Agriculture, Ecosystems and Environment 332 (2022) 107915

Contents lists available at ScienceDirect Ariclire
Ecosystems &
Environment

3

Agriculture, Ecosystems and Environment

journal homepage: www.elsevier.com/locate/agee

ELSEVIER

Check for

Reduced plant water use can explain higher soil moisture in organic e
compared to conventional farming systems

Marie-Louise Schirer ", Lars Dietrich ?, Dominika Kundel ¢ Paul Mader “, Ansgar Kahmen *

2 Department of Environmental Sciences — Botany, University of Basel, Schonbeinstrasse 6, CH-4057 Basel, Switzerland
® Max Planck Institute of Animal Behavior, 78315 Radolfzell, Germany

¢ Ecology, Department of Biology, University of Konstanz, 78464 Konstanz, Germany

4 Department of Soil Sciences, Research Institute of Organic Agriculture (FiBL), 5070 Frick, Switzerland

ARTICLE INFO ABSTRACT

Keywords: Conventional high-input farming systems in Europe are often regarded as unsustainable with severe environ-
Organic farming mental impacts on biodiversity, soils, water and climate. Low-input farming approaches, such as organic farming,
DOK trial

have been proposed to reduce environmental impacts while further improving soil properties such as soil organic
matter content and aggregate stability. Whether these changes also influence ecohydrological properties and
improve the water relations of organically grown crops remains unclear. In this study we assessed the long-term
effects of conventional and organic farming systems on the water relations of soils and crops in the “DOK” (bio-
Dynamic, bio-Organic & ‘Konventionell’ = conventional) trial. In particular, we tested if organic and conven-
tional farming lead to marked differences in soil moisture, soil water evaporation, as well as root water uptake
depth and stomatal conductance of winter wheat and soybean during the growing seasons 2017 and 2018. Stable
isotope analyses and ecophysiological measurements revealed that organic compared to conventional farming
did not affect soil water evaporation or root water uptake depths. Instead, we found higher soil moisture in the
rooting zone and reduced stomatal conductance (gy) in organically grown wheat. Treatment effects on soil
moisture and g; of soybean were smaller but showed similar tendencies as observed in wheat. Also, leaf area, and
grain and straw yield of wheat decreased under organic farming while yields of soybean were not affected by the
treatments. Based on our data we suggest that reduced plant water use observed under organically managed
farming lead to the observed higher soil moisture in organically compared to conventionally managed farming
systems in the DOK trial. These results suggest advantages of organic farming regarding agronomic water use as
well as for the resistance of farming systems to current or future drought scenarios.

Soil moisture

Stomatal conductance
Soil water evaporation
Root water uptake depth
Water use

1. Introduction

Agricultural practices are often accompanied by a range of envi-
ronmental costs including soil degradation, freshwater contamination,
eutrophication, and biodiversity and habitat loss (McLaughlin and
Mineau, 1995; Pimentel et al., 1995; Bennett et al.,, 2001; Pimentel,
2005; Gomiero et al., 2011). Organic agriculture has been suggested as a
more sustainable alternative with lower environmental costs than con-
ventional high-input agriculture (Dimitri and Greene, 2002; Vogt,
2007). Organic agriculture combines traditional farming methods such
as natural pest management, rotating crops, and organic fertiliser
application with modern technologies including biological control and
reduced tillage (Cooper et al., 2016; Reganold and Wachter, 2016;
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Peigné et al., 2016). Today’s share of organic to total farmland is 1%
globally, 7% in the EU, and 14% in Switzerland (Eurostat, 2019; Willer
and Lernoud, 2019).

Several long-term studies compared conventional and organic agri-
cultural practices regarding yield and environmental impact (e.g.
Drinkwater et al., 1998; Pimentel et al., 2005; Spargo et al., 2011;
Forster et al., 2013; Cates et al., 2016). These studies revealed yield
differences between organic and conventional agriculture that range
from 5% to 35% less yield in organic agriculture, depending on the crop
type and agroecological condition (Seufert et al., 2012). At the same
time, there is ample scientific evidence that organic agriculture im-
proves soil quality and soil fertility, conserves biodiversity, increases
energy and production efficiency, and reduces environmental pollution
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compared to conventional agriculture (Mader et al., 2000; Reganold
et al., 2001; Mader et al., 2002; Bengtsson et al., 2005; Hole et al., 2005;
FlieBbach et al., 2007; Forster et al., 2013; Wheeler et al., 2015; Rega-
nold and Wachter, 2016; Di Prima et al., 2018).

To date, only a few studies have compared the impacts of organic
versus conventional agriculture on the water relations of crops and/or
entire cropping systems. This is surprising, given the importance of
water for crop production and the fact that agriculture is the largest
consumer of freshwater, leading industry and domestic use (WWAP,
2019). The previously shown impact of organic agriculture on soil
properties implies that organic agriculture could also improve
ecosystem water relations. Organically managed soils have, for example,
a greater soil organic matter content (Liebig and Doran, 1999; Fliebach
etal., 2007; Gattinger et al., 2012), which directly correlates with higher
soil aggregate stability and reduced bulk density (Tisdall and Oades,
1982; Oades, 1984; Reganold et al., 1993). Both contribute to the water
holding capacity of soils (Ohu et al., 1985; Rawls et al., 2003; Abdi et al.,
2018). Some studies report higher resistance against surface runoff of
organically as compared to conventionally managed soils because
organic agriculture increases anectic (‘vertical-burying’) earthworm
biomass and diversity which in turn results in a higher abundance of
vertical earthworm tunnels and improved water infiltration (Edwards
etal., 1990; Siegrist et al., 1998). In fact, Pimentel et al. (2005) as well as
Kundel et al. (2020) reported higher ground-water recharge and soil
moisture in organic compared to conventional farming approaches.
Further indications for improved ecosystem water relations result from
studies reporting higher crop yields in organic compared to conven-
tional farming systems under drought conditions (Lotter et al., 2003;
Pimentel et al.,, 2005). Despite these indications, studies directly
assessing the plant and ecosystem water relations of crops in organically
versus conventionally managed agroecosystems are scarce and just
about starting to roll (Sun et al., 2021a, 2021b). Whether organic agri-
culture can indeed reduce the water demand and improve the water use
efficiency of crop production still remains unclear.

In the work we present here, we assessed how conventional and
organic farming systems affected the water relations of soils and crops in
the 2017 and 2018 growing seasons. Our study was conducted in the
DOK (bio-Dynamic, bio-Organic & ‘Konventionell’) system comparison
trial, established as a collaboration of the Swiss Research Institute of
Organic Agriculture (FiBL) and Agroscope in 1978 near Basel,
Switzerland. The DOK trial is one of the world’s oldest existing field
trials comparing organic to conventional agriculture (FlieBbach et al.,
2007; Krause et al., 2020). We used the DOK trial to test (i) if soil
moisture and soil surface evaporation are affected by conventional and
organic farming, and (ii) if organically and conventionally grown plants
differ in their root water uptake depth, stomatal conductance and leaf
area. Based on these assessments, we (iii) made a rough evaluation of the
total water use of the studied organic and conventional farming systems.

2. Materials and Methods
2.1. Study site and setup

This study was conducted in the DOK (bio-Dynamic, bio-Organic, C
(K)onventional) trial in Therwil near Basel, Switzerland (47°50'25.69"
N, 7°53'93.28” E, 306 m a.s.l.). In the DOK trial, organic and conven-
tional farming systems have been compared since 1978 (Siegrist et al.,
1998; Mader et al., 2002; FlieBbach et al., 2007; Krause et al., 2020).
Mean annual temperature of the region for the years 2007-2017 is
10.9 °C with bimonthly means of 2.7 °C for Jan/Feb and 19.8 °C for
July/Aug. Mean annual precipitation for the years 2007-2017 is 849.2
mm, 59% of which fall during the growing season from May to October
(MeteoSwiss station Basel / Binningen). The soil is a Haplic Luvisol
consisting of 70% silt, 16% clay and 14% sand (Mader et al., 2002).

We investigated two crops during two growing seasons: winter wheat
(Triticum aestivum, L.), cultivar Wiwa (seasons of 2017 and 2018) and
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soybean (Glycine max, L.), cultivar Aveline (season of 2017). For the
2017 season, wheat was sown on day of year (DOY) 288 in 2016 and
harvested on DOY 199 in 2017. Soybean was sown on DOY 114 and
harvested on DOY 265 in 2017. For the 2018 season, wheat was sown on
DOY 292 in 2017 and harvested on DOY 194 in 2018. The winter wheat
on which we additionally measured leaf area indices was of cultivar
Montalbano and sown on DOY 299 of 2019.

For our assessment we focussed on the biodynamic and conventional
mineral farming systems of the DOK trial. For the sake of simplicity, the
biodynamic farming system is thereafter referred to as “organic” farming
system or treatment. Both treatments were set up randomised with 4
plots of 100 m? (5 x 20 m) each per treatment and crop and followed a
7-year crop rotation (Mader et al., 2002; Krause et al., 2020). The dis-
tance between cropping areas under the same treatment was 1.5 m and
between different treatments at least 6 m. All measurements were per-
formed inside the crop cultures with a distance of at least 50 cm to the
adjacent grasslands to avoid across-treatment contamination. organic
and conventional farming systems differed mainly in their fertilization
and plant protection strategy. Organic systems were fertilized with
composted farm yard manure and slurry, while conventional systems
were fertilized with mineral fertilizer exclusively. Unlike in the organic
treatment, conventionally grown winter wheat was treated with the
growth regulator chlormequat chloride (CCC). No growth regulators
were applied on soybean under both treatments. The organic treatment
further received biodynamic preparations which were applied to soils,
plants and compost. Tillage, crop rotation and cultivars planted are
identical in the two treatments. More details on cultivation for each crop
species during the seasons 2017 and 2018 can be found in Table S1 and a
detailed description of the trial setup can be found in Besson and Niggli
(1991) and Krause et al. (2020).

2.2. Soil hydrological properties

For winter wheat 2017 and soybean (until DOY 173 in 2017), the
volumetric moisture content at 10 cm soil depth was determined
manually with a handheld device (ML2 Moisture Meter, Delta-T Devices,
Cambridge, UK) with one measurement per plot (and four plots per
treatment and crop species, n = 4). Starting on DOY 177 of 2017,
measurements of volumetric moisture content were performed manually
with the PR2 SDI-12 Soil Moisture Profile Probe (Delta-T Devices,
Cambridge, UK) which allowed simultaneous measurements at 10 cm,
20 cm, 30 cm, 40 cm, 60 cm, and 100 cm soil depth in pre-installed PVC
tubes. We installed one tube for Soil Moisture Profile Probe measure-
ments per plot and four per treatment and crop species (n = 4). The
devices were calibrated using the installed calibration setup of the HH2
Moisture Meter read-out unit (Delta-T Devices, Cambridge, UK). In 2017
the measurements were repeated every ~14 days between the beginning
of March and beginning of July for winter wheat, and between middle of
April and end of August for soybean, respectively (Fig. 1). Between
March and July of 2018, measurements were repeated weekly for wheat.

To assess if potential treatment effects on soil moisture are the result
of differences in the water balance (i.e. input vs. output) or the result of
soil physico-chemical properties, we determined soil water retention
capacities in the two treatments. For this purpose, in each treatment one
soil sample (250 crnz, 5 cm core height) per plot (n = 4) was collected
on DOY 355 in 2017 at 15 cm soil depth. These samples were analyzed
with a HYPROP device (UMS GmbH, Munich, Germany), which is based
on the evaporation method proposed by Schindler (1980). After drying
the soil for 24 h at 105 °C and weighing it, the absolute soil moisture
contents were calculated from initial volumetric soil moisture contents
and dry soil weight using the HYPROP-FIT software v. 3.3.0 (UMS
GmbH, Munich, Germany). The measured pF values were interpolated
using loess interpolation with R v. 3.4.1 (R Core Team, 2017) and pF
values were calculated for 19 absolute moisture contents to subse-
quently test treatment effects using Student’s t-test.
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Fig. 1. Overview of sampling events throughout the growing periods of winter
wheat and soybean between October 2016 and July 2018. Wheat and soybean
were grown on the respective cropping area indicated by C and B (S1). Each
vertical coloured line represents one single sampling event (n = 4). Here,
growing periods are defined as the periods between sowing and harvest. A
detailed list of measures and sampling dates can be found in Tab. S1).

2.3. Soil and plant water stable isotope sampling, extraction, and analysis

We used the oxygen and hydrogen stable isotope composition (5'80
and 8%H, respectively) of precipitation and soil water to obtain infor-
mation on critical soil hydrological processes (Stumpp and Maloszewski,
2010; Mueller et al., 2014). This method utilized deviations in the slope
of the relationship between 5'%0 and 8%H values in soil water from the
slope of the relationship between 50 and 52H values of local precipi-
tation to characterize evaporative water loss from the soil (Zimmermann
et al., 1967; Wenninger et al., 2010).

For the determination of 5'0 and &%H values in precipitation, we
installed three ‘ball-in-funnel’ precipitation samplers with inlet, built
after (Prechsl et al., 2014), at the trial site. Precipitation was collected
from the samplers every 7-14 days during the growing season. The
water samples were filtered using 0.45 um polyethersulfone syringe
filters (BGB Analytik USA LLC, Alexandria, VA, USA), transferred into
1.5 mL air-tight glass vials (BGB Analytik USA LLC, Alexandria, VA,
USA) and analyzed in subsequent weeks (see below).

For the determination of the soil water 5'%0 and §2H values, we
collected soil water samples throughout the experiment. Soil sampling
was repeated approximately every 14 days between end of March and
the beginning of July for wheat, and between middle of April and end of
August for soybean, respectively (Fig. 1). Soil samples were also
collected three times in the off season between DOY 306 in 2017 and
DOY 25 in 2018. For the collection of samples, we took one soil core per
plot (n =4 per treatment) with a 28 mm-diameter soil corer (‘Pyr-
khauer’, Goecke GmbH & Co. KG, Schwelm, Germany). From the core
we collected soil samples at — 2.5 cm, — 10 cm, — 20 cm, — 30 cm,
— 50 cm and — 70 cm soil depth ( & 2.5 cm). All samples were stored in
12 mL air-tight glass exetainers (Labco, Lampeter, U.K.) at — 18 °C until
the water was extracted (for extraction procedure see below).

On the exact same days of soil water sampling, we also collected
plant samples for the determination of xylem water 5'%0 values.
Assuming that plant water uptake does not affect the stable isotope
composition of water (Chen et al., 2020), the comparison of 5'80 values
of xylem water to 5'20 values of soil water can be used to determine the
plant’s water uptake depth (White et al., 1985; Ehleringer and Dawson,
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1992; Meinzer et al., 1999). To obtain xylem water, we collected the root
crowns of three plants per sample as suggested by Barnard et al. (2006).
Samples were collected in four plots per treatment and crop species
(n = 4). We used a loess interpolation of the 5'80 soil water values along
the soil profile and subsequently inserted the xylem isotope values into
the model to determine the uptake depth of xylem water sampled.

For the extraction of water from soil and plant samples we used the
cryogenic water extraction method as described in Newberry et al.
(2017b). Recent studies have suggested isotope artefacts associated with
the cryogenic extraction of water from plant and soil samples (Zhao
etal., 2016; Orlowski et al., 2016, 2018; Newberry et al., 2017a; Barbeta
etal., 2020; Freyberg et al., 2020). These potential artefacts are carefully
considered in the interpretation of §'0 and §%H data in this study.

The §'%0 and &%H values of precipitation, soil and xylem water
samples was determined with a high-temperature conversion/elemental
analyzer (TC/EA) coupled to a DELTA V Plus continuous-flow isotope
ratio mass spectrometer (IRMS) via a ConFlo IV interface (Thermo Fisher
Scientific, Bremen, Germany). The samples were pyrolyzed at 1400 °C
and oxygen was converted into CO using the carbon reduction method
after Gehre et al. (2004). Analytical sequences and post-run corrections
were performed using calibrated laboratory standards according to
Werner and Brand (2001). The 880 and 8°H values were calculated
relative to the Vienna Standard Mean Ocean Water (VSMOW) and
expressed in %o. The precision of the lab’s quality control standard water
was + 0.09%o and + 0.23%o for '%0 and &%H, respectively.

2.4. Crop physiological properties and yield

To assess effects of different agricultural farming systems on plant
water relations, we measured midday stomatal conductance (g;). g was
measured in all plots of both crops and farming systems on the abaxial
side of one (year 2017) and three (year 2018) sun-exposed leaves in
~14-day intervals (Fig. 1) using a SC-1 Leaf Porometer (METER Group,
Inc., Pullman, WA, USA). We also measured 5'80 values of dried wheat
leaf and soy bean material as an independent and temporally integrative
proxy for treatment effects on g5 (Barbour, 2007; Grams et al., 2007;
Cernusak et al., 2016). For winter wheat, we collected the youngest flag
leaf of five individuals per plot on DOY 171 in 2017 and DOY 190 in
2018. After collection, leaves were dried for 24 h at 60 °C. For soybean,
we collected beans in a 22.5 m? (15 x1.5 m) area of the central row of
each plot on DOY 265 in 2017. After collection, the beans were dried at
room temperature (20 °C) for 72 h. The winter wheat leaves were finely
ground with a horizontal ball-mill (MM 400, Retsch, Haan, Germany) in
2 mL PP Eppendorf tubes (SARSTEDT AG & Co. KG, Niimbrecht, Ger-
many) using 5 mm glass beads (Assistent®, Sondheim/Rhon, Germany).
The soybean beans were ground using metal beads (Schieritz &
Hauenstein AG, Arlesheim, Switzerland).

To measure bulk §'80 values, 0.2-0.5 mg of the dried sample was
transferred into 6 x 4 mm silver capsules (OEA Labs Ltd, Cornwall, UK).
Subsequently, the samples were introduced into a Flash IRMS (Thermo
Fisher Scientific, Bremen, Germany) operated in TC/EA mode using a
Costech Zero Blank Autosampler (Costech International, Milan, Italy).
The 5'%0 values were normalized relative to the Vienna Standard Mean
Ocean Water (VSMOW) with an analytical precision of + 0.09%.. All
isotopic measurements were conducted in the Stable Isotope Ecology
Laboratory at the Department of Environmental Sciences of the Uni-
versity of Basel, Switzerland.

In all winter wheat plots of both farming systems, leaf area indices
(LAI) were assessed in triplicates above and below the canopy on DOY
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174 in 2020 using the PAR/LAI ceptometer AccuPAR LP-80 (Decagon
Devices). Per plot, the sub-replicated measurements were then averaged
and LAIs were calculated following the equation of Monsi and Saeki
(1953):

I= Le* ™

Where I and Iy are the light intensities under and above the canopy,
respectively, and k is the light extinction coefficient here chosen as 0.42
(Calderini et al., 1997; Evers et al., 2009).

To link plant water relations to agricultural production, we assessed
grain and straw dry matter yield of soybean on DOY 265 in 2017 and of
winter wheat on DOY 199 and DOY 193 in 2017 and 2018, respectively.
Wheat and soybean were harvested with a plot combine (Wintersteiger
AG, Bad Sassendorf, Germany) and dried with cold air (20 °C) for
approximately 72 h before calculating the mean treatment yield per
hectar (ha).

2.5. Statistical analyses

Statistical analyses were done with R v. 3.4.1 (R Core Team, 2017),
using its packages ggplot2 (Wickham, 2016) for graphical visualisation,
agricolae (de Mendiburu, 2017) for post hoc tests and nlme (Pinheiro
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Fig. 2. Temperature, precipitation and vapour pressure deficit (VPD) measured
by the weather station at the DOK trial site. Temperature data of the periods
DOY 295 (2017) — 52 (2018) and DOY 66 — 78 (2018) were replaced with data
from the MeteoSwiss weather station Binnigen (BL) in the near vicinity. The
growing seasons of wheat and soybean are indicated by blue and red boxes,
respectively. The sampling dates are marked with red arrows.
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et al., 2018) for linear mixed effect modelling. To account for repeated
measurements on the plot level, soil moisture, water uptake depth and
stomatal conductance data were analyzed using linear mixed-effect
models with treatment and time defined as fixed, and plot specified as
random effect, respectively (Pinheiro and Bates, 2011). Homogeneity
and normal distribution of residuals were confirmed visually and, if
needed, the tested variables were log-transformed prior to analysis.

3. Results
3.1. Weather conditions

Mean annual precipitation at the trial site was 582 mm and 614 mm
in 2017 and 2018, respectively (Fig. 2). The mean growing season
precipitation (May — Oct) was 22% lower in 2017 and 30% lower in
2018 compared to long-term trends (2007-2017) obtained from a
nearby weather station (MeteoSwiss station Basel / Binningen). Mean
annual temperature at the trial site was 10.8 °C for 2017 and 11.8 °C for
2018, with bimonthly means of 1.1 °C and 3.4 °C for Jan/Feb and
20.2 °C and 21.3 °C for July/Aug, respectively. The temperatures at the
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Fig. 3. Volumetric soil moisture content (mean =+ SE, n = 4) of the organically
(org) and conventionally (con) managed winter wheat and soybean plots in
2017 and 2018. Significant treatment differences after time-series analysis are
indicated by { (with p < 0.05, Table 4) and significant treatment-time in-
teractions by } (with p < 0.05 for —10 and —20 c¢m, and p < 0.001 for —30 cm).
Statistically significant treatment differences at specific sampling dates are
marked with asterisks (with * p < 0.05 and **p < 0.01).
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trial site are generally 1 K lower than the temperatures measured at the
MeteoSwiss weather station Basel-Binningen, whose 10 year average
annual temperature is 10.9 °C and long-term bimonthly means are
2.7 °C for Jan/Feb and 19.8 °C for July/Aug.

3.2. Soil hydrological properties

Volumetric soil moisture contents measured in the season 2017
decreased after DOY 122 and increased again with heavy precipitation
events after DOY 200 in 2017 (Fig. 3). Soil moisture generally increased
with soil depth, except for the soybean plots at — 20 cm which showed
the lowest values of the 2017 season. We also found a slight but
consistent tendency for higher moisture contents in soils with soybean
under the organic treatment at 20-60 cm soil depth compared to soils
with soybean under the conventional treatment in 2017. However, this
tendency was statistically not significant. In winter wheat grown in 2017
we did not see any differences in soil moisture at 10 cm soil depth. We
found, however, consistently higher soil moisture in soils with winter
wheat under organic compared to conventional farming treatment in
2018 at 10 cm, 20 cm and 30 cm and a similar tendency at 40 cm soil
depth towards the end of the growing period. The treatment effects on
soil moisture were significant in 2018 at 30 cm soil depth (p < 0.05 after
time-series analysis, Table 1). In the same season, we further found
significantly different treatment-time interactions at 10, 20 (p < 0.05)
and 30 cm soil depth (p < 0.001) where the seasonal amplitude of soil
moisture in the conventional treatments was greater compared to the
amplitude of soil moisture in the organic treatments in 2018.

pF values increased linearly with decreasing soil moisture and
increased slightly slower after the soil reached 35% moisture content
(Fig. 4). Organic and conventional soil matrix potentials at specific soil
moisture contents were not significantly different from each other using
Student’s t-test of pF values at separate soil moisture levels (Table 2).

3.3. Ecohydrological properties derived from soil and plant water stable
isotope analysis

The §'%0 and §2H values of precipitation collected at the trial site

Table 1
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Fig. 4. Water retention curves (mean + SE, n = 4) of organic (org) and con-
ventional (con) soil. We found no significant differences between the treat-
ments (Table 2).

fitted well into the seasonal course of the precipitation values collected
at the Basel GNIP station when plotted in dual isotope space (Fig. 5a).
However, the slopes of the local DOK meteoric water line and the GNIP
meteoric water line differed significantly at p < 0.001 (Fig. 5a, Table 3).
This can be explained by the smaller range of DOK compared to GNIP
5180 and &%H values, due to the fact that winter precipitation was not
collected at the DOK for this study.

The soil water §'80 and §2H values followed a similar seasonal
pattern as precipitation §'%0 and §2H values collected at the DOK
(Fig. 5b). The seasonal amplitude decreased, however, with increasing
soil depth (Fig. 5¢). When plotted in dual isotope space, the slope for all
soil water 8180 and §%H values (5.7) was significantly less steep than
that of both local meteoric water lines (LMWLSs) obtained from the DOK
and GNIP precipitation values (p < 0.001) (Fig. 5b). Separating soil
water dual isotope lines by soil depths revealed increasing slopes from
2.5 to 20 cm soil depth (Fig. 5¢). Regardless of soil depth, slopes and
intercepts of soil water lines did not differ significantly between the

ANOVA of linear mixed-effect modelled time series analyses of soil moisture (Fig. 3). Each depth has been tested separately. Formula in R: Ime(moisture ~ treat-
ment*time, random = ~1| plot, method = "REML", data). a) was obtained by counting the days on which differences in soil moisture between the organic and

conventional treatment were significant (p < 0.05) after student’s t-test.

Species Depth (cm) Coefficient numDF denDF F-value p-value Nr. of days significant®)
Soybean 2017 -10 treatment 1.00 6.00 1.11 0.332 0
treatment:d 12.00 72.00 0.26 0.993
-20 treatment 1.00 7.00 0.02 0.896 0
treatment:d 7.00 41.00 0.73 0.646
-30 treatment 1.00 7.00 0.10 0.766 0
treatment:d 7.00 41.00 1.16 0.347
-40 treatment 1.00 7.00 0.11 0.746 0
treatment:d 7.00 41.00 1.23 0.308
-60 treatment 1.00 7.00 0.10 0.766 0
treatment:d 7.00 41.00 0.21 0.981
-100 treatment 1.00 7.00 0.03 0.872 0
treatment:d 7.00 41.00 0.75 0.631
Winter wheat 2017 -10 treatment 1.00 6.00 0.28 0.618 1
treatment:d 5.00 30.00 0.50 0.775
Winter wheat 2018 -10 treatment 1.00 6.00 1.07 0.340 1
treatment:d 17.00 102.00 1.83 0.034
-20 treatment 1.00 6.00 1.61 0.251 0
treatment:d 17.00 102.00 1.81 0.036
-30 treatment 1.00 6.00 6.39 0.045 6
treatment:d 17.00 102.00 3.58 < 0.001
-40 treatment 1.00 6.00 0.37 0.565 0
treatment:d 17.00 102.00 1.05 0.411
-60 treatment 1.00 6.00 0.03 0.872 0
treatment:d 17.00 102.00 1.43 0.139
-100 treatment 1.00 6.00 0.10 0.763 0
treatment:d 17.00 102.00 0.87 0.615
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List of number of observations of pF values at specific volumetric soil moisture contents with student’s t-tests for n > 3.

Soil moisture (%) Coefficient Estimate Std. error t-value p-value R? Nr. of obs. organic Nr. of obs. conventional
14 treatment 1 1
16 treatment 2 1
18 treatment 2 2
20 treatment 2 2
22 treatment 2 2
24 treatment 2 2
26 treatment 2 2
28 treatment 2 3
30 treatment 0.01 0.11 0.12 0.914 0.91 3 3
32 treatment 0.02 0.11 0.13 0.900 -0.24 3 3
34 treatment -0.04 0.13 -0.29 0.780 -0.15 4 4
36 treatment -0.04 0.14 -0.32 0.763 -0.15 4 4
38 treatment -0.06 0.18 -0.32 0.761 -0.15 4 4
40 treatment -0.09 0.25 -0.36 0.729 -0.14 4 4
42 treatment -0.28 0.39 -0.71 0.508 -0.09 4 3
44 treatment 4 1
46 treatment 4 1
48 treatment 3 1
50 treatment 2 0

organic and conventional treatments (Table 3).

Xylem water 5'80 values of both crop species and years ranged from
— 10.4%0 to — 0.7%o. Mean root water uptake depth (RWU) estimated
from §'80 values of winter wheat in 2017 stayed more or less constant
throughout both seasons with the exception of DOY 173, where RWU
dropped rapidly from — 7 to — 28 cm (Fig. 6). The RWU of soybean
dropped more or less consistently throughout the growing season until it
rose again after day 200 in 2017. RWU of winter wheat showed no clear
seasonal trend in 2018. We observed no significant treatment effects on
RWU. Only soybean showed RWU from deeper soil layers in the organic
compared to the conventional treatment on two sampling days in 2017.
These effects were, however, not significant.

3.4. Crop physiological properties and yield

Mean stomatal conductance (g;) of winter wheat was significantly
lower compared to soybean (p < 0.001, Fig. 7a). Winter wheat
measured in 2017 and 2018 showed significantly lower g in the organic
compared to the conventional treatment (p < 0.05, Table 5). Soybean in
2017 showed a similar tendency of lower g on 4 of 6 sampling days in
the organic compared to the conventional treatment. These effects were,
however, not statistically significant, neither were treatment-time in-
teractions of both species in both years.

We found that bulk §'®0 values of both crop species wheat and
soybean showed no statistically significant difference (Fig. 7b, Table 6).
However, there was a consistent tendency for more positive values in the
organic compared to the conventional treatment.

Leaf area index (LAI) measured in 2020 on winter wheat was
significantly lower in organic compared to the conventional treatment
(Fig. 8, p < 0.05, Table 6).

Straw yields of winter wheat did not differ between the organic and
conventional treatment in 2017 but were significantly lower in the
organic compared to the conventional treatment in 2018 (Fig. 9,
Table 6). Grain yield of winter wheat was significantly higher in the
conventional treatment in both years of sampling. Straw and grain yield
of soybean was almost identical in both farming systems and did not
differ significantly.

4. Discussion

The goal of this study was to assess how organic and conventional
farming systems affect the water relations of soils and crops. In partic-
ular, we tested if organic and conventional farming systems lead to
marked differences in soil moisture, soil evaporation, as well as root
water uptake depth and the stomatal conductance of crops. Our results
suggest no differences with regard to soil water evaporation but higher
soil moisture in the rooting zone of organically compared to conven-
tionally managed systems. The differences were statistically significant
for wheat but not for soybean. Soil water retention curves suggest that
soil physical properties do not explain the observed differences in soil
moisture between the two systems at the trial site. Also, no differences in
root water uptake depth between plants grown in organically or con-
ventional farming systems was detected. We found, however, that
organically grown wheat exhibited a generally lower stomatal conduc-
tance (g;) compared to conventionally grown wheat. Soybean showed
similar tendencies but treatment effects on g; and soil moisture were
smaller. In addition, we found that winter wheat (but not soybean) had
lower dry matter yield and leaf area in organic farming systems
compared to conventional farming systems. In summary, our study
suggests that lower stomatal conductance and smaller leaf area under
organic compared to conventional farming can reduce water use and
resulted in higher soil moisture in organically compared to conven-
tionally managed wheat at the DOK trial site.

4.1. Soil hydrological properties

Our study revealed trends of higher volumetric soil moisture in the
organic compared to the conventional treatment (Fig. 3, Table 1). Spe-
cifically, soil moisture under wheat was higher in the organic compared
to the conventional treatment at 10-30 cm in 2018 and a similar ten-
dency was observable for soybean in 2017. Previous studies found
higher water holding capacities under organic farming (Siegrist et al.,
1998; Liebig and Doran, 1999; Wells et al., 2000; Lotter et al., 2003).
These studies suggest that organic carbon (org C) and higher aggregate
stability are responsible for these patterns. Previous analyses of soil
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Fig. 5. Water stable ?H- and §'®0-values in the dual isotope space. A: Water
stable isotope values of precipitation collected at the Basel GNIP station be-
tween 2004 and 2016, and at the DOK trial in Therwil between 2017 and 2018.
All linear regressions are highly significant with p < 0.001 (Table 3). B: Soil
water stable isotope values of both treatments organic and conventional and
both crops winter wheat and soybean of the seasons 2017 and 2018, compared
to the precipitation lines. All linear regressions are highly significant with
p < 0.001 (Table 3). C: Comparison of soil water stable isotope values between
the organic (filled dots & solid line) and conventional (empty dots & dashed
line) treatments at different soil depths of both crop species, wheat and soy-
bean, in 2017 and 2018. There are no significant differences in the slopes and
intercepts between the organic and conventional treatments (Table 3).

properties at the DOK trial have reported higher contents of org C and
higher aggregate stability in organic compared to conventional systems
(Mader et al., 2002; Fliessbach et al., 2007). The observed trend in soil
moisture between the two treatments in our study could thus be the
result of a larger storage capacity in organic compared to conventional
soils driven by the previously reported differences in physicochemical
properties. Importantly, however, differences in soil moisture between
the two treatments were most expressed when soils became dry (Fig. 3).
This suggests that water holding capacity is not the driver of the
observed patterns as differences in water holding capacity should
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become most evident in wet soils. Interestingly, Kundel et al. (2020)
found similar soil moisture patterns at the same trial for winter wheat in
2017, but their effects were strongest under ample soil water conditions.

Alternatively, the observed trends in volumetric soil moisture be-
tween the two treatments could be the result of differences in water
retention capacities resulting in a less efficient water extraction from the
organic compared to the conventional soils. This would mean that the
higher volumetric soil moisture observed in the organic compared to the
conventional trials, in particular in drying soils, are merely the result of
residual water that is not available to the plants. The water retention
capacity of a soil is determined by soil physical properties such as soil
texture but also org C content (Rawls et al., 2003; Saxton and Rawls,
2006). Given that org C content was higher in organic compared to
conventional soils (FlieBbach et al., 2007; Kundel et al., 2020), we
determined soil water retention capacities in the two treatments with pF
curves. We, however, did not find any difference in the pF-curves be-
tween the organic and the conventional treatments (Fig. 4, Table 2).
However, technical limitations only enabled measurements of pF values
at volumetric moisture contents greater than 13.7 vol%. But looking at
the soil moisture data of wheat in 2018, we already observe treatment
differences in moisture contents greater than 40% at — 10 to — 30 cm
soil depth. Also, the amount of measured soil moisture contents below
13.7 vol% is relatively small (on 1 and 2 sampling days in the organic
and conventional treatment, respectively) and only observed at
— 10 cm. In soybean, moisture values below 13.7 vol% were measured
mainly at — 20 cm without resulting in significant treatment differences.
As a consequence, we conclude that the observed trends in soil moisture
patterns between the two treatments are unlikely a result of differences
in soil matrix potentials.

Comparing the relationship between 580 and §2H values of soil
water with those of precipitation can reveal information on soil hydro-
logical processes such as infiltration, residence time or evaporation
(Brinkmann et al., 2018; Penna et al., 2018; Sprenger et al., 2019;
Dawson et al., 2020; Freyberg et al., 2020). Precipitation stable isotope
values of the Basel GNIP station as well as precipitation samples
collected at the DOK trial site, i.e. the local meteoric water line (LMWL),
plotted close to the GMWL (Fig. 5a). In contrast, when soil water 5'%0
and 5%H values were plotted in a dual isotope space we observed that the
slope of soil water lines was significantly less steep than that of the
LMWL (Fig. 5b). Given that evaporation fractionates oxygen and
hydrogen isotopes in water differently, the shallow slopes of the soil
water lines suggest evaporative water loss from the soil to the atmo-
sphere (Clark and Fritz, 1997). When dividing the soil water line into
single soil water lines for individual soil depths, we observed less steep
slopes in shallower compared to deeper soil layers (Fig. 5c). This sug-
gests, that evaporative water loss is more pronounced in shallow
compared to deep soil layers (Wythers et al., 1999). Most importantly,
the slopes of these depth-specific evaporation lines did not differ be-
tween the organic and conventional treatments (Fig. 5c, Table 2), which
suggests that evaporative water loss does not differ between the organic
and the conventional treatments. In turn, this implies that differences in
evaporative water loss cannot explain the observed trend in soil mois-
ture between the two treatments. Amooh and Bonsu (2015) suggested a
negative correlation between soil organic matter and evaporative water
loss. Despite higher soil organic matter contents and higher weed
coverage in organic compared to conventional systems (FlieBbach et al.,
2007; Kundel et al., 2020), the different farming systems did not affect
evaporative water loss in our case. However, soil coverage or tillage did
not differ between the treatments investigated in this study. Such
measures are often part of sustainable farming approaches and have
been shown to considerably affect soil water evaporation (Lin, 2010;
Abdullah, 2014; Li et al., 2020).

We used the cryogenic extraction technique to obtain water from soil
samples for stable isotope analysis following the procedure described in
Newberry et al. (2017b). Several previous studies have revealed that the
cryogenic extraction method can introduce isotope artefacts to the
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ANCOVA of precipitation water slopes in the dual isotope space between different precipitation sources (GNIP station and DOK values) and ANCOVA of soil water
slopes in the dual isotope space between the treatments organic and conventional. For soil water values, each soil depth was tested separately and tested values include
both species, wheat and soybean and both measured years, 2017 and 2018. Values obtained from the coefficients ‘source’ and ‘treatment’ indicate differences between
intercepts, values obtained from the interaction ‘source:5'0" or ‘treatment:5'®0 indicate differences between slopes.

Source Soil depth (cm) Coefficient Df Sum Sq Mean Sq F-value p-value
precipitation GNIP - precipitation DOK source 1 5366 5366 547.76 < 0.001
source:5'0 1 644 644 65.72 <0.001
soil water — precipitation DOK source 1 5058 5058 325.88 < 0.001
source:5'%0 1 381 381 24.52 <0.001
organic — conventional -2.5 treatment 1 0 0 0.00 0.962
treatment:3'%0 1 0 0 0.00 0.982
-10 treatment 1 3 3 0.14 0.710
treatment:3'50 1 6 6 0.28 0.597
-20 treatment 1 21 21 2.25 0.135
treatment:3'%0 1 4 4 0.45 0.503
-30 treatment 1 1 1 0.19 0.660
treatment:3'%0 1 2 2 0.33 0.569
-50 treatment 1 10 10 1.93 0.166
treatment:3'%0 1 20 20 3.87 0.051
-70 treatment 1 7 7 1.36 0.245
treatment:3'%0 1 1 1 0.15 0.702
5017 2018 systems (Reganold et al., 1993; Mader et al., 2002; Chaves et al., 2003),
0 we expected root water uptake (RWU) depths from deeper soil layers of
° lants in the organic treatment compared to the conventional treatment.
—10F org P g p
o con = Surprisingly, our results did not confirm our expectations. We detected
-20r % no significant differences in RWU depth between the two treatments in
=30 - both years and in both species (Fig. 6, Table 4). This is in line with recent
—40k z findings of Sun et al. (2021b) showing no effect of organic and con-
5ok a8 ventional cropping systems on water uptake patterns of pea and barley.
However, soybean plants in the organic treatment showed slightly
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Fig. 6. Estimated root water uptake (RWU) depth (mean + SE, n = 4) of wheat
and soybean in the two treatments organic (org) and conventional (con) in
2017 and 2018. Values of RWU depth were derived by comparing 5'®0 values
in plant xylem water to those in soil water at different depths. Differences be-
tween the two treatments were not statistically significant (Table 4).

extracted soil water and that factors such as soil texture can influence
the magnitude of these artefacts (Orlowski et al., 2016, 2018; Zhao et al.,
2016; Newberry et al., 2017a; Barbeta et al., 2020; Freyberg et al.,
2020). As such, soil water isotope values obtained with the cryogenic
extraction methods need to be interpreted with the consideration of
these methodological artefacts. For the data that we present here, it is
unlikely that potential artefacts influence the main findings of our study.
This is, because it was the main objective of our study to assess differ-
ences in soil hydrology between the organic and the conventional
treatment. Potential artefacts associated with the cryogenic extraction of
soil water are thus identical for samples from both treatments and
although these artefacts might introduce errors in absolute 5!80 and §*°H
values, they do not influence the comparison of the two treatments.

4.2. Plant water relations

Given that previous studies have shown higher bulk density and root
penetration resistance in conventional compared to organic farming

deeper RWU depths than plants in the conventional treatment, espe-
cially when soil moisture was progressively decreasing between DOY
173 and 214 in 2017. This suggests that soybean plants in the organic
treatments have access to deeper soil water and thus a larger soil water
pool than soybean plants grown in the conventional treatment. Easier
root growth in organic soils which have a lower bulk density or a larger
water uptake horizon by greater arbuscular mycorrhizal colonization
under the organic regime is a possible explanation for the observed
patterns in soybean (Reganold et al., 1993; Al-Karaki, 1998; Mader
et al., 2000; Mader et al., 2002). However, it is possible that RWU pat-
terns similar to the ones observed on soybean were not detected on
winter wheat since wheat plants in the conventional treatment were
treated with the growth regulator chlormequat chloride (CCC). CCC has
been shown to increase the rooting depth of wheat (De et al., 1982; Tang
etal., 2005). It could therefore be possible that effects of organic farming
on RWU depth could have been countervailed by the application of CCC
in the conventional treatment. Also, the differences in root morphology
between wheat and soybean having an adventitious and a tap root
system, respectively, may be a possible reason for the contrasting pat-
terns observed between the two crops.

We found that stomatal conductance of wheat was significantly
lower under the organic compared to the conventional treatment and
that there was a similar tendency for soybean (Fig. 7a, Table 5). This
suggests lower per leaf area transpiration rates of wheat growing in the
organic compared to the conventional treatment. Given that water
retention did not differ between the treatments and soil moisture under
wheat was generally higher in the organic treatment at 10-30 cm soil
depth, the observed differences in g; of wheat are most likely not a
response to moisture availability. g as well as photosynthetic assimila-
tion were shown to be positively related to N availability (Radin et al.,
1982; Broadley et al., 2001; Fang et al., 2018). However, we observed
mixed results for plant N concentrations and slightly higher assimilation
rates in organically grown wheat in 2018 (Fig. S2&3, Tab. S2&3).
Hence, N availability can also not explain g, patterns observed in this
study. It is possible that plant intrinsic factors or pathogen-induced
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Fig. 7. Differences in stomatal conductance (A) and bulk
5'%0 values (B) of organically (org) and conventionally

(con) grown soybean in 2017 and winter wheat in 2017
and 2018 (mean =+ SE, n = 4). Bulk 5'%0 values of soybean
represent bean material, bulk §'®0 values of wheat repre-

sent flag leaf material. Significant differences in g; between
the treatments at specific sampling dates are indicated with
asterisks (with *p < 0.05, Table 5). Significant differences
in g after statistical time-series analysis are indicated by 1
(with p < 0.05, Table 5). Differences in bulk 5'80 were not
statistically significant (Table 6).

compared to organically grown crops (Sun et al., 2021a). In soybean,
farming systems did not affect g significantly. Sun et al. (2021a) already
found less pronounced effects of organic and conventional farming
systems on hydraulic traits of pea compared to barley. It could therefore
be that the ability of N-fixation and thus better N nutrition (Fig. S2)
countervailed farming system effects on legumes also in our experiment.
Nevertheless, reducing g; and increasing the transpiration efficiency (i.e.
crop mass production per unit crop transpiration) of crops is of great
interest in order to maintain yields under increasingly occurring drought
events (Sinclair et al., 2005; Sinclair, 2018). Thus, our results showing
lower g; of wheat under organic crop management point towards the
potential of organic farming as a more sustainable and resistant farming
system in a changing climate.

We analyzed the bulk §'80 values of winter wheat leaves and soy-
bean beans as an independent measure of treatment effects on g. 5'%0
values in plants are driven by the §'80 values of the plants’ source water
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Fig. 8. Leaf area index measured in organically (org) and conventionally (con)
grown winter wheat in 2020 (n = 4).

differences in hydraulic conductivity or root water uptake resulting from
the different pest managements of the organic and conventional treat-
ments were responsible for these patterns. Conventionally grown wheat
received two fungicide sprayings per season, while organically grown
wheat was not treated with any pesticides during 2017 and 2018 (Tab.
S1). It is known that pathogens infecting xylem tissue can impair plant
water transport and status, resulting in lower g (Berryman et al., 1991a,
1991b; Pérez-Donoso et al., 2007; Tong et al., 2016). However, this
explanation is rather speculative, also because conventionally grown
crops have been shown to be more vulnerable to xylem cavitation

and the evaporative 180 enrichment of leaf water (Barbour, 2007;
Kahmen et al., 2008; Cernusak et al., 2016). With similar source water
580 values and identical atmospheric environments, treatment differ-
ences in 5180 values can be explained by differences in g5, where a lower
gs will lead to slightly 80 enriched values (i.e. higher §'%0 values) in
plant material (Barbour and Farquhar, 2000; Scheidegger et al., 2000;
Grams et al., 2007). Our analysis revealed no statistical difference be-
tween the treatments but a tendency towards more positive and thus
enriched 580 values in the organic treatments compared to the con-
ventional treatments (Fig. 7b). This trend supports our earlier finding of
lower g; in wheat and the similar tendency of soybean growing under the
organic treatments. It has to be considered, however, that the magnitude
of the effect of g on 8'%0 values in plant material is relatively small
compared to the naturally occurring variability of §'80 values in plant
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Fig. 9. Straw and grain dry matter yield of winter wheat and soybean of the year 2017 and 2018, compared between the treatments organic (org) and conventional
(con) (n = 4). This figure is based on data that has been gratefully received from Agroscope Reckenholz, Switzerland (unpublished).

Table 4

ANOVA of linear mixed-effect modelled time series analyses of estimated root
water uptake (RUD) depths derived from 880 values of soil and xylem water.
Formula in R: Ime(WUD ~ treatment *time, random = ~1| plot, method =
"REML", data). a) was obtained by day-specific t-tests and by counting the days
where treatment was significant (p < 0.05).

Species Coefficient numDF  denDF  F- p- Nr. of days
value  value  significant®)

Soybean treatment 1.00 6.00 3.41 0.115 0

2017 treatment: 7.00 41.00 0.18 0.987

time

Winter treatment 1.00 6.00 0.36 0.570 0

wheat treatment: 5.00 30.00 0.31 0.905

2017 time
Winter treatment 1.00 6.00 0.34 0.582 0

wheat treatment: 7.00 42.00 0.81 0.583

2018 time

material from crops grown under identical conditions (Cueni et al.,
2021).

4.3. Implications for total water use

Transpiration accounts for the major part of water use in agronomic
systems (Jeanguenin et al., 2017). Transpiration per unit leaf area is
determined by stomatal conductance and the leaf to air vapor pressure
deficit (VPD) (Ehleringer et al., 1993). Since VPD should be similar
between our treatments, lower g; observed in organically compared to

Table 5

conventionally grown wheat suggests lower water use of organic wheat
on a per leaf area basis. For an assessment at the ecosystem level,
transpiration rates per unit leaf area need to be scaled by the total leaf
area, or the leaf area index (LAI) in a field or ecosystem. While leaf area
was not determined for soybean, we found leaf area to be significantly
lower for winter wheat in the organic compared to the conventional
treatment (Fig. 8, Table 6). We also found that winter wheat has a lower
grain yield and lower or similar straw yield in the organic compared to
the conventional treatment (Fig. 9, Table 6). Reduced g5 in combination
with lower leaf area and/or lower biomass thus suggests that the total
water use of winter wheat was indeed lower in the organic compared to
the conventional treatment not only on a per leaf area scale but also on
the whole plant and ecosystem scale. For soybean we found a tendency
for lower g; in the organic system while both treatments showed similar
grain and straw yields. Thus, we can say that treatment effects on water
use of soybean per unit leaf area point towards the same direction but
are likely to be smaller compared to the effects observed in wheat.
However, LAI measurements would also here be necessary to account for
water use above unit leaf area levels.

Based on these findings combined with the observed absence of a
difference in soil water retention capacity between the treatments we
propose that the higher soil moisture availability observed particularly
in the rooting horizon of wheat in 2018 could be the result of an overall
lower water use of wheat in the organic compared to the conventional
treatment. This implies that organic farming might not only reduce the
environmental impact of agriculture with regard to pesticide use, soil
fertility, greenhouse gas emissions and biodiversity, but could also be a
water saving farming strategy. In regard to climate change, this may be a

ANOVA of linear mixed-effect modelled time series analyses of stomatal conductance (gs). Formula in R: Ilme(variable ~ treatment*time, random = ~1| plot, method =
"REML", data). a) was obtained by day-specific t-tests and by counting the days where treatment differences were statistically significant (p < 0.05).

Variable Species Coefficient numDF denDF F-value p-value Nr. of days significant®)
g Soybean 2017 treatment 1.00 6.00 0.86 0.391 0
treatment:time 5.00 30.00 1.35 0.270
Winter wheat 2017 treatment 1 6 9.21 0.023 0
treatment:time 4 23 1.56 0.219
Winter wheat 2018 treatment 1.00 6.00 6.34 0.045 1
treatment:time 6.00 36.00 1.10 0.381

10
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Student’s t-tests evaluating treatment differences in bulk §'®0 values of soybean beans and wheat flag leaves, in LA and in straw and grain dry matter yield of winter

wheat and soybean (n = 4).

Variable Species / Season Coefficient Estimate Std. error t-value p-value R?
Bulk 5'%0 Soybean 2017 treatment -0.45 0.37 -1.21 0.273 0.20
Winter wheat 2017 treatment -0.44 0.21 -2.12 0.079 0.43
Winter wheat 2018 treatment -0.15 0.23 -0.65 0.542 -0.09
LAI Winter wheat 2017 treatment 1.21 0.48 2.60 0.041 0.45
Straw yield Soybean 2017 treatment 4.21 4.10 1.03 0.344 0.15
Winter wheat 2017 treatment 1.23 4.27 0.29 0.783 0.01
Winter wheat 2018 treatment 15.08 4.54 3.32 0.016 0.59
Grain yield Soybean 2017 treatment -0.07 1.28 -0.05 0.959 0.00
Winter wheat 2017 treatment 14.00 2.08 6.74 0.001 0.88
Winter wheat 2018 treatment 12.01 2.32 5.17 0.002 0.79

crucial advantage in coping with future drought events. Organically
managed crops have already been suggested to be more drought resis-
tant with organic crops outyielding conventional crops under drought
(Lotter et al., 2003; Pimentel and Burgess, 2014). Until now, however,
this effect was mainly related to higher soil water holding capacities in
organic compared to conventional soils (Lockeretz et al., 1981; Stanhill,
1990; Lotter et al., 2003; Pimentel and Burgess, 2014). Here we suggest
that the lower water use we observed in organically grown wheat (and
possibly also soybean) may contribute to less rapidly depleted soil water
storages and thus points to the potential of organic agriculture in
constituting a more water saving strategy compared to conventional
farming.

Although our study gives exciting first evidence that organically
grown crops might use less water than conventionally used crops per
unit area, our study does not allow to compare the water use of both
farming systems per unit crop yield. Given that organically managed
systems have typically yields that are 5-34% lower than conventionally
managed systems (Mader et al., 2002; Seufert et al., 2012), it would be
necessary to quantify the cumulative water use of a farming system
throughout a growing season. This cumulative water use can then be
related to crop yields in organically and conventionally managed sys-
tems. This analysis would then reveal if the water savings that we
describe here on an area basis also scale to water saving effects per unit
crop yield.

5. Conclusive Summary

Comparing the water relations of organically with conventionally
managed agricultural systems we found no differences in water reten-
tion and evaporative soil water losses between the two systems. Instead,
lower stomatal conductance and reduced leaf area observed in organi-
cally managed wheat led to consistently higher soil moisture in the
rooting zone of the plant which points to lower water use in organically
compared to conventionally managed farming systems. Treatment ef-
fects on soybean were not as pronounced as in wheat but the observed
trends were similar for the two species. Importantly, the observed eco-
hydrological differences between the two farming systems were often
small compared to the inherent variability in the data of the response
variables. This illustrates the methodological challenges that are asso-
ciated with studies as we present here. Yet, even small differences in soil
moisture content, stomatal conductance and leaf area can make a dif-
ference when scaled to the field or landscape level. Our results therefore
imply possible advantages of organic farming regarding agronomic
water use as well as for the resistance of farming systems to current or
future drought scenarios. Future work should quantify and compare the
seasonal water uses of organically managed crops to assess the potential
of organic farming in saving water use under different environmental
conditions and different crop varieties when standardized to unit crop
yield.
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