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Abstract


(1) Background: Weed control decreases the competition for nutrients, but also the potential of increased phosphorus (P) mobilization in soils caused by higher plant diversity. (2) Methods: Impacts of weed species under maize on mycorrhizal colonization and plant-availability of P were investigated in two pot experiments. Plant traits and P mobilization were tested in weed-free maize and in mixed growth with six annual weed species. (3) Results: Growth of maize decreased in treatments with weeds, while P concentrations in its shoots increased in mixed growth with C. album, E. crus-galli and P. convolvulus. Mycorrhizal colonization of maize without weeds was low (<20% of root length), but increased in mixed growth with C. album, E. crus-galli and V. arvensis up to 40%. The activities of Pmobilizing hydrolytic enzymes (phosphatases, ß-glucosidase) and plant-availability of P were occasionally higher under mixed growth with weeds. The dimension of weed impacts on P cycling under maize differed significantly between both experiments. (4) Conclusions: Weeds potentially promote P mobilization and mycorrhizal colonization under maize, but this impact is not guaranteed. The weed-based improved P supply of maize should be defined under field conditions to allow a controlled weed tolerance in maize cropping systems.
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1. Introduction


Phosphorus (P) is an essential component of all living organisms. At present, the P supply of arable crops is mainly covered via mineral fertilizer supply. However, mineable P is limited [1,2,3] and a sustainable P supply to crop plants is becoming a significant challenge for agricultural production [4,5].



Therefore, increased attention is directed on the selection of P efficient management strategies for agricultural production. One option to overcome P deficiency is to use the existing soil P reserves more efficiently. Most of central European soils can be considered as rich in P, but only a small proportion of it is directly plant available [6]. Plants and microorganisms have various strategies to improve P acquisition from different soil P pools. The P supply to plants can be improved by an increased colonization of plant roots with arbuscular mycorrhizal fungi, which can serve as the main P supplier of their host plants [7]. Phosphatases also play an essential role in plant nutrition and growth of microorganisms [8]. They mineralize organic P compounds in soil by hydrolyzing organic phosphate esters into plant available inorganic phosphate. While acid phosphomonoesterase and phosphodiesterase activity originate from many sources including plant roots [9], mycorrhizal fungi [10], and bacteria [11], soil microorganisms and soil fauna [11] only produce the alkaline phosphomonoesterases. The activity of phosphatases is related to soil and vegetation conditions [12,13]. More diverse plant communities increase the activity of phosphatases in the soil [14]. Weed species-specific mycorrhizal colonization and its impact on the P mobilization in soils are hardly known.



As producers of phosphatases, microorganisms play an essential role in enhancing P availability in the soil, but they are also important as a P source in the soil themselves. Microbial biomass P, as a form of organic P, is assigned to the labile P pools in the soil [15]. It plays a major role in the P cycle and in P availability to organisms [16]. The intermediate storage of P as microbial biomass P, which can be converted quickly by plants and microorganisms [17], can increase P availability [18,19] and P uptake efficiency [20] of plants. Microbial biomass P is highly dynamic in soil because microorganisms react quickly on changing soil conditions like temperature, humidity, and C availability [4]. Furthermore, the diversity of plants is likely to determine the microbial biomass in the soil [17], but the contributions of weeds in crop plant populations are unknown.



Plants enhance P availability in the soil by using diverse strategies. These include increased root growth, the use of rhizosphere and root associated microorganisms and increased rhizodeposition. Crop plant-specific P mobilization in the rhizosphere was evaluated by several authors (e.g., [21,22,23]). To the best of our knowledge, weed plant-specific effects on P in the rhizosphere and soil were analyzed for the first time. Weeds primarily constitute competitors to crops not only for water but also for nutrients [24]. They are also characterized by fast growth along with efficient nutrient mobilizing and uptake. Increased pant diversity can promote the P mobilization from organic matter in soil [25], but possible contributions of weed plants remain to be studied.



Therefore, the objective of the present study was to investigate weed species-specific impacts on P mobilization and mycorrhizal colonization of maize as a crop plant. We hypothesize that mixed growth with weeds can improve P supply to maize. Furthermore, we assume that the magnitude of this impact differs between weed species, caused e.g., by different mycorrhizal colonization and exudation of enzymes into the soil. A temporary weed tolerance might contribute to an increased P use efficiency in crop production.




2. Materials and Methods


2.1. Experimental Design


The pot experiments were established under semi-field conditions in two growth seasons in 2015 and 2016. The test site Rostock (Northern Germany) is located about 15 km from the Baltic Sea (54°3′41.47″ N; 12°5′5.59″ E). The mean annual precipitation is 600 mm and the average annual temperature is 8.1 °C. The experiment was established in a randomized block design with seven treatments in six replicates (42 pots in total). Maize (Zea mays L.) was selected as the model crop because of its high P demand in combination with usually strict, soil-ecologically disadvantageous since erosion-promoting weed control in the production system [26]. Maize cv. Vitally was grown weed-free as sole crop (control (C)) and mixed with annual weed species: Chenopodium album L. (white goosefoot), Echinochloa crus-galli (L.) P. Beauv.; syn.: Panicum crus-galli L. (barnyard millet), Tripleurospermum perforatum (Mérat) M. Laínz syn. T. inodorum (L.) Sch. Bip. (scentless false mayweed), Polygonum convolvulus L.; syn. Fallopia convolvulus (L.) Á. Löve (black bindweed), Solanum nigrum L. (European black nightshade) and Viola arvensis Murray (field pansy). Plants were grown in pots with 20 cm diameter and a height of 21 cm (volume approximately 6.5 L) containing 6 kg of a P deficient soil (Pt = 114 mg kg−1, pH = 5.7). The soil utilized was loamy sand originating from a long-term field experiment from a treatment without P fertilization (since 1998) close to Rostock (Northern Germany). The dominating soil type at this field site was a stagnic cambisol. The soil was taken from the topsoil (upper 30 cm) under agricultural grass and stored for one year before use.



In each pot, two seeds of maize and 1000 seeds of the regarding weed were sown. After emergence of the weeds they were thinned out to an equal number plants per pot within a treatment (C. album: 30, E. crus-galli: 25, T. perforatum: 25, P. convolvulus: 15, S. nigrum: 15, V. arvensis: 20 plants per pot) in the respective treatments in 2015 and 2016. The seeds of maize and weeds were of the same origin and seed lots in both years. Irrigation was performed on demand once a day.




2.2. Soil Sampling and Analyses


Rhizosphere soil samples were taken 4, 8 and 12 weeks after weed germination. After 4 and 8 weeks, rhizosphere soil of weeds was taken by digging out some weed plants from the pots. The weeds were shaken slightly and soil adhering to roots after this was designated as rhizosphere soil. Additionally, all weeds were removed from the pots 8 weeks after weed germination. At the last sampling, the rhizosphere soil of maize was taken analogously. Soil samples were stored at −20 °C until analysis.



The activity of the following extracellular enzymes was determined: acid (ACP) and alkaline (ALP) phosphomonoesterases [27,28], phosphodiesterase (PDE) [29], and beta-glucosidase (BGL) [30,31]. Activities were measured in µg p-nitrophenol (pnp) released from pregiven p-nitrophenolphosphate for ACP and ALP, bis-p-nitrophenolphosphate for PDE and p-nitrophenolglucoside for BGL in 1 g fresh (thawed from frozen bulk sample) soil sample in 1 h at 37 °C (µg pnp g−1 h−1). The concentration of the released pnp was determined photometrically (CADAS 100, Hach Lange GmbH, 40,549 Duesseldorf, Germany) at 400 nm for ACP, ALP, and PDE, and at 430 nm for BGL.



Microbial biomass P (Pmic) was estimated by the modified chloroform-fumigation-extraction method of Brookes et al. (1982). A total of 2.5 g of a fresh soil sample was fumigated with chloroform at room temperature for 24 h while another 2.5 g of the same sample was incubated without chloroform (non-fumigated). Fumigated and non-fumigated soil samples were shaken in 0.5 M NaHCO3 (pH 8.5) for 30 min and and filtrated. P concentration in the filtrates was measured at 213.617 nm wavelength by using inductively coupled plasma optical emission spectrometry (ICP-OES; Optima 8300, Perkin Elmer Inc., Waltham, MA 02451, USA). Pmic resulted from the difference between P concentrations in fumigated and non-fumigated soil samples and a conversion factor (kP) of 0.4 [32].



Double lactate soluble P (PDL) as a measure of plant available P was determined according to [33], modified by [34], in a 1:50 soil to solution ratio. P concentrations in the extracts were measured at 213.617 nm by using ICP-OES.




2.3. Plant Harvest and Analyses


Weed roots were collected 4 and 8 weeks after weed germination. Furthermore, roots and shoots of maize were harvested 12 weeks after weed germination and fresh weights were recorded. The roots and shoots were dried and milled for elementary analyses. In total, 0.1 g of dry biomass of shoots and roots were digested in 5 mL HNO3 and 3 mL H2O2 in the microwave (MarsXpress, CEM GmbH, Kamp-Lintfort, Germany). P concentrations were measured in the digests with the ICP-OES at 213.617 nm.



Contents of total carbon, nitrogen and sulphur (Ct, Nt, St) were determined in a 10 µg subsample using the CNS-analyser (Vario EL cube, Elementar Analysensysteme GmbH, Hanau, Germany).



The colonization by arbuscular mycorrhizal fungi (AMF) in roots of weeds and maize was detected via staining according to [35]. Roots were washed gently and cut into 1 cm pieces. Roots were bleached with 10% KOH for 24 h, acidified with 1% HCl for 15 min and stained in chlorazol black E solution for 24 h. Roots were then washed and stored in lactoglycerol solution (lactic acid/glycerol/water, v/v/v = 1/1/1). The microscopic examination (Primo Star, Carl Zeiss Microscopy GmbH, Jena, Germany) of stained roots was performed according to [36]. A total of 200 root segments were counted for colonization with AMF at 100× magnification. AM colonization was assumed when arbuscles, intracellular or intercellular hyphae were present.




2.4. Statistical Analyses


Data were tested for normal distribution using the Shapiro–Wilk test. In the case of normal distribution, significance of weed specific effects was tested using one-way analysis of variance (ANOVA, Tukey test). Non-normal distributed data were analysed with the Kruskal–Wallis-test. Differences were considered significant when p ≤ 0.05. Correlations between the soil properties and plant traits were tested by Spearman’s rank correlation test. Statistical analyses were performed with R [37] and R package agricolae version 2.13.1 [38].





3. Results


3.1. Weather Conditions


The weather conditions differed between the two test years (Figure 1). In 2015, the temperature during the test period was slightly lower than in 2016. In the first test year, there were more rainy days in the time range between weed germination and the first sampling than in the second year. On the contrary, in the remaining time of the experiments more rainy days were observed in 2016 than in 2015.




3.2. Plant-Available P


The concentrations of PDL varied temporally and with treatment-specific between 19 and 89 mg kg−1 (mean 39 mg−1) in 2015 and between 41 and 152 mg kg−1 (mean 93 mg kg−1) in 2016 (Figure 2). In the first year mixed growth of maize with S. nigrum and V. arvensis resulted in higher PDL concentrations after 4 weeks and with E. crus-galli 8 weeks after weed germination compared to the control, while in the second test year this was only the case for the treatments with E. crus-galli and V. arvensis 8 weeks after weed germination.




3.3. Microbial Biomass P in the Soil


The Pmic values in the soil ranged from 0 to 46 mg kg−1 (mean 7 mg kg−1) in 2015, and from 0 to 31 mg kg−1 (mean 5 mg kg−1) in 2016. No significant differences between the control and the treatments of mixed growth with weeds were observed in both test years (Figure 3).




3.4. Soil Enzyme Activities


The ACP activities ranged from 27 to 568 µg pnp g−1 h−1 (mean 322 µg pnp g−1 h−1) in 2015 and from 21 to 158 µg pnp g−1 h−1 (mean 82 µg pnp g−1 h−1) in 2016 (Figure 4a). Mixed growth of maize with C. album led to increased ACP activities compared to the control in the first sampling in 2015.



ALP activities (Figure 4b) were affected by the presence of weeds in both experimental years. The values ranged between 43 and 226 µg pnp g−1 h−1 (mean 90 µg pnp g−1 h−1) in 2015. Higher activities were measured in the soil under mixed growth with C. album, E. crus-galli, T. perforatum, and S. nigrum than in the control after 8 weeks and with S. nigrum and V. arvensis 12 weeks after weed germination. In 2016, the ALP activities ranged from 8 to 82 µg pnp g−1 h−1 (mean 34 µg pnp g−1 h−1). Mixed growth with E. crus-galli increased activities 4 and 8 weeks after weed germination, whereas mixed growth with V. arvensis revealed higher activities than the control after 8 weeks.



In 2015, there were no significant differences in PDE activities between control and weed treatments. In this year, the values ranged from 9 to 34 µg pnp g−1 h−1 (mean 17 µg pnp g−1 h−1) (Figure 4c). In 2016, values ranged from 4 to 23 µg pnp g−1 h−1 (mean 11 µg pnp g−1 h−1). Mixed growth with V. arvensis significantly increased the PDE activities 8 weeks after weed germination compared to the control.



The BGL activities in 2015 ranged from 8 to 134 µg pnp g−1 h−1 (mean 64 µg pnp g−1 h−1) and were significantly increased under mixed growth with C. album in comparison to the control 8 weeks after weed germination. In contrast, in 2016 the BGL activities were significantly lower in the treatment with P. convolvulus than in the control 4 weeks after weed germination (Figure 4d). The range of BGL activities was 22 to 62 µg pnp g−1 h−1 (mean 35 µg pnp g−1 h−1).




3.5. Mycorrhizal Colonization of Weeds


The mycorrhizal colonization of weed roots was similar in both years and mainly below 30% of the total fine root length (Table 1). The highest mycorrhizal colonization was observed on E. crus-galli (mean 16 to 26% of the root length) and on T. perforatum (mean 10 to 33% of the root length). Mycorrhizal colonization of S. nigrum (mean 0.3 to 5%), V. arvensis (mean 1 and 5%) and C. album (mean 0 to 5%) were in the intermediate range, while P. convolvulus (0 to 0.6% of the root length) showed the lowest values.




3.6. Plant Traits of Maize


Biomass of maize shoots (3.5 to 34.2 g plant−1, mean 14.6 g plant−1) and roots (2.9 to 27.8 g plant−1, mean 11.8 g plant−1) were significantly lower in coculture with weeds than in monoculture in 2015 (Table 2). C. album increased the root to shoot ratio (0.5 to 2.7, mean 0.9) significantly, while S. nigrum decreased root length density (0.4 to 2.0 cm cm−3, mean 1.1 cm cm−3). In contrast, shoot biomass in 2016 (8.2 to 207.8 g plant−1, mean 64.8 g plant−1) was higher in the presence of E. crus-galli, P. convolvulus and V. arvensis than in the control, and T. perforatum decreased root biomass significantly (3.6 to 71.3 g plant−1, mean 19.9 g plant−1). Root to shoot ratio (0.1 to 0.9, mean 0.4) was higher in the control than in the treatments with E. crus-galli, P. convolvulus, S. nigrum, and V. arvensis. Presence of weeds did not affect the root length density of maize (1.2 to 7.8 cm cm−3, mean 3.4 cm cm−3).




3.7. Nutrient Concentrations in the Shoots of Maize


In 2015, N concentration in the shoots varied from 7.0 to 14.3 g kg−1 (mean 9.0 g kg−1) and was insignificantly higher in the presence of weeds than in the control (Table 3). E. crus-galli, C. album, P. convolvulus and V. arvensis increased the P concentration of maize shoots (1.8 to 3.5 g kg−1, mean 2.4 g kg−1) significantly in comparison to the control. S. nigrum and V. arvensis affected K concentration (12.7 to 21.3 g kg−1) in the shoots of maize, while no weeds had a significant impact on Ca (1.6 to 3.7 g kg−1, mean 2.5 g kg−1) and Mg (1.7 to 2.4 g kg−1) concentrations. Higher Zn concentrations in maize shoots were revealed (0.01 to 0.12 g kg−1, mean 0.02 g kg−1) in mixed growth with weeds. In 2016, the shoot concentrations of N (5.2 to 10.9 g kg−1, mean 7.2 g kg−1), K (7.6 to 12.7 g kg−1, mean 10.4 g kg−1), Ca (1.1 to 3.6 g kg−1, mean 2.2 g kg−1), and Mg (1.0 to 2.2 g kg−1, mean 1.6 g kg−1) did not differ significantly among the treatments in maize. Mixed growth with E. crus-galli, C. album and P. convolvulus increased the P concentrations in shoots of maize significantly (1.6 to 3.7 g kg−1, mean 2.4 g kg−1). Higher Zn concentrations in maize shoots (0.01 to 0.03 g kg−1, mean 0.02 g kg−1) were revealed in mixed growth with C. album than in the control.




3.8. Mycorrhizal Colonization of Maize


Arbuscular mycorrhizal colonization of maize ranged from 4 to 28% (mean 13%) of the root length and was significantly increased in mixed growth with E. crus-galli, C. album and V. arvensis in 2015 (Figure 5). In 2016, the mycorrhizal colonization of maize was generally higher than in 2015 (8 to 40%, mean 23%) without significant differences between species.




3.9. Weed Species-Specific Mycorrhizal Dependency of Maize


In both test years, no significant correlation between the weed species-specific mycorrhizal colonization and the mycorrhizal colonization of maize was observed. (2015: r = 0.12, p = 0.15; 2016: r = −0.21, p = 0.08).




3.10. Correlation of Plant Available P and Soil Enzyme Activities


Plant available P (PDL) decreased with decreasing activity of beta glucosidase in both test years (2015: r = −0.31, p = 0.0004; 2016: r = −030, p = 0.0008). Only in 2016 PDL was positively impacted by the activity of acid phosphomonoesterases (r = 0.21, p = 0.0174).





4. Discussion


In the present study, weed effects on response variables in P cycling were species-specific, inconsistent across years, and partly transient within years. Especially the effect of the experimental year was important on the weeds effects on the P mobilization and maize growth. The contents of plant available P (Figure 1) indicated a P deficiency in 2015 (mean 39 mg kg−1), but a sufficient P supply in 2016 (mean 93 mg kg−1) [34]. This is explained by a larger P solubility caused by more continuous water supply by precipitation in 2016 than in 2015 (Figure 1). The range of Pmic values was low in both experimental years and very similar to Khan and Joergensen [39] in their “no P” treatment in a greenhouse pot experiment. According to Blume and Leinweber, 2009 [40], ACP activities were in a medium range in the first experimental year and in a rather low range in the second year (Figure 4). In contrast to 2015 ACP activities increased plant available P (PDL) in 2016. ALP and BGL activities were generally low but still somewhat larger than in a pot experiment by Eichler et al. [41] (approximately. 27 µg pnp g−1 h−1). These authors reported similar ACP activities under weed-free maize (227 µg pnp g−1 h−1). PDE and BGL activities of the present study (Figure 3) were much lower than average values (PDE: 45 μg pNP g−1 h−1, BGL: 100 μg pNP g−1 h−1) reported by Trasar-Cepeda et al., 2008 [42] for maize rhizosphere soil samples. These differences can be explained by differences in soil properties and the general complexity in the behaviour of soil enzymes [42].



The mycorrhizal colonization, which is one impact factor of P supply to maize [43], ranged from 15 to 30% of the root length in the present experiment (Figure 5) and lies within the medium level of other maize genotypes [44]. The increased mycorrhizal colonization of maize in the presence of weeds (Figure 4), together with increased hydrolytic mobilization and P concentrations in the shoot of maize (Table 3), is in agreement with results by Treseder [7]. She reported an increased P content in plant biomass resulting from increased mycorrhizal colonization of roots. Compared to other taxa, maize as a C4 monocotyledonous plant is particularly suitable for significant effects on plant P uptake by increased ratio of AM root length [7]. Therefore, the promotion of mycorrhiza formation, as it was achieved in mixed growth with weeds in the present study, corresponds to the promotion of maize growth in inoculation experiments [45,46]. E. crus-galli, which also belongs to the commonly mycorrhized C4 grasses, was most efficient in promoting the mycorrhizal colonization of maize (Figure 5) and the P mobilization in the soil (Figure 2 and Figure 4b). However, this weed species is known to be highly competitive and might take up to 60–80% of the available nitrogen from the soil [47]. It is therefore plausible that E. crus-galli did not promote but repress maize growth despite its promotion of mycorrhiza formation in maize (Table 2). AM colonization also plays an important role in Zn accumulation of plants. Lehmann et al. [48] indicated increasing Zn concentrations in various plant tissues with increasing AM colonization of roots. Zahng et al. [49] also showed positive relations between shoot Zn accumulation and AM colonization. These findings confirm the results of the present study, in which higher AM colonization not only increased P- but also Zn-uptake by maize.



In summary, the weed-specific mycorrhizal dependency was no general indicator of the magnitude of its impact on the mycorrhizal colonization of maize in mixed growth. Thus, rather plant diversity in general rather than the degree of plant-specific mycorrhizal colonization might have promoted the AM fungi (Figure 5). Increased mycorrhizal colonization of maize was associated with an increased P mobilization in the soil. This confirms similar data by Treseder [7] on increased root colonization densities, resulting in an improved P supply to plants. Significantly increased hydrolytic P mobilization (Figure 4) in soil linked with increased P availability (Figure 2), mycorrhizal colonization (Figure 5), and P uptake of maize (Table 3) were revealed in mixed growth with C. album, E. crus-galli, T. perforatum, P. convolvulus, S. nigrum and V. arvensis. This confirms results of [25], who assumed that increased plant diversity generally leads to increased P mobilization and P supply to plants. The improved P supply of maize even under nutrient competition by the weeds (Table 3), points to a P mobilization by the weed plants that exceeds their own P uptake.



Although the general impact of mixed growth with weeds was similar between the investigated species, the magnitude of weed impact differed partly significantly between the plant species (Figure 2, Figure 3 and Figure 4). This confirms that species-specific differences exist in the efficiency of P mobilization, but also that different combinations differ in their joint efficiency of P use from soil as described. The authors of [50] revealed this e.g., for intercropping arable crop species.



To our knowledge, the presented results are the first indication of improved P supply of maize in association with weeds. However, the improved P supply was connected with N competition and differed weed species-specifically (Table 3). Therefore, we also confirmed the expected growth reduction of maize in association with weeds [50] in the majority of the combinations tested.



In the The present approach involving determinations of chemical, microbial and enzymatic soil parameters, mycorrhizal colonization and P uptake by the field crop maize was suitable to examine weed-species-specific impacts on the P mobilization in the rhizosphere and the agronomically important P supply to maize.



Growing maize together with weeds can increase the P supply to the crop, but the impact is affected by environmental conditions, especially weather. Adverse effects of weeds, like competition for water and nitrogen, can exceed the advantages of mycorrhizal colonization and P mobilization, in particular, under dryer conditions. This pronounced impact of weather conditions strongly demands a repetition of the study over a longer period of time.



In addition, the limited root growth in pots and the artificial weed populations used in the present study indicates the need to evaluate weed impacts on nutrient supply and maize growth under less artificial conditions. Moreover, future investigations should be scaled up to field experiments, which in a subsequent step, take established weed communities into account. In the long run, this will allow the screening of weed communities occurring under field conditions and the evaluation of their benefits and risks in efficiently exploring the soil P reserves.
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Figure 1. Daily temperature (°C) and precipitation (mm) during the pot experiments (6 kg of a P deficient loamy sand per pot) under semi field conditions in 2015 and 2016. (Arrow 1: sowing, 2: weed germination, 3: 1st sampling, 4: 2nd sampling, 5: 3rd sampling). 
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Figure 2. Content of plant available P (PDL) in rhizosphere soil (mg kg−1) in weed-free growth (C) and mixed growth with weeds in dependence of the growth stage in a pot experiment (6 kg of a P deficient loamy sand per pot) under semi field conditions in 2015 and 2016. Values are expressed as means ± SD. Lower letters indicate significant differences (p < 0.05, Kruskal-Wallis test in 2015, Tukey test in 2016, n = 42) (C: control, +EC: maize + Echinochloa crus-galli, +CA: maize + Chenopodium album, +TP: maize + Tripleurospermum perforatum, +PC: maize + Polygonum convolvulus, +SN: maize + Solanum nigrum, +VA: maize + Viola arvensis). 
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Figure 3. Content of microbial biomass P (Pmic) in soil (mg kg−1) in weed-free growth (C) and mixed growth with weeds in dependence of the growth stage in a pot experiment (6 kg of a P deficient loamy sand per pot) under semi field conditions in 2015 and 2016. Values are expressed as means ± SD. Lower letters indicate significant differences (p < 0.05, Kruskal-Wallis test, n = 42). (C: control, +EC: maize + Echinochloa crus-galli, +CA: maize + Chenopodium album, +TP: maize + Tripleurospermum perforatum, +PC: maize + Polygonum convolvulus, +SN: maize + Solanum nigrum, +VA: maize + Viola arvensis, * below level of detection). 
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Figure 4. Activity of acid (ACPa, a), alkaline phosphomonoesterases (ALPa, b), phosphodiesterase (PDEa, c) and beta glucosidase (BGLa, d) in soil (µg pnp g−1 h−1) in weed-free growth (c) and mixed growth with weeds in dependence of the growth stage in a pot experiment (6 kg of a P deficient loamy sand per pot) under semi field conditions in 2015 and 2016. Values are expressed as means ± SD. Lower letters indicate significant differences (p < 0.05, Tukey test, n = 42). (C: control, +EC: maize + Echinochloa crus-galli, +CA: maize + Chenopodium album, +TP: maize + Tripleurospermum perforatum, +PC: maize + Polygonum convolvulus, +SN: maize + Solanum nigrum, +VA: maize + Viola arvensis). 
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Figure 5. Colonization of maize roots with arbuscular mycorrhizal fungi (%) in weed-free growth (C) and mixed growth with weeds in a pot experiment (6 kg of a P deficient loamy sand per pot) under semi field conditions in 2015 and 2016. Values are expressed as means ± SD. Lower letters indicate significant differences (p < 0.05, Tukey test, n = 42). (C: control, +EC: maize + Echinochloa crus-galli, +CA: maize + Chenopodium album, +TP: maize + Tripleurospermum perforatum, + PC: maize + Polygonum convolvulus, + SN: maize + Solanum nigrum, + VA: maize + Viola arvensis). 
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Table 1. Colonization of weed roots with arbuscular mycorrhizal fungi (%) in a pot experiment (6 kg of a P deficient loamy sand per pot) under semi field conditions in 2015 and 2016. Values are expressed as means ± (SD). Lower letters indicate significant differences (p < 0.05, Kruskal-Wallis test, n = 42). (EC: Echinochloa crus-galli, CA: Chenopodium album, TP: Tripleurospermum perforatum, PC: Polygonum convolvulus, SN: Solanum nigrum, VA: Viola arvensis).
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Year

	
Sampling

(Weeks of Growth)

	
Treatment

	
Mycorrhizal Root Length (%)






	
2015

	
4 weeks

	
EC

	
25.7 (7.7)

	
a




	
CA

	
0.0 (0)

	
c




	
TP

	
33.3 (15.2)

	
a




	
PC

	
0.0 (0)

	
c




	
SN

	
5.4 (1.4)

	
b




	
VA

	
5.1 (1.2)

	
b




	
8 weeks

	
EC

	
17.3 (6.4)

	
b




	
CA

	
4.4 (2.3)

	
b




	
TP

	
14.7 (6.9)

	
a




	
PC

	
0.6 (0.9)

	
c




	
SN

	
4.7 (4.0)

	
b




	
VA

	
4.4 (2.8)

	
b




	
2016

	
4 weeks

	
EC

	
20.3 (4.2)

	
a




	
CA

	
5.2 (3.9)

	
b




	
TP

	
19.3 (2.4)

	
a




	
PC

	
0.3 (0.6)

	
c




	
SN

	
0.3 (0.8)

	
b




	
VA

	
1.4 (1.0)

	
b




	
8 weeks

	
EC

	
16.4 (2.6)

	
a




	
CA

	
1.3 (1.0)

	
c




	
TP

	
10.0 (1.9)

	
b




	
PC

	
0.0 (0)

	
d




	
SN

	
1.0 (1.8)

	
cd




	
VA

	
1.8 (1.5)

	
c











 





Table 2. Maize growth parameters (mean with standard deviation in parentheses) in weed-free growth (C) and mixed growth with weeds (+EC, +CA, +TP, +PC, +SN, +VA) in a pot experiment under semi-field conditions for 12 weeks at a P deficient soil in Northern Germany in 2015 and 2016. Lower letters indicate significant differences (p < 0.05, Kruskal Wallis test, n = 42). (C: control, +EC: maize + Echinochloa crus-galli, +CA: maize + Chenopodium album, +TP: maize + Tripleurospermum perforatum, +PC: maize + Polygonum convolvulus, +SN: maize + Solanum nigrum, +VA: maize + Viola arvensis).
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Year

	
Treatment

	
Shoot

Dry Matter

	

	
Root

Dry Matter

	

	
Root to Shoot Ratio

	

	
Root Length Density

	




	

	

	
(g)

	

	
(g)

	

	

	

	
(cm cm−3)

	






	
2015

	
C

	
11.27 (3.33)

	
a

	
8.80 (1.78)

	
a

	
0.82 (0.26)

	
b

	
1.41 (0.40)

	
ab




	
+EC

	
7.41 (5.94)

	
d

	
6.62 (4.08)

	
bc

	
1.03 (0.84)

	
b

	
1.57 (0.36)

	
ab




	
+CA

	
3.73 (0.87)

	
e

	
4.05 (0.57)

	
c

	
1.09 (0.13)

	
a

	
0.99 (0.25)

	
abc




	
+TP

	
5.87 (1.31)

	
d

	
6.10 (2.81)

	
bc

	
1.10 (0.66)

	
ab

	
0.96 (0.33)

	
bc




	
+PC

	
7.13 (4.20)

	
cd

	
4.56 (1.90)

	
bc

	
0.78 (0.23)

	
b

	
0.92 (0.33)

	
bc




	
+SN

	
8.09 (2.41)

	
bc

	
5.57 (1.16)

	
b

	
0.74 (0.17)

	
b

	
0.65 (0.21)

	
c




	
+VA

	
8.41 (1.91)

	
ab

	
5.71 (1.05)

	
b

	
0.70 (0.19)

	
b

	
1.20 (0.36)

	
abc




	
2016

	
C

	
26.52 (25.91)

	
ab

	
12.50 (6.40)

	
a

	
0.58 (0.21)

	
a

	
3.46 (1.03)

	
ab




	
+ EC

	
37.38 (36.29)

	
b

	
9.42 (5.06)

	
ab

	
0.29 (0.06)

	
bc

	
4.00 (1.05)

	
ab




	
+CA

	
26.67 (30.53)

	
c

	
12.31 (13.97)

	
ab

	
0.49 (0.12)

	
a

	
2.27 (0.99)

	
b




	
+TP

	
18.17 (23.15)

	
bc

	
6.43 (4.96)

	
b

	
0.41 (0.13)

	
ab

	
3.35 (0.90)

	
ab




	
+PC

	
34.86 (37.54)

	
b

	
10.19 (6.01)

	
ab

	
0.34 (0.12)

	
b

	
2.26 (0.99)

	
b




	
+SN

	
29.59 (25.23)

	
ab

	
8.04 (2.66)

	
ab

	
0.32 (0.11)

	
b

	
4.01 (0.96)

	
a




	
+VA

	
53.45 (35.97)

	
a

	
10.98 (4.63)

	
ab

	
0.21 (0.05)

	
c

	
4.07 (2.10)

	
a











 





Table 3. Nutrient concentrations (N (g kg−1), P, K, C, Mg, Zn (mg kg−1)) of maize shoots in weed-free growth (C) and mixed growth with weeds (+ EC, +CA, +TP, +PC, +SN, +VA) in a pot experiment (6 kg of a P deficient loamy sand per pot) under semi field conditions in 2015 and 2016. Values are expressed as means ± SD. Lower letters indicate significant differences (p < 0.05, Kruskal-Wallis test, n = 42). (C: control, +EC: maize + Echinochloa crus-galli, +CA: maize + Chenopodium album, +TP: maize + Tripleurospermum perforatum, +PC: maize + Polygonum convolvulus, +SN: maize + Solanum nigrum, +VA: maize + Viola arvensis).
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Year

	
Treatment

	
Nutrient Concentration in Maize Shoots




	
N

	
P

	
K

	
Ca

	
Mg

	
Zn




	
(g kg−1)






	
2015

	
C

	
8.74

	
(0.86)

	
abc

	
2.13

	
(0.38)

	
d

	
18.33

	
(1.58)

	
a

	
2.95

	
(0.45)

	
a

	
2.11

	
(0.20)

	
ab

	
0.018

	
(0.005)

	
c




	
+EC

	
9.64

	
(1.96)

	
a

	
2.49

	
(0.49)

	
bc

	
18.88

	
(1.88)

	
ab

	
2.61

	
(0.77)

	
a

	
2.07

	
(0.32)

	
ab

	
0.020

	
(0.003)

	
b




	
+CA

	
9.65

	
(1.26)

	
a

	
2.95

	
(0.36)

	
a

	
18.06

	
(1.51)

	
a

	
2.57

	
(0.54)

	
a

	
2.17

	
(0.25)

	
a

	
0.042

	
(0.036)

	
a




	
+TP

	
9.11

	
(0.76)

	
ab

	
2.31

	
(0.29)

	
bcd

	
18.35

	
(2.16)

	
a

	
2.65

	
(0.39)

	
a

	
2.12

	
(0.21)

	
ab

	
0.020

	
(0.001)

	
b




	
+PC

	
8.96

	
(1.55)

	
abc

	
2.57

	
(0.39)

	
b

	
17.29

	
(2.18)

	
abc

	
2.44

	
(0.58)

	
a

	
2.11

	
(0.22)

	
ab

	
0.022

	
(0.003)

	
b




	
+SN

	
8.46

	
(1.01)

	
bc

	
2.20

	
(0.30)

	
cd

	
16.05

	
(1.84)

	
bc

	
2.32

	
(0.56)

	
a

	
1.90

	
(0.22)

	
ab

	
0.018

	
(0.001)

	
b




	
+VA

	
8.42

	
(1.06)

	
c

	
2.11

	
(0.22)

	
c

	
15.54

	
(1.62)

	
c

	
2.40

	
(0.65)

	
a

	
1.87

	
(0.16)

	
b

	
0.018

	
(0.002)

	
b




	
2016

	
C

	
6.89

	
(0.87)

	
a

	
2.25

	
(0.52)

	
c

	
10.46

	
(1.66)

	
a

	
2.22

	
(0.88)

	
a

	
1.56

	
(0.51)

	
ab

	
0.020

	
(0.003)

	
b




	
+EC

	
7.28

	
(1.43)

	
a

	
2.65

	
(0.60)

	
ab

	
10.03

	
(1.40)

	
a

	
2.42

	
(0.68)

	
a

	
1.71

	
(0.46)

	
a

	
0.022

	
(0.008)

	
ab




	
+CA

	
7.38

	
(1.06)

	
a

	
2.37

	
(0.59)

	
a

	
10.49

	
(1.16)

	
a

	
1.98

	
(0.68)

	
a

	
1.62

	
(0.49)

	
a

	
0.019

	
(0.006)

	
a




	
+TP

	
6.99

	
(1.93)

	
a

	
2.34

	
(0.38)

	
bc

	
9.86

	
(1.03)

	
a

	
2.23

	
(0.32)

	
a

	
1.69

	
(0.36)

	
a

	
0.019

	
(0.003)

	
ab




	
+PC

	
7.14

	
(1.42)

	
a

	
2.46

	
(0.35)

	
ab

	
11.62

	
(1.64)

	
a

	
2.03

	
(0.60)

	
a

	
1.55

	
(0.43)

	
ab

	
0.017

	
(0.002)

	
b




	
+SN

	
7.11

	
(1.44)

	
a

	
2.32

	
(0.51)

	
bc

	
9.97

	
(1.73)

	
a

	
2.36

	
(0.50)

	
a

	
1.53

	
(0.35)

	
ab

	
0.019

	
(0.004)

	
ab




	
+VA

	
7.90

	
(1.38)

	
a

	
2.42

	
(0.56)

	
c

	
10.44

	
(1.63)

	
a

	
2.01

	
(0.57)

	
a

	
1.35

	
(0.39)

	
b

	
0.020

	
(0.003)

	
ab
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