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Abstract: In a future exposed to threats of climate change, sustainable biomass production will be
crucial. Maize (Zea mays) and sorghum (Sorghum sp.) are important crops for human and animal
nutrition, as well as for bioenergy. The aim of this study was to investigate maize and sorghum in
mixed cropping with soybean (Glycine max) and faba bean (Vicia faba) regarding biomass yield,
drought tolerance, phosphorus (P) availability, and enzyme activity in soil as affected by the single
and combined effects of water and P supply in two outdoor pot trials with rainout shelters. Maize
had the highest biomass under sufficient water supply (80% water holding capacity, WHC), but a
sharp decrease of its biomass of about 60% was measured when water was limited (30% WHC). In
the mixtures, drought induced reduction of biomass was less than 40%. For mixed cropping usually
higher contents of labile P fractions in soil than for sole cropped monocots were found. This was
especially true for the combined stress of water and P deficit and can be partly explained by a higher
activity of the acid phosphatase in the soil of the mixtures. A higher yield stability of the crop
mixtures makes them a suitable agronomic alternative to sole cropped maize or sorghum under
suboptimal conditions of water and P shortage.

Keywords: sustainable cropping systems; drought resistance; phosphorus mobilization; enzyme
activity

1. Introduction

In the last two decades, energy crops, like maize, have gained importance for biogas production
and their plantations increased steadily in Germany within this time, also supported by continuous
governmental subsidies to develop the bio-energy sector [1,2]. However, the extension of agricultural
land cropped with maize has also raised some concerns regarding landscape aesthetics [3], negative
effects on soil quality [4], and agro-biodiversity [5,6]. Consequently, agronomic measures are needed
in order to mitigate negative environmental effects for the cultivation of energy crops. The cultivation
of crops in mixtures is one promising approach here [7].

Mixing crop species in the same field is an old agricultural practice but is nowadays often limited
either to low-input and labor-intensive cropping systems [8], or to organic farming [9]. The
advantages of mixed cropping are mainly related to complementarity and facilitation [10,11],
whereas complementarity means the resource use and niche differentiation in space and time, and
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facilitation refers to better availability of resources. Following this, mixtures of crop species may
result in higher abiotic stress resistance due to higher functional diversity, as described by Eisenhauer
[12]. Combined cultivation of cereals and legumes is often practiced because of the complementary
advantages in nitrogen (N) use and following a lower demand of N fertilizer in the mixtures [6,7].
The positive effects of crop mixtures with legumes was even found for grain yield and N uptake of
the following crop within a rotation [13]. However, the legume partner not only provide N for the
cereals, but was also often found to be the phosphorus (P) mobilizing partner in cereal-legume
mixtures and the cereal crop the beneficiary (one-way facilitation) [10,14,15]. The main processes of
biochemical P mobilization of plants are based on the exudation of ions and organic acids for the
solubilization of inorganic P and the excretion of phosphatases for the hydrolysis of organic P
[10,16,17]. Cropping also affects microbial communities and the microbial part of P mobilization,
which is usually higher in mixed cropping systems [18,19].

The efficiency of physiological processes, such as N fixation and P mobilization, are strongly
dependent on environmental conditions. Here, drought is the major environmental stress and is
considered the most limiting abiotic factor on plant growth [20]. Furthermore, reduced stomatal
conductance and restricted transpiration rates decrease nutrient transport from roots to the shoots,
and nutrient deficiency is one of the earliest effects of drought stress [21,22]. This particularly affects
the less mobile nutrients in the soil such as P [23,24].

According to the stress-gradient hypothesis, the interactions among crops are context-
dependent and shift from facilitation to competition as environmental stress decreases [25,26].
Consequently, favorable crop interactions were found to be more relevant under drought conditions
[27] and nutrient deficiency [16].

Considering these facts, we postulated that, mainly under stress of water and P shortage, the
selected mixtures of monocots and legume crops show advantages regarding biomass production
and P nutrition during early growth stages. We further assumed that the monocots could profit from
the P solubilizing capabilities of the legumes under combined water and P deficiency. In order to
prove these hypotheses, we performed a study, subdivided into two experiments with four crop
species, in sole and mixed cropping under semi-controlled conditions in rainout shelters. We
included maize (Zea mays L.) and sorghum (Sorghum sp. Moench) as monocot crops in our study
because of their importance as energy crops. Soybean (Glycine max (L.) Merr.) and faba bean (Vicia
faba L.) were chosen as important legume crops and because of their previously positive description
as mixing partners of monocots under water or P deficiency [28,29], but according to our knowledge,
both crops have not yet been compared as mixing partners for monocots under combined water and
P deficiency. In one experiment, we investigated water supply as experimental factor (Water-Trial).
In the second experiment the factor water supply was combined with the factor P supply (Water-P-
Trial). Beside the above-ground characteristics, we also considered the content of available P in soil
and the activity of enzymes. Here, we considered the phosphatases as enzymes involved in the soil
P turnover and the dehydrogenase as an indicator for the intracellular activity of all living
microorganisms [30], which is also dependent on agronomic management [31,32].

2. Materials and Methods

2.1. Experimental Design

The study comprises two outdoor pot trials employing rainout shelters in order to test the
performance of mixed crops during the early growth under stress conditions. In a first experiment,
we combined cropping and water supply as experimental factors (hereinafter referred to as Water-
Trial). In the second trial, we added P supply as an additional experimental factor (hereinafter
referred to as Water-P-Trial).

Cropping consisted of eight treatments and water and P supply consisted of two treatments
each. For all treatments, four replications were established and placed in a randomized design.

The cropping treatments consisted of two monocot species: maize (MA) (Zea mays, Fernandez)
and sorghum (SO) (Water-Trial: Sorghum bicolor (L.) Moench x sudanense (Piper) Stapf., Freya; Water-
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P-Trial: Sorghum bicolor, Zerberus) and two legumes: soybean (SB) (Glycine max, ES Mentor) and faba
bean (FB) (Vicia faba, Isabell). Each crop species was cultivated as a sole crop and in mixtures: MA+SB,
MA+FB, SO+SB, and SO+FB. In the Water-Trial, four plants per pot were grown, either in sole
cropping or two + two plants per pot in mixed cropping (ratio 50:50) which corresponds to a
replacement design [33]. In the Water-P-Trial for sole cropping, four plants were also cultivated, but
for mixed cropping, the seed density was increased to three + three plants per pot (ratio 75:75), which
corresponds to an intermediate design. We introduced the intermediate design in order to realize
higher competition regarding the water and P sources [33,34]. Before sowing, the legume seeds were
inoculated with symbiotic bacteria (Jost Radicin, Jost GmbH, Germany) in order to promote the
fixation of N from the air. The plants were cultivated for eight weeks in Mitscherlich pots and
harvested at V2 stadium for maize and sorghum and at R3 stadium for faba bean and soybean.

The soil used for the trials was taken from the A-horizon of a long-term field experiment located
in Rostock, Northern Germany [35]. The soil texture was classified as loamy sand and the soil type
was a Haplic Luvisol according to the FAO nomenclature. In the Water-Trial the Mitscherlich pots
(volume about 8800 cm?) were filled with 6 kg sieved and air dried soil. For the investigation of the
effects of P supply in the Water-P-Trial, the soil was mixed with commercial sand (4.5 kg soil plus 1.5
kg sand) in order to reduce the soil P content. Plant available P content in soil (double lactate
extractable; Pdl) was about 44 mg kg in the Water-Trial and about 39 mg kg in the Water-P-Trial,
indicating a suboptimal P supply according to the German soil P classification. The soil pH value
(CaClz) was 5.6 in the Water-Trial and 6.8 in the Water-P-Trial after mixing with the sand (the pH of
the sand was 10.7). Before sowing, soil was mixed with fertilizers according to experiences from
previous pot experiments [32,36] with 1 g K as 60’s Kali and 0.2 g S as ammonium sulphate per pot.
The Mg content of the soil was high with about 100 mg kg (double lactate extractable) and no extra
Mg was added. Nitrogen was supplied as calcium ammonium nitrate in an amount of 0.5 g per pot
for the monocot crops (MA, SO), of 0.25 g for the mixed cropping treatments, and of 0.1 g for the sole
legume crops (SB, FB). The different N supply was chosen in order to allow for a good development
of the legumes in symbiosis with the symbiotic bacteria. In the Water-P-Trial, MA and SO as well as
the mixed crops received a second N application after 49 days of the experiment with the same
amounts of N as in the first application because of the visible N deficit of the plants. Phosphorus was
applied in an amount of 0.2 g P per pot as triple-superphosphate (TSP) to all treatments in the Water-
Trial, as well as in the TSP-treatment of the Water-P-Trial, whereas no P was added in the PO-
treatment of the Water-P-Trial.

The water holding capacity (WHC) of the soil was determined using a gravimetric method
modified after Schinner et al. [37]. Here, air dried soil was weighed, filled in pots, and saturated with
distilled water. After a draining period of six hours the soil was weighed again. The two water supply
treatments were established at a three-leave stadium of the monocot crops with an optimal water
supply at 80% WHC and a drought stress treatment at 30% WHC. Pots were weighed daily in order
to calculate the amount of water consumed and then replaced with distilled water. To consider the
increasing plant biomass during plant growth, reference pots were established, and the plant biomass
was weighed regularly. To reduce the evaporation the soil in the pots was covered with air dried
quartz gravel (400 g pot™) after the germination of the plants. The pots were submitted to natural
weather conditions but covered by a rainout shelter in order to keep out rain water. The average
temperature during the experimental time from mid-July to the beginning of September was 17.7 °C
for the Water-Trial and 18.5 °C for the Water-P-Trial.

2.2. Sampling and Analyses

The plants were cut at 0.5 cm above the soil surface and the dry-matter yield was determined
after the plant material was oven-dried at 60 °C until reaching a constancy of weight. For the soil
analyses, six soil cores (3 cm diameter) per pot were taken and mixed. One part of the sample was
stored in a freezer at —18 °C for the enzyme analyses and the other part was air dried for chemical
analyses. The root samples originated from three soil cores (3 cm diameter) per pot, which were taken
in a random manner.
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The plant material was ground with a plant mill (Fritsch GmbH, Idar-Oberstein, Germany). The
P concentration of the shoots was determined after dry ashing, applying the vanadate-molybdate
method described by Page et al. [38]. The P concentration was measured using a spectral photometer
(Specord 40, Analytik Jena, Germany). The total N content was determined using a CNS analyzer
(Vario EL Fa. Foss Heraeus, Hanau, Germany). The P and N uptake of the plants was calculated by
multiplying the dry weight of harvested biomass by its P and N concentration. The roots in the three
soil cores were washed using several sieves and later dried at 60 °C. For the determination of the root
length, the root samples were spread thoroughly and scanned. Using an image analyzing software
(Image Analyser, GSA German Software development and Analytics GmbH, Germany) the root
length per root sample was measured, followed by calculation of the total root length per pot,
considering the soil core volume and the pot volume. Root:shoot ratio was determined by dividing
root length (m per pot) by shoot dry mass (g per pot). The root characteristics were measured in the
Water-Trial only.

For analyses of the soil P concentration, the soil was air-dried and sieved (2 mm). Water-
extractable P (Pw) was quantified by the method of Van der Paauw [39] and the phosphormolybdate-
blue method was used to measure the P concentrations in the extracts via flow-injection analysis. The
bioavailable P was analyzed by extraction with double lactate (Pdl), which is a standard soil P test in
Northern Germany (modified according to Riehm [40]). In brief, 12 g soil was extracted with 150 mL
of a solution consisting of calcium lactate (0.4 M CsH10CaOs x 5 H20) and hydrochloric acid (0.5 M
HCl) at pH 3.6 and shaken overhead for 90 min. The P concentration in the solution was measured
after the vanadate-molybdate method [38] with the spectral photometer as given above. Oxalate
soluble P (Pox) in soil was measured using the ammonium oxalate method [41]. In brief, 2 g of soil
were shaken in 100 mL of acid oxalate solution in the dark. Inductively coupled plasma-optical
emission spectroscopy (ICP-OES, Optima 8300, Perkin Elmer, Waltham, MA, USA) was used to
quantify the concentrations of P in the extracts. The pH value was determined in 0.01 M CaCl..

The activities of the acid and alkaline phosphates (acid Pase and alk Pase) were determined by
using p-nitrophenylphosphate [42]. The enzyme activity was measured in ug p-Nitrophenol released
from p-Nitrophenylphosphate solution in 1 g soil within 1 h at 37 °C (ug p-Nitrophenol gth). The
activity of dehydrogenase (DH) was measured after Thalmann [43]. One gram soil was extracted in
0.8% triphenyltetrazoliumchloride solution and incubated for 24 h at 37 °C
Triphenyltetrazoliumchloride is reduced to triphenylformazan (TPF) by most microorganisms. TPF
was extracted with acetone after incubation and measured photometrically with the spectral
photometer as named above. The activity was expressed as 1 g TPF per g soil released within 24 h (1
g TPF g124 h™).

2.3. Statistical Analyses

Both experiments were evaluated separately. Soil and plant data corresponding to four
replications were subjected to multi-factorial analysis of variance (ANOVA) using the general linear
model (GLM) of PASW Statistics 22 software (SPSS statistics) to test for significant single and
combined effects of the experimental factors (crop, water supply, P supply). The p-values and the eta?
values are provided in the Appendix (Tables Al and A2). When the effects of the factors were
significant (p < 0.05), Duncan’s multiple range test was used to compare the means within the
treatment groups.

3. Results

3.1. Crop Biomass and Nutrient Uptake

In sole cultivation, the biomass yields of the monocots (maize and sorghum) were higher than
the biomass yields of the legumes (faba bean and soybean). In both trials, the water supply had a
significant effect on the shoot biomass (Figures 1 and 2, Appendix Tables Al and A2), but also
significant interactive effects of crops and water supply were found (p <0.001). Maize in sole cropping
showed especially sharp decreases in biomass production when water supply became limited with
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an almost 60% reduction of shoot weight in both experiments. For sorghum, this reduction was about
50% in the Water-Trial and 45% in the Water-P-Trial. For the legumes biomass, reductions due to
drought were about 47% in the Water-Trial and 55% in the Water-P-Trial, without significant
differences between both legume species. In the mixtures, the reduction of biomass due to water
limitation was considerably lower than for sole cropped crops, with usually less than 40% (Appendix
Tables A3 and A4).
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Figure 1. Effect of water supply on biomass (shoot dry matter) of the crops and mixtures in the Water-
Trial (mean + SD). Different letters indicate significant differences between the crop variants at each
water level, + indicates differences between the water levels (ANOVA and Duncan’s test, p < 0.05).
WHC = water holding capacity.
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Figure 2. Effect of water supply and phosphorus supply on biomass (shoot dry matter) of the crops
and mixtures in the Water-P-Trial (mean + SD). Different letters indicate significant differences
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between the crop variants at each water and P level, + indicates differences between the water levels,
* indicates differences between the P levels (ANOVA and Duncan’s test, p < 0.05). WHC = water
holding capacity, TSP = triple-super P, PO = control without P.

Under sufficient water supply, sole maize and sole sorghum had higher shoot biomasses than
the total biomasses of their mixtures with legumes. Under drought stress however, no significant
differences between the biomass of maize and sorghum in sole cultivation and the biomass of the
mixtures were found in either experiment.

The biomass of one individual monocot plant was usually higher in the mixtures than in sole
cropping, whereas the opposite was true for the biomass of one individual legume plant, which was
usually higher in sole cropping. In the Water-P-Trial with higher seed density in the mixtures (six
plants per pot), the biomass of the individual plant was lower than in the Water-Trial with only four
plants per pot.

In the Water-P-Trial, faba bean in sole cropping had higher biomass yields than soybean in all
water and P treatments and faba bean also contributed more to the total weight of the respective
mixtures than soybean. However, the proportion of legumes of the total biomass of the mixtures was
generally low and varied between 20% and 25% at 80% WHC. With drought stress, the proportion of
legumes became even lower (approx. 10-20%).

The water supply also had a significant effect on root length and the ratio of root length to shoot
biomass (Appendix Table A6). For 80% WHC, the root length of maize was found to be the highest
of all crops (664 m per pot) and that of faba bean the lowest (188 m). When the water supply was
deficient, the root length decreased from about 400 m to about 260 m (on average of all crops),
whereby the strongest reductions were found for maize and maize + soybean (about 50% reduction).

The P and N concentration in the shoot biomass of the legumes was considerably higher than in
the shoot biomass of the monocot plants (data not shown), but because of the low biomass of the
legumes, the P uptakes (Figures 3 and 4) and N uptakes (Figures 5 and 6) of the legumes were also
usually lower than that of the monocots. Generally, the N uptakes of the monocots and mixtures, but
not of the legumes in sole cropping, were higher in the Water-P-Trial than in the Water-Trial, which
corresponds to the second N supply given to the monocots and mixtures in the Water-P-Trial. The
reduction of the P uptake under drought stress was higher than the yield reduction (highest for sole
maize of about 70%), whereas the N uptake only reduced about 10-30% under drought stress
(Appendix Tables A3 and A4).

120

M maize

[l sorghum
[ soybean
[Ifaba bean

P uptake [mg pot™]

WHC 80% WHC 30%

Figure 3. Effect of water supply on phosphorus uptake of the crops and mixtures in the Water-Trial
(mean + SD). Different letters indicate significant differences between the crop variants at each water
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level, + indicates differences between the water levels (ANOVA and Duncan’s test, p < 0.05). WHC =
water holding capacity.
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Figure 4. Effect of water supply and phosphorus supply on phosphorus uptake of the crops and
mixtures in the Water-P-Trial (mean + SD). Different letters indicate significant differences between
the crop variants at each water and P level, + indicates differences between the water levels, * indicates
differences between the P levels (ANOVA and Duncan'’s test, p <0.05). WHC = water holding capacity,
TSP = triple-super P, PO = control without P.
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Figure 5. Effect of water supply on nitrogen uptake of the crops and mixtures in the Water-Trial (mean
+ SD). Different letters indicate significant differences between the crop variants at each water level,
+ indicates differences between the water levels (ANOVA and Duncan’s test, p < 0.05). WHC = water
holding capacity.
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Figure 6. Effect of water supply and phosphorus supply on nitrogen uptake of the crops and mixtures
in the Water-P-Trial (mean + SD). Different letters indicate significant differences between the crop
variants at each water and P level, + indicates differences between the water levels, * indicates
differences between the P levels (ANOVA and Duncan’s test, p <0.05). WHC = water holding capacity,
TSP = triple-super P, PO = control without P.

The effects of P supply on the crop characteristics were relatively low and varied independent
of water supply (interactive effects of water and P supply on biomass and P uptake, p < 0.001)
(Appendix Table A2). The biomass reduction due to P deficit was about 15% (average of all crops and
water treatments). In the 80% WHC treatment, the biomass and the P uptake were usually higher in
the TSP treatments than in the PO treatments. Under drought stress, however, the P supply usually
had no significant consequences for the shoot biomass and the P uptake of the crops (exception for
sorghum). The sole cultivation of legumes did not show any significant biomass changes in
dependence of P supply.

3.2. Phosphorus Pools in Soil

In both experiments the soil P contents in the labile pools (Pw and the Pdl) were affected by the
crops and in the Water-P-Trial also by the P supply (Figures 7A,B and 8A,B, Appendix Tables Al and
A2). Higher Pw and Pdl contents in soil after cultivation of the crop mixtures in comparison to sole
cropped monocots were mainly found under the combined stress of water and P deficit in the Water-
P-Trial. Both legume partners had similar effects on soil P pools.
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Figure 8. Effect of water supply, phosphorus supply and crops on water-extractable phosphorus (Pw,
A), double lactate-extractable phosphorus (Pdl, B), oxalate-soluble phosphorus (Pox, C) and pH (D)
in soil after harvest in the Water-P-Trial (mean + SD). Different letters indicate significant differences
between the crop variants at each water and P level, + indicates differences between the water levels,
* indicates differences between the P levels (ANOVA and Duncan’s test, p < 0.05). WHC = water
holding capacity, TSP = triple-super P, PO = control without P.

The contents in the labile P pools in soil (Pw and Pdl) were negatively correlated with the P
uptake of crops (though not always significant). This was especially obvious in the Water-Trial for
the Pdl content with a Pearson correlation coefficient of —0.50 (p < 0.01). In the Water-P-Trial, this
correlation was only —0.21 (p < 0.05).

A P supply with TSP raised the Pw contents on average from about 8 to 10 mg kg and the Pdl
contents from about 24 to 32 mg kg in the Water-P-Trial. The water supply, however, had almost no
impacts on the soil P pools. Only in the Water-Trial were the average Pdl contents slightly (but
significantly) higher in the 30% WHC than in the 80% WHC treatment (40.8 vs. 38.8 mg kg™).

Effects on the more stable Pox pool were rarely found (Figures 7C and 8C). Only the P supply
affected the Pox values and resulted in slightly, but significantly, higher Pox contents with TSP
supply (11.5 mmol vs. 10.6 mmol). Similarly, the pH values in soil were usually not affected by water
or P supply (Figures 7D and 8D). In the Water-P-Trial, faba bean in sole cropping and mixtures of
maize + faba bean resulted in the highest soil pH values (average of P and water treatments) with
about 0.5 pH units more than the other crop treatments.
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3.3. Activity of Enzymes in Soil

All factors tested affected the activity of enzymes measured (acid and alk Pase, DH) in soil
(Figure 9, Appendix Table A2), whereas the highest effect size (Eta?) was found for the crop factor.
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Figure 9. Effect of water supply, phosphorus supply and crops on the activity of acid (A) and alkaline
phosphatase (B) and dehydrogenase (C) in soil after crop harvest in the Water-P-Trial (mean + SD).
Different letters indicate significant differences between the crop variants at each water and P level, +
indicates differences between the water levels, * indicates differences between the P levels (ANOVA
and Duncan’s test, p <0.05). WHC = water holding capacity, TSP = triple-super P, PO = control without
P.

The acid Pase was mainly found to be increased in the mixed cropping of sorghum and legumes
in comparison to sorghum solo. For the mixtures with maize only the combination with soybean
resulted in higher activities of acid Pase (average of all P and water levels). The combination of maize
+ faba bean had comparably low activities of acid Pase which is in relation to the relatively high pH
in this treatment. On average, the deficiency of water decreased the activity of the acid Pase by about
10%, but significant reductions were only found in combination with sole cropped maize and the
legumes (average of both P treatments).

The activity of alk Pase was also affected by the crops but with inconsistent results. A positive
effect of mixed cropping was only found for the combination of maize + faba bean (average of all
water and P treatments). In contrast to the acid Pase, the highest activities of alk Pase were found
under combined water and P deficiency.

A clear crop effect was found regarding the activity of DH, and —like for acid Pase—on average,
the highest activities were measured in the mixtures of sorghum and legumes. The water and P
supply showed only little effects without consistent results.

Under water deficiency, significantly positive correlations between the activity of acid Pase and
the yields (r = 0.269, p < 0.05) and the P uptake (r = 0.264, p < 0.05) of the plants were found.
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Furthermore, the acid Pase was positively correlated with the Pdl values (r = 0.309, p < 0.01) and
negatively with the pH values (-0.358, p < 0.01). For the other enzymes, these correlations were more
diverse without a clear trend (data not shown).

4. Discussion

4.1. Biomass and Nutrient Uptake Mainly Affected by Water Supply

Maize in sole cropping had the highest shoot biomass and was superior to all other crop
treatments when water was not limited. Under water deficiency, however, the biomass production
of maize decreased sharply (about 60%) and more than for all other crops. The reduction of the shoot
biomass of the crops mixtures due to water shortage was less pronounced, and finally, the crop
mixtures produced the same biomass under drought as the sole cropped monocots. This indicates
the potential of mixed cropping under unfavorable growing conditions. In this context, mixed
cropping was highlighted as suitable option for water deficient sites and for mitigation of climate
change effects [44]. As in our experiment, higher yields of mixed cropping in comparison to sole
cropped maize were rarely found in previous studies and mainly the yield stability in mixed cropping
systems was emphasized [33].

Plant density is an important factor in mixed cropping. Here, one can distinguish between a
replacement design (where the density of one sole crop species is proportionally replaced by the other
species) and an additive design (where at least one species in the mixtures have the same density as
in sole cropping), while intermediate designs are also applied. In our trials, the main outcomes
regarding mixed cropping were similar for the replacement design in the Water-Trial and the
intermediate design in the Water-P-Trial, although we cannot directly compare the two trials. Missing
advantages of higher seed densities could be explained by the limited soil volume in pot trials and
increasing crop competition, but also in field experiments, the advantages of mixed cropping were
more often found for replacement designs than for additive designs [33,34]. The cereal crop, i.e.,
maize or sorghum, was the main yield component and the legumes contributed relatively little to the
yield, usually accounting for less than 20%. Low shares of legumes in the total biomass of crop
mixtures were also shown in a meta-analysis by Yu et al. [9] in 409 out of 552 cases. Despite the low
biomass share in the mixtures, legumes were shown to be suitable mixing partners and their
development is impaired when the seed density of the dominant crop is increased [45].

In the Water-Trial, the number of plants of each species was reduced to 50% in the mixed
cropping treatments in comparison to sole cropping, i.e., from four plants to two plants. However, in
mixed cropping, the biomass of maize and sorghum was clearly higher than 50% of the biomass
produced in sole cropping and the individual monocot plant gained weight in the mixtures
(Appendix Table A5). This finding showed that the monocots got some advantage from the
combination with the legumes. There are at least two explanations for this. On the one hand, the
monocots have more space in the pots because the above-ground biomass of the legumes is lower
than that of the monocots and the legumes have also formed much less root biomass. The importance
of complementary root systems is often given as an advantage of mixed cropping under field
conditions [28], but may also have importance in pots, despite the limited soil volume. On the other
hand, the legumes might have promoted the growth of the monocots directly, for example, by
increasing the activity of soil enzymes, which was higher in mixed than in sole cropping (see Section
4.2). This also points to a weaker interspecific competition than the intraspecific competition for plant
growth factors and facilitative interactions between the crops [46,47].

The effect of drought on shoot biomass was clearly greater than that of P deficiency in our study.
P supply in the Water-P-Trial had rather positive effects on plant biomass and P uptake in the well-
watered treatments with 80% WHC, but it was rarely shown that P supply mitigate the negative yield
effects of water deficit in the 30% WHC treatments. In contrary, Garg et al. [48] found that application
of P emasculated yield reduction induced by drought in moth bean (Vigna acotinifolia (Jacq.)
Maréchal) in a loamy sand. This cited study, however, considered the seed yield after the total
vegetation time. Thus, the relatively short experimental period in our study and the focus on the total
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shoot biomass can be reasons for the missing positive effects of P supply under drought stress
conditions. Also the level of drought stress can be relevant. Burman et al. [49] documented increased
dry matter and seed yield due to P application at moderate drought stress in clusterbean (Cyamopsis
tetragonoloba (L.) Taub.), and probably the severe drought stress in our experiment dominated
possible P effects.

Legumes have the ability to fix N biologically from the air which can reduce or remove the need
to apply N fertilizers [50]. In order to ensure a proper development of the crops in our experiment,
we had to modify the N supply in accordance to the crop demand, which is about five times higher
for maize than for legumes. Nitrogen application to mixtures of monocots and legumes supports the
development of the cereals and may lead to a failure of the legumes [9]. Therefore, we reduced the N
supply in the mixtures by 50% compared to maize or sorghum in sole cropping. Different rates of N
supply for mixed cropping independent of the mixing partners were also applied in other studies
[47,51,52]. The lower N supply to the mixtures can help to save fertilizers, but can also be one reason
for the lower yields observed in the mixtures under good water supply, in which case maize and
sorghum cannot fully benefit from the N fixation of the legumes.

4.2. P mobilization in Mixed Cropping

The P pools investigated were affected by crop cultivation. Usually, the cultivation of the sole
legumes and the mixtures resulted in higher concentrations of the labile soil P pools (Pw and Pdl)
than the sole cropped monocots. For the sole cropped legumes, this can partly be explained by low
biomass production and low P uptakes, and following that, less exhaustion of the soil P pools.
However, for the mixtures, the higher P concentration in the labile soil pools cannot be explained by
lower P removals with the crop harvest, as the P uptake of the mixtures was usually in the range than
that of sole cropped monocots. Therefore, we suggest a direct P mobilization by the leguminous
partners in the mixtures. This was found particularly under combined drought and P deficiency and
underlines our postulation that the facilitation in mixed cropping might be greater under sub-optimal
conditions.

Legumes were shown to excrete larger amounts of P mobilizing exudates [53], which can also
support the P nutrition of other species in the mixtures with less capacities of P mobilization [54].
Examples of the this one-way facilitated P nutrition in crop mixtures were often reasoned with the
alteration of carboxylate concentration and proton exudation by the legumes [55,56]. In our study we
focused on soil enzymes as P mobilizing compounds and possible explanation for higher available P
pools in mixed cropping than in sole cropped cereals. The acid Pase in soil is mainly excreted by
plants and we often found higher activities of acid Pases for mixed cropping than for sole cropping.
The acid Pase was also positively correlated with the available P contents (Pdl), although with this
study we cannot answer to what extent this was caused by the mobilization of organic P. The
potential to utilize organic P in soil by high activities of the acid phosphatase were previously shown
for wheat in mixtures with chickpea (Cicer arietinum L.) [57] and, more generally, for highly diverse
cropping systems [31,58]. As the microbial community structure in the soil also depends on plant
species cultivated [55], cropping can also influence the microbial part of enzyme excretion. This can
explain the crop effect on the DH and alk Pase, which are mainly produced by soil microorganisms
[59].

The size and form of pots affects the plant rooting patterns [60], and although the root
distribution in the pots at harvest was dense, we cannot be sure that all soil investigated was
rhizosphere soil. In the close vicinity of the roots, the activities of acid Pase could have been higher,
as Nurruzzman et al. [16] found elevated activities of acid Pase of legumes mainly at a distance of
less than 4 mm from the roots. The release of P mobilizing compounds is also affected by the age of
root segments [10] and positive effects of faba bean on P nutrition of maize was rather found for later
growing stages [61]. Thus, a longer experimental time may have resulted in more consistent
advantages of the mixtures in all treatments of our study.

Increased P availability in the rhizosphere of legumes was often explained by acidification due
to proton release during N2 fixation of the legumes [8,25,62]. However, considering the relatively low
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pH values in our experiments (especially in the Water-Trial), an acidification probably would not
have resulted in higher P availability. In contrast, even higher pH values were found after cultivation
of faba bean in comparison to the monocots under drought and P deficiency in the Water-P-Trial.
Alkalization, mainly related to Ca availability, can also increase rhizosphere P availability, especially
in non-calcareous soils [10,63] and positive effects in this regard were found for cereal-legumes
mixtures with chickpea and durum wheat [25] and cowpea and maize [56]. This may explain the
tendency towards higher available P content (Pdl) in soil when the monocots were combined with
faba bean compared to the mixtures with soybean in the Water-P-Trial.

The availability of fewer mobile nutrients such as P is in particular affected by drought [64]. The
water supply in our study, however, had almost no impacts on the available P contents in soil. This
could be justified by the lower production of biomass due to the lack of water and thus less P uptake.
The lower exhaustion of soil P pools may thereby have offset the reduced P availability.

5. Conclusions

This study showed that, under water and P shortage, mixed cultivation of maize or sorghum
with faba bean or soybean could compete with the monocots in sole cropping regarding biomass
yields. Following this, under sub-optimal growing conditions, crop cultivation in mixtures can be a
suitable agronomic solution and represents a contribution to ecological intensification and agro-
biodiversity. The general potential of P mobilization of the selected mixtures could be demonstrated,
but the concrete benefit for plant P nutrition may vary and should be validated for longer growing
periods under differing growing conditions.
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Appendix A

Table Al. Single and interactive effects of water supply and cropping (ANOVA, p-values and effect
size (eta? in brackets) in the Water-Trial.

Water Crop Water x Crop
shoot dry mass 0.000 0.000 0.000
(0.950) (0.948) (0.778)
P uptake 0.000 0.000 0.000
(0.945) (0.759) (0.539)
N uptake 0.000 0.001 0.000
(0.778) (0.395) (0.516)
root length 0.000 0.000 0.008
(0.554) (0.713) (0.339)
root-shoot-ratio 0.000 0.000 0.000
(0.607) (0.731) (0.494)

pH 0.397 0.147 0.604
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Pw

Pdl

Pox

(0.016)
0.904
(0.000)
0.000
(0.241)
0.040
(0.090)

(0.204)
0.000
(0.437)
0.000
(0.530)
0.644
(0.103)

(0.109)
0.852
(0.068)
0.280
(0.166)
0.259
(0.171)
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Table A2. Single and interactive effects of water supply, phosphorus supply and cropping (ANOVA, p-values and effect size (eta?in brackets) in the Water-P-Trial.

Water P Supply Crop Crop x P Supply Crop x Water P Supply x Water Crop "V\I;af;PPIY *

shoot dry mass ~ 0.000 0.000 0.000 0.003 0.000 0.000 0.761
(0.902) (0.492) (0.920) (0.205) (0.621) (0.216) (0.043)

P uptake 0.000 0.000 0.000 0.174 0.000 0.000 0.954
(0.877) (0.349) (0.765) (0.102) (0.373) (0.160) (0.022)

N uptake 0.000 0.000 0.000 0.322 0.000 0.028 0.953
(0.806) (0.209) (0.809) (0.082) (0.389) (0.051) (0.022)

pH 0.005 0.075 0.000 0.502 0.000 0.569 0.020
(0.081) (0.034) (0.613) (0.064) (0.430) (0.003) (0.160)

Pw 0.761 0.000 0.000 0.899 0.000 0.679 0.085
(0.001) (0.754) (0.649) (0.029) (0.345) (0.002) (0.123)

Pdl 0.150 0.000 0.001 0.397 0.781 0.474 0.191
(0.022) (0.400) (0.218) (0.074) (0.041) (0.006) (0.099)

Pox 0.506 0.000 0.000 0.870 0.199 0.687 0.852
(0.005) (0.234) (0.405) (0.033) (0.098) (0.002) (0.034)

acid Pase 0.000 0.005 0.000 0.005 0.002 0.134 0.001
(0.259) (0.083) (0.400) (0.191) (0.209) (0.024) (0.232)

alk Pase 0.400 0.011 0.000 0.068 0.000 0.001 0.845
(0.008) (0.067) (0.513) (0.129) (0.285) (0.110) (0.035)

dehydrogenase  0.425 0.444 0.000 0.027 0.000 0.767 0.000
(0.007) (0.006) (0.414) (0.152) (0.350) (0.001) (0.291)

Pw = phosphorus soluble in water, Pdl = phosphorus soluble in double-lactate (DL), Pox = phosphorus soluble in oxalate extract, alk Pase = alkaline phosphatase,
acid Pase = acid phosphatase.
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Table A3. Reduction of yield and nutrient uptake in consequence of drought in the Water-Trial.

MA MA+SB MA+FB SO SO+SB SO+FB SB FB
Change in Shoot Biomass (DM) Due to Drought Stress (%)
-58.9 -42.7 -38.9 -51.7 -41.1 -45.3 -49.2 -48.0
Change in P Uptake Due to Drought Stress (%)
-68.1 -61.9 -50.0 -57.4 -51.1 -52.4 -49.7 -62.8
Change in N Uptake Due to Drought Stress (%)
-18.2 -31.3 -19.1 -9.41 -32.9 -29.2 -39.3 -50.3

MA = maize, SO = sorghum, SB = soybean, FB = faba bean, DM = dry mass.

Table A4. Reduction of yield and nutrient uptake in consequence of drought and P deficit in the
Water-P-Trial.

WHC % fertil. Ma Ma+SB Ma+FB SO SO+SB SO+FB SB FB

Change in Shoot Biomass (DM) Due to Drought Stress (%)

TSP -594 410 466 -466 -360 -338 -663 -59.2

PO -550 -379 354 -43.0 -299 -348 483 472

mean -574 396 415 451 333 343 -581 -537

Change in Shoot Biomass (DM) Due to P Deficit (%)

80 -199 -194  -188 286 -239 -133 -175 -l6.7

30 -11.3 -153 -1.78 -237 -167 -147 +265 +7.80

mean -174 -179  -128 -269 -21.1 -13.9 +6.40 -9.57

Change in P Uptake Due to Drought Stress (%)

TSP -61.0 -409 489 -455 -400 414 -712 -604

PO -55.0 -262 459 -443 -396 420 -524 -51.6

mean -583 343 474 450 398 416 -625 -56.3

Change in P Uptake Due to P-Deficit (%)

80 -173 -202  -153 -273 -171 -206 ~-l64 -17.8

30 458 -026 -102 258 -165 213 +382  +0.51

mean -137 -128 -13.6 -268 -169 -208 -418 -12.6

Change in N Uptake Due to Drought Stress (%)

TSP -504 -232  -39.7 -348 -239 -30.1 -458 -56.1

PO 467 -225 -382 344 -185 312 -36.8 447

mean -486 229 -390 -345 214 -305 -41.0 -51.0

Change in N Uptake Due to P-Deficit (%)

80 -116 -7.49 -9.61 -17.0 -159 -126 +14 -19.9

30 489 664 728 -166 -995 139 +182 +0.70

mean -938 -712 873 -169 -134 -131 +7.33 -13.6

MA = maize, SO = sorghum, SB = soybean, FB = faba bean, DM = dry mass.
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Table A5. Biomass of one individual plant in the Water-Trial.

WHC 80% WHC 30% Change Due to Mixed Cropping
Solo Mix Solo Mix WHC 80% WHC 30%
maize 16.6 20.9 6.83 12.64 +25.6 +85.0
sorghum 12.3 14.3 5.96 8.64 +16.3 +45.1
soybean 5.96 4.93 3.17 1.98 -17.2 -37.7
faba bean 5.73 3.59 2.98 2.14 -37.4 -28.2

Table A6. Effect of water supply on root length and root:shoot ratio of the crops and mixtures in the
Water-Trial (mean + SD).

WHC % 80 30 Mean
Root Length (m pot)

MA 664 +94.2 D* 381 +87.2 E 522 F
MA+SB 469 + 89.1 c* 221 +11.3 ABC 363 D
MA+FB 299 +16.4 B* 251 +14.6 BCD 275 BC

SO 457 +83.3 C 390+11.4 E 428 E
SO+SB 485 + 65.7 C 302 +284 D 378 DE
SO+FB 360+ 724 B 281 +40.2 CD 321 CD

SB 286 +23.5 B* 184 +16.9 AB 235 AB
FB 188 +22.6 A 175+34.4 A 181 A
mean 401 b 271 a
Root: Shoot Ratio (m g?)

MA 10.0+1.28 B 14.0 £3.47 B 12.0 BC
MA+SB 9.18+1.39 B 7.79£0.75 A 8.59 A
MA+FB 6.22+0.16 A 8.71+1.57 A 7.46 A

SO 9.23 +1.00 B* 153 +1.29 B 11.8 BC
SO+SB 13.1+1.85 C 13.8+1.33 B 13.5 C
SO+FB 9.32+1.80 B* 13.4+1.83 B 11.3 B

SB 120+1.22 C 14.6 +1.87 B 13.3 C
FB 8.37 +1.90 B* 14.7 £ 1.66 B 11.5 B
mean 9.68 12.9

MA = maize, SO = sorghum, SB = soybean, FB = faba bean, WHC = water holding capacity. Different

small letters indicate significant differences between water treatments, different capital letters

indicate significant differences between crop species (ANOVA and Duncan’s test, p < 0.05).
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