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Abstract

Eddy-covariance measurements of net ecosystem carbon exchange (NEE) were carried out

above a grazed Mediterranean C3/C4 grassland in southern Portugal, during two

hydrological years, 2004–2005 and 2005–2006, of contrasting rainfall. Here, we examine

the seasonal and interannual variation in NEE and its major components, gross primary

production (GPP) and ecosystem respiration (Reco), in terms of the relevant biophysical

controls. The first hydrological year was dry, with total precipitation 45% below the long-

term mean (669 mm) and the second was normal, with total precipitation only 12% above

the long-term mean. The drought conditions during the winter and early spring of the

dry year limited grass production and the leaf area index (LAI) was very low. Hence,

during the peak of the growth period, the maximum daily rate of NEE and the light-use

and water-use efficiencies were approximately half of those observed in the normal year.

In the summer of 2006, the warm-season C4 grass, Cynodon dactylon L., exerted an

evident positive effect on NEE by converting the ecosystem into a carbon sink after

strong rain events and extending the carbon sequestration for several days, after the end

of senescence of the C3 grasses. On an annual basis, the GPP and NEE were 524 and

49 g C m�2, respectively, for the dry year, and 1261 and �190 g C m�2 for the normal year.

Therefore, the grassland was a moderate net source of carbon to the atmosphere, in the

dry year, and a considerable net carbon sink, in the normal year. In these 2 years of

experiment the total amount of precipitation was the main factor determining the

interannual variation in NEE. In terms of relevant controls, GPP and NEE were strongly

related to incident photosynthetic photon flux density on short-term time scales. Changes

in LAI explained 84% and 77% of the variation found in GPP and NEE, respectively.

Variations in Reco were mainly controlled by canopy photosynthesis. After each grazing

event, the reduction in LAI affected negatively the NEE.
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Introduction

Mediterranean climate is one of the most distinctive

climates of the world, with mild winters and hot

summers. Rainfall occurs normally in autumn, winter

and early spring. A long dry period occurs during the

warm season (summer). Furthermore, large interannual

variability in the amount and pattern of rain has been

observed (Miranda et al., 2002). This is important be-

cause the timing of rainfall, the extent of the dry season

and the regime of rain pulses determine resource avail-

ability and species composition and productivity

(Schwinning & Ehleringer, 2001).

The interannual variability in total precipitation can

lead to significant changes in species composition and

abundance (Figueroa & Davy, 1991), grass production

and net ecosystem carbon exchange (NEE) (Meyers,

2001; Sims & Bradford, 2001; Flanagan et al., 2002;

Suyker et al., 2003; Nagy et al., 2007). In a study

conducted over a pasture in Oklahoma it was shown

that the ecosystem switched from a net sink, in non-
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drought years, to a net source of carbon, in a drought

year (Meyers, 2001). The total amount of precipitation

was also the most important factor in controlling the

interannual variability in the carbon exchange of a

northern temperate grassland, which lost carbon during

a year with precipitation below normal (Flanagan et al.,

2002). However, some regions are characterized by the

strong seasonality of water availability. In such ecosystems,

carbon assimilation and productivity are often closely

related with the length of the dry season (House & Hall,

2001) or the timing of the rain events (Hunt et al., 2004; Xu

& Baldocchi, 2004). For example, from 2-year measure-

ments of carbon dioxide (CO2) fluxes over a Mediterra-

nean annual grassland, Xu & Baldocchi (2004) found that

the timing of rain events exerted a strong control on both

the length of the growing season and the ecosystem

respiration. This led the ecosystem to lose carbon in the

season with slightly higher total precipitation.

Mediterranean grasslands are typically dominated by

annual C3 grasses and legumes that are active during

the wet period of the year. Usually their life cycle is

terminated by the beginning of the dry season. Mea-

surements of CO2 exchange over Mediterranean grass-

lands were primarily conducted by Valentini et al.

(1995), but not on a continuous basis. Until now, only

Xu & Baldocchi (2004) have reported long-term mea-

surements over a Mediterranean annual grassland with

a C3 plant community. However, in some cases non-

native C4 plants invaded these communities. Although

this may become more common in the future with

milder winters due to climate change, there is a lack

of information on how a mixture of C3/C4 species

influences the carbon exchange in Mediterranean cli-

mates, especially in summer when the warm-season C4

grasses remain active.

In recent years, in Portugal, most of the annual

precipitation occurs in autumn, with a negative anom-

aly in late winter and spring. These anomalies may

become more frequent and severe as climate change

scenarios for Portugal suggest a shorter and wetter

rainy season, followed by a long drought period (Mir-

anda et al., 2002). Therefore, understanding how climate

variability, particularly reductions in precipitation and

shifts its seasonality, influences the CO2 exchange in

Mediterranean grasslands, can be valuable, not only to

improve our knowledge on the mechanisms that control

the CO2 fluxes, but also to anticipate possible impacts of

the climate change scenarios and give the modellers a

better basis to improve and validate their models.

Here, we report measurements of CO2 fluxes during

two climatologically contrasting hydrological years, one

dry, 2004–2005, and another normal, 2005–2006. The

hydrological year (i.e. the period from 1 October to 30

September of the next year) corresponds approximately

to the annual cycle of the vegetation. The 2004–2005

hydrological year extended from Day Of the Year

(DOY) 275 of 2004 to DOY 273 of 2005 and the 2005–

2006 hydrological year from DOY 274 of 2005 to DOY

273 of 2006. The objectives of this investigation were to

(1) examine and quantify the seasonal and interannual

variation in NEE and its major components, gross

primary production (GPP) and ecosystem respiration

(Reco), (2) examine the seasonal and interannual varia-

tion in light-use and water-use efficiencies and (3)

assess the response of NEE, GPP and Reco to changes

in the most relevant biophysical factors.

Materials and methods

Site description

The study area was established in June of 2004 as a part

of the Carboeurope IP project on a 50 ha homogeneous

semi-natural grassland located in Monte do Tojal, Évora,

in Southern Portugal (3812802800N; 810102500W; 190 m

a.s.l.). The area is fairly flat, with a minimum and

maximum fetch distance of 250 and 500 m, respectively,

to the flux tower. The soil is a Luvisol (FAO), containing

20% clay, 71% sand and 9% silt, and overlays a fractured

granodiorite. The soil profile is about 90 cm deep and

includes a relatively dense layer of clay between 25 and

50 cm depth. The average organic carbon content of this

soil is 6.04 kg m�2. The bulk density of the upper 30 cm

of the soil profile is around 1.64 � 0.08 g cm�3 (n 5 16).

The climate is Mediterranean with hot summers and

mild winters. Long-term (1951–1980) mean annual air

temperature and mean annual precipitation are, respec-

tively, 15.5 1C and 669 mm (INMG, 1991). Most of the

precipitation is confined to the period between October

and May.

The vegetation at the site consists of a mixture of cold-

season annual (C3) grasses and one warm-season per-

ennial (C4) grass, Cynodon dactylon (L.) Pers. It was

grazed by sheep from late October to early February,

in the first hydrological year, and from late October to

late December, in the second, one or two times per week

with a stocking density of 60 animals ha�1. The C3

grassland community was dominated by Avena barbata

Link ssp. Lusitanica (Tab. Mor.) Romero Zarco, Vulpia

bromoides (L.) S.F. Grey, Vulpia geniculata (L.) Link,

Medicago sativa L., Medicago polymorpha L., Trifolium

resupinatum L., Trifolium subterraneum L., Ornithopus

compressus L., Chamaemelum mixtum (L.) All., Parentucel-

lia viscosa (L.) Caruel and Crepis vesicaria L. The C3

grassland community began to grow with the first rain

events in autumn and senesced by about mid spring.

Shoots of the C4 grass began to grow in late winter, and

died in early autumn.
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Field measurements

The fluxes of CO2 were continuously measured using

an eddy covariance system at a height of 2.5 m. The

system consisted of a 3D sonic anemometer (model

1210R3, Gill Instruments Ltd, Lymington, UK) and an

open-path infrared gas analyzer (IRGA, model LI-7500,

LI-COR Inc., Lincoln, NE, USA) to measure the three

components of the wind velocity, the sonic temperature

and the concentrations of water vapour and CO2, re-

spectively. The IRGA was placed with a 301 tilt angle

to minimize accumulation of dust and water droplets

on the windows. The IRGA was calibrated once a month

with nitrogen gas and a 350 ppm CO2 standard, to

calibrate the CO2 and water vapour zeros and the span

of CO2, respectively. The span of water vapour was

calibrated from the dew point value estimated from

ambient air temperature and relative humidity, using

conventional sensors and physical formulations. Real-

time data were acquired at a 20 Hz sampling rate, using

the software EDDYMEAS (Meteotools, Jena, Germany) and

stored on a laptop computer for later processing.

Continuous measurements also included standard

climatological and soil parameters. Air temperature

and relative humidity were measured at the height of

1.5 m with a temperature/humidity probe (MP300,

Campbell Scientific Ltd, Shepshed, UK). Photosynthetic

photon flux density (PPFD) was measured at 1.5 m above

the ground with a quantum sensor (LI-190SA, LI-COR,

Lincoln, NE, USA). The all-wave radiation components,

incoming and outgoing longwave radiation (CG-3, Kipp

& Zonen, Delft, the Netherlands), incoming shortwave

radiation (Casella solarimeter, Casella London Ltd,

Kempston, UK) and outgoing shortwave radiation (Star-

pyranometer 8101, Philipp Schenk, Wien, Australia)

were measured at the height of 1.5 m. Longwave radia-

tion was only measured from January 2005 onwards. Soil

temperature was measured by Platinum Resistance

Thermometers placed at the depths of 2, 10 and 20 cm.

One soil heat flux plate (HFT-3, Campbell Scientific Ltd,

Shepshed, UK) was buried at the depth of 8 cm and the

soil heat storage above the plate was added to the final

calculation of the soil heat flux. Soil volumetric water

content at depths of 2, 15 and 30 cm was measured using

frequency domain reflectometer probes (ML2x, Delta-T

Devices, Burwell, Cambridge, UK). Precipitation was

recorded by a tipping bucket rain gauge (ARG100,

Environmental Measurements Ltd, Gateshead, UK).

The output signals of the equipment above were scanned

by a data-logger (DT-605, Datataker Ltd, Cambridge,

UK) and the 30-min averages were subsequently sent

and stored on a laptop computer.

Leaf area index (LAI) was determined at about 1-

month intervals from April 2005 to September 2006.

However, during the period of fast plant growth the

sampling frequency was increased to about twice per

month. On each sampling date, six patches of 0.063 m2

areas were harvested and the green leaves were re-

moved from the stems. In the laboratory, the green

leaves were scanned using a common scanner and the

area was determined by proper software (SIGMASCAN,

Systat Software UK Ltd, London, UK).

Aboveground biomass was determined using gener-

ally the same material that had been harvested for the

LAI determination. The green plant parts were sepa-

rated from the dead plant material and their biomass

was determined gravimetrically after the samples had

been dried for 72 h at 65 1C. The total aboveground

biomass and the percentage of dead material were

hence calculated. To determine the effects of grazing

on the canopy development, measurements of LAI and

aboveground biomass were also performed, during the

2005–2006 hydrological year, inside six exclosure cages,

of 1 m2 each, installed around the sampling station.

Data processing and flux computation

The raw data from the eddy covariance measurements

were processed off-line using the software EDDYFLUX

(Meteotools, Jena, Germany). The half-hourly fluxes of

CO2 (NEE) were determined by the eddy covariance

method as the mean covariance between fluctuations in

vertical wind speed (w0) and the CO2 concentration (c0)

as follows (e.g. Fuehrer & Friehe, 2002):

NEE � w0c0: ð1Þ

The overbar denotes the time average. By convention,

negative NEE values indicate net carbon gain by the

ecosystem. The calculations included a 2D coordinate

rotation, spikes detection and removal similar to Vick-

ers & Mahrt (1997) and check for instantaneous records

exceeding realistic absolute limits. In addition, the air

density fluctuations were taken into account to correct

the fluxes of CO2 (Webb et al., 1980). In this study, we

did not add the CO2 storage term to the NEE estima-

tions because CO2 profile measurements were not con-

ducted. However, after calculating the storage term,

based on data from the only single point of measure-

ment, we verified that it is rather small; adding this

term to the NEE we found, after gap-filling, a change of

�0.4 and 6 g C m�2 in the annual NEE of the first and

second hydrological years, respectively.

Data quality control, gap-filling and flux partitioning

The eddy covariance technique has been found to

underestimate night-time NEE, under low-atmospheric

turbulence conditions (Hollinger et al., 1999; Anthoni
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et al., 2004; Scott et al., 2004; Wohlfahrt et al., 2005). Here,

we followed the current practice of plotting the night-

time NEE as a function of the friction velocity (u�).

Using an approach similar to Anthoni et al. (2004), for

periods with little variation in LAI and soil moisture,

we found a u� threshold of 0.08 m s�1 (i.e. below which

night-time NEE is dependent of u�). Thus, the original

NEE dataset was filtered in order to exclude half-hourly

fluxes when u� was o0.08 m s�1.

Subsequently, two more filters were applied to re-

move half-hourly fluxes that resulted from malfunction

of the sensors. First, using an approach similar to

Rogiers et al. (2005), the fluxes of CO2 were discharged

whenever the measured H2O concentration differed by

more than 30% from that estimated from relative hu-

midity data, using conventional physical formulations.

Those cases were related to periods when rain, dew or

dust caused relevant interferences on the optical path of

the open-path analyzer. Hence, the CO2 concentrations

were also affected. Second, the fluxes were also ex-

cluded if the removed spikes, or the absolute limits

violations, exceeded 1% of the total records of any of the

three components of wind velocity and/or CO2 con-

centration.

After this filtering process, the remaining dataset was

submitted to data quality tests, the integral turbulence

characteristics and stationarity tests (Foken & Wichura,

1996). Whenever the mean covariance of six intervals of

a time series deviated by more than 50% of the value of

the covariance for the full period, the mean flux was

considered nonstationary and hence excluded from the

analysis. The integral characteristics of the vertical wind

(sw=u�) were assessed to test the development of turbu-

lent conditions. Thus, if the measured value deviated by

more than 50% of the modelled result, the turbulence

was not considered well developed and the mean flux

was removed. After these quality tests the remaining

data were classified as ‘good quality data’ to submit to

gap-filling and flux-partitioning procedures. We also

applied the quality tests for 30% of difference allowed

and, hence, the remaining data were classified as ‘High-

est quality data’ to use in fundamental research in this

study. Total data gaps during the whole study period,

due to missing and rejected data, were about 42% (of

which around 60% occurred during the nocturnal per-

iods).

In this study, we examined the energy balance closure

which has been considered an independent method to

assess the reliability of the eddy covariance measure-

ments (Wilson et al., 2002). For short vegetation, the

energy balance closure can be written as (e.g. Kato et al.,

2004; Li et al., 2006)

H þ lE � Rn � G; ð2Þ

where H is the sensible heat flux, lE the latent heat flux,

Rn the net radiation and G the soil heat flux. After

performing the linear regression between the eddy

fluxes (H 1 lE) and the available energy (Rn�G), using

half-hourly values, the intercept, slope and coefficient

of determination (r2) for the year 2005 were

11.47 W m�2, 0.81 and 0.95, respectively. A slight degra-

dation (1%) in the energy balance closure was observed

during 2006. These results suggest that the eddy covar-

iance measurements underestimated H 1 lE by 19–20%.

Although the energy balance closure is not perfect, it is

within the normal range found in most studies. Several

reasons have been put forward to explain the energy

imbalance, usually related to the measurements of the

dependent and/or independent variables (Twine et al.,

2000; Wilson et al., 2002). Giving the difficulty to identi-

fy and quantify all sources of the energy imbalance, we

will not advance speculative explanations. However,

using daily values (where G is close to zero) in the

regression for the whole study period, the energy im-

balance decreased to 12%. Also, the energy balance ratio

(EBR) (Wilson et al., 2002) for the whole study period

indicated a lesser underestimation (EBR 5 0.87).

To evaluate the footprint of flux measurements and

the contribution of the study area to the total flux

measured by the eddy covariance system, the forward

Lagrangian stochastic trajectory model by Rannik et al.

(2003) was used. The approach for site evaluation is

described in Gockede et al. (2006). Even using a con-

servative vegetation height (0.05 m) as input, the results

showed that for all atmospheric stability conditions the

measurements were totally representative of the study

area.

To provide complete data sets of NEE, gaps were

filled following the methodology proposed by Reich-

stein et al. (2005). Gaps in the incoming components of

radiation, temperature and precipitation data were

filled with data from a nearby meteorological station.

The partitioning of NEE into GPP and Reco was per-

formed according to Reichstein et al. (2005).

Data analysis

The relationship between NEE (mmol CO2 m�2 s�1) and

the PPFD (mmol m�2 s�1) was assessed by using the

Michaelis–Menten rectangular hyperbola fitted to the

highest quality half-hourly data, as follows (e.g. Hol-

linger et al., 1999; Kowalski et al., 2003):

NEE ¼ GPPmaxPPFD

K þ PPFD
þ Reco; ð3Þ

where GPPmax is the gross primary productivity at

infinite light (mmol CO2 m�2 s�1) and K the level of

PPFD at which NEE is one half of GPPmax. The apparent
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quantum yield (a) was determined by the ratio

GPPmax/K. The NEE at infinite light (NEEmax) was

derived from Eqn (3) as the sum of GPPmax (negative

value) with Reco (mmol CO2 m�2 s�1).

The relationship between night-time Reco, or

NEEnight-time (mmol CO2 m�2 s�1), and the soil tempera-

ture at 2 cm depth (Ts, 1C) was examined by using the

Vant Hoff equation fitted to the highest quality half-

hourly night-time data, as follows (e.g. Falge et al., 2001;

Xu & Baldocchi, 2004):

NEEnight-time ¼ a expðbTsÞ; ð4Þ

where a and b are the regression parameters. The

temperature sensitivity coefficient (Q10) was deter-

mined by the following equation:

Q10 ¼ expð10bÞ: ð5Þ

Water-use efficiency (WUEGPP, mmol CO2 mol�1

H2O) was calculated, on a daily basis, as the ratio

between the daily-integrated GPP and the daily-inte-

grated evapotranspiration (e.g. Reichstein et al., 2002b).

The ecological light-use efficiency (LUEGPP, mmol

CO2 mol�1 quanta) was determined, on a daily basis,

as the ratio of daily-integrated GPP to daily-integrated

incident PPFD (e.g. Gilmanov et al., 2007). To examine

the seasonal variation of both WUEGPP and LUEGPP, 5-

day running averages were used.

Results and discussion

Meteorology, LAI and aboveground biomass

Figure 1 shows the variation of the major meteorologi-

cal conditions and plant parameters during the two

hydrological years. The seasonal pattern of the daily-

integrated shortwave radiation (Rs) was similar in

the two hydrological years, with minimum values

(1–5 MJ m�2 day�1) in cloudy winter days and maxi-

mum values (around 30 MJ m�2 day�1) in the summer

(Fig. 1a–c). The number of cloudy days was substan-

tially lower in 2005, especially between DOY 1 and 60.

Maximum air temperatures (Tmax) varied from 10 1C to

15 1C, in the winter, to extreme values (above 35 1C),

during the summer (Fig. 1d–f). Minimum air tempera-

tures (Tmin) ranged from values around �5 1C, in win-

ter, to values well above 10 1C, in the summer. The mean

air temperature for the first and second hydrological

years was 14.7 and 14.5 1C, respectively.

Precipitation was the environmental factor that dif-

fered markedly between the two hydrological years, in

both the amount and pattern of rain (Fig. 1g–i). The first

hydrological year was dry, with 364 mm of total pre-

cipitation (45% below the long-term mean) and the

second was normal, with 751 mm of total precipitation

(only 12% above the long-term mean). During the dry

hydrological year, 2004–2005, there was a long period,

from DOY 340 to 80, without significant rainfall (Fig. 1g

and h). This led to severe plant water deficits by late

winter as soil moisture content dropped below 10% in

the upper 15 cm soil layer (where the C3 plants roots are

distributed). In contrast, precipitation was uniformly

distributed during both the winter and early spring

periods of the second hydrological year, leading to high

soil moisture (Fig. 1h and i). A large rain pulse occurred

in late spring of 2006. Combined with a subsequent rain

pulse during the summer (Fig. 1i), led to consistently

higher soil moisture levels than in previous summer. It

is important to mention that the higher soil moisture

levels of the upper 30 cm soil layer (Fig. 1g–i), especially

during the water-stressed periods, showed the capabil-

ity of this soil to hold water at the depth of 30 cm, where

a relatively dense layer of clay is present.

The LAI of the grazed area at the peak growth period

averaged 0.4 and 2.5 in the first and second hydrologi-

cal years, respectively (Fig. 1j–l). Although measure-

ments of LAI were not performed before April 2005,

LAI probably did not reach values above 1 because of

low soil moisture in combination with winter grazing.

The maximum LAI of the dry year laid within a range

of values published for semiarid grasslands (e.g. Li

et al., 2005), whereas for the normal year the maximum

LAI was similar to those observed in an Mediterranean

annual grassland in California (Xu & Baldocchi, 2004).

The maximum standing biomass of the grazed area

also differed markedly in the 2 years: 0.157 kg dry

matter m�2 in the first hydrological year and 0.512

kg dry matter m�2 in the second (Fig. 1m–o).

In the second hydrological year, 2005–2006, grazing

occurred from late October until the end of December,

one or two times per week with a stocking density of

60 sheep ha�1. The negative effects of grazing on LAI

and aboveground biomass were well evident during

winter, when low temperatures limited the growth (Fig.

1l and o). The difference in LAI and aboveground

biomass between nongrazed and grazed areas was

around 0.8 and 0.06 kg m�2, respectively, during the

winter. However, during the peak of the growth period,

in early spring, the difference between nongrazed and

grazed areas was substantially reduced; the LAI and

aboveground biomass in the nongrazed area were,

respectively, 0.4 and 0.04 kg m�2 higher than in the

grazed area. Consistent with these results, Chocarro

et al. (2005), from a 3-year experiment over a Mediter-

ranean Lucerne field, found that one severe winter

grazing event with sheep resulted in only a limited

reduction in yield in the spring.

In both hydrological years, C3 grass species senesced

by about the beginning of May (DOY 132). Thereafter,
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the warm-season C4 invasive species, C. dactilon L.,

remained green but with substantial differences in

LAI between summers. The presence of this species

during the summer is related to its drought tolerance

(Mamolos et al., 2001; Vignolio et al., 2005). The length

and area of its root system increase under water deficits

(Vignolio et al., 2002), in order to enhance water absorp-

tion from deeper soil horizons, where moisture content

Fig. 1 Seasonal variation in (a–c) daily-integrated shortwave radiation (Rs), (d–f) maximum (Tmax) and minimum (Tmin) air

temperature, (g–i) daily total precipitation (PPT) and average volumetric soil moisture content (yv) in the upper (0–15 cm) and

(0–30 cm) of soil, (j–l) mean green leaf area index (LAI) � SE of the grazed and nongrazed (exclosure cages) areas and (m–o) dry

aboveground biomass (AGB) of the grazed and nongrazed (exclosure cages) areas and dead material of the grazed area over the course of

the study. DOY means day of year.
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is higher. In 2005, the LAI between DOY 132 and 170

was above 0.1, but then decreased smoothly to ap-

proach zero towards the end of the summer (Fig. 1k).

In 2006, the grass was mechanically cut on DOY 144,

reducing slightly the LAI to 0.15 (Fig. 1l) and the

aboveground biomass to 0.138 kg m�2 (Fig. 1o). The

grass was left on the terrain covering partially the green

leaves until DOY 162, when it was finally removed. The

strong rain pulse just afterwards led to a quick devel-

opment of the C4 grass, with LAI averaging 0.35 on

DOY 188. After this, LAI remained almost constant until

DOY 213. Thereafter, several grazing events reduced

gradually its value to about 0.1, on DOY 217. An

increase in LAI was observed again on DOY 270,

because of the previous strong rain events that pro-

moted the C3 grass seeds germination.

Seasonal and interannual variation in NEE, GPP and Reco

Figure 2a–c shows the pattern of daily-integrated NEE,

GPP and Reco during the course of the study. The

seasonal evolution of the cumulative values of NEE,

GPP and Reco, for the two hydrological years, is shown

in Fig. 2d–f. After the first rains in autumn, the C3 grass

seeds germinated and GPP was rapidly stimulated. The

ecosystem became a daily carbon sink (negative NEE)

in autumn, but around 30 days earlier in the autumn of

2005 than in 2004. This may be attributed to earlier grass

seed germination (about 10 days) and slightly higher

LAI in the autumn of 2005 than in 2004. In the winter of

2005, the ecosystem experienced a severe drought,

especially in late winter when the average soil moisture

of the top 15 cm of soil dropped below 10%. As a

consequence, GPP and Reco remained low and the daily

NEE was close to zero. To the contrary, in the winter of

2006, GPP and Reco increased gradually, but the increas-

ing dominance of GPP over Reco led the ecosystem to

absorb gradually more carbon. In 2005, some early

spring rain promoted a quick grass development, but

a subsequent drought did not allow the ecosystem to

reach a LAI as high as that observed in 2006. Hence, the

carbon sequestration was limited and the maximum

NEE (�2.4 g C m�2 day�1) was only half of that ob-

served in 2006 (�5.1 g C m�2 day�1).

The 95th percentile values of the probability distribu-

tion of GPP and Reco were 3.3 and 3.1 g C m�2 day�1,

respectively, for the first hydrological year, and 9.3 and

6.3 g C m�2 day�1, for the second. We reported the 95th

percentiles instead of the maximum values because the

latter are less stable statistically. Regarding the dry year

(2004–2005), the maximum NEE lies within the range of

values reported for other water-stressed grasslands or

dry years with similar LAI (Verhoef et al., 1996; Flana-

gan et al., 2002; Hunt et al., 2002, 2004; Novick et al.,

2004; Li et al., 2005). For the normal year (2005–2006),

the maximum NEE and the 95th percentile values of

GPP and Reco were similar to those maximums (�4.8,

10.1, and 6.5 g C m�2 day�1) reported for a Mediterra-

nean C3 grassland in California (Xu & Baldocchi, 2004).

The end of the senescence of the C3 grasses occurred

by about the DOY 132 in both hydrological years. In

2005, GPP varied from 2 g C m�2 day�1, just after the

Fig. 2 Seasonal variation in daily-integrated (a–c) net ecosystem carbon exchange (NEE), gross primary production (GPP) and

ecosystem respiration (Reco) over the course of the study. Are also shown the cumulative NEE, GPP and Reco for (d and e) the 2004–

2005 and (e and f) the 2005–2006 hydrological years. Negative NEE means that the ecosystem is gaining carbon.
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senescence, to 0.3 g C m�2 day�1 at the end of the sum-

mer, following the reductions in soil moisture content

and LAI of the C4 grass (Fig. 2b). The GPP was

consistently lower than Reco and, hence, the daily NEE

was slightly positive, as observed in a Mediterranean

grassland with no vegetation during the summer (Xu &

Baldocchi, 2004). This showed that with low LAI

(around 0.1) the carbon fixed by the warm-season C4

grass did not compensate the larger carbon losses via

plant and microbial respiration.

In 2006, the period after the end of the senescence of

the C3 species offered a unique opportunity to under-

stand how different management practices and the

variability in soil moisture affected the direction and

magnitude of NEE. Owing to the grass cutting, on DOY

144, the sign of NEE switched immediately from nega-

tive (NEE around �1 g C m�2 day�1) to positive (NEE

around 0.7 g C m�2 day�1) (Fig. 2c). The same was ob-

served, for example, in a warm temperate grassland

after the harvest (Novick et al., 2004). However, in our

case, the grass was left on the soil–plant surface, cover-

ing partially the remaining green leaves until DOY 162.

Just afterwards, strong rain events increased the soil

moisture and a large amount of carbon was immedi-

ately released by the ecosystem (Fig. 2c). The LAI of the

C4 grass increased rapidly and 12 days later the eco-

system became a daily net carbon sink. This appears to

be a common response of a water-stressed grassland

whenever a rain event is strong enough to infiltrate and

maintain water into the soil to a depth where it can be

absorbed by roots, thus stimulating the plant growth

(Huxman et al., 2004). In that period, the maximum NEE

(�2.1 g C m�2 day�1) was recorded on DOY 186 when

LAI was reaching the maximum (0.35). After DOY 213,

several grazing events reduced the LAI and hence the

ecosystem became again a net source of carbon.

During the summer, we observed relevant carbon

losses when the dry soil was rewetted by isolated rain

events. Similar events were observed in Mediterranean

ecosystem (Pereira et al., 2004; Xu & Baldocchi, 2004; Xu

et al., 2004; Jarvis et al., 2007) and have been attributed to

the so-called Birch effect, i.e., the quick activation of soil

microbial respiration (Birch, 1958; Wu & Brookes, 2005)

with the consequent mineralization of organic matter

and nutrient release. Although we did not measure

directly soil microbial respiration, because of the re-

spiration and GPP of the C4 grass, the high positive

values of NEE observed after the rain events must be

explained by this effect as the C4 grass growth has to be

necessarily a carbon sink.

We learnt from those previous studies on Mediterra-

nean ecosystems that the short-term carbon losses,

particularly after strong summer rain events, may exert

negative effects on the annual NEE. For example, in a

nearby site, Jarvis et al. (2007) demonstrated, using soil

chambers, that a rain event of 18 mm resulted in a loss

of 18 g C m�2 within the subsequent 10 days. In our

study, however, the presence of the warm-season C4

grass during the summer played an important role,

particularly by avoiding that strong rain events resulted

in strong negative effects on the annual NEE. While

small rain events (Fig. 3a) or even medium-size rain

events, as observed on DOY 229 of 2006, resulted in

carbon losses only (because the minor changes in soil

moisture did not enhance the C4 grass growth), strong

rain events as observed after DOY 163 of 2006 (Fig. 3b),

led to subsequent growth of the C4 grass and conse-

quent carbon sequestration. As a consequence, the

carbon gain between DOY 177 and 213 (31 g C m�2)

compensated for most of the carbon loss between

DOY 164 and 176 (38 g C m�2).

To better understand the seasonal and interannual

differences in NEE, GPP and Reco we divided each

hydrological year into three main periods of growth

(Table 1), similar to those defined by Xu & Baldocchi

(2004). Pregrowth was defined as the period between 1

October and 31 December. Growth was defined as the

period between 1 January and the end of the C3 species

senescence (12 May, DOY 132, in both hydrological

years). The remaining period, until 30 September, was

Fig. 3 Dynamic of NEE after (a) a small rain event and (b) strong rain events during the summer.
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defined as Dry, the time when only the warm-season

C4 grass was present. A close inspection of Table 1

shows that the GPP was positively correlated with the

total amount of precipitation, between the same

periods of growth and the two hydrological years.

Reductions in GPP were accompanied by reductions

in Reco, which is consistent with a number of

observations during the European heatwave of 2003

(Ciais et al., 2005). This was also found by Reichstein

et al. (2007) after analysing the data sets from numerous

European eddy covariance flux sites. However, after

comparing the two years, the lack of precipitation

during the first hydrological year had more impact on

GPP than on Reco. Therefore, whereas in the normal

year (2005–2006) the ecosystem was a net carbon sink

(�190 g C m�2), in the dry year (2004–2005) the ecosys-

tem was a net source of carbon to the atmosphere

(49 g C m�2). For the 2 years of experiment, the total

amount of precipitation was the main factor in deter-

mining the interannual variation in NEE, which sup-

ports previous findings (Flanagan et al., 2002; Suyker

et al., 2003). In contrast, Xu & Baldocchi (2004) found

that the timing of rain events had more impact on the

NEE of a Mediterranean C3 grassland, by influencing

both the length of the growing season and Reco. Never-

theless, their study was conducted over two seasons

(2000–2001 and 2001–2002) with similar amounts of

precipitation and no soil moisture deficits during the

growing seasons. Thus, because our ecosystem is simi-

lar to that Mediterranean C3 grassland, we may expect

the timing of rain events to be the best predictor of

carbon sequestration in years with similar total

amounts of precipitation.

In the dry periods (Table 1), the ecosystem was a net

carbon source to the atmosphere, even thought the

carbon fixed by the warm-season C4 grass was around

23% and 21% of the total GPP of the first and second

hydrological years, respectively. Nevertheless, as dis-

cussed above, the presence of this species played an

important role due to its regrowth after the strong rain

events in the late spring of 2006, causing a positive

effect on the annual NEE. Another positive effect of its

presence on the annual NEE was evident after the end

of the senescence of the C3 grasses, in 2006, when the C4

grass was able to maintain the NEE at around

�1g C m�2 day�1, for 12 days (Fig. 2c). After these 12

days, the grass cutting switched the NEE to positive

values as previously discussed and, thereby, it was not

possible to evaluate how long the ecosystem could

remain as a carbon sink.

Seasonal and interannual variation in WUEGPP

and LUEGPP

Figure 4a–c shows the seasonal variation in water-use

efficiency (WUEGPP) over the course of the study. Be-

cause of the large day-to-day variation in WUEGPP,

especially during wet periods, we calculated WUE for

consecutive 5-day periods. WUEGPP reached maximum

values in early winter, specifically around 8 and

11 mmol mol�1 in the first and second hydrological

years, respectively. Towards the end of the summer,

WUEGPP declined to values of about 2 mmol mol�1 in

both hydrological years. Reductions in WUEGPP, in

response to drought, were previously reported for three

Mediterranean evergreen ecosystems (Reichstein et al.,

2002b). During the peak growth period of the first

hydrological year, WUEGPP was only half (4 mmol

mol�1) of that measured in the second. For comparison,

we may cite a study conducted on a northern temperate

grassland during 3 years of contrasting rainfall (Wever

et al., 2002). They report, for a 2-week period at the peak

of the GPP in each year, lower daily average values

of WUEGPP, ranging from 2.52 to 3.13 mmol mol�1

among years.

Ecological light-use efficiency (LUEGPP) differed

markedly between the two hydrological years

(Fig. 4d–f). Previously, we showed that during the first

Table 1 Relationship between precipitation (PPT), average volumetric soil moisture content in the top 15 cm of soil (yv), net

ecosystem carbon exchange (NEE), gross primary production (GPP) and ecosystem respiration (Reco) at different periods of growth

for the 2004–2005 and 2005–2006 hydrological years

Year 2004 2005 2005 2005 2006 2006 2004–2005 2005–2006

Period Pregrowth Growth Dry Pregrowth Growth Dry

Hydrological

year

Hydrological

year

PPT (mm) 239.4 83.2 41.0 355.2 290.2 105.8 363.6 751.2

yv (%) 24.1 10.8 5.3 26.0 31.1 10.1 10.9 21.8

GPP (g C m�2) 115 289 120 177 815 269 524 1261

Reco (g C m�2) 193 221 159 212 536 323 573 1071

NEE (g C m�2) 78 �68 39 35 �279 54 49 �190
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and dry hydrological year the maximum LUEGPP

(10.9 mmol mol�1, weekly average) of the Tojal grass-

land was similar to the values of other European

semiarid grasslands (Gilmanov et al., 2007). In this

study, the maximum 5-day average was fairly similar.

For the second and normal hydrological year, the max-

imum LUEGPP (measured near the maximum growth

rate) was substantially higher (23 mmol mol�1), thus

approaching the values for temperate grasslands. The

lowest LUEGPP values were measured during the sum-

mer 0.5 and 0.8 mmol mol�1 in the first and second

hydrological years, respectively.

Controls on NEE, GPP and Reco

NEE in response to PPFD. To assess the response of

daytime NEE to incident PPFD, we present in Fig. 5

light–response curves for short periods of the main

stages of plant growth of the two hydrological years.

The main biophysical factors and the regression

coefficients of the fitted curves, for the selected

periods, are summarized in Table 2. For some periods,

described in Fig. 5, light saturation of NEE was not

found and, thus, a quadratic polynomial function was

fitted to the data. In general, more than 90% of the

variation in NEE was explained by the changes in PPFD

(Table 2), which is consistent with results reported for a

Mediterranean C3 grassland (Xu & Baldocchi, 2004).

The maximum values of NEEmax were �12.16 and

�31.00 mmol m�2 s�1 for the first and second hydro-

logical years, respectively, and were observed during

the period of maximum LAI (DOY 96–106). The soil

moisture and LAI were the main factors in determining

this interannual variation. A large interannual variation

was also observed by Flanagan et al. (2002) during

3 years of contrasting rainfall and LAI. In comparison,

the maximum NEEmax value of the first hydrological

year was similar with that (�9.60 mmol m�2 s�1)

reported for a semiarid steppe (Li et al., 2005). For the

second hydrological year, the maximum NEEmax value

was slightly lower than the value (�40.2 mmol m�2 s�1)

published for the Mediterranean C3 grassland (Xu &

Baldocchi, 2004). The maximum quantum yield (a) also

differed between hydrological years, specifically �0.024

and �0.040 for the first and second years, respectively.

Although the latter was substantially higher than that

observed by Xu & Baldocchi (2004), it was within

the range of values for C3 and C4 grasslands (Ruimy

et al., 1995).

In the late winter of 2005 (DOY 70–79), with soil

water deficit, we observed a depression in NEE at the

highest levels of PPFD (Fig. 5b). This depression has

been widely observed in semiarid steppes (Li et al.,

2005; Fu et al., 2006) and two effects concur to explain it.

First, a reduction in photosynthesis due to the midday

stomatal closure at high irradiance, temperature and

vapour pressure deficit, when the leaf water potential is

low (Jarvis & Morrison, 1981; Schulze & Hall, 1982).

Second, enhanced ecosystem respiration at high

temperatures (Xu & Baldocchi, 2004). However, after

analysing our data, we concluded that the reduction in

NEE was more due to a decrease in photosynthesis than

an increase in ecosystem respiration as the temperature

and vapour pressure deficit increased.

Fig. 4 Seasonal variation in (a–c) water-use efficiency (WUEGPP) and (d–f) light-use efficiency (LUEGPP) over the course of the study.

Data represent 5-day averages (� SE).
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A relatively high value of NEEmax (�12.17mmol

m�2 s�1) was observed in the summer of 2006 (DOY

180–190) due to the warm-season C4 grass regrowth

(Fig. 5e). The a value (�0.001) was the lowest over the

course of the study and was close to the values reported

for a semiarid steppe (Li et al., 2005).

NEE and GPP in response to LAI. For the whole study

period, GPP and NEE responded linearly to the changes

in LAI (Fig. 6). The changes in LAI explained 77%

and 84% of the variation found in NEE and GPP,

respectively. The remaining percentage may be related

to changes in environmental and soil variables. The

strong linear relationship between NEE and LAI was

also documented for a northern temperate grassland

(Flanagan et al., 2002), but lower correlation was

reported by Li et al. (2005) for a semiarid steppe. The

results of the linear relationship between GPP and LAI

agreed favourably with those (r2 5 0.84, slope 5 3.9)

reported for a Mediterranean C3 grassland in

California (Xu & Baldocchi, 2004). A similar slope (ca.

3.1) was also found for the semiarid steppe.

Reco in response to soil temperature and GPP. Ecosystem

respiration is a function of temperature. However, the

temperature sensitivity of Reco is affected by variations

in soil moisture and substrate availability (Davidson

et al., 2006). Because Mediterranean ecosystems show

a large seasonal variation in soil water content and

canopy growth, we determined the temperature

sensitivity of Reco for selected periods, where the LAI

and soil moisture were similar (Fig. 7). The regression

coefficients of the fitted curves, for the selected periods,

are presented in Table 3. For the two hydrological years,

the temperature sensitivity coefficient (Q10) decreased

from about 2.3, early in the growing season and with

abundant soil moisture, to 1.22, during the dry summer.

The same was found in a nearby evergreen oak savanna

(Pereira et al., 2004) where the apparent Q10 of soil

respiration, measured with a field chamber, decreased

from more than 2 at 20% v/v soil moisture content to

o1 in dry soil (cf. Jarvis et al., 2007). Similar reductions

in Q10 related to decreases in soil moisture and increases

in air temperature were documented for other

Mediterranean ecosystems (Reichstein et al., 2002a; Xu

& Baldocchi, 2004). In the Mediterranean C3 grassland,

Xu & Baldocchi (2004) estimated a narrower variation in

Q10 values, ranging from 2.51 to 2.11 during the season

Fig. 5 Seasonal and interannual variation in the light–response

curves. Are shown different periods of growth of the 2004–2005

(triangle up) and 2005–2006 (circles) hydrological years. The

curves were fitted using Eqn (3), except for the following periods

where the quadratic polynomial function was used: DOY 70–79,

2005; DOY 120–128, 2005; DOY 180–190, 2005 and DOY 130–140,

2006. Regression coefficients are presented in Table 2.
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2000–2001. Yet Flanagan & Johnson (2005) reported Q10

values varying from about 2.5 to 1.5 in the northern

temperate grassland.

The daily Reco values were strongly correlated with

daily GPP values (Fig. 8). For the two growing seasons

of the C3 grasses, GPP explained 85% of the variations

in Reco. Even during the summer of both hydrological

years, the photosynthesis of the C4 grass strongly

controlled Reco (r240.73). This shows that the canopy

photosynthesis was the best indicator of Reco by con-

trolling the substrate availability for the auto-

trophic respiration and heterotrophic respiration

through roots exudates (Davidson et al., 2006). For

comparison, Xu & Baldocchi (2004) also found a

similar relationship (r2 5 0.78) during the growing

season. Strong influence of canopy photosynthesis

on Reco was documented for other grasslands eco-

systems (Chimner & Welker, 2005; Li et al., 2005) and

forests (Janssens et al., 2001). Other evidences come

from experiments, such as large-scale tree-girdling

(Högberg et al., 2001) and manipulation of photo-

synthesis by clipping and shading grasses (Craine

et al., 1998; Wan & Luo, 2003), which demonstrated

that soil respiration was closely related to canopy

photosynthesis.

Effects of grazing events on NEE. Grazing occurred from

late October to early February, in the first hydrological

year, and from late October to late December, in the

second, one or two times per week with a stocking

density of 60 sheep ha�1. Because grazing events reduce

the LAI, they must be considered factors that control the

NEE. We could only identify and follow in the filed few

grazing events. Thus, as an example, in this section we

only discuss the effect of a grazing event that occurred

on DOY 349 of 2005. In Fig. 9 we show the impact of that

grazing event on the diurnal pattern of NEE. The

maximum NEE, which occurred by noon, was

reduced from about 9 to 6mmol CO2 m�2 s�1, after the

grazing event, as the result of LAI reduction. The

Table 2 Leaf area index (LAI), average volumetric soil moisture content in the top 15 cm of soil (yv), air temperature (T) and

regression coefficients as described in Eqn (3) for the selected periods in Fig. 5

Period LAI yv (%) T ( 1C) a
NEEmax

(mmol CO2 m�2 s�1)

Reco

(mmol CO2 m�2 s�1) r2

DOY 345–355, 2004 o1 23.6 9.1 �0.025 �7.52 1.92 0.95

DOY 345–355, 2005 � 1 30.9 4.9 �0.024 �10.08 2.32 0.90

DOY 70–79, 2005 o1 7.8 13.6 – – – –

DOY 70–79, 2006 � 1.8 34.5 11.0 �0.040 �24.16 3.99 0.92

DOY 96–106, 2005 o1 8.7 12.5 �0.018 �12.16 2.42 0.95

DOY 96–106, 2006 � 2.5 29.2 12.1 �0.039 �31.00 5.85 0.92

DOY 120–128, 2005 � 0.3 5.7 17.2 – – – –

DOY 130–140, 2006 � 0.5 9.1 17.8 – – – –

DOY 180–190, 2005 � 0.1 5.1 23.2 – – – –

DOY 180–190, 2006 � 0.35 13.4 20.6 �0.001 �12.17 2.50 0.95

Fig. 6 The relationship between leaf area index (LAI) and the

daily-integrated values of (a) net ecosystem carbon exchange

(NEE) and (b) gross primary productivity (GPP) for the whole

study period. It was used only data from cloudless or near-

cloudless days.
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irregular pattern on DOY 349 shows the influence of

sheep respiration.

The impact of the grazing event on the light–

response curves is shown in Fig. 10. We analysed a

period of 10 days around the grazing event (5 days

before and after), in which the wind sector and

the major meteorological parameters were similar. The

NEEmax was substantially reduced from �13.7 to

�8.9mmol CO2 m�2 s�1, after the grazing event. The

daily NEE was also affected; the mean daily NEE for

the 5-day period before and after the grazing event was

�0.49 and �0.11 g C m�2, respectively. However, it is

worth mentioning that these mean values may be

affected by the uncertainties underlying the gap-filling

of the missing nocturnal periods.

Although grazing events exert a short-term negative

impact on daily NEE, the impact of grazing on NEE

relatively to a nongrazed area is unclear. As previously

discussed, we observed a negative effect of grazing on

LAI, mainly during the winter. However, the impact on

NEE relative to a nongrazed area depends on how

the grazing affects the processes that control Reco and

GPP. For this reason, the impact of grazing seems to

vary among studies. For example, Rogiers et al. (2005)

reported a negative effect of cattle grazing on the NEE

of a grassland in the Swiss Alps. Other studies have

found no significant difference in NEE between grazed

and nongrazed areas (LeCain et al., 2002; Wilsey et al.,

2002; Risch & Frank, 2006). Therefore, because

understanding the effects of grazing on the annual

NEE is crucial to develop a grazing management plan

capable of avoiding strong negative effects or even

improving the carbon uptake, further studies on this

area are needed.

Conclusions

This study was conducted during two climatologically

contrasting hydrological years (one dry 2004–2005, and

Fig. 7 The relationship between night-time half-hourly carbon dioxide flux density (NEEnight-time) and soil temperature at 2 cm depth

for (a) the 2004–2005 and (b) the 2005–2006 hydrological years. Are shown different periods of growth, where the soil moisture and LAI

were similar. The curves were fitted using Eqn (4), and the regression coefficients are presented in Table 3.

Table 3 Average volumetric soil moisture content in the top

15 cm of soil (yv) and regression coefficients as described in

Eqn (4) for the selected periods in Fig. 7

Period yv (%) a b r2 Q10

DOY 313–317, 2004 27.1 0.74 0.086 0.45 2.36

DOY 120–127, 2005 5.7 0.50 0.042 0.28 1.52

DOY 190–205, 2005 4.7 0.43 0.020 0.10 1.22

DOY 354–358, 2005 29.3 1.11 0.083 0.44 2.29

DOY 139–143, 2006 8.4 0.84 0.043 0.10 1.54

DOY 202–213, 2006 7.7 0.92 0.020 0.08 1.22
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another normal 2005–2006) and, thereby, offered a un-

ique opportunity to understand how interannual

climate variability affects the CO2 exchange between

a Mediterranean grassland and the atmosphere. In

the dry year, grass production and LAI were severely

affected by the soil moisture deficits during the winter

and early spring. As a consequence, the maximum daily

rate of NEE was approximately half of that measured

in the normal year. Similarly, during the peak growth

period of the normal year, light-use and water-use

efficiencies were twice as high as those observed

in the dry year. After the end of the senescence of the

C3 grasses, the carbon fixed by the warm-season C4

grass was around 23% and 21% of the total GPP of

the dry and normal years, respectively. Nevertheless,

the ecosystem was a carbon source in those periods.

However, particularly in the normal year, the presence

of this C4 grass played an important role with a positive

impact on the annual NEE, essentially by converting

the ecosystem into a carbon sink after strong rain events

and extending the ecosystem carbon sequestration for

several days, after the end of the senescence of the C3

grasses. Thus, the presence of this warm-season C4

grass, and particularly its response to rain events,

should be taken into consideration when modelling

the NEE, GPP and Reco of Mediterranean grasslands

with some contingent of C4 species.

For the 2 years of the experiment, the total amount

of precipitation was the main factor in determining

the interannual variation in NEE. Hence, this grassland

lost 49 g C m�2 to the atmosphere during the dry

year and captured 190 g C m�2 during the normal

year. For the whole study period, the ecosystem was

even a considerable sink for carbon (�141 g C m�2),

suggesting that this grassland has potential to sequester

carbon. However, giving that we observed 2 years of

contrasting amount of precipitation, much more years of

study are needed to evaluate, for example, the influence

of the timing of rain events on the annual NEE.

For this grassland, NEE and GPP were strongly

related to the PPFD, on short-term time scales, and

Fig. 8 The relationship between the daily-integrated values of ecosystem respiration (Reco) and gross primary productivity (GPP). (a)

Data from the growing seasons of the C3 species; (b) data from the summer of 2005 (white circles) and the summer of 2006 (black circles),

when only the C4 grass was present. Rainy days were excluded from the analysis.

Fig. 9 The effects of grazing on the diurnal pattern of net

ecosystem carbon dioxide exchange (NEE). Are shown a day before

(DOY 347, 2005) and the day after (DOY 350, 2005) of the grazing

event on DOY 349 of 2005. The PPFD was similar as well as the

wind sector. In (a) most of the night-time periods were gap filled.
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LAI, on long-term time scales. The variations in Reco

were mainly controlled by the canopy photosynthesis.

The grazing events during the autumn of the normal

year limited the development of LAI and aboveground

biomass. The impact was large during the winter, but

reduced during the peak growth period. After each

grazing event, the reduction in LAI affected negatively

the NEE. However, because it is imperative to define

grazing management plans, further studies are needed

to evaluate the impact of grazing on the annual NEE,

relatively to a nongrazed area.
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