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ARTICLE INFO ABSTRACT

Keywords: The maintenance of spontaneous weed cover is a conservation practice used in olive groves. Herbaceous plants in
Net assimilation rate alleys between the trees can increase the capacity of this agroecosystem to remove carbon. However, the in-
Transpiration

fluence of this practice on carbon assimilation at the leaf scale has not yet been studied in olive trees. Also, the
presence of other species competing with olive trees for soil water has the potential to modify the water use
efficiency, a key parameter in a climate change context. In this study, leaf-scale net carbon assimilation (Ajeaf),
transpiration (Ejeaf) and water use efficiency as the ratio Ajea/Eleaf(WUEjear) Were quantified in olive grove
divided by two different treatments: (1) a weed-free (WF) ecosystem in which weed growth was inhibited by
applying herbicide; and (2) a weed-covered (WC) ecosystem in which spontaneous herbaceous plants were kept
and then mechanically mowed and left on the ground. A portable leaf photosynthesis system was used to measure
olive leaf fluxes for both treatments, and likewise for the ecosystem scale via two eddy covariance towers
assessing gross primary production (GPPec,), evapotranspiration (ETeo), and water use efficiency (WUEec,). We
found that the average Ajear was 24% higher in the WF treatment while GPP, decreased 32% compared to WC
treatment. However, Ajer Was significantly different between treatments only during weed growth: January-May
(Ateat-wr = 7.6£3.7 pmol COom 25™Y; Ajearwe = 5.143.1 pmol COym ™ 2s1) while Ajear was similar between the
two treatments after mowing. Mowed weeds decreased Ts,j and VPD, and these changes were accompanied by a
decrease in Eje,f in olive trees. Therefore, this led to WUEjear.wpr>WUEjear.wc When the weeds were growing and
the opposite after mowing. Thus, although the presence of spontaneous weeds increased the annual ecosystem C
uptake in the olive orchard, both Aj,s and seasonal fluctuations in WUEj.s were reduced with weed
maintenance.

Eddy covariance
Leaf chamber system
Water use efficiency
Cover crop

1. Introduction devoid of vegetation due to herbicides or regular tillage, these climatic

conditions facilitate soil erosion (Garcia-Ruiz et al., 2013).

Accelerated soil erosion entails an increase of atmospheric COy
emissions and is a growing problem that requires adaptive management
towards the re-carbonization of soils (Lal, 2019). Crop management can
result in storing atmospheric carbon in agricultural soils (Aguilera,
2013; Almagro et al., 2016), which helps mitigate climate change. These
practices can be especially beneficial in Mediterranean climates with
low soil carbon content, typically below < 15 g C kg™! in croplands (de
Brogniez et al., 2015; Rodriguez Martin et al., 2016). Climatic conditions
of the Mediterranean region are characterized by irregular rainfall, high
demand for evaporation, and frequent water shortages. When soil is

Maintaining spontaneous weed cover in the alleys of tree crops is a
frequent soil conservation method with several advantages. The cover
considerably reduces erosion, increases nutrient retention after rain
events, and transfers atmospheric CO2 to soil through their roots
(Gonzalez-Sanchez, 2012; Aguilera et al., 2015; Poeplau, 2015; Marti-
nez-Mena et al., 2020). Additionally, this practice may increase water
infiltration and therefore the soil water content (Basche and DeLonge,
2019), despite weed competition for water (Abouziena et al., 2015).
Porosity also increases and therefore field capacity, improving soil
quality and enhancing the sustainability of crop production systems
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especially in dry environments (Basche and Delonge, 2017; Haruna
et al.,, 2018). Weeds provide many other benefits such as improved
physicochemical and microbial soil quality (Ramos et al., 2011; Blan-
co-Canqui et al., 2015), and increased biodiversity (Sokos et al., 2013;
Schmidt et al., 2019; Kim et al., 2020), seed dispersal and pollinators
(Baraibar et al., 2011; Nicholls and Altieri, 2013; Lee et al., 2019).

Weed cover is a commonly used conservation practice in olive trees
(Olea europaea L.), which are among the most representative tree crops
in the Mediterranean basin. Consequently, their management has
enormous economic, social and environmental implications for this re-
gion that represents >95% of world production (FAOSTAT, 2019). After
establishment of a weed cover, erosion rates are notably reduced in olive
groves and soil carbon content increases considerably in addition to
other nutrients (Gomez et al., 2004; Castro et al., 2008; Martinez-Mena
et al., 2008; Gomez et al., 2009; Marquez-Garcia et al., 2013; Nieto et al.,
2013; Palese et al., 2013; Repullo-Ruibérriz et al., 2018; Sastre et al.,
2018; Martinez- Mena et al., 2020). Olive groves usually have a positive
global warming potential that can be neutralized in organic olive groves
(Aguilera et al., 2015). The meta-analyses of Aguilera et al. (2013),
Vicente-Vicente et al. (2016) and Morugan-Coronado et al. (2020) show
increased carbon sequestration when maintaining weed cover in this
agroecosystem. However, although such practices are expanding, they
generate controversy in semi-arid environments (Pastor et al., 2001;
Morugan-Coronado et al., 2020) because farmers do not observe
consistent improvements in yields (Alcantara et al., 2011). Furthermore,
the presence of weeds can reduce crop yield due to competition for water
(Slaughter et al. 2008) and while a mown weed mulch could reduce soil
evaporation (Connor, 2005), living herbaceous plants may compete with
the main crop for water, modify the environmental conditions and
therefore induce changes in leaf-level exchanges of water vapor and
COs. During long periods of drought, olive trees reduce their photo-
synthesis and, therefore, their productivity (Moriana et al., 2003; Ben
Ahmed et al., 2007). To solve this problem irrigation is usually applied
in semi-arid environments.

A better understanding of atmosphere-ecosystem carbon exchange
mechanisms can facilitate interventions capable of improving C capture
(Marland et al., 2004). Although net ecosystem exchange (NEE) of CO»
in olive groves has been quantified by destructive measures (Sofo et al.,
2005; Villalobos et al., 2006), the eddy covariance (EC) technique has
become an important tool in recent years since it allows assessing NEE at
large spatial and temporal scales without altering the studied ecosystem
(Baldocchi, 2003; Baldocchi et al., 2020). Using this technique Nardino
etal. (2013) demonstrated a high capacity of young olive trees as carbon
sinks. Brilli et al. (2016) concluded that olive trees with conventional
management are important carbon sinks. Testi et al. (2008) and
Lopez-Bernal et al. (2015) also used this technique to measure CO, ex-
changes in olive trees, but the data record did not reach one year and, as
in the above cases, the influence of a weed cover was not considered. To
date, only one study has quantified the effect of weed cover on the net
carbon balance at ecosystem level, showing that a covered olive
ecosystem sequesters twice as much carbon as an ecosystem without
weed cover (Chamizo et al., 2017). However, the cited study did not
quantify differences in the behaviour of the carbon and water fluxes of
the olive trees under the two treatments. Due to the important contri-
bution of weed cover detected in the CO3 fluxes at the ecosystem level, a
more in-depth study of the effect of weed cover on the different com-
partments of these agroecosystems is essential.

To determine if carbon assimilation of olive trees is affected by the
establishment of weed cover, it is necessary to obtain gas fluxes at a
smaller spatial scale. In this sense, CO fluxes have been sampled at plant
level with chamber systems (Villalobos et al., 2012; Pérez-Priego et al.,
2014) characterizing the assimilation of olive trees, or at the ground
level (Bertolla et al., 2014; Sierra et al., 2016; Turrini et al., 2017)
showing that olive groves with weed cover had higher rates of soil
respiration. At the leaf scale, net CO, assimilation (Ajeaf) has been well
characterized in olive trees (Higgins et al., 1992; Proietti and Famiani,
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2002; Larbi et al., 2015; Bedbabis et al., 2017), but there are no studies
investigating the effect of the weed cover on the Aje4¢ of the olive trees.

In the context of the water balance in olive groves, it is known that
transpiration is the main process in olive groves when the soil is dry and
that evaporation is important only after rainfall events (Testi et al.,
2004). Since drier conditions are predicted in the Mediterranean (Mar-
iotti et al., 2015), evapotranspiration (ETec,) is expected to increase in
irrigated olive groves by an average of 8% by mid-century (Tanasijevic
et al., 2014) modifying the instantaneous water use efficiency (WUE:
ratio of carbon assimilation to transpiration), a key metric to evaluate
the functioning of the agroecosystem in response to different environ-
mental conditions (Boese et al., 2019). In this regard, the study of ETeco
and WUE in olive groves under different treatments is crucial. To date,
ETeco in olive groves has been directly quantified by applying water
balances (Palomo et al., 2002), models based on crop coefficient or on
stomatal conductance (Orgaz et al., 2006; Orgaz et al., 2007; Paco et al.,
2014), semi-empirical equations (Allen et al., 1998; Droogers, 2000),
sap flow measurements (Ayyoub et al., 2017), remote sensing data
(Aguirre-Garcia et al., 2021) or the EC technique (Testi et al., 2004;
Chebbi et al., 2018). However, the most promising techniques, such as
remote sensing or EC, estimate ET,., at the ecosystem level and must
model or quantify separately the contribution of each process and organ,
such as leaf transpiration (Eje,f). So far, of the many studies carried out in
olive groves, none have focused on studying the effect of weed cover on
Elear Or leaf-level WUE (WUEjeaf).

Although weed cover can lead to changes in carbon and water fluxes
at the ecosystem level, its effect at the crop leaf level is unknown. Since
in other Mediterranean crops, like vineyards, the interactions between
weeds and the crop depends on weed density (Novara et al., 2021), we
hypothesize that, under full weed development and with the same irri-
gation, the presence of weeds may modify leaf-scale fluxes in olive trees
by changing soil and air temperature and humidity, reflected radiation
and nutrients available to the olive tree. Therefore, the main objectives
of this study were to i) quantify the seasonal variation in CO, and water
vapor fluxes and WUE at leaf level in two irrigated olive groves, one with
weed cover (WC) in the alleys and the other weed free (WF), and
determine if weed cover alters these fluxes, and ii) analyse whether
there is different behaviour between treatments in gas exchanges at leaf
and ecosystem scales. To address these objectives, we analysed monthly
measurements of leaf-level and ecosystem fluxes in an olive grove in the
south of Spain through a year.

2. Material and methods
2.1. Site description

This study was carried out in an irrigated olive grove (Olea europaea
L.” Arbequina”) from “Cortijo Guadiana” (37°5445N; 3'1340W; 370 m.a.
s.1.), in Ubeda (Jaén, Spain) that belongs to the olive oil company Cas-
tillo de Canena, SL (Fig. 1). The climate is Mediterranean (Csa; Koppen
classification) with dry and warm summers. Mean annual temperature is
16 °C. Annual precipitation is 470 + 160 mm and potential evapo-
transpiration 1205 + 95 mm (n = 18; IFAPA, 2020). From April to
October trees were drip-irrigated three times a week at night with a total
contribution of 135 mm. Trees are on clay loam soil and were
ferti-irrigated with the addition of 25-40 g of NPK fertilizer per tree each
night. Tree height is ca. 4 m and age 85 years. The plantation frame is
12x12 m, which means a distribution of 69-70 trees / ha and 27% tree
ground cover.

In 2014, two homogeneous and flat parcels of the olive grove were
selected to apply different treatments: 1) weed free (WF), with
glyphosate-based herbicide applied in fall (September 2017) and winter
(February 2018) to prevent plant growth and 2) weed covered (WC),
with weeds growing naturally from autumn and eventually occupying
100% of the soil. In spring (June 10" and 11", 2018) weeds were me-
chanically mowed and kept on the soil until natural degradation. Leaf
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Eddy Covariance Tower
Leaf Scale Sampling

Weed Covered Olive Grove
Weed Free Olive Grove

Fig. 1. Location of olive grove, leaf scale sampling area and surface of each treatment of the experimental site: keeping of spontaneous weeds (weed covered; WC)
and removal of spontaneous weeds after herbicide application (weed free; WF). Points corresponds to the place where eddy covariance towers are established.

Area Index was measured in May 2019 using a portable canopy analyzer
(SunScan, Delta-T Devices, Cambridge, UK). An average of 10 mea-
surements were made on 15 different trees from each experimental site,
obtaining values of WF = 1.89 + 0.17 m? m~2 and WC = 1.82 + 0.13 m?
m~2 One campaign per month was carried out in 2018 measuring net
CO4 assimilation (Ajeaf) and transpiration (Ejeqf) at leaf level at each
treatment, except in November due to instrument failure. Simulta-
neously, at the ecosystem level, the EC tower provided continuous NEE
and ET.., measurements. Time series in two ecosystems were divided
into two periods: weed growth before mowing (January-May) and after
mowing (June-October). November and December were considered as a
transition time when weeds began to grow and proliferate. To highlight
the role of the weed cover, we also refer to these periods for the site
without cover although this ecosystem was always with bare soil.

2.2. Leaf-scale fluxes

Measurements of Ajear and Ejepr were made with a portable photo-
synthesis system (LI-6800, Li-Cor, Lincoln, NE, USA). In each campaign
and treatment, one leaf from each of 10 random olives trees around the
EC tower was selected to measure leaf-level gas exchange. Measure-
ments were made at 1.2 m above ground on developed young leaves
(soft green leaves at the end of the branch), facing south and + 2 h from
solar noon on cloudless days. In addition, humidity, light and temper-
ature conditions were controlled for both treatments. Relative humidity
was set to 60% to compensate for the loss of humidity of the boundary
layer of the leaf, CO, concentration was set at 400 ppm, and photo-
synthetically active radiation (PAR) to 1000 umol photons m~2s~! since
the average light saturation point for olive is 800-900 ymol m~2 s~}
(Sofo et al., 2009). Throughout the measurements, the temperature in-
side the chamber was programmed to remain constant for each
campaign with the value of the average temperature expected for that
day. Measurements were not taken until stabilization occurred: between
2 and 3 min for CO3 and 4-5 min for water vapor. Instantaneous water
use efficiency at leaf level was calculated as:

WUEIeaf = Aleaf/Eleaf (1)

Where Ajeqf is the net CO; assimilation rate per unit leaf area (umol CO2

m~2s7!) and Ejeqr is transpiration rate per unit leaf area (mmol HoO m?2
-1
s ).

2.3. Ecosystem fluxes

During the study period measurements of NEE and ETe, in the olive
grove were measured using EC technique. An EC tower was installed in
the centre of each ecosystem, 500 m away from each other to avoid
influence from the other treatment (Fig. 1). Instruments were placed 9.3
m high (5.3 m above canopy) to measure densities of CO, and water
vapor and wind speed at high frequency (10 Hz). Gas densities were
measured by an enclosed-path infrared gas analyser (IRGA, Li-Cor 7200;
Lincoln, NE, USA) while the wind speeds in the different vector com-
ponents were measured by a sonic anemometer (CSAT-3, Campbell
Scientific, Logan, UT, USA; hereafter CSI). For more details about EC
measurements, see Chamizo et al. (2017).

2.3.1. Flux data processing and quality control

Only data which coincided with the time interval of leaf-scale mea-
surement referring to + 1 day were analysed. The EddyPro software
(v7.0.6) was used to calculate half hourly NEE and ETe,. Spikes, trends,
dropouts and discontinuities in eddy covariance data (wind speeds and
gas concentration) at 10 Hz were filtered according to Vickers and
Mahrt (1997). The time lag between wind speeds and gas concentrations
was compensated using covariance maximization. Half hourly means,
variances and covariances were calculated applying Reynold’s decom-
position rules. Double rotation of coordinates and spectral corrections
for low frequency (Moncrieff et al., 2006) and high frequency (Fratini
et al., 2012) were also applied. Finally, the resulting fluxes were filtered
according to the quality control proposed by Mauder et al. (2013),
selecting qc = 0 or qc = 1 fluxes. Additional filters were applied to the
half hourly fluxes using the methodology described by Chamizo et al.
(2017), who also found similar energy balance closures in both
ecosystems.

2.3.2. Data coverage, missing data and partitioning

EC missing data due to unfavourable meteorological conditions,
failures in the instrumentation or quality controls accounted for 27%
data losses for measurement in the WF ecosystem (85 % of the data
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collected at the leaf level are accompanied by ecosystem data.). Unfor-
tunately, only 38% of leaf-level campaigns in the WC ecosystem are
accompanied with concurrent data from the tower. Empirical modelling
was used to replace missing data at the ecosystem scale. For the WF
ecosystem, only the April 2019 campaign had to be modelled, while for
the WC ecosystem, 4 of the 11 campaigns (January 2018, April, October
and January 2019) had to be modelled. On the continuous EC database,
we used the marginal distribution sampling technique (Reichstein et al.,
2005) based on the replacement of missing values using a time window
of several adjacent days. After replacing missing data, the
semi-empirical model of Reichstein et al. (2005) was applied to split NEE
into gross primary production (GPPe.,) and ecosystem respiration (Reco)-
This method extrapolates to the daytime periods an exponential function
of Reco With temperature using night-time data (assuming that GPPe, is
zero). Missing data replacement and partitioning were done using the
online tool REddyPro R Package (https://www.bgc-jena.mpg.de/bg
i/index.php/Services/REddyProcWeb). Finally, the ecosystem water
use efficiency (WUEg,) was calculated as:

WUE o = GPP e [ET o, (2)

where GPP,, is the gross primary production (umol CO; m~2 s™1) and
ETco is evapotranspiration (mmol H,0 m 2 s™1) of the ecosystem.

2.4. Environmental measurements

Complementary environmental measurements were carried out for
the two treatments. Temperature and relative humidity of air were
measured by a thermohygrometer (HC2S3, Rotronic, AG, Bassersdorf,
Switzerland) placed at 5 m height. Soil temperature (Ts,;) was measured
in the alleys with two thermocouples at 4 cm below the surface (TCAV,
CSI). Volumetric soil water content (6,) was measured in the alleys of
each treatment with two soil moisture probes installed at a depth of 10
cm in each treatment (CS616, CSI). Incoming and outgoing short-wave
and long-wave radiation components were measured by a 4-component
radiometer (CNR-4, Kipp and Zonen, Delft, Netherlands) installed at 7 m
high and 2 m away from the tower to obtain net radiation and albedo.
Incident and reflected PAR were also measured at 7 m using photodiodes
(quantum sensor; Li-190, Lincoln, NE, USA). Vapor pressure deficit
(VPD) was calculated with data provided by the thermohygrometer. The
meteorological data were measured every 30 s, averaged over 30 min,
and stored in a data logger (CR3000, CSI).

2.5. Nutrient and chlorophyll measurements

The nutrient content was measured in the soil and in the leaves of the
olive trees in the two treatments. For soil measurements 6 random
samples in the centre of alleys, each composed of 3 subsamples, were
taken from 15-25 cm depth in each ecosystem in October. Once dried
and ground, the soil organic carbon (SOC) content was measured by a
modified wet oxidation method (Mingorance et al., 2007) and deter-
mined with a spectrophotometer (Spectronic Helios Alpha 9423 UVA
1002E, Thermo Fisher Scientific, Waltham, MA, USA). For other nutri-
ents, samples were sent to a laboratory (CSR Laboratorio, Ubeda, Jaen).
Nitrogen was determined using Kjeldahl method, phosphorus was
determined by ultraviolet-visible spectroscopy and potassium, calcium,
magnesium and sodium were determined by atomic absorption spec-
troscopy. Also, one leaf per cardinal direction in 25 random olive trees
was collected from each ecosystem in January. Once dried and ground,
the sample was subdivided into 6 subsamples for subsequent analysis.
Nitrogen was determined by the Spectrophotometric Krom Method
(1980) and other elements were obtained by plasma emission spec-
trometry after digesting the solid samples with acid.

From July 2018 to December 2019, 14 apical leaves of different trees
from each treatment were collected monthly to measure the chlorophyll
content. Total chlorophyll (Chl) was extracted in methanol and
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centrifuged at 5000 x g for 5 min. Thereafter, the absorbance of the
supernatant was measured at 664, 648, and 470 nm. The chlorophyll a
(Chl a), chlorophyll b (Chl b), and carotenes were estimated by using the
equation of Lichtenthaler described in Wellburn (1994).

2.6. Statistical analysis

Statistical tests of two independent samples (t-student) were per-
formed on these subsets to identify significant differences in fluxes be-
tween treatments and periods. The Shapiro-Wilk test determined
normality of variables. To ensure normality, box-cox transformations
(Ajeat, WUEjeaf, Reco, GPPeco, WUEeq,) and transformations based on
logarithms and square roots (Ejeaf, ETeco, Tair, VPD, 6y) were applied.
After that, homoscedasticity was evaluated before running the t-tests.

Due to the small sample size, non-parametric Mann-Whitney tests
were used to compare nutritional status between treatments (n = 6) and
the averages fluxes in each individual campaign (n = 10 and n = 9 for
leaf and ecosystem fluxes). The graphs and statistical analyses were
carried out using the software Matlab (version R2020a).

3. Results
3.1. Meteorological conditions and macronutrients

Meteorological variables showed large seasonal variation in the olive
grove (Fig. 2). Winter months (January-February) presented the lowest
daily values of air temperatures (7 & 3°C), PAR (228 + 99 umol photons
m 2571, minimum < 40 pmol photons m 2 s~ ! on cloudy days) and VPD
(3 £ 1 hPa). The annual precipitation was 536 mm with precipitation
events mainly in autumn and especially in spring when numerous epi-
sodes of rain were quantified with up to 6 events of more than 20 mm
day~!, with maximum of 35 mm day . On average the albedo of the WC
ecosystem was 23% higher (t-test; p < 0.001) than that of WF. Albedo
ranged between 0.13 and 0.15 for the weed-free olive ecosystem while
with weed cover the albedo was more fluctuating with values between
0.12 and 0.21 (Fig. 2b). Only several weeks before mowing did albedos
become similar. After the harvest the differences were established again.
The reflected PAR in WF was 60% greater than in WC during weed
growth, while it was only 25% greater after weed mowing.

In July-August, high average daily air temperatures (27 + 2°C)
coincided with the absence of precipitation, high average daily PAR
(635 =+ 80 ymol photons m~2 51, reaching 2080 pmol of photons m 2
s! at solar noon) and high daily VPD (24 =+ 5 hPa), typical of the
Mediterranean summer. For the weed-covered olive ecosystem, this dry
and warm period coincided with the mowed period. Significant differ-
ences in soil temperatures and VPD between treatments were observed
during this period (t-test; p < 0.001). On average, soil temperatures and
VPD were 5°C and 2 hPa lower in the olives with mowed weeds versus
the olive ecosystem with bare soil.

Additionally, the two treatments presented differences in field ca-
pacity (WC = 46.7 + 0.9 %; WF = 30.1 + 3.5 %) and in soil and leaf
nutritional status (Table 1). The soil of the weed-covered ecosystem had
higher nitrogen, potassium, calcium, magnesium and calcium, with an
82% exchangeable cation content. There was an excess of K and Mg in
the weed-covered soil. In addition, the organic carbon content in this
soil was 68% higher. Although the values of macronutrients were higher
in the leaves of the weed-free ecosystem, no significant differences were
detected between treatments in the foliar analysis. However, there were
differences in some micronutrients. Lower concentrations of zinc and
higher concentrations of boron and molybdenum were found in the
leaves of the WF ecosystem. Finally, no differences were detected in the
concentrations of chlorophyll a (Cla a,. = 0.065 = 0.029 mg g~ }; Cla
awf = 0.067 £+ 0.027 mg g_l), chlorophyll b (Cla by, = 0.040 £+ 0.007
mg g~ }; Cla by, = 0.040 + 0.007 mg g~ 1) and carotenes (Carotenesy =
41.5 + 12.2 mg g’l; Carotenesy. = 40.4 + 13.3 mg g’l).
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Fig. 2. Daily averages for each experimental ecosystem (weed cover (WC) and weed free (WF)) of (a) air temperature, soil temperatures in the weed covered and
weed free soil and cumulative daily precipitation (PPT); (b) albedo; (c) incident photosynthetic active radiation (PAR) and vapor pressure deficit (VPD). Since no
differences between ecosystems were observed for air temperature and PAR, only the data for WF were shown for clarity. Vertical dashed lines indicate leaf gas
exchange measurement campaigns. Arrows indicate the moment when weeds were mowed (left) and the period in which the weeds were already consolidated and

growing (right) in the WC ecosystem.

Table 1

Summary of chemical parameters in soils and leaves for both treatments.
Soil N (g/kg) P (mg/kg) K (mg/kg) Ca (mg/kg) Mg (mg/kg) S Na (mg/kg) SOC (%)
Weed Free 0.7 £ 0.1%* 6.0 £1.7 210 £+ 10** 3.1 +£ 0.4** 340 + 60** - 69 £ 7** 0.6 £ 0.1**1.0 £ 0.2
Weed Covered 0.9+0.1 83 +4.1 450 + 50 5.2+0.2 750 £ 30 - 136 £ 11
Macronutrients in leaves N (g/kg) P (g/kg) K (g/k®) Ca (g/kg) Mg (g/kg) S (g/kg) - -
Weed Free 17.1 £3.3 1.43 £ 0.05 7.3+09 216 +1.4 2.36 £ 0.12 1.99 + 0.06 - -
Weed Covered 153+ 1.7 1.38 £ 0.05 7.1+04 21.3+0.5 2.19+0.16 2.00 = 0.09 - -
Micronutrients in leaves Fe (mg/kg) Cu (mg/kg) Zn (mg/kg) B (mg/kg) Mn (mg/kg) Mo (mg/kg) Na (mg/kg)
Weed Free 250 + 40 190 + 40 29.8 £3.7 42 4 11** 84.5+ 29 0.33 = 0.09 76 £ 10
Weed Covered 320 + 80 230 + 20 40.0 = 3.8 27 £2 81.2+09.1 0.21 = 0.05 90 £ 15

Note. Soil Organic Carbon (SOC) and carbon. Weights (g/ kg) are per kilogram of dry weight. Stars indicate significant difference between treatments (Mann Whitney test)

*p<0.05n=6
**p < 0.0l;n=6

3.2. Carbon dioxide and water vapor fluxes

3.2.1. Leaf level

During the entire study period, Ajear was significantly different be-
tween treatments (t-test; p < 0.001; n = 110). In the WF olive ecosystem,
Ajeas was 24% higher than in the WC ecosystem with mean values of
Aleat.wr = 9.3 £ 4.4 pmol CO; m ™2 571, and Ajeapwe = 7.5 + 4.8 pmol
CO, m 251, Mean values of Ejeaf and WUEe4¢ for the whole period were
Ejeat.wr = 1.2 + 1.1 mmol HyO m ™2 s7}; Ejear.wc = 1.0 £ 0.9 mmol H,0
m~2 57! (20% higher in WF ecosystem; t-test; p = 0.791; n = 110) and
WUE]ear Wwas16% higher in WF ecosystem;(t-test; p = 0.051; n = 110).

Regarding temporal variability, we observed seasonal variations
with asynchronous patterns between photosynthesis and WUEje4¢
throughout the year (Fig. 3). Specifically, we observed higher values of
Aleas and Ejeor and low values of WUEje,¢ on high VPD days and low
values of Ajear and Ejear and higher values of WUE|e,f on low VPD days.
Ajear.wr data ranged between a minimum of 5.0 pmol CO, m2slin
February and a maximum of 17.0 pmol CO, m~2 s~ in October (Fig. 3a).
On the other hand, Ajear.wc ranged between a minimum of 3.2 pmol COy
m~2 57! in January and 15.8 pmol CO; m~2 s~! also in October. April
was the month that, on average, had the most fluctuating values, with
standard deviation of 5.1 pmol CO4 m~2 s7! while March had the least,

with a standard deviation of 2.1 pmol CO, m~2 s~ L. Significant differ-
ences between treatments on Aj,s were found for winter and spring
campaigns (Mann-Whitney test; p < 0.001; n = 10). These differences
were found when weeds were present and persisted into June (7 days
after mowing), but not through the summer.

Transpiration differed significantly (Mann-Whitney test; p < 0.001;
n = 10) between treatments for January, June and October with more
transpiration in the leaves of weed-free olive ecosystem (Fig. 3b). In fact,
Eleat.wr reached a maximum of 3.4 + 0.9 mmol H,O m~2s~!in October,
exceeding the maximum in the WC ecosystem (Ejearwc = 2.4 £ 0.9
mmol HyO m~2 s71) in the same month. Double and triple values of
WUE],f were observed in winter in comparison with the annual average
(Fig. 3c). However, variations in WUEe,s were lower in the leaves of the
WC olive ecosystem (WUEjeae.we = [5.6 — 28.0] umol CO, mmol ! H,0)
than in WF (WUEjeatwr = [4.9 — 31.6] pmol CO» mmol~! H,0). For
March and April WUEjeat.wr > WUEearwe While for July, August and
October WUE|eatwr < WUEearwe (Mann-Whitney test; p < 0.001; n =
10).

3.2.2. Ecosystem level
During the study period, GPPe,, and ET., were significantly
different between treatments (t-test; p < 0.001; n = 99; values at the
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same time of day when leaf data were taken). GPPe, for the weed-free
olive ecosystem was 32% lower than in the WC ecosystem with values of
GPPecowr = 8.2 + 2.3 pmol COy m ™2 571 and GPPecowe = 12.12 + 4.5
pmol CO2 m sl Similarly, ETeco.wr = 2.2 &+ 1.1 mmol HyO m2s7!
was 22% lower than ETe, in WC ecosystem, which had ETeco-wc = 2.8 £+
1.1 mmol H,0 m~2 s~!. However, no significant differences were
observed in WUEec,.

Ecosystem fluxes are strongly seasonal with high values of GPPgc,
and ETe¢, in spring, low values of GPP., and WUE., in summer and
high values of WUEg, on cold days (Fig. 4). Also, this variability in
carbon and water fluxes is more pronounced for the WC than the WF
ecosystem. As the herbaceous plants grew, the differences in GPP,., and
ETeco between treatments were accentuated (Fig. 4a and b). GPPeco.wr
ranged between 5.8 pmol CO, m~2 s~ in July and 11.6 pmol CO, m ™2
s lin April. On the other hand, GPPe¢,-w¢ ranged between 5.4 pmol CO2
m~2s! in June and 18.3 pmol COy m~2s7! in March. ETeco-wr ranged
between 0.8 and 3.6 mmol H0 m 2 s in December and June
respectively while for ETeco-wc ranged between 1.6 and 4.4 mmol H,0
m~2 s~ in August and May respectively. Higher values of WUEec, were
observed during winter compared to the annual average for both
treatments (Fig. 4c). WUEeco.wr ranged between 2.4 and 11.2 pmol CO4
mmol ! H50 in June-July and December while WUE.,w¢ between 2.0
and 7.1 pymol CO, mmol ! H,0. Significant differences between treat-
ments were found in 9, 7 and 4 out of 11 campaigns for GPPeco, ETeco and
WUE,, respectively (Mann-Whitney test; p < 0.001; n = 9).

3.3. Weed effects on olive leaf fluxes

With the database split between weed growing and mowed periods

we can see that observed differences between treatments on Aje,r are
produced when weeds were growing (Fig. 5a). Ajear.wc is 33% lower
than Ajearwr (t-test; p <0.001; n=60) during weed growth (Ajearwe =
5.1 = 3.1 pmol COy m 2 5™ Y Ajearwr = 7.6 + 3.7 pmol CO, m 257 1) and
it is similar after mowing. At the same time, gross primary production
(GPP¢c,) by the WF olive ecosystem was 39% lower than GPPeco-wc
when weeds were growing but after mowing GPP., was similar in both
ecosystems (Fig. 5d).

Similarly, WC ETe., was 43% more than WF during weed growth
only (Fig. 5e) (t-test; p <0.001; n=54). Unlike carbon fluxes, Ejc,r was
similar for both treatments during this period (Fig. 5b). After mowing,
there was a significant difference in the water fluxes at the leaf level
(Eleatwe = 1.8 £ 0.8 mmol HyO0 m™2 s™! and Ejeat.wr = 2.4 = 1 mmol
H,0 m~2 s71) but not at the ecosystem level. Finally, although no dif-
ferences were observed between periods at the ecosystem scale in WUE,
significant differences were observed at the leaf level (Fig. 5c and f),
with more WUE in the leaves without weed cover during the period
before mowing (WUEjearwe = 9.8 £ 4.8 umol CO, mmol~! Hy0 and
WUE earwr = 12.6 + 4.2 ymol CO4 mmol~! H,0) and more WUE in the
leaves with weed cover in the mowed period WUEje s we = 6.7 + 1.2
pmol CO, mmol ™! Hy0 and WUEjeat.wr = 5.5 + 0.8 pmol CO, mmol ™!
H0).

4. Discussion
4.1. Carbon fluxes

Higher SOCs were found in the alleys of the WC olive ecosystem
(Table 1) supporting the higher uptake of CO2 in the WC ecosystem



S. Aranda-Barranco et al.

N N
o [¢)]
T T

CcO
2 1
O, m*s™)
o
T

GPP
o o
T T

o
H

Agricultural and Forest Meteorology 329 (2023) 109266

--F- Weed Free
—I—Weed Cover

o]

C
om2s™ ) (pmol C

ET
e
2

-
(umol CO2 mmol H20 ) (mmol H

Jul Aug Sep Oct Nov Dec

Jan19
Date

Fig. 4. Average and standard deviation of ecosystem carbon and water fluxes for the two experimental sites at the same moment when leaf data were taken. (a) gross
primary production (GPPe,), (b) evapotranspiration (ETe,) and (c) ecosystem water use efficiency (WUE,.,). Dashed (weed free) and continuous (weed cover) lines

were interpolated values using a piecewise cubic polynomial. Modelled data are represented with an “x”

. Asterisks indicate significant difference between treatments

(Mann-Whitney test; p < 0.001; n = 9). Vertical dashed lines indicate the moment when weeds were mowed (left) and the period in which the weeds were already
consolidated and growing (right) in the WC ecosystem. The standard deviation represents the variability in ecosystem behaviour due to varying environmental

conditions since is higher than erratic nature of eddy fluxes.

found in previous studies. In fact, during the weed growth period GPP,
(at the same moment when leaf data were taken) was 65% higher in WC
than in WF. However, in this study we show that these differences in
carbon assimilation at the ecosystem level correspond not only to an
increase in carbon removal by weeds but also a decrease in carbon
sequestration by the main crop. The olive leaves of WC assimilated 33%
less CO, than those of WF when weeds were established, which can be
detrimental to crop growth. In other studies that compare olive groves
with and without cover weed (Chamizo et al., 2017), equal carbon
assimilation in olive trees has been assumed. However, in a study we
show that the photosynthetic capacity of olive trees is affected by weeds
revealing the importance of studying fluxes in the various components of
orchards.

Seasonal trends in leaf-scale carbon fluxes were similar for both
ecosystems (Fig. 3a), while at ecosystem scale these patterns were more
accentuated in the WC ecosystem (Fig. 4a), corroborating the great in-
fluence of the weeds on carbon sequestration. Chamizo et al. (2017)
showed that the weed growth coincides not only with high rates of
carbon sequestration by the ecosystem but also with the highest soil CO5
efflux. In fact, in our study net CO, uptake was 42% higher respectively
in WC than in WF while GPP was 65% higher. These differences are due
to a greater increase in COy uptake induced by weed cover with respect
to a slight increase in soil respiration. Although trunks and branches
contribute a small fraction of olive tree respiration, leaves are the main
contributors to above-ground plant respiration (Pérez-Priego et al.,
2014) and the autotrophic respiration of trees at the leaf and ground
level could also change with the establishment of the weed cover.
Nonetheless we can deduce that herbaceous plants contribute

substantially to the respiration of the whole agroecosystem, but this
carbon emission does not even represent ~1/3 of the carbon that is
assimilated by weeds. Therefore, although continuous monitoring of soil
or subcanopy CO; fluxes under the two treatments could help to quan-
tify the role of weed cover in NEE or GPP.,, we can say that weeds
enhanced olive groves as carbon sinks despite the olive trees seques-
tering less carbon and the soil emitting more CO».

One of the most remarkable results of this study was that Aje,r was
not different between treatments after mowing. This fact is supported by
similar values of GPP¢, in both treatments after mowing (when all the
carbon assimilation comes from the olive trees). In contrast, net CO5
uptake was 20% lower in WC after mowing, due to increased soil
respiration (as the weed roots have died and are mineralized) and the
decomposition of the surface weed biomass. However, it took weeks for
Ajeas to progressively equalize across treatments and, according to
Fig. 3a we can say that differences in Ajea¢ persisted beyond 10 days after
mowing (June), which could have repercussions for fruit growth. In
June the fruit begins to develop, so if the olive tree is assimilating less
carbon it could translate to less yield. Similarly, the return to differences
in Ajear between treatments is manifested in the last winter season
(January) approximately 10 weeks after weeds started growing in WC
(the moment when GPPeco.wc >> GPPeco.wr) Which seems to indicate
that the presence of weeds only modifies Aje,r from a certain stage of
herbaceous plant growth. This may have repercussions for the man-
agement of the olive grove: on the one hand, sooner mowing could allow
olive leaves to recover from the effects of competition with weeds, which
could imply improvements in crop yield. On the other hand, maximizing
the period in which there is no differences in Aje,¢ (no effect on the crop)



S. Aranda-Barranco et al.

= () B
'w 20T | |
by 3 |
w £ 15 ,
E ON | p <001
10F |
Tl Mg |
o ' |
E St : 1
= 4 ; .
- ot
Before Mowing After Mowing
—~ O6F
ST
n 5 e
o |
£ 4F p<0.05

leaf
(%)

-
= |
3

(mmol H,0
NS}

; - H
i ! .
- g :
-
. o

(=]

Before Mowing After Mowing
. 25¢ 7
o ()
N | p<0.05
I 20¢ |
= © H e
E £ 15F WF i
w £
0.001
2 g = et
© 5l S == g
| L wC
g s WF
3 0t
~ Before Mowing After Mowing

Agricultural and Forest Meteorology 329 (2023) 109266

o )
'w 207 p<0.001
q T
8 E I5p 1
@
2" o =
?5 8 10 . 1 T e
5 0 == 2
£ 5 WE
1 —_
- ot
Before Mowing After Mowing
- 6Ff e
- (e) !
'w 5t Pp<0.001 !
o I
o E 4]
3 3t o RE
e =
5 2/ i ‘
E |l o4 i
E ! !
~ ol .
Before Mowing After Mowing
P f
ON 10 (f)
I
oo 8 -
3 £ —
w g 67 WF ! —
2 o~ |
R o
S
W e
E o '

Before Mowing After Mowing

Fig. 5. Box-plots of carbon and water fluxes for periods before (January- May) and after weed mowing (June-October) in the two experimental sites. (a—c) leaf-scale
values of (a) net CO, assimilation rate (Ajeaf), (b) transpiration (Ejeaf), and (c) water use efficiency (WUEeas); and (d-f) ecosystem-scale values of (d) gross primary
production (GPPe,), () evapotranspiration (ET..,) and (f) water use efficiency (WUE,.,). WF: weed free ecosystem. WC: weed cover ecosystem. Whiskers are + 2.7c.
Significant differences are represented by corresponding p value. The notch ends correspond to qz - 1.57 (q3 - q1) / sqrt (n) and q2 + 1.57 (q3 - Q1) / sqrt (n). Where q5

is the median, q; and qs are the 25th percentiles and 75, respectively.

but there is more GPP,, may be a suitable approach to find a balance
between agronomic and ecological benefits. Although studies that
quantify Ajear throughout the whole year are scarce, we found that the
range of average values in each campaign [3-17pmol CO; m~2 s71] is
similar to another irrigated olive grove where similar methodologies
were applied throughout a year (Bedbabis et al., 2017). In our olive
grove, both treatments showed similar temporal patterns over the year.
Increased Ajeof Was observed during the spring months (from March to
May), followed by a sharp decline at the beginning of summer (June), a
progressive increase until mid-autumn (maximum in October), and a
decrease again during the winter months (December-January, Fig. 3).
This temporal pattern is also described in sub-annual-scale studies for
both irrigated (Proietti and Famiani, 2002) and non-irrigated (Moriana
et al., 2002; Hagidimitriou and Pontikis, 2005; Proietti et al., 2012) olive
groves. Hydraulic stress on stomata due to high VPD and low soil water
content could be the factors which cause the low values of Ajesf in
summer. High values of Ajeaf in October (15-17 pmol COy m 25 Y have
been observed in other studies (Moriana et al., 2002; Villalobos et al.,
2012; Lopez-Bernal et al., 2015) and may be presumably due to the
better ambient conditions (VPD = 1.2 kPa; Ty = 23°C;) in addition to
the availability of water in the alleys due to precipitation.

However, the comparison between different studies is only reliable
with the same temporal methodology. The patterns described could be
affected by differences in the time of day or the year in which data were
collected. The leaf fluxes in olive trees have an asymmetric daily pattern
in the summer. In the warmer months, the maximum photosynthetic
rates in olive groves are always reached before noon (Angelopoulos
et al., 1996; Moriana et al., 2002; Testi et al. 2008) since VPD is lower in
the morning, the stomatal conductance is higher and consequently so
too are WUEje,r and Ajeat. On the other hand, the olive tree is an alternate
fruit-bearing species, and it is characterized by its ability to alternate

years of high and low yields. For instance, Bedbabis et al. (2017)
detected a greater decline in Aje,¢in June in a high fruit load year than in
a low fruit load. This reduction in assimilation seems to coincide with
the phase of suspension of fruit growth and pit hardening (Rapoport
et al., 2013). Another point to consider is the within-tree variability of
leaf-scale fluxes because of the leaves being exposed to very different
light intensities within the canopy. For example, assimilation rates have
been observed to decrease significantly and progressively from the
highest parts of the tree to the lowest (Larbi et al., 2015) or to vary with
leaf age (Hagidimitriou and Pontikis, 2005; Proietti et al., 2012). Also,
shaded leaves and unshaded leaves have different rates of photosyn-
thesis in the olive tree even applying light saturation (Gregoriu et al.,
2007; Sofo et al., 2009). In order to compare between treatments, the
orientation and the measurement height were kept constant in this
study, but there may be other variables that influence gas exchanges that
are not being considered, such as leaf angle or age.

4.2. Water vapor fluxes and water use efficiency

Differences in Ej;f between treatments were manifested only in
summer and after mowing. Since the field capacity was higher in the WC
ecosystem and the olive trees received the same irrigation in both
treatments, higher transpiration in summer would be expected due to
more water available to the olive tree. However, we found 25% less olive
transpiration in WC treatment with a mowed layer of weeds. Mowed
weeds reduced soil temperature and VPD, conditions that may reduce
the need for transpiration for cooling even if there is more water
available to transpire. Regarding ET.., after mowing; although the al-
leys are dry and ET,, is mainly due to Ejeaf by the olive trees (Testi et al.,
2004), no clear significant differences were shown between treatments
(Fig. 4b). Because the alleys are dry after mowing, irrigation (same
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amount and frequency in both treatments) is still provided in this period,
so soil evaporation could be affecting the differences in ETe., between an
ecosystem with mowed weed and one with bare soil. The evaporative
fraction has not been determined but it could also change between
treatments due to a reduction by a layer of mowed weeds. Daily averages
in ETeco showed that only during the 15 days after mowing there were
decreases in the ETe., of the WC with respect to the WF ecosystem (data
not shown). Therefore, we can cautiously affirm that Eje,¢ of the olive
trees decreased with weed mowing, but we cannot affirm that ETec,
decreased (if ETec, was lower in the ecosystem with mowed weed no
significant differences were detected). On the other hand, during the
growing period no differences were observed in transpiration of the
olive trees (Fig. 3b), but there were notable differences in ET¢., between
treatments (Fig. 4b). Since more than 95% of the ET in developed weeds
corresponds to transpiration (Rothfuss et al., 2010) we can infer that the
transpiration of the herbaceous plants is causing the difference in ETeco
between treatments.

There are few studies that quantify the seasonal variability of Ejeu¢
and WUEj,¢ by direct measurement with a portable gas analyser in an
olive grove. Water vapor fluxes were measured normally in olive groves
with other techniques such as: sap flow sensors (Lopez-Bernal et al.,
2015; Ayyoub et al.,, 2017), chambers (Villalobos et al., 2012) or
semi-empirical models (Yunusa et al., 2008; Torres-Ruiz et al., 2012). In
our study we can see that the irrigated period [DOY ~ 116, DOY ~ 298],
coincides with higher rates of Eje,r, with maxima in October (Fig. 3b)
which coincided with the maximum values of Aje,r. In other studies, by
contrast, transpiration increased over the course of the summer (Proietti
et al., 2012; Villalobos et al., 2012), but the peak in transpiration was
detected in August when there were higher temperatures (and VPD) and
not in October. The maximum in transpiration in the middle of summer
was also found by Yunusa et al. (2008). Lopez-Bernal et al. (2015) found
that tree-scale transpiration (from sap flow measurements) even
decreased in two of their three years of study over the course of the
summer. October data were taken at a time after some rains after which
irrigation continued. It could be that the Ejey¢ is more variable and de-
pends on the amount and management of the irrigation applied, as well
as the meteorological conditions of the year.

Although Ejes¢ increased in the irrigation period (from April to
October), WUE|¢,r was the lowest during this period in both treatments.
On the contrary, WUE|.,s was greatest during colder months when VPD
was minimum (January, February and December). A sharp increase was
observed in late autumn - early winter. Such changes were detected in
our study both at the leaf and ecosystem scales (Figs. 3c and 4c) and
have also been observed in olive groves (Testi et al., 2008; Villalobos
et al., 2012). Although the changes in WUE¢,s were dependent on VPD
(Table 3), the high values found in winter (VPD < 5 hPa) must be related
to variables that are not meteorological (Testi et al., 2006). In such a
way, an approach based on studying the phenological moments in olive
trees could be more appropriate to study unusual WUE values.

4.3. Effect of weed cover on olive leaf fluxes

A lower carbon assimilation in the leaves only when the weed cover
is developed suggest an effect of weeds on olive-tree behaviour. After
mowing, Ajear Showed no difference between treatments and WUEe4¢
was higher in WC ecosystem. These facts show a competition between
the weed cover and the tree. In other Mediterranean crops, like grape-
vines, weed presence causes a conspicuous reduction in Ajeys (Pou et al.,
2011). With the data obtained in this study, it is difficult to evaluate the
resource for which competition is taking place. However, the presence of
weed can change some parameters in the environment which in turn
affect carbon fluxes from the leaf.

The results of Fig. 2 reaffirmed that the presence of weed cover
reduced soil temperature fluctuations as with laboratory results
regarding mulching (Montenegro et al., 2013). Differences were detec-
ted not only in the soil variables but also in the atmosphere, especially in
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the VPD, reflecting different meteorological states between treatments.
The weed cover had the potential to reduce the VPD of the environment
in summer (Fig. 1a). It has long been known that VPD is a fundamental
variable on which gas exchanges depend since olive trees can close their
stomata in high VPD to avoid excessive loss of water (Fernandez et al.,
1999). Since VPD was lower in the WC ecosystem, especially with a layer
of mowed weed, the presence of weed cover may have increased the
efficiency in the use of water by olive trees. In fact, the small difference
in VPD after mowing are consistent with significantly high WUE}e,¢ in
the WC ecosystem after mowing.

Additionally, other meteorological variables could influence Ajey¢
and Ejear. Weed cover and residues can increase albedo and thus indi-
rectly increase carbon assimilation (Carrer et al., 2018) by an increase in
diffuse radiation reflected from the ground and received on the under-
side of olive leaves. In our study, the albedo was 23% higher in the WC
when weeds were present (17% on sampling days), while Aje,¢ was lower
compared to WF. On the other hand, the reflected PAR in WF was 60%
greater than in WC when weeds were present, but only 25% greater after
weeds were mowed. Therefore, wavelengths outside the PAR must be
energetically dominant in determining the difference in albedo. This
increase in reflected PAR could also have contributed to the differences
in the assimilation of the olive tree. Bare soil reflects longer PAR
wavelengths than weeds to the lower canopy of olive trees, which in turn
could be related to differences in Ajear with height (Larbi et al., 2015).
This promotes more assimilation by weed-free olives.

Although differences in SOC could mean higher water storage as
shown by field capacity, differences in SOC could not explain differences
in leaf-level fluxes since once mowed the fluxes equalized in both eco-
systems but SOC remained the same. In addition, the chemical quality of
the soils in the WC olive ecosystem was better in general, but higher
amounts of macronutrients in soil were not reflected in the leaf nutrients
of this ecosystem (Table 1). In our study we observed that the treatment
with less macronutrients in soil was the treatment with more macro-
nutrients in the leaves, while the nutrient input (via ferti-irrigation) was
the same in both treatments. Also, the fertilization method was done by
irrigation at the tree base, while the olive roots can extend underground
for several meters horizontally. The tree and herbaceous plants compete
for soil nutrients beyond the irrigation bulb. This fact supports the idea
that the neighbouring herbaceous plants could assimilate the nutrients
that are finally partially integrated into the soil instead of being assim-
ilated by the crop.

Another likely competitive factor is water. With the abundance of
light, the availability of water tends to stand out as the main limiting
factor for photosynthesis in Mediterranean environments. As suggested
by the higher evapotranspiration in the WC ecosystem when weeds were
growing, the need for water was greater in the presence of herbaceous
plants. Since the amount of irrigation was the same in both treatments,
this could reflect a water deficit for olives in the WC ecosystem.
Nevertheless, notice that transpiration in olive leaves was the same in
both treatments when weeds were present. This seems not to reflect
competition for water. Soil water content under canopy would be a good
indicator to observe the availability of water for the olive tree. Unfor-
tunately, our soil water content sensors were in the alleys and not at the
base of the tree. Therefore, more study is needed to monitor the hydric
status of the leaves and the soil to help us clarify whether the difference
in fluxes is linked to water availability.

Additionally, the presence of weeds was manifested in the olive
yield. In January 2019, the olives from 100 olive trees were harvested in
each treatment and weighed by means of a bascule. A 31% difference
was observed between treatments, with 90.0 kg per olive tree in the WF
ecosystem and 62.4 kg per olive tree in the WC ecosystem. This differ-
ence in production was also detected in other weed-covered olive groves
managed with Sheep-walk (Ferreira et al., 2013). These yield results
could fuel the debate regarding the best time to mow. Mowing coincides
with the fruiting period and advancing it could improve carbon assim-
ilation with less water use, which might reduce the differences in yield.
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5. Conclusions

Although the presence of spontaneous weed-cover increased the
gross primary production (GPPe,) of the olive ecosystem, weed growth
reduced the net assimilation of the olive leaves (Ajear). Hence, the in-
crease in olive ecosystem carbon uptake was not only linked to the in-
crease in the carbon sequestration of the weed cover but also to a
decrease in the carbon sequestration of the olive trees. Also, after
mowing, Ajear was similar for both treatments (WC and WF ecosystems)
supporting the temporary nature of weed influence on olive trees fluxes.
Weed growth did not affect olive leaf transpiration (Ejeqf). Nevertheless,
a layer of mowed weeds decreased Ejeyf, soil temperature and vapor
pressure deficit in the leaves of WC ecosystem compared to WEF.
Therefore, weeds changed the environmental conditions towards those
that decrease water losses, reducing seasonal fluctuations in water use
efficiency.

Our results show that carbon sequestration at ecosystem level in-
creases rapidly when weeds appear, whereas deceases in crop assimi-
lation do not appear until several months afterwards. Therefore,
controlling weed growth could improve the balance between erosion
control, carbon sequestration and crop yield. Finally, taking into ac-
count that, (1) at the time of mowing WC had lost its ability to sequester
more carbon and (2) similar values of Aje,r Wwere measured only several
weeks after mowing, we suggest advancing the mowing to achieve the
following advantages: (i) To allow recuperation of Ajear.w at the time of
fruiting to reduce differences in yield (ii) To reduce the transpiration of
the weed-covered olive ecosystem in the warmer months and (iii) To
increase the summer WUE,,, essential in a context of climate change.
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