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1 Introduction

Maize is one of the world’s most important staple crops and a cornerstone of food
security. However, it is highly vulnerable to drought, particularly during flow-
ering and grain filling, when water demand is greatest [Rosenzweig et al., 2001,
Schlenker and Lobell, 2010]. In subtropical regions such as South Africa, climate
change is increasing the frequency and severity of drought events, threatening
both yields and farmer livelihoods. Sustainable strategies are therefore needed
to improve resilience under erratic rainfall and degraded soils.

Subsoils are increasingly recognized as critical reservoirs for agricultural
production. It has been shown that in soils of the temperate zone 45-60% of
water and nutrients are stored below the plough layer, but compacted hori-
zons often restrict root access [Schneider and Don, 2019]. The Soil® project
tested biological (bio drilling with lucerne) and mechanical (strip-wise loos-
ening, compost incorporation) approaches to enhance rooting depth. Field
trials on Luvisols and Albeluvisols in Germany showed that loosening the sub-
soil and increased root growth to deeper soil layers and led to yield increases
[Sale et al., 2019, Bauke et al., 2024]. As the highest yield gains of 56% were
observed for the C4 crop maize in a dry German region on sandy soils, this may
primarily be attributed to a facilitated access to deeper water reservoirs, thereby
enhancing the water supply to the plants and altering water use efficiency.

The assessment of plant water-use efficiency (WUE) relies more and more on
the analysis of §'3C and 620 isotopes within plant biomass. [Farquhar et al., 1989,
Barbour and Farquhar, 2000]. Both isotopes are determined by stomatal conduc-
tance, which in turn regulates the balance between CO2 uptake and water tran-
spiration, thus WUE [Turner et al., 1985]. Therefore, isotopic analysis of plant
biomass allows conclusions to be drawn about WUE during the formation of plant
biomass [Farquhar et al., 1989, Barbour et al., 2000]. Their combined use disen-
tangles the physiological drivers of the WUE [Scheidegger et al., 2000]. Moreover,
mean plant water uptake depth can be visually inferred by comparing water
isotope values of non-transpiring plant compartments (e.g., in the mesocotyl and
lower shoot sections) to 6180 values in soil profiles [Rothfuss and Javaux, 2017].

To test whether similar effects as on sandy soils in dry regions of the temperate
zone can also be achieved in subtropical soils, the Soil® experiment from Germany
was replicated in Bloemfontein, South Africa, on a sandy plinthic cambisol.
Subsoil amelioration was carried out in October 2024. Preliminary results show
that root growth improved in the ameliorated soil, leading to less water stress in
the plants of the ameliorated plots, which resulted in higher yields (Fig. 1).
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Figure 1: (a) C isotope ratios during flowering (blue), grain filling (yellow), and kernel
development (green) of the control and the manure incorporation into the subsoil
treatment (DLM). (b) Yield [kg ha™'] of the control, manure incorporation into the
topsoil (Manure), and deep loosening with manure incorporation into the subsoil
(DLM).

However, Bloemfontein experienced an exceptionally dry year. To prevent
crop failure, manual irrigation was required, which likely altered natural water
uptake dynamics and reduced representativeness of the results. Therefore,
the experiment needed to be repeated. Additionally, for future agricultural
applications, it is essential to assess how long the effects of subsoil amelioration

persist.

1.1 Aim of the study

The present project aims to complement and extend those findings by repeating
the sampling in a second vegetation period. In addition, it will explicitly
analyze the root water uptake depth by using stable 68O values in the soil
and plant water. By combining isotopic indicators of plant water status with
direct root measurements, the study will provide a more robust and mechanistic
understanding of how sustainable subsoil management can reduce water stress
and enhance maize yield stability in subtropical systems.
The specific objectives are:
(1) To quantify RLD as a mechanistic link between soil management and root
water uptake
(2) To analyse isotopic values in plant cellulose (§13C, §'80) to investigate WUE
in maize
We hypothesize that in years without extreme drought the effects of subsoil
amelioration are amplified, promoting root growth into the depths of compost
incorporation and thereby enhancing water and nutrient supply in the subsoil
ameliorated plots. Isotopic values should thus indicate a deeper root water uptake

depth and less water stress in the treatment of deep-loosening and manure in



the subsoil (DLM) compared to the control (C) and the treatment of manure

incorporation in the topsoil (Manure).

2 Material and Methods

Field work was conducted on a sandy soil near Bloemfontein, South Africa.
In October 2024, nine field trials measuring 12 m x 6 m were set up in a
randomized block design. Three of the nine plots received 10 t ha=! of animal
manure, which was incorporated into the topsoil. In three plots, the subsoil was
loosened manually and the same amount of manure was incorporated into the
subsoil (50-60 cm). A mixture of chicken and cattle manure was used. The two
treatments were compared with a control without manure application.

Plants were harvested during flowering time. The mesocotyl part of the
maize stem was immediately separated from the rest of the plant and frozen.
The remaining sample material was freeze dried. Sample preparation, water and
cellulose extraction as well as isotopic analysis will take place in the Institute of
Crop Science and Resource Conservation (INRES) in Germany with the same
procedures as for the other experiments.

The RLD was measured using the profile wall method according to B6hm
[1976], as described by [Kemper et al., 2020]. Root distribution was visualized
using a 1 X 1 m? grid. Each grid cell (5 cm X 5 cm) was carefully scraped to a
depth of 0.5 cm, and the exposed roots were counted to quantify root density

per defined soil volume (5 cm x 5 cm x 0.5 ¢cm). The number of roots per grid

cell was then used to assess spatial root distribution.

To determine the bulk density, soil samples were taken at two different depths:



0-20 cm and 30-50 cm. To do so, three bulk density rings were used that each
have a volume of 100 cm?®. By carefully pressing the rings into the profile wall,
the exact volume of the samples could be derived. In addition to the volume,
the dry mass was also needed. Therefore, the samples were placed into an oven
at 105°C for 48 hours, until they were completely dry. The bulk density was
calculated as the ratio of dry weight per volume.

Other soil samples were taken at 0-20 cm, 20-30 cm and 30-50 cm. These
samples were immediately dried at 40°C. Next, they were sieved and crushed.
The samples were examined for pH, Cation Exchange Capacity (CEC), Carbon
(C) and Nitrogen (N) nutrients, Plant Available Phosphorous (P) and Soil
Organic Matter (SOM). These analyses were conducted at the University of the
Free State in Bloemfontein. For the pH water (H2O) measurement, 10 g of soil
was combined with 25 ml of deionized water. The suspension was stirred for 5
seconds, left to stand for 50 minutes, and then stirred again. After an additional
10 minutes, pH readings were taken using a Lasec pH 50 VioLab Bench Meter
(Lasec, South Africa). The same procedure was followed for determining pH
in KCl, except that 25 ml of potassium chloride (KCl) solution replaced the
deionized water.

Determination of the C/N ratio: 40 mg of each sample was wrapped in tin
foil and analyzed with the LECO Truspec CNS 3351 device.

Plant-available phosphorous was determined using the Bray-I extraction
method. 2 g of each soil sample was mixed with 14 ml of Bray-I solution and
shaken for one minute. The suspension was then filtered, and an aliquot of the
filtrate was used for colorimetric determination of phosphorous. Absorbance was
measured using a spectrophotometer.

In order to find out, how much SOM the samples contain, 2 g of soil was
put into an oven at 55°C for four hours. Afterwards, the samples were weighed
again. The mass loss is considered the amount of soil organic matter.

Isotopic analysis: To analyze root water uptake depth based on the oxygen
isotopic composition (6180), soil and plant water were extracted using a cryogenic
vacuum extraction system [Orlowski et al. 2013]. The frozen samples were filled
into extraction tubes and connected to extraction lines together with U-tubes.
Under a pressure of 0.3 Pa, the samples were heated to 90 °C, causing water to
evaporate and subsequently be trapped in the frozen U-tubes. The extracted
water was then cleaned with nitrogen gas, removed from the system, and pipetted
into glass vials (2 ml) for isotopic analysis. For details of the extraction method,
the reader is referred to Orlowski et al. [2018a].

In order to estimate potential yield of the maize crops, the rate of photosyn-
thesis as well as stomatal conductance was measured with LI-COR, LI-6800 gas

exchange system.



080 and §'3C isotope analysis of maize cellulose was based on the cupram-
monium (CUAM) method for the isolation of cellulose. In this method, the
samples were bleached by treatment with Sodium chlorite (NaClOq, 7%) and the
residue was washed (2-3x) in hot deionized water (70 °C) and freeze-dried. The
CUAM solution, consisting of 15 g copper hydroxide solution (25%) dissolved
in 900 ml ammonium hydroxide solution (25%) and 100 ml deionized water,
was added to the bleached cellulose in a stirrer jar to dissolve the cellulose.
The supernatant copper—cellulose complex solution was then centrifuged three
times with the addition of 20% sulfuric acid (H3SO4). Once the precipitate
was fully cleared of copper and rinsed with deionized water, it was freeze-dried
[Wissel and Liicke, 2008]. Oxygen and carbon isotope ratios were determined
using stable isotope ratio mass spectrometry (IRMS) coupled with pyrolysis—EA.
All necessary instruments were available in the INRES laboratories.

Statistical analysis and data visualization were performed using R Statistical
Software (Version 2023.06.14+524; R Core Team, 2023) within the RStudio
integrated development environment. Graphical representations were generated

using the ggplot2 package.



3 Results

The results are within the early stages of analysis, further extractions and

analyses are running at the moment.

3.1 Root Length Density

Fig. 2 shows the averaged data per treatment. The legend displays, how many
roots are visible per volume within the profiles and treatments. It can be
observed, that plants in treatment C concentrated its root growth in the upper
soil layer. Treatment DLM (D) in the middle displays fewer roots in the upper
soil layer, compared to C. However, when looking at the subsoil layer, it is visible
that the rooting depth is a lot higher than in the control. Treatment Manure (M)
on the other hand has fewer roots in the topsoil than C and D. In the subsoil,
more roots can be seen when comparing it to the control. In comparison with
treatment D however, it can be observed that while roots in deeper soil layers

are visible, they are still scarce and focused on mainly the left side of the profile.
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Figure 2: Vertical distribution of maize root length density (RLD) across a
soil profile wall under three distinct management systems. The grid system
displays spatial root distribution patterns from the soil surface to a depth of 1
m. Treatment abbreviations: Control (C), Manure (M), and DLM (D).

3.2 Soil Organic Matter

The boxplot illustrates the distribution of Soil Organic Matter (SOM %) across
three distinct soil depths (0-20 c¢m, 20-30 cm, and 30-50 cm) subject to three
management treatments. In the 0-20 cm horizon, the Control treatment exhibits
a relatively narrow interquartile range (IQR) centered around a median of
approximately 2.6%, whereas DLM shows higher variability, with values ranging

from a minimum of 1.0% to a maximum near 3.5%. Interestingly, in the 20-30 cm



increment, the Manure treatment remains low (median ~ 2.0%), while the DLM
group shows an increase in organic carbon accumulation, reaching a median of
roughly 3.5%. At the deepest profile analyzed (30-50 cm), SOM levels appear
to converge at higher concentrations across all treatments; however, the DLM
treatment reaches the highest observed peak in this study, with a median of
approximately 4.0% and individual data points extending to 4.5%. Overall, the
data indicates a clear trend of increasing SOM with depth in the ameliorated

plots, deviating from the typical top-heavy distribution seen in undisturbed soils.

Soil Organic Matter by Treatment and Depth
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Figure 3: Soil Organic Matter in % within the Control (blue), Deep-loosening
and manure incorporation DLM (grey) and incorporation of manure in the

topsoil (yellow) and soil depths ranging from 0-50 cm.

3.3 Bulk Density

The graph (Fig. 4) illustrates the effects of various melioration measures on
bulk density (g -cm ™3 across two soil depths (0-20 cm and 30-50 cm). Within
the upper horizon, the Control exhibits the lowest density here with a median
of 1.32 g -cm™3, but also shows the highest variability, since the minimum lies
at 1.15 g -em™3. The Manure treatment leads to a more compact structure in

3

the topsoil with a median of 1.49 g -cm™>. Treatment DLM ranges between

the control and Manure treatment, showing higher density than the control but



looser than the Manure. At greater depth, the pattern partially reverses. The
Manure treatment still shows the highest bulk density in the 30-50 cm layer.
The control also displays a higher bulk density, but it is still lower than the
Manure. The DLM treatment shows a looser state than both the Control and
the Manure treatment with a median of nearly 1.52 g -cm™2. This indicates that
the mechanical loosening in the subsoil was successful and that the density was

reduced compared to the untreated Control.

Bulk Density by Treatment and Depth
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Figure 4: Soil bulk density (g-cm™3) as influenced by different soil melioration
measures across two primary diagnostic horizons: topsoil (0-20 cm) and subsoil
(30-50 cm). Blue boxes indicate the Control, yellow boxes represent the Deep-
Loosening and Manure (DLM) treatment, and grey boxes represent the Topsoil

Manure application.

3.4 pH Analysis

The distribution of pH KCI values across the soil profile highlights the impact
of different management strategies on vertical chemical gradients. Within the
0-20 cm horizon, the manure application mitigated acidity, raising the median
pH to 5.4 compared to the Control’s baseline of 5.1. While pH levels across all

treatments converged to a uniform median of 5.2 in the 20-30 cm transition zone,
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the subsoil (30-50 cm) exhibited the most substantial divergence. Specifically,
treatment DLM induced a broad vertical expansion of pH values, peaking at
nearly 5.9. This suggests that melioration of deeper soil layers effectively alters
subsoil chemistry, whereas the Control and Topsoil treatments remained stagnant

at a lower pH of 5.2.

pH KCI by Treatment and Depth
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Figure 5: Soil pH measured in KCI across three layers (0-20 cm, 20-30 cm,
and 30-50 cm) under Topsoil Manure application (yellow), Deep-loosening and
manure application (grey) and the Control (blue). Measurements reflect the

potential acidity using a potassium chloride (KCl) extraction.

4 Significance of the Results for South Africa

The averaged RLD patterns (Fig. 2) indicate that treatment C concentrated its
root growth in the upper soil layer, whereas treatments DLM and M promoted
deeper rooting. However, while deeper roots are present in treatment M, they
remain shallower than those in treatment DLM. In drought-prone regions such as
South Africa, the deeper root systems, particularly those observed in treatment
DLM, suggest improved drought tolerance, likely due to enhanced soil water

retention and greater access to subsoil moisture. Additionally, the mechanical
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loosening of subsoil layers in treatment DLM appears to have further facilitated
downward root penetration.

The SOM results (Fig. 3) show that treatment DLM contains the highest
levels of soil organic matter across all depths compared to treatments M and C.
This indicates that subsoil melioration effectively incorporated organic matter
into deeper soil layers. In contrast, the control treatment exhibits higher SOM
content in the topsoil, compared to the 20-30 cm layer.

The bulk density data (Fig. 4) reveals a characteristic increase with soil
depth across all plots. Treatment Manure exhibited the highest density levels,
surpassing the undisturbed Control. This suggests that the mechanical distur-
bance during manure incorporation, likely exacerbated by subsequent rainfall,
led to a loss of structural stability and physical consolidation (’soil slumping’) in
the topsoil layer [Ley et al., 1989]. However, within the deeper soil layer, DLM
plots showed lower bulk density values compared to the Control and Manure
treatment, demonstrating, that this specific treatment successfully loosened the
soil layer.

The pH measured in potassium chloride pH KCl (Fig. 5) accounts for the
acidity of the soil solution plus the reserve acidity held by the colloids; therefore,
it is consistently more acidic than pH measured in water [Sadovski, 2019]. In
this study, the pH KCI values the plots demonstrating the control fell within the
acidic range with a median of 5.1 to 5.2. Although these values remain above
the critical threshhold for acute aluminum toxicity, they illustrate the natural
acidification tendency of subtropical soils. For soils in tropical and subtropical
regions, high acidity and the associated nutrient fixation represent primary
constraints for agricultural production. However, the results demonstrate that
the DLM treatment, through deep organic melioration, was counteracting subsoil

acidification and increasing the subsoil pH[McLean, 1965].

5 Further plans for this project

Within this report, only soil analyses were included, as these were conducted
in South Africa. In the coming weeks, additional analyses on plant material
will be conducted. This includes the extraction of cellulose from leaf samples,
which will subsequently be analyzed for §'0 and §'2C isotopic composition.
These measurements aim to provide a more detailed understanding of plant
WUE under the given environmental conditions. Furthermore, the data obtained
from the gas exchange measurements will be processed and analyzed. These
measurements include photosynthetic rate and stomatal conductance, which
will be used to assess physiological performance and estimate the relative yield

potential of the maize plants. Together, these analyses will complement the soil
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data and allow for an integrated evaluation of plant—soil interactions.

6 Importance of the Schleussner Foundation

I would like to sincerely thank the "Hans und Wolfgang Schleussner Stiftung”
for funding my one-month research stay in Bloemfontein, South Africa. This
support enabled me to conduct field measurements and collect soil and maize
samples under real conditions, which form a central part of this study.

Beyond its scientific contribution, this experience allowed me to gain valuable
hands-on insights into agricultural systems in a semi-arid environment and to
apply theoretical knowledge in a practical context. Working in an international
setting further strengthened my ability to adapt to new research environments
and enhanced my intercultural competence.

I am very grateful for this opportunity, which has significantly contributed

to both my academic and personal development.
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