorded in
summer, when the RSWC reached the annual mini-
mum (<6%), or during winter at temperatures around
12°C and RSWC close to saturation. CO2 efflux in
summer (on average 1.3 µmol CO2 m−2 s−1), when

RSWC was lower than 6%, was about 32% of the
higher values recorded during the other seasons, at
RSWC higher than 6%. After the summer minimum,
the SR increased according to the variation of RSWC
(autumn 2003 and 2004), even if limited by the
contemporary reduction of soil temperature (Fig. 1).

The Warming treatment did not significantly affect
the SR measured at any dates (Fig. 1) or the annual
mean values measured at morning and at midday
(Table 4).

The Drought treatment reduced the midday values
of SR only in spring-summer 2004 (p<0.01; Fig. 2),
with no measurable effect in earlier sampling dates
(data not shown). Even though the Drought treatment
reduced RSWC only in April and May 2004 (p<
0.01), i.e. during the spring period of rain exclusion, a
significant SR reduction was observed in May, June
and July 2004 (Fig. 2). The decrease in May was
about 30% (p<0.05), in June about 37% (p<0.001)
and in July about 30% (p<0.01). During summer, the
Drought treatment was terminated and RSWC
reached a common minimum value below 6% in both
treatments. In contrast, no significant effects were
recorded for the morning SR in the same period (2004
May-July; data not shown), even though no interac-
tion between Drought treatment and daily RWC
pattern was observed. Because the Drought treat-
ment’s effect on SR occurred only in spring/summer
and only on three occasions, the mean annual SRs
measured at both morning and midday were not
statistically different from the control (Table 4).

The inverse correlation between the seasonal
variation of temperature and soil water content,
typical for the Mediterranean area, prohibits fitting

Table 3 Effects of the Drought treatment [(Drought-Control)/Control*100] on precipitations and on the relative soil water content
(RSWC) on annual and periodical basis, for the three study years

2002 2003 2004

Precipitation RSWC Precipitation RSWC Precipitation RSWC

Total mm Removed % % effect Total mm Removed % % effect Total mm Removed % % effect

Annual 598 16 −2.2 *** 411 36 −0.9 ** 528 36 −4.4 ***

1st period 71 22 −19 *** 11 15 +5 n.s. 146 61 −27 ***

2nd period 168 46 −33 *** 178 83 −5 ** 200 50 −21 ***

Statistical significance was calculated by a paired t-test on the daily differences of RSWC between the control and the drought
treatment

***=p<0.001; **=p<0.01; n.s. = not significant
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the relationship between SR and Ts on an annual basis
by a simple exponential function. For this reason, we
tested (but do not present the results) several two-
variable models (Hanson et al. 1993; Xu and Qi 2001;
Reichstein et al. 2002; Curiel Yuste et al. 2003; Joffre
et al. 2003; Borken et al. 2006). The aim was to fit

our measurements (mean plot values) over the entire
period or over two seasons: wet vegetative season
(RSWC>6%) and dry non-vegetative season (RSWC
<6%). In these models the SR variation is estimated
as a function of soil temperature and soil water
content. Only the Hanson model (Hanson et al. 1993),
on a two-season basis, fitted the data appropriately,
with r2 between 0.5 and 0.9. The Rmax parameter, that
is the maximum CO2 emissions without water
limitation, varied between 2.9 µmol CO2 m−2 s−1

(control plots) and 3.1 µmol CO2 m−2 s−1 (both
warming and drought plots) in the wet vegetative
season; the treatments were not statistically different
(Tab. 5). In the dry non-vegetative season, the mean
Rmax was lower (p<0.001) than in the wet season,
without any significant effect of treatment. The Q10

factor, that is the SR sensitivity to temperature,
averaged 1.4–1.5 in the wet season, with no statistical
differences among treatments. In the dry season, the
Q10 factor averaged 1.9–2.0, again with no statistical
differences among treatments. Unexpectedly, this
latter value was higher (p<0.05) than that of the wet
season (Table 5).

The effect of the progressive water limitation on
soil CO2 efflux during the growing season is
represented in Fig. 3a, which plots SR against Ts
variation without water limitation (theoretical) or under
the actual situation (wet vegetative season WVS). The
theoretical curve was calculated using the parameter-
ized Hanson model (overall average of parameters,
Table 5) with the actual range of Ts variation and fixed,
not limiting RSWC (45%), while the WVS was
calculated with the actual range of Ts variation and
with RSWC as a function of Ts, as shown in Fig. 3b.
The effect of water limitation on SR was particularly
strong under high temperatures (late spring). The curve
NVS (not vegetative period—Fig. 3a) represents the
SR for Ts changes, calculated as described above for
WVS but with the equation parameters of the dry NVS
(Table 5).

The estimated cumulated annual CO2 emissions
(SRcum) for the three study years and for the different
treatments varied between 3.4 and 4.2 kg CO2 m−2

year−1 (Fig. 4a). The effects of the treatments on
SRcum were never significant in any of the 3 years.
The average value in 2004 was lower (p<0.05) than
those estimated in the two previous years. On a
seasonal basis (Fig. 4b), mean winter emissions were
statistically lower than in summer in the year 2002
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Fig. 1 Midday soil CO2 efflux, relative soil water content and
soil temperature for the Control and Warming treatments during
the study period. Control: full circles with continuous line.
Warming: open circles with dashed line. a SR is the mean value
per treatment; b RSWC is the soil water content relative to the
annual maximum (saturation) at the time of SR measurements;
c Ts is the soil temperature recorded at 5 cm depth by the
temperature probe connected to the EGM. Error bars indicate
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and 2003 (p<0.001), while no significant differences
were estimated among the other months. Differently,
in the year 2004, the summer emissions were lower
than in the autumn (p<0.001), while no significant
differences were estimated among the other months.

Discussion

Several field and laboratory experiments have shown
that soil respiration is stimulated by 25–45% when
soil temperatures is increased by 0.6–6.0°C (Luo et al.
2001; Rustad et al. 2001; Melillo et al. 2002; Niinistö
et al. 2004) during the first year of warming, and then
acclimates to lower rates. This phenomenon is due to
the depletion of the labile carbon pool, which readily
responds to soil warming (Kirschbaum 2004; Gu et al.
2004; Eliasson et al. 2005; Knorr et al. 2005). The
result is an apparent change of temperature sensitivity.
On the other hand, Bradford et al. 2008) suggested
that thermal adaptation can also be invoked to explain
this phenomenon. This adaptation would involve a
temperature-induced change of microbial communi-
ties. Such results were usually obtained in experi-
ments run in temperate cold, boreal or arctic
ecosystems, applying air/soil temperature increases
of 3–6°C and where the soil organic layer was well
developed. Two explanations can be forwarded for the
unchanged CO2 emissions rates we report here for the
Mediterranean ecosystem: the moderate increase of
soil temperatures triggered by the treatment and
limited to the nigh-time period (about +1.1°C for the
air and about 0.5°C for soil at 10 cm depth), and/or
the low contribution of the soil organic layer, which is
patchy and practically absent in some parts. We can
also exclude an effect of the treatment on the organic

matter in the deeper soil layer, where it is present,
because of the loss of the warming effect in the
deepest layer (−20 cm depth). Additionally, the high
C/N ratio and the arid and warm climate of the
Mediterranean environment may result in very slow
leaf litter decomposition rates (De Angelis et al. 2000;
Moro and Domingo 2000; Fioretto et al. 2001; Zhang
et al. 2008). At the same site, de Dato (unplublished)
reported a C/N ratio of the Cistus monspeliensis (one
of the two dominant species) leaf litter between 80
and 90 and a decomposition rate of 0.11–0.17 g dry
biomass d−1. On the other hand, as typical in
Mediterranean environments, litter is scattered, locat-
ed in “island of fertility” (Schlesinger and Pilmanis
1998) under the vegetation cover, and this phenom-
enon can be related to the runoff typically occurring
during the first rain events in autumn (intense rains).
Under these conditions the main effect of the
temperature increase is mediated by the response of
the photosynthetic machinery that are not experienc-
ing the warming treatment during the daytime.

Emmett et al. (2004), using a mobile cover as in
this study, reported the impact of a prolonged drought
on SR in different European shrublands. Similarly to
our findings, they showed significant drought-related
effects in both summer and winter, outside the extent
of the periodic experimental drought, in their dry
Spanish site. In our study, the SR reduction after
prolonged drought was limited to springtime, when
photosynthesis sustains soil respiration via highly
labile fresh C. Therefore, the SR reduction can be
an indirect effect of reduced photosynthesis, as shown
for temperate and Mediterranean forests (Janssens et
al. 2001; Högberg et al. 2001; Xu and Qi 2001; Rey
et al. 2002; Curiel Yuste et al. 2003; Curiel Yuste et
al. 2004), where the vegetative season spans from

Table 4 Yearly mean values (n=3) of soil respiration (±s.e) (µmol CO2 m
−2 s−1) for the three study years

Morning Midday Overall mean

Control Warming Drought Control Warming Drought

2002 3.2 (0.4) a 3.0 (0.2) a 3.0 (0.2) a 3.7 (0.4) a 3.2 (0.2) a 3.6 (0.2) a 3.2 (0.1) A

2003 1.9 (0.2) a 1.8 (0.03) a 1.7 (0.1) a 2.5 (0.2) a 2.3 (0.1) a 2.5 (0.2) a 2.1 (0.1) C

2004 2.1 (0.3) a 2.3 (0.3) a 2.6 (0.1) a 3.2 (0.5) a 2.9 (0.2) a 2.6 (0.1) a 2.6 (0.1) B

Overall years 2.4 (0.3) a 2.3 (0.1) a 2.4 (0.05) a 3.1 (0.3) a 2.8 (0.2) a 2.9 (0.1) a

Same lower-case letters indicate not significant differences among the treatments in each year. Different upper-case letters indicate
significant differences among the mean efflux among the years. Statistical significance was calculated by ANOVA separated for the
two times of sampling
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spring through summer. Reduced plant photosynthesis
and more limited growth were also experimented in
this and in similar experiments (Peñuelas et al. 2004;
Peñuelas et al. 2007; Sardans et al. 2008; de Dato et
al. 2008) in response to lower soil water availability
induced by the drought treatment. Considering the

leafless habit of the dominant species at our site
during the dry non-vegetative season, the SR reduc-
tion might be mostly related to the absence of the
rhizo-microbial component. In fact, even in late
spring and/or early summer, when RSWC is still
above the 6%, SR remained relatively high. Under
these same climate conditions, plants still have green
leaves and N mineralization rates are high (de Dato,
unpublished). Part of this tolerance might also be
related to the water lift by deep roots from deeper soil
layers. Under these conditions, plants can also
maintain the superficial roots in an active state
(enabling rhizo-microbial respiration), even at very
low soil water content (Caldwell et al. 1998; Lee et al.
2005).

The amplitude of SR reduction between the wet
vegetative (RSWC>6%) and dry non-vegetative
season (RSWC<6%) in our experiment was about
41%. Our reduction was lower than reported by
Reichstein et al. (2003), that estimated for a wide set
of ecosystems a SR reduction by 24%, 62%, and
76%, at RSWC contents of 50%, 10%, and 5%,
respectively. Taking into account the deciduous habit
of our community during summer, this lower reduc-
tion suggest a relative high resilience of the microbial
community to water limitation. Additionally, the
possible input of death fine root biomass during
summer could have increased the substrates for the
microbial activity, partially compensating the water
limitation. Del Grosso et al. (2005) reported that the
specific soil respiration rate (the M factor) fell
significantly during the non-vegetative period in
different natural ecosystems, independent of soil
temperature and water content. Moreover, they found
that, compared across different sites, the M factor
tended to vary with NPP during the growing season
and with SOC during the non-growing season.
Accordingly, during the vegetative season respiration
depends on fresh carbon supplied by plants, while
during the non-growing season it is sustained by old
carbon. Comparison with published data on partition-
ing of soil CO2 efflux in Mediterranean shrublands is
hard, given the lack of soil CO2 efflux studies on
these ecosystems (Subke et al. 2006). A quantitative
estimation of the contribution of the two fractions was
realised by Tang and Baldocchi (2005), in a natural
Mediterranean oak-grass ecosystem. The authors
estimated an heterotrophic/total respiration ratio in
the range 39–41%, depending on the season.

Fig. 2 Midday soil CO2 efflux, relative soil water content and
soil temperature for the Control and Drought treatments during
the year 2004. Control: full circles with continuous line.
Drought: open triangle with dashed line. a SR is the mean
value per treatment; b RSWC is soil water content relative to
the annual maximum (saturation) at the time of SR measure-
ments; c Ts is the soil temperature recorded by the temperature
probe connected to the EGM (n=3). Error bars indicate
standard errors of the mean (n=3). The shaded areas indicate
the period with rain exclusion
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On an annual basis, Emmett et al. (2004) found a
good relationship between SR and Ts only when soil
temperatures were in the range 0–20°C; over this
threshold, water limitations masked the SR relation-
ship with temperature, especially at the Spanish site.
Similarly, other studies have reported no temperature
dependence of SR at low water content (Bryla et al.
1997; Rey et al. 2002). On the other hand, other

studies showed a reduced sensitivity at low water
availability and high temperatures (Xu and Qi 2001;
Janssens and Pilegaard 2003; Conant et al. 2004;
Reichstein et al. 2005; Tedeschi et al. 2006; Sowerby
et al. 2008).

Our results showed a significant change on the
parameters of the Hanson model, in wet and dry
seasons. The Rmax (the potential CO2 efflux without
water limitation) reduction in the dry versus wet
season (−78%) was more pronounced than the mean
SR reduction (−60%). This is explained by the
contemporary increase of the parameter Q10 (the SR
sensitivity to temperature) of about 32% in the dry
season. Knorr et al. (2005) showed that an altered
temperature sensitivity of soil C efflux might reflect a
shift in the carbon source, with a higher sensitivity
when the SOC pool is the dominating source.
Davidson and Janssens (2006), using an Arrhenius
type model, also showed that a higher temperature
sensitivity of soil respiration can be explained by the
higher activation energy needed for the reactions of
complex carbon molecules. Conversely, Fang et al.
(2006) asserted that no experimental evidence sus-
tains the underlying assumption of the Davidson and
Janssens (2006) model, concluding no definitive
demonstration of different sensitivities of different
pools. Furthermore, Waldrop and Firestone (2006)
reported a strong seasonal change in the soil microbial
community composition of oak and open grassland
soils, and Allen et al. (1995) and Zhang et al. (2005)
documented changes in these communities in re-
sponse to climatic changes and/or disturbances. In our
experiment, both the carbon source and soil microbial
community composition may well have changed: the

Season Treatment Average

Control Warming Drought
1 2 3 4

Rmax dry 1.07 (0.86) 0.43 (0.24) 0.53 (0.20) 0.68

wet 2.90 (0.68) 3.11 (0.20) 3.11 (0.35) 3.04

Q dry 2.03 (0.36) 1.90 (0.28) 1.92 (0.41) 1.95

wet 1.55 (0.12) 1.43 (0.03) 1.45 (0.04) 1.48

ANOVA

treatment season treatment × season

Rmax n.s. <0.0001 n.s.

Q n.s. 0.021 n.s.

Table 5 Estimated parame-
ters (±s.e.; n=3) of the
Hanson model

Statistical significance was
calculated by ANOVA
separated for the two
parameters
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deciduous habit of the plants during summer stopped
the input of recently fixed carbon to the roots, which
together with an increased fine root mortality (López
et al. 1998) could have triggered a change in the
active fraction of the microbial community.

The comparison of seasonal emissions, demon-
strated compensation between the reduction of the
instantaneous fluxes in summer with the increase of
the hot hours in that season: the degree-sum of a
typical day in summer was about twofold than in
winter, but no in the year 2004.

Conclusion

In the semi-arid, water-limited Mediterranean shrub-
land, an increase of soil CO2 efflux in response to
moderately increased daily minimum temperature is
unlikely. On the other hand, less precipitation can
affect the soil processes, especially if it occurred in
spring, when plants are growing. The significant
seasonal changes of the model parameters describing
soil CO2 emission as a function of climatic factors,
should be tested in different environment to take into

account that the fraction of the different source of
carbon can change on a seasonal basis, reflecting on
temperature sensitivity. In particular, the SR response
to temperature during the wet (vegetative) and dry
(non-vegetative) seasons in semi-deciduous commu-
nities needs more deep investigation, under natural
conditions.

A prolonged drought season may reduce soil CO2

emissions over the short term, but not on an annual
basis because the compensation with the daily length
and temperatures. On the other hand, the decrease of
biomass accumulation in response to drought reduces
the capacity of this ecosystem to remove CO2 from
the atmosphere.
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