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The inter-annual variability (IAV) of the terrestrial carbon cycle is tightly
linked to the variability of semi-arid ecosystems. Thus, it is of utmost impor-
tance to understand what the main meteorological drivers for the IAV of
such ecosystems are, and how they respond to extreme events such as
droughts and heatwaves. To shed light onto these questions, we analyse
the IAV of carbon fluxes, its relation with meteorological variables, and
the impact of compound drought and heatwave on the carbon cycle of
two similar ecosystems, along a precipitation gradient. A four-year long
dataset from 2016 to 2019 was used for the FLUXNET sites ES-LMa and
ES-Abr, located in central (39°56’2500 N 5°46’2800 W) and southeastern
(38°42’600 N 6°47’900 W) Spain. We analyse the physiological impact of com-
pound drought and heatwave on the dominant tree species, Quercus ilex.
Our results show that the gross primary productivity of the wetter ecosystem
was less sensitive to changes in soil water content, compared to the dryer site.
Still, the wetter ecosystem was a source of CO2 each year, owing to large eco-
system respiration during summer; while the dry site turned into a CO2 sink
during wet years. Overall, the impact of the summertime compound event
on annual CO2 fluxes was marginal at both sites, compared to drought
events during spring or autumn. This highlights that drought timing is
crucial to determine the annual carbon fluxes in these semi-arid ecosystems.

This article is part of the theme issue ‘Impacts of the 2018 severe drought
and heatwave in Europe: from site to continental scale’.
1. Introduction
Semi-arid ecosystems play amajor role for the inter-annual variability (IAV) of the
terrestrial carbon sink [1,2]. Their IAV is driven by variations in precipitation and
temperature. Owing to high rain-use efficiency [3], productivity can rapidly
increase under conditions of high water availability, but just as quickly, the pre-
viously sequestered carbon can be released in drought years [4]. The
importance of these compensatory effects on annual and seasonal fluxes, as
well as the IAV is not yet understood and can be different depending on aridity
regimes of the semi-arid ecosystems. Understanding the relevance of the timing
of rainfall and extreme events (drought and/or heatwaves) during the year is
indispensable. To determine the amount of annual precipitation at which an eco-
system changes from a carbon sink to a carbon source, Scott et al. [5] used linear
regression between annual precipitation and net ecosystem productivity (NEP)
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and showed that the carbon balance pivot point is variable.
However, not only the annual precipitation determines their
IAV of net ecosystem exchange of CO2 (NEE), also the timing
of precipitation and drought stress are important and influence
ecosystemproductivity and respiration in variousways. Firstly,
the growing season length might be shortened when precipi-
tation is scarce; secondly, the re-greening after the summer
period might be delayed depending on timing and quantity
of precipitation [6]; and thirdly, precipitation events during
the dry season, so-called rain pulses, can result in large effluxes
of CO2 from soil. Additionally, furthermeteorological variables
such as temperature and lag effects from previous seasons
impact the seasonal ecosystem productivity [7]. By definition,
semi-arid regions face drought stress during parts of the year
and are thus prone to compound events of drought and heat
stress [8], which reduce NEP [9]. Here, we analyse the different
responses of CO2 fluxes in two similar savannah type ecosys-
tems in the central Iberian Peninsula, along a natural
precipitation gradient, to (i) evaluate the impact and timing
of drought on the IAV of NEE; (ii) identify the drivers of IAV
of CO2 fluxes; and (iii) compare the ecosystems’ carbon and
water flux responses during the compound event of heat-
and drought stress in summer 2018, which was mainly
driven by Quercus ilex trees.
2. Methods
(a) Site description
The two analysed ecosystems are located in western Spain and
have the FLUXNET site identities ES-LMa and ES-Abr. ES-LMa
is located close to the village of Majadas de Tiétar (39°56’2500 N
5°46’2800 W) and ES-Abr is located close to the village of La
Albuera (38°42’600 N 6°47’900 W). Both ecosystems are savannah-
like ecosystems, typical Iberian dehesa, which are tree-grass
ecosystems used either for livestock grazing or agriculture. The
two sites are located along a precipitation gradient with ES-
LMa and ES-Abr getting an average precipitation of 650 and
350 mm yr−1 (with large IAV), respectively. The dominant tree
species (greater than 98%) in both ecosystems are evergreen holm
oaks (Q. ilex) with a height of 8.7 ± 1.3 m (ES-LMa) and 6.6
± 0.9 m (ES-Abr) and a herbaceous layer [6,10]. The fractional
canopy covers, based on terrestrial LiDAR scans, are 19.7 ±
4.9% and 24.4 ± 3.6% for ES-LMa and ES-Abr, respectively.

Soil at ES-LMa is classified as Abruptic Luvisol (WRB 2015),
developed on Pliocene-Miocene alluvial deposits. The texture in
the upper horizons is sandy (0–20 cm: 75% sand, 20% silt, 5%
clay) and clayey (greater than 15% clay) from 30 to greater than
100 cm depth. The pH (measured in water extract) is approxi-
mately 5.5 in the first 20 cm, increasing to neutrality beneath
1 m depth. In ES-Abr, soil is classified as Chromic Acrisol, devel-
oped on Pliocene colluvial deposit, formed by amatrix of red clays
with abundant stones of quartzite. While upper soils have similar
texture between the sites, deeper soils differ. ES-LMa has a clay-
rich deeper soil while ES-Abr contains gravel and stones, which
facilitate rainwater infiltration to deeper layers.

The sites are influenced by the same large-scale synoptic con-
ditions and have similar seasonal and phenological cycles, which
are driven by the availability of water and timing of precipitation
(electronic supplementary material, figure S1) with the difference
that the herbaceous layer at ES-Abr usually senesces earlier [6].
During the summertime, temperature and solar radiation are
high, while precipitation events are scarce. In this period, the her-
baceous layer is senescent as the soil water content (SWC) is
strongly reduced; whereas the evergreen Q. ilex trees survive
through their ability to access deeper soil water reservoirs with
their roots. When autumn rainfall begins and the soil is rewetted
the herbaceous layer starts to green-up and biomass starts to
buildup again [6]. The winter season is temperature and radi-
ation limited with the majority of the annual precipitation
falling during this period [7]. In spring, highest ecosystem pro-
ductivity is observed owing to favourable water availability, as
well as good temperature and radiation conditions for plant
growth. The end of the growing period is then coupled to the
reduction of available water, and increasing atmospheric water
demand (vapour pressure deficit, VPD), which leads eventually
to the senescence of the herbaceous layer.
(b) Heatwave 2018
The heatwave that struck the Iberian Peninsula in summer 2018
was relatively short with a duration of six days between 2 and 7
August. Nevertheless, the outstanding temperature amplitude
resulted in many new absolute temperature records in western
Iberia [11]. At both measurement sites, the heatwave was charac-
terized by maximum air temperatures (Ta) above 40°C and
maximum VPD higher than 70 hPa. Sousa et al. [11] describe
the meteorological situation during the heatwave as a combi-
nation of a cyclonic circulation off the north-eastern Atlantic in
combination with a strong subtropical ridge pattern over the
affected area that promoted the advection of an anomalously
warm air mass. For further details on the role of the intrusion
of very warm and dry Saharan air masses in western Iberia
and the extent of the 2018 heatwave see [11].
(c) Instrumentation and data processing
Instrumentation anddataprocessingwere identical at bothmeasur-
ing sites. Eddy covariance (EC) measurements were conducted
with a sonic anemometer (R3–50 Gill Instruments, Lymingon
UK) and an infra-red gas analyser (LI-7200, Licor Biosciences, Lin-
coln, USA) to calculate mass and energy fluxes of CO2, latent heat
(LE) and sensible heat (H). The measurement height was 15.5 and
12 m at ES-LMa and ES-Abr, respectively, corresponding to about
1.8 times the canopy height. At ES-LMa, an additional smaller
EC system was installed at 1.6 m above ground in an open space
sampling only the herbaceous layer. Flux calculations were
performed with EDDYPRO v. 6.2.0 [12]. Raw time series were
de-spiked, and block averaged means were subtracted, coordinate
rotation was performed with the planar fit method [13] for the two
main wind directions and the remaining data were rotated based
on the double rotation method. Subsequently, data which were
not fulfilling the assumptions of the EC methods [14] and data
with low turbulent conditions [15] were removed from the dataset.
Fluxes of CO2 were storage corrected based on the single point
storage correction in ES-Abr andwith seven-point profile measure-
ments in ES-LMa to deriveNEE. The friction velocity (u*)-threshold
as well as its 5th and 95th percentiles were determined following
Papale et al. [15]. Data below the respective u*-thresholds were
removed. The remaining data were gap-filled [16] and NEE was
partitioned into gross primary productivity (GPP) and ecosystem
respiration (Reco) based on the night time flux partitioning
algorithm [16], using REDDYPROC v. 1.0.0 [17].

Uncertainties of cumulated NEE were estimated based on the
spread of the 5th and 95th percentiles of the u*-thresholds plus/
minus the error propagation of the NEE uncertainty estimate from
the marginal distribution sampling of the gap-filling algorithm
[17]. As shown by El-Madany et al. [10] this uncertainty includes
spatial, temporal and random uncertainties of the fluxes. For GPP
and Reco, the spread of the uncertainty from the u*-threshold
estimation was used as for NEE. The same strategy was followed
for calculating seasonal sums of carbon fluxes and the differences
during drought and heatwave periods. Uncertainties were
propagated following standard error propagation.
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Figure 1. Cumulated fluxes of net ecosystem exchange (NEE; a), precipitation (rain; b), ecosystem respiration (Reco; c), and gross primary productivity (GPP; d ) for
ES-LMa in blue and ES-Abr in orange. Shaded areas represent propagated uncertainties based on u*-threshold estimates and (for NEE) with random uncertainty of
the flux measurements. (Online version in colour.)
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Biometeorological measurements included air temperature
(Ta) and relative humidity (rH) acquired at 2 m above ground,
SWC at four locations and three depths at each location (5, 10
and 20 cm below ground), precipitation (P), pressure (Pa), and
the short- and longwave incoming and outgoing radiation
(SWin, LWin, SWup and LWup) components (CNR4, Kipp &
Zonen, Delft, Netherlands). VPD was calculated from Ta and
rH. All biometeorological data were collected at 10 s intervals
and saved as 10 min averages, and then aggregated to 30 min
averages to match the temporal resolution of the EC data.

SWC data were normalized to range from 0 to 1 where 1 cor-
responds to the 95th percentile of all data and thus to about the
field capacity, while 0 corresponds to the 5th percentile of all data
and consequently to completely dried soil. This method is poss-
ible owing to the large variability in SWC between the winter
period, when soil is at field capacity, and the summer period
when soil is reaching stable fully depleted SWC values. This
was done for each measurement level (5, 10 and 20 cm) and
then the normalized SWC (SWCn) values were averaged to rep-
resent the SWC of the rooting zone of the herbaceous layer
(greater than 80% of the root length density accumulates
within the top 20 cm of the soil [18]).

Sap flow measurements were performed with sap flow
meters (SFM1, ITC International Pty Ltd, Armidale, Australia)
based on the heat pulse method in six trees at each site [19].
Sap flow velocities were averaged for the inner and the outer
measurement location within the sapwood. For each tree, mean
diurnal cycles of sap velocities were calculated for the week of
the heatwave and the week before and after the heatwave. The
response of the trees to the heatwave was estimated based on
the changes in sap velocity between the heatwave and the
pre-heatwave period.
(d) Drivers of carbon fluxes
To identify the drivers of carbon fluxes a relative importance
analysis (RIA) [20,21] was used on a basis of mean daily
values. For each measurement site (ES-LMa, ES-Abr) mean
daily values were calculated for NEE, GPP, Reco, SWin, LWup,
net radiation (Rnet), Ta, VPD, SWCn, soil heat flux (G) and
wind speed. The relative importance (RI) of all variables as pre-
dictors for NEE, GPP and Reco was calculated using the relaimpo
R-package [20]. The Lindeman, Merenda and Gold method (lmg)
was used to calculate the contributions of each individual predic-
tor variable to the total coefficient of determination (R2). First, all
contributions of the variables were averaged based on different
orders of the predictor variables within one model. In a second
step, the results of step one were averaged for each variable
across multiple linear models of different sizes to account for
potential correlation between the predictor variables. This pro-
cedure was done for each site individually and for each season
as well as for the whole analysed period. This allows estimating
(i) if certain variables are important throughout the year or only
in certain seasons, (ii) if the two sites have the same main drivers,
and (iii) how much of the carbon flux anomalies can be explained
by the selected drivers.
3. Results
(a) Inter-annual variability of ecosystem carbon

exchange
Annual NEE varied in the analysed period by 72 ± 8.6 and
154 ± 6.3 g C m−2 yr−1 in ES-LMa and ES-Abr, respectively
(figure 1). While ES-LMa was every year a source of CO2,
ES-Abr was a carbon sink in wet years and a source in dry
years. In dryer years, GPP at ES-LMa was more reduced
than Reco which led to higher loss of carbon and thus
more positive NEE (figure 1). The critical periods in which
differences in NEE were built up between the two sites
were winter and spring for the carbon uptake and summer
for carbon losses (figures 1 and 2). Overall, both GPP and
Reco were larger in ES-LMa when compared with ES-Abr.
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The annual NEE at both sites is tightly coupled to the water
availability (figure 1), as demonstrated by the strong linear
relation between the annual precipitation and annual GPP
and Reco (figure 3). At ES-Abr, R² between annual precipi-
tation and GPP and Reco are 0.99 and 0.99, respectively,
while they are 0.60 and 0.51 at ES-LMa (figure 3).

The wintertime was the only period during which median
GPP was higher at ES-Abr when compared with ES-LMa
(figure 2). Higher temperatures and SWin at ES-Abr (elec-
tronic supplementary material, figure S1) were more
favourable to build up biomass and fix carbon, especially
by the herbaceous layer. This was emphasized by the high
RI of SWin and Rnet for wintertime GPP at ES-Abr and ES-
LMa (electronic supplementary material, figure S3). As a
result, median NEE was more negative at ES-Abr than in
ES-LMa indicating that during wintertime the dry site
(ES-Abr) was a stronger sink than the wet site (ES-LMa).

During spring, GPP and Reco were larger in ES-LMa but
median NEE was similar between the sites (figure 2 and
table 1). The RIA shows that SWCn was the most important
driver to explain variability in spring NEE, GPP and Reco
at ES-Abr, while it was one of the least important ones at
ES-LMa (electronic supplementary material, figure S3). The
strong dependency of SWCn at ES-Abr then also translates
into the spread of springtime NEE, i.e. the IAV which was
twice as large as for ES-LMa (figure 2).

The summer period showed lowest IAV in NEE and most
consistent differences between ES-LMa and ES-Abr (figure 2).
The higher GPP at ES-LMa during the summer resulted from
Q. ilex trees which were sequestering more carbon. The Reco
exceeded GPP at both sites and resulted in positive NEE, but
the median summer NEE was more than twice as large in ES-
LMa (table 1). This systematic high Reco at ES-LMa during
the long summers was not balanced by uptake during the
growing periods, and thus the site behaved every year as a
source of CO2 (figure 1). Based on the RIA, the main driver
for summertime Reco was, at both sites, SWCn. While for
summertime GPP, SWCn was the most important variable
at ES-Abr, it was the least important at ES-LMa.

During the re-greening, GPP and Reco were higher at ES-
LMa but NEE was similar between the sites with large, but
similar, IAV (figure 2). The median NEE at ES-LMa was simi-
lar to the summer period, while it was more than doubled at
ES-Abr (table 1).

While SWCn is a relatively unimportant driver for carbon
fluxes (at ES-LMa) during individual seasons, it is important
at an annual timescale. Here, NEE, GPP and Reco are clearly
driven by annual precipitation/SWCn (electronic supplemen-
tary material, figure S1 and figure 3) as shown by the high R²
values (0.97, 0.99, 0.99 for NEE, GPP, Reco at ES-Abr and 0.73,
0.60, 0.51 for NEE, GPP, Reco at ES-LMa).
(b) Drought response
The SWCn is used here as indicator of water availability and
potential drought stress. Within the period of 2016–2019, we
observed for both sites two springs with above (2016 and
2018) and below (2017 and 2019) average SWCn (figure 4).
Additionally, the complete autumn of 2017 was below aver-
age SWCn because autumn rains were strongly delayed
and the re-wetting of the soil only happened in December.
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Table 1. Impact of droughts during the autumn 2017 (Aut17), spring 2019 (Spr19) and the heatwave of summer 2018 (HW18, Sum18) on carbon fluxes (NEE,
GPP, Reco) compared to the average of each season across all years (Aut, HW, Sum, Spr). (Values are cumulated for the period 1 October–30 November 2017
(Aut17), 2 August 2018 (HW18), 1 June–30 September 2018 (Sum18) and 1 March–31 May 2019 (Spr19) ± uncertainty. The same periods were selected for
the seasonal averages but for all years. For a graphical representation of the values normalized to g C m−2 d−1 please see the electronic supplementary
material, figure S7.)

ΔNEE ES-Abr
[g C m−2]

ΔNEE ES-LMa
[g C m−2]

ΔGPP ES-Abr
[g C m−2]

ΔGPP ES-LMa
[g C m−2]

ΔReco ES-Abr
[g C m−2]

ΔReco ES-LMa
[g C m−2]

Aut17 −14.5 ± 3.4 −1.8 ± 6.2 −37.9 ± 4.7 −28.1 ± 1.3 −52.4 ± 10.1 −29.9 ± 8.4

HW18 +3.2 ± 0.4 +2.3 ± 0.8 −0.7 ± 0.6 +0.7 ± 1.1 +2.5 ± 0.7 +3.0 ± 1.2

Sum18 −9.8 ± 4.3 −32.3 ± 12.0 +49.0 ± 2.3 +43.1 ± 4.1 +39.2 ± 5.8 +10.8 ± 6.8

Spr19 +83.6 ± 6.7 −15.3 ± 10.9 −216.1 ± 12.3 −2.1 ± 5.6 −132.5 ± 10.7 −17.6 ± 7.6

Aut +63.2 ± 3.0 +61.8 ± 5.6 73.3 ± 1.2 107.3 ± 0.5 136.5 ± 2.8 168.6 ± 0.9

HW +3.0 ± 0.1 +4.7 ± 0.4 5.0 ± 0.1 8.7 ± 0.3 7.9 ± 0.1 13.4 ± 0.3

Sum +48.1 ± 3.6 +103.9 ± 11.6 147.5 ± 1.0 267.9 ± 1.5 195.6 ± 1.8 371.8 ± 2.6

Spr −57.8 ± 6.4 −70.5 ± 10.3 415.5 ± 3.6 488.0 ± 2.1 357.7 ± 2.9 417.5 ± 2.9
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The periods with positive SWCn anomalies (ΔSWCn)
resulted in positive anomalies in GPP (ΔGPP), and vice
versa. This relation was more pronounced in ES-Abr than
in ES-LMa as shown by the higher correlation coefficient
(R2 = 0.44, R2 = 0.05, for ES-Abr, ES-LMa) and the steeper
slope (3.84 ± 0.30, 1.28 ± 0.38, for ES-Abr, ES-LMa) of the
linear regression between ΔSWCn and ΔGPP (electronic
supplementary material, figure S2). The same is true for
the relation between ΔSWCn and ΔReco at both sites
(R2 = 0.51,0.16; slopes = 2.91 ± 0.19, 2.13 ± 0.34; electronic
supplementary material, figure S2, for ES-Abr, ES-LMa,
respectively). Based on an ANCOVA, the slopes between
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ΔSWCn and ΔGPP are significantly different ( p < 0.001) while
they are not for ΔSWCn and ΔReco ( p > 0.1). It should be
noted, that for ES-Abr the slope between ΔSWCn and
ΔReco is lower than that of ΔSWCn and ΔGPP, while it is
the opposite for ES-LMa. Therefore, under positive ΔSWCn
the increase of GPP exceeds that of Reco while in periods
with negative SWCn anomalies it is the opposite, for ES-
Abr. As a result, ES-Abr becomes a carbon sink in wet
years (2016 and 2018) while it becomes a carbon source in
dry years (2017 and 2019), as shown in figure 1. For ES-
LMa, the increase of Reco under wet conditions is larger
when compared with that of GPP (electronic supplementary
material, figure S2). Which seems contradictory to the annual
scale at which GPP is increasing more strongly with increas-
ing annual precipitation when compared with Reco. The
background Reco (offset in the linear regression equation)
at ES-LMa (figure 3) is 175 g C m−2 higher than that
of GPP and thus ES-LMa stays a carbon source in all
analysed years. The higher slope of the short-term relation
of ΔSWCn and ΔReco (electronic supplementary material,
figure S2) translates into the large Reco offset at an annual
scale (figure 3).

The carbon fluxes in ES-Abr were more strongly affected by
drought conditions when compared with ES-LMa which is
expected as the SWCn is the most important variable for
changes in carbon fluxes (electronic supplementary material,
figure S3). The strongest reduction in carbon fluxes was
observed at ES-Abr during the 2019 spring drought when
GPP was reduced by 216.1 ± 12.3 g C m−2 and Reco by
132.5 ± 10.7 g C m−2, which corresponds to 52% of average
springtimeGPP and 37% of Reco (table 1). Overall, this stronger
impact on GPP when compared with Reco turned NEE during
this period froman average carbon sink (−57.8 ± 6.4 g C m−2) to
a source (25.8 ± 6.7 g C m−2). Even though precipitation was
also scarce at ES-LMa during this period, Reco was more
strongly reduced than GPP which resulted even in slightly
more carbon uptake (ΔNEE =−15.3 ± 10.9 g C m−2).

During the dry autumn of 2017 GPP and Reco were
reduced at both sites. At ES-LMa, their reduction was similar
(ΔGPP =−28.1 ± 1.3 g C m−2 (26%), ΔReco =−29.9 ±
8.4 g C m−2 (18%)) and thus ΔNEE barely changed (−1.8 ±
6.2 g C m−2). At ES-Abr, the response was stronger in relative
and absolute terms with −37.9 ± 4.7 g C m−2 (51%, GPP) and
−52.4 ± 10.1 g C m−2 (38%, Reco), leading to a negative ΔNEE
(−14.5 ± 3.4 g C m−2) but still positive absolute NEE during
autumn 2019.

During summer 2018, both sites increased GPP and Reco
compared to the average, but with a stronger increase in
GPP when compared with Reco (table 1). Overall, ΔNEE
was −9.8 ± 4.3 and −32.3 ± 12.0 g C m−2 during summer
2018 at ES-Abr and ES-LMa, respectively. This is contradic-
tory to the period of the heatwave during which the
increase of Reco dominated the ecosystem response at both
sites (+2.5 ± 0.7 and +3.0 ± 1.2 g C m−2 in 6 days at ES-Abr
and ES-LMa). But the short period and its potential lag
effects did not impact the overall carbon fluxes during the
summer 2018.

(c) Effects of compound drought and heatwave event
2018

The 2018 heatwave was a compound event as it struck
the Iberian Peninsula during the summer drought period.
The compound event only marginally affected the summer
2018 NEE at the sites and even less the annual NEE owing
to its short duration. The ecosystem response to that event
can be attributed to soil processes and the physiological
response of the tree layer because the herbaceous layer was
already senesced. During the heatwave, Ta and VPD
increased strongly compared to the pre-heatwave period.
Increases were higher at ES-Abr, than at ES-LMa (figure 5;
electronic supplementary material, figure S4). Ta and VPD
during the heatwave were 4.3°C and 11.5 hPa higher at
ES-LMa and 7.1°C and 19 hPa higher at ES-Abr.

During the pre-heatwave period, mean daytime GPP
was, on average, 1.38 μmol m−2 s−1 larger at ES-LMa than
at ES-Abr (figure 5). However, the patterns of the fluxes
were similar between sites. Highest GPP values occur at
both sites already between 9.00 and 10.00 Universal Time,
coordinated (UTC) and reduced afterwards with increasing
Ta, SWin and VPD. During the heatwave, diurnal patterns
of the fluxes were different between the sites (figure 5).
While the diurnal pattern of GPP stayed the same at ES-
LMa and only the magnitude was reduced by about
1 μmol m−2 s−1, a strong change in the pattern and magni-
tude of about 1–3 μmol m−2 s−1 was observed at ES-Abr.
Here, the peak of GPP only reached up to 2.5 μmol m−2 s−1

and then dropped rapidly to about 1 μmol m−2 s−1 and
remained constant until sunset (figure 5). This response of
the trees at ecosystem scale was in line with independent
sap flow measurements at the two sites, which showed stron-
ger reduced sap flows at ES-Abr during day- and even during
night-time hours. The Q. ilex trees at both sites increased their
sap flow directly after sunrise for about two hours which cor-
responded to the period with highest GPP during the
heatwave period. Overall, mean GPP was reduced during
the heatwave by 0.81 μmol m−2 s−1 and 0.49 μmol m−2 s−1

which corresponded to over 40% and about 15% at ES-Abr
and ES-LMa, respectively.

After the compound event, the ecosystems did not rebound
to pre-heatwave conditions (electronic supplementary
material, figure S5), even though GPP increased compared to
the heatwave, because drought stress was still present and
caused a further reduction of GPP until precipitation fell in
September and relieved the drought stress.
4. Discussion
(a) Inter annual variability
Increasing drought conditions over the Iberian Peninsula [8,22]
will eventually result in less water availability and thus impact
the carbon sequestration potential. It was shown for various
semi-arid ecosystems that in dry years, delayed timing of pre-
cipitation or lower annual precipitation reduce the growing
season length and thus GPP and NEP [5,23,24]. Depending
on drought length and intensity this can even change the eco-
systems from being a carbon sink to a carbon source [5] as is the
case for ES-Abr (figures 1 and 3). While the inflection point
between a sink and a source is for ES-Abr around 350 mm
of annual precipitation, it was not reached for ES-LMa at
830 mm. Comparing this value to other tree grass ecosystems
around the globe, the value is rather high [5,23,25,26]. The posi-
tiveNEEvalues, responsible for the high Reco (figures 1 and 2),
especially during summer, are not driven by subterranean ven-
tilation [27,28] as the soil characteristics are not favourable for
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this process and the relation between NEE and wind speed is
not as expected for this process (electronic supplementary
material, figure S6). Thus, we have to assume that high Reco
is driven by biological processes. One reason for the higher
Reco in ES-LMa during the summer could be a lagged effect
from the higher productivity during the spring period. But,
the ratio of summer NEE to spring NEE (table 1) shows that
ES-LMa loses on average more carbon during summer as it is
taking up during the spring, while it is the opposite for ES-
Abr. This indicates that the higher Reco at ES-LMa is not
driven by higher productivity during spring but by other pro-
cesses which are not related to vegetation but rather to the soil.

The overall variability of GPP during summer is low com-
pared to other seasons (figure 4; electronic supplementary
material, figure S1) and thus not adding much signal to the
IAV of the sites. This is especially true when comparing
these semi-arid ecosystems, which are adapted to summer-
time drought and heat stress, with other ecosystems which
are usually active during summer and are stressed by e.g. a
drought or heat as in summer 2018 [29–31]. In fact, the
summer of 2018 was more productive than the average at
the sites (table 1) and for the whole Iberian Peninsula [29].

The strong dependencyof carbon fluxes at ES-Abr to SWCn
(figure 4; electronic supplementarymaterial, figures S2 and S3)
translates into larger variability of NEE, GPP and Reco at an
annual timescale (figures 1 and 3). The range between the smal-
lest and the largest annual sums are more than the double at
ES-Abr compared to ES-LMa. This supports the concepts of
reduced rain-use-efficiency with increasing precipitation and
the positive asymmetry in ecosystem response to rainfall
[3,32]. In accordance with the former, the relation of GPP and
Reco with annual precipitation (figure 3) cannot be expected
to follow a linear relation. A convergence to an upper limit of
productivity can be assumed even if precipitation increases
further. On the other hand, GPP and Reco will not follow the
linear relation but will converge faster towards 0 if no water
is available for longer periods. For shorter periods, legacy
effects must be considered [7,33,34] as they will impact these
relations. A longer dataset of these similar sites withmore posi-
tive and negative precipitation extremes will surely help to
better understand the processes and impacts of precipitation
to the carbon cycle.
(b) Ecosystem response to drought and heatwave
The relevance that heat and drought events have on ecosys-
tem functioning as well as their imprint on the carbon cycle
was well described in a recent review [35]. However, only
little is known about the different responses to drought
along a precipitation gradient for elsewise similar ecosystems.
The two analysed drought cases of spring 2019 and autumn
2017 show how important timing and amount of precipi-
tation is during these seasons for driving phenology,
ecosystem carbon fluxes and eventually the annual carbon
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sequestration. The herbaceous layers at both sites cannot
access deep soil water owing to their root density profiles
[18,36]. However, at ES-LMa precipitation falls more fre-
quently and at higher quantity (figure 1; electronic
supplementary material, figure S1), therefore the herbaceous
layer can develop better and average spring and autumn GPP
are higher (table 1). As a result, ES-Abr is more sensitive to
variability in SWCn in spring and autumn.

During summer, higher GPP at ES-LMa indicates that the
Q. ilex trees were less stressed when compared with those at
ES-Abr. Water availability from deeper soil layers at ES-LMa
and potentially enhanced water saving strategies to drier con-
ditions at ES-Abr are the most plausible explanations, as the
canopy cover between the sites is similar and rather lower
at ES-LMa. The low variability of ΔGPP and ΔReco (figure 2,
summer) indicates that Q. ilex at ES-LMa and ES-Abr were
responding similarly to summer drought and heat stress con-
ditions during the four analysed years. This is emphasized by
the decaying pattern of mean daily GPP during summer 2018
(electronic supplementary material, figure S5) under which
also the higher GPP at ES-LMa is obvious. At the same
time, this leads to the conclusion that the herbaceous layer
is responsible for the large variability in ΔGPP and ΔReco
during the other seasons (figure 2).

Felton & Smith [37] highlight the importance of integrating
responses to climate extremes from plant to ecosystem scale
and this is where the analysis of the 2018 heatwave contributes.
During the summer the ecosystems are thought to be dormant
and only Q. ilex trees which are well adapted to heat and
drought are active but their response to the heatwave were
different at the sites. The 2018 heatwave was exceptional.
Even globally, there is little literature to compare our results
to, as conditions of VDP values above 70 hPa and Ta above
40°C are rare. Regular VDP values range in drought and heat
stress studies between 40 to 50, seldom up to 60 hPa [24,38–
41]. As a response, the trees show an extreme stomatal regu-
lation of the CO2 uptake and water loss during the heatwave
as shown for other xeric species [42,43]. The stronger physio-
logical response at ES-Abr when compared with ES-LMa
(greater reduction in sap flow and GPP) could be associated
with the higher atmospheric demand at ES-Abr and to the
availability of deeper soil water in ES-LMa. Furthermore, the
differences in nocturnal sap flow patterns suggest stronger
rehydration of the tree tissues in ES-LMa, while even this
water transport was reduced at ES-Abr owing to strong
water limitation. The only increase in sap flow during the heat-
wave was detected at both sites shortly after sunrise for about
2 h and corresponded to an increase in GPP (see above). This
early morning sap flow increase was more pronounced at ES-
Abr than at ES-LMa and was a result of a faster sap flow
increase directly linked to sunrise and increasing SWin. This
response at ES-Abr might be an indication of the stress and
physiological struggle between dehydration and starving.
5. Conclusion
The availability of water in semi-arid ecosystems and the
timing of drought are of major importance for the carbon
cycle and its IAV. Nevertheless, wetter ecosystems are not
necessarily able to sequester more carbon. In ecosystems
where GPP and Reco are tightly coupled, the inhibition of
Reco in dryer ecosystems can, as shown in this study, have a
major impact on the annual NEE and result in larger carbon
sequestration. The summer periodduringwhich semi-arid eco-
systems are thought to be dormant can be of high relevance for
the carbon exchange owing to the dominance of Reco over
GPP. Still, ES-Abr is more sensible to drought, especially
during spring and autumn and thus IAV of NEE, GPP and
Reco increases.

We show that in seasonally dry ecosystems, the timing of
droughts is fundamental to determine the annual impact on
the carbon fluxes. Therefore, for the carbon fluxes, in these
ecosystems droughts in autumn and spring require more
attention than summertime ones. The compound event of
drought and heat during the summer of 2018 only marginally
impacted the annual NEE. However, for this event, the ever-
green trees at the site had a critical role in the modulation of
the ecosystem response, especially at the dryer site where
water stress was even stronger. At ecosystem scale, the
wetter site lost more carbon, however, the trees benefit from
the higher water availability during summer and even
during compound drought and heat events.
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