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Abstract Several studies have shown that soil biotic communities from organically managed fields are more diverse and exhibit higher activity levels compared to conventionally managed fields. The impact of these different soil communities on plant productivity and the provision of soil ecosystem services are, however, still unclear. Here, we test the effects of soil inoculation from each of three organic and three conventional maize fields on maize productivity and nutrient loss during leaching events



induced by simulated rain. In particular, we examine whether differences in productivity and nutrient loss are related to the abundance and species composition of arbuscular mycorrhizal (AM) fungi. We hypothesized that soil biota from organically managed fields would improve maize growth and reduce nutrient leaching significantly more than those from conventionally managed fields. In contrast to our hypothesis, we found that plant productivity was negatively affected by soil inoculation, and this
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effect was stronger with inoculum from organic fields. Plant productivity was inversely correlated with AMF abundance, suggesting that enhanced carbon allocation to AMF is at least in part responsible for plant growth reduction under our experimental conditions. However, soil inoculation did alter the ecological functioning of the system by reducing phosphorus leaching losses after simulated rain. Moreover, these leaching losses were lower with increased hyphal density and were related with abundance of particular AMF types, suggesting that abundance of AMF and their community composition may be useful indicators of phosphorus leaching losses. The results demonstrate that soil communities from different agricultural fields vary in their impact on plant productivity and nutrient leaching losses. The results further indicate that there is a potential tradeoff between positive effects of soil communities on sustainability and negative effects on crop productivity. Keywords Arbuscular mycorrhizal fungi . Biomass production . Phosphorus leaching . Plant–soil feedback . Soil functioning . Sustainability



Introduction Organic farming is often advocated as a means to increase species diversity in agro-ecosystems (Bengtsson et al. 2005; Crowder et al. 2010). Several studies have demonstrated that soil microbial communities of organically managed fields are more diverse and exhibit higher activity (e.g. microbial respiration and functional gene expression) levels compared to communities of conventionally managed arable fields (Mäder et al. 2002; Postma-Blaauw et al. 2010; Reeve et al. 2010; Verbruggen et al. 2010). How such differences in soil communities translate to differences in plant productivity and the provision of soil ecosystem services is unresolved. Studies performed in grasslands have shown that increased soil biodiversity can enhance above-ground diversity (De Deyn et al. 2004; Hooper et al. 2005; Wardle et al. 2004) and productivity (van der Heijden et al. 1998). However, large variation exists in responses of plants to soil communities, as has been highlighted in studies on the lasting effect after cessation of agricultural management on revegetation (Kulmatiski and Beard



2008; Kulmatiski et al. 2006) and in studies on plant–soil feedback (Casper and Castelli 2007). For instance, outcome and effect-size of plant–soil biotic interactions have been reported to vary from positive to negative with successional stage, soil nutrient levels, and plant species identity (Gustafson and Casper 2004; Kardol et al. 2006, 2007). Therefore, how soil communities selected under different management regimes affect plant production will also likely vary from positive to negative. Soil microbial communities can likewise affect critically important ecosystem services, such as nutrient retention in soil. Nutrient leaching from agricultural fields has been identified as one of the major sources of global eutrophication (Bouwman et al. 2009; Carpenter et al. 1998), which is among the largest environmental problems faced today (Diaz and Rosenberg 2008; Tilman et al. 2001). Application of fertilizers to agricultural fields likewise represents a major cost to farmers, especially in light of the expected scarcity of phosphorus (Cordell et al. 2009). A reduction of leached nutrients has the potential to significantly reduce fertilizer-related costs (Goulding et al. 2008) and could enhance agricultural sustainability (Power 2010). Microbial community composition has been shown to affect the rate and severity of nutrient loss in agricultural soils (Gordon et al. 2008; Yang et al. 2008). Therefore, linking soil management regimes to the composition and performance of nutrient-mediating microbial biota is a crucial step forward in responding to the economic inefficiency and eutrophication arising from farm-level nutrient leaching. A core group of soil organisms in regulating plant–soil interactions and nutrient fluxes are the arbuscular mycorrhizal fungi (AMF). These fungi are a ubiquitous class of microbial mutualists that colonize plant roots in natural and agricultural ecosystems. In this mutualism, the mycorrhizal fungal partner forms an obligate symbiosis with its host plant, exchanging nutrients from the soil for carbon from the host. Increasingly, the importance of AMF for agricultural sustainability is being recognized (Sanders 2010; Verbruggen and Kiers 2010). Via various attributes, such as nutrient acquisition (Johnson 2010; Smith and Read 2008), pathogen suppression (Lendzemo et al. 2005), herbivory protection (Bennett et al. 2009; Gange and West 1994) and improved water relations and
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soil structure (Augé 2001; Wilson et al. 2009), mycorrhizal fungi can benefit crop hosts and ecosystem sustainability. For example, recent studies have shown that AMF are fundamental in preventing nutrient loss in modelled grasslands after raininduced leaching events, resulting in an up to 60% reduction of phosphorus loss (Asghari et al. 2005; van der Heijden 2010). The ability of AMF to capture and retain nutrients also means that the mycorrhizal mutualism can promote tighter nutrient cycling (Moonen and Bàrberi 2008; Rillig 2004), although effects of AMF on plant growth can vary from positive to negative (Smith et al. 2009). Our previous work has shown that AMF communities from agricultural fields on sandy soils (either managed organically or conventionally) differ greatly in composition and richness (Verbruggen et al. 2010), with an average AMF richness of organically managed fields nearly twice as high as conventional fields. This is confirmed by many studies suggesting that species composition, richness, and abundance is highly sensitivity to management regime (Gosling et al. 2010; Hijri et al. 2006; Johnson 1993; Oehl et al. 2010). However, whether AMF communities from organically managed fields differ functionally from communities of conventionally managed fields is an unknown but crucial question which we address in the current study. Here we ask: 1) Are there differences in plant biomass production when crop plants (maize) are grown in the presence of soil microbial communities originating from organic or conventional agricultural fields? 2) Do microbial communities from these two management types differ in their ability to prevent phosphorus leaching? and 3) Do these functional attributes relate to AMF development (root and soil colonization) and abundance of particular AMF species? We answer these questions in two complimentary experiments in which soils from five organic and five conventional maize fields were tested for their effect on maize productivity and a subset of these for nutrient loss during leaching events induced by simulated rain. We then test whether differences in productivity and nutrient loss can be related to the abundance and species composition of AMF. Our ultimate aim is to determine the functional consequences of different agricultural regimes on soil biodiversity and community composition so we can better utilize microbial biota to enhance the sustainability of agro-ecosystems.



Materials and methods Soil inocula and plant material Soils from ten Dutch maize fields (five organically and five conventionally managed, referred to as ‘Management types’ in the following text) were collected in September 2007. Each field site (also referred to as ‘field origin’) is described in Table 1. Briefly, all organically managed sites had been converted at least 8 years ago, and had a crop rotation of predominantly maize, wheat, grass and grass-clover mixtures. Conventionally managed fields were all regularly treated with herbicide and mineral fertilizer and had been subject to lower crop rotation diversity, with an average frequency of maize being cropped in the previous 4 years of 62% (versus 43% in organic). All fields were on sandy textured soils and spatially intermixed (see Table 1 for coordinates, and Online Resource 1 for a map with field locations). Our earlier work in these fields has shown that AMF richness varies on maize hosts, ranging from two to nine AMF taxa, with the highest richness found in organically managed fields (Verbruggen et al. 2010). Soil was sampled as follows: six cores (core length, 14.5 cm; diameter, 6.5 cm) were taken, evenly distributed within a hectare of a field, each adjacent (±5 cm distance) to a standing plant. Care was taken not to include weeds in order to avoid effects of different host plants on soil communities. The cores were pooled, mixed and roots were cut to pieces of 1 cm. The resulting mixture was air dried for 3 weeks. In parallel, soil was extracted with the same gauge adjacent to each root sample and subjected to chemical analysis by BLGG (Bedrijfslaboratorium voor Grond- en Gewasonderzoek; Oosterbeek, the Netherlands). The chemical measurements included: pH, mineral nitrogen, organic matter content and plant available phosphate (CaCl2 extraction). In general, organically management fields showed a slightly higher pH and slightly lower phosphate availability (Table 1). These soils were used to grow maize (Zea mays L. subvariety Lafortuna; KWS Middenmeer) in two experiments (1 and 2; see below). Experiment 1: Impact of field origin of inoculum on maize productivity The goal of this experiment was two-fold: first, to test whether soil inocula from organically managed fields



Plant Soil Table 1 Chemical characteristics, approximate AMF species richness and colonization percentage of maize roots in fields where soil was collected as inoculum for the experiments. The coordinates of each field location are shown in the last two columns (latitude and longitude). Both species richness (AMF #) and colonization (%) present the average of two samplings, one at



a plant age of 3 months and one at 5 months (as in Verbruggen et al. 2010). Soils indicated by an asterisk (*) were used for experiment 2. O = organic agricultural fields, C = conventional agricultural fields. Colonization percentages (%) in the field did not differ significantly between organic and conventional fields
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4.8 (0.2)
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1.30 (0.15)



3.8 (0.7)
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differentially impacted maize productivity compared to soil inocula from conventionally managed fields. Second, we aimed to produce a more standardized (i.e. produced under uniform conditions) soil inoculum for experiment 2. Three hundred gram of soil from each site was used as inoculum and added to a 2.7 kg sterilized mixture of 50% organic agricultural soil (derived from another field than used in these experiments as inoculum; 4.2 mg/kg P, 121 mg/kg K (both CaCl2extracted; plant available) and 2.1 g/kg N (N-elementary) pH: 5.1), and 50% nutrient-poor sand (as used in: Scheublin et al. 2007). This final 50:50 soil mixture contained roughly half of the nutrient levels of the agricultural soil. One maize seedling was grown per pot (pot width 19 cm and 18.5 cm depth), with six replicate pots per soil inoculum (10 field origins × 6 replicates). There were two additional inoculum treatments. The first was a control inoculum, consisting of a composite of all ten soil-inocula, combined and then sterilized. The second was an inoculum of one specific AMF isolate, Glomus intraradices Schenck & Smith (BEG21—see Scheublin et al. 2007 for propagation details). The inclusion of this treatment enabled us to compare effects of field soil inoculation with one wellknown and specific AMF inoculum. The plants were grown in the greenhouse with 16 h light/8 h dark cycles and watered to 15% water content twice a week.



After 12 weeks, watering was stopped to stimulate sporulation of AMF. Four weeks later, plants were harvested and aboveground biomass was determined. Soil was stored at 4°C for 6 months prior to use in experiment 2. AMF colonization of roots was determined by staining with trypan blue and quantification with the magnified intersection method (McGonigle et al. 1990) using 100 intersections per sample. Experiment 2: Analysis of ecological functioning of a subset of soils The goal of experiment two was to test for nutrient retention effects of microbial communities and AMF density and richness. Six of the ten different inocula produced in experiment 1 (three originating from organically managed fields and three from conventionally managed fields) were selected for experiment 2. These six inocula represented the full spectrum of AMF colonization variation from within the ten different soils used in experiment 1 (Fig. 1 and Table 1 for details). Use of inocula produced in experiment 1, under standardized climate and identical maize variety, allowed us to minimize differences in field conditions (e.g. soil fertility, plant growth stage) unrelated to soil communities.
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Fig. 1 Plant biomass (abovegroud dry-weight) and AMF root colonization percentage of maize with soil inoculum from five organic (O1–O5) and five conventional (C1–C5) fields (Experiment 1). Control pots received sterilized soil inoculum (St.) or soil inoculum with one specific AMF (AMF). Colors indicate: black, organic; grey, conventional; white, controls. Error bars indicate standard error
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A bulk background soil mixture was created consisting of 15% sterilized agricultural soil (see Experiment 1 above for nutrient content) and 85% nutrient poor sand into pots of 12 cm width and 11.5 cm depth. This final bulk soil mixture contained 1.1 mg/kg P, 15 mg/kg K (both CaCl2extractable), 39.3 mg/kg P (ammonium lactate acidic extractable), and 250 mg/kg N (N-elementary) pH = 7.4). For each inoculum source, three inoculum densities (0%, 4% and 12% of total soil weight) were used to determine if inoculum amount affected functional characteristics. Treatments with 0% or 4% inoculum received respectively 12% and 8% sterilized inoculum to ensure that the same amount of soil was added to each pot. This resulted in a total of combination of 6 soil inocula × 3 densities × 6 replicates = 108 pots. The two different inoculum densities (4% and 12%) were used to further assess the effect of inoculum density on plant growth and nutrient leaching (see below). To all treatments, 10 ml of a microbial wash (Koide and Li 1989) was added composed of a mixed filtrate (
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week with demineralised water to sustain soil moisture of 15%. Leaching measurements One day before harvest, 10 ml of 1/2 P Hoagland solution (containing 0.95 mg phosphate) was added to all pots. Following the harvesting of above ground plant material, the pots were placed in a water drip setup (Knacker et al. 2004) containing 500 ml of tap water. Water was dripped into the pots for 1 h. The resulting leachate was collected in a bottle connected to the pot with a tube to prevent evaporation and stored at −20°C until further analysis. Upon thawing, leachate was filtered (pore size = 0.45 μm, Whatman FP30, Germany) and analysed colorimetrically for phosphate concentration with a continuous flow autoanalyser (SKALAR-SA-40; Skalar Analytical B. V., Breda, The Netherlands). Plant and fungal measurements The aboveground plant material was dried and weighted for biomass determination (hereafter: plant biomass). A subset of the roots was stained with tryphan blue to determine intraradical hyphal colonization-percentage using the magnified intersection method (McGonigle et al. 1990). Another subset of roots was freeze-dried for molecular analysis. For each replicate, a random subset of soil was taken and freeze-dried to obtain 70 g of dry weight soil for measurement of extraradical hyphal length density
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(hereafter: extraradical colonization), following the technique of Jakobsen et al. (1992). In experiment 2, AMF community composition in maize roots was determined using molecular tools. Detailed information on the molecular methods is given in Verbruggen et al.(2010). In brief: DNA was extracted from a subsample of replicates (four out of six randomly assigned replicates for each treatment) with the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and extraction was checked on an agarose gel to confirm successful DNA isolation. One microliter 10 × diluted extract was used as template in a nested PCR with primers LR1 and FLR2 (Trouvelot et al. 1999; van Tuinen et al. 1998) and, subsequently, labelled primers (name—label) FLR3— 6FAM and FLR4—VIC (Gollotte et al. 2004) target< ing the AMF large subunit rRNA gene. The obtained product was digested with restriction enzyme TaqI to obtain T-RFLP (Terminal Restriction Fragment Length Polymorphism) patterns of AMF colonizing the roots. Because T-RFLP has been shown to be semi-quantitative (Hartmann and Widmer 2008), the relative abundance of T-RFs was used for all analyses regarding AMF identity. More information about designation of AMF-types to T-RFs can be found in Online Resource 2. Statistical analysis For experiment one, plant biomass and intraradical colonization were compared with the field origin of the inoculum as a factor in a one-way ANOVA and in subsequent Tukey’s post-hoc analysis. To test for effects of “management type” (inocula from organic vs. conventional fields) two nested ANOVAs were performed including only field-inoculated treatments, i.e. (1) all ten inocula in experiment 1 and (2) all 4% and 12% inoculum densities in experiment 2. “Management type” was analysed as a fixed factor with field origin of the inoculums as a random factor nested in “Management type”. This was done for dependent variables “biomass” and “intraradical colonization” in experiment 1 and 2, and also for “leached P”, and “extraradical colonization” in experiment 2. Due to differences in volume of leachate collected, we multiplied P concentration by volume to give total P leached, which was used for all analyses. Leached P was rank-transformed to meet assumptions for the analysis. The effect of “inoculum density”



(0%, 4% and 12%) on “amount of leached P” and “biomass” was compared with a one-way ANOVA and Tukey’s b post-hoc test. Intraradical colonization (experiment 1 and 2) and extraradical colonization (experiment 2) were compared to plant biomass using Pearson correlations. For intraradical colonization-percentage, additional tests were performed to estimate response to an increase of inoculum density. At lower infectivity, colonization is expected to increase approximately linearly and even off towards an asymptote with inoculum density (Liu and Luo 1994). Therefore, if the increases of colonization with inoculum density differ strongly between organically and conventionally derived inocula, this is an indication that potential effects are caused by either limitation or saturation of AMF propagules and not caused by differences other than abundance. The increase of colonization was determined by dividing the average colonization percentage at 12% inoculum density by that at 4% inoculum density for each inoculum source separately. In order to test whether relative abundances of each AMF-type (as measured molecularly) were different between soil origins of the inocula, they were compared with a Kruskal-Wallis test. Also, we tested whether relative abundances were correlated with plant biomass, extraradical colonization and leaching of phosphorus using Spearman’s rankcorrelation, and P values were corrected for multiple testing. All statistical tests were performed using SPSS version 17.0.



Results Experiment 1: Impact of soil inoculum on maize productivity Contrary to expectations, maize biomass was significantly lower compared to the sterilized inoculum treatment (in nine out of 11 of the inoculated soils: P
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All plants with unsterilized inoculum treatments were colonized by AMF. Colonization varied greatly between inocula (ranging from 8% to 62%), with a marginally significant higher colonization for organically than conventionally managed fields (Nested ANOVA: Org vs. Con: F=4.83; P=0.059; field origin of inoculum: F=12.17; P


Experiment 1



a



18



Plant biomass (g)



16 14 12 10 8



R2 = 0.49



6 4 2 0



0



20



40



60



80



100



Intraradical colonization %



O1 O2 O3 O4 O5 C1 C2 C3 C4 C5 St. AMF



b



6



Experiment 2 Plant biomass (g)



5 4



O1 O2 O3 C1 C2 C3



3 2 1



R2 = 0.56



0 0



20



40



60



80



100



Intraradical colonization %



c



6 5



Plant biomass (g)



Fig. 2 Relationship between aboveground biomass of maize and mycorrhizal colonization of roots, in a experiment 1 and b experiment 2. For experiment 2 the plant biomass is also plotted against soil instead of root colonization (c). Treatments are indicated as before; O1–O5 = organic, C1–C5 = conventional, St. = sterilized inoculum, and AMF = pure culture inoculum. Correlations were highly significant for experiment 1 (R2 =0.49, P


with the single control AMF (Glomus intraradices) had the highest root colonization levels. Plant biomass and AMF root colonization levels were negatively correlated when all data were included in the analysis (Fig. 2a), and likewise when the non mycorrhizal (sterilized) treatment was removed from analysis (R2 =0.43; P
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Experiment 2: Impact of soil inoculation on maize productivity and nutrient leaching using a subset of soils For the six soils in the second experiment inoculation also significantly reduced the aboveground dry weight of maize plants (F=61.56; P


Table 2 ANOVA of the treatments with live inoculum with two factors: management type (organic versus conventional management) and nested in this factor “field origin of the inoculum” (field origin), to distinguish variance among fields and among management types. Five dependent variables were separately tested: shoot biomass, the amount of P leached, intraradical, and extraradical colonization



*P


Soil inoculation had a significant effect on total P leached. Densities of 4% and 12% inoculum leached less P than 0% inoculum treatments (F=4.53; P=0.013; posthoc: 0%a, 4%b, 12%b). For the non-AMF controls (inoculum density = 0%), there was no difference in amount of P leached across field origins (F=0.349; P=0.879), suggesting that P leaching values are likely attributable to soil biota. There was a large amount of variation among the field sites tested. In some soils (e.g. soil O2, O3, C1 & C3) P leaching was approximately the same in inoculated and non-inoculated soils, while in other soils, leaching losses in inoculated soils were significantly lower than controls (soil O1: F=6.71; P
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Glomus A4: χ2 =23.2, P


90



In our experiments, the goal was to assess the functioning of soil biotic communities independently of the immediate environmental context, and thus focus on differences that persist after propagation under common conditions. This was achieved by using a standard soil medium, and performing two sequential experiments, with the aim of removing any field-imposed differences, such as nutrient levels, pH or adverse chemical compounds. Using this approach, we demonstrate that maize plants grown in the presence of soil biota exhibit significantly reduced phosphorus leaching, compared to controls with only microbial soil washings. The provision of what can be regarded as an “ecosystem service”, reduced leaching of phosphorus, was accompanied by a potential cost—a reduction in plant biomass production. This suggests that
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Fig. 3 Effect of management type and origin of soil inoculum in experiment 2 on average values (± standard errors) for a intraradical (root) colonization, b extraradical (soil) colonization, c aboveground plant biomass production, and d amount of
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P leached. O1–O3 = inoculum derived from three organically managed fields, C1–C3 = inoculum derived from conventionally managed fields. Bar colours indicate inoculum densities as indicated in the upper right



Plant Soil Table 3 Relative abundance of four AMF types (expressed as percentage of total) in maize roots grown for 3 months in pots inoculated with organic (O1–O3) or conventional inoculums at two inoculums densities (4% and 12%). The relative abundance is estimated based on the mean relative peak height of TRFs (see Methods). Only reverse fragments shown (length in 45 Glomus Ab2



O1 O2 O3 C1 C2 C3 hld



4



basepairs in first row), as forward and reverse fragments show highly similar percentages. Bottom of table shows Spearman’s rank correlations with extraradical colonization (hld), P leaching (P leach) and plant biomass (biomass) with each of the AMF-types across all non-sterilized inoculum treatments
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certain plant/soil-biotic combinations may potentially result in a negative effect on plant production while having a positive effect on ecosystem sustainability. Reduced aboveground biomass (i.e. plant productivity) and reduced leaching losses were accompanied by a higher AM fungal density, suggesting a shift in biomass allocation from aboveground to fungal symbionts is responsible for those effects. Higher activity and abundance of microorganisms in organically managed fields has previously been reported (Mäder et al. 2002; Reeve et al. 2010; van Diepeningen et al. 2006). In our system, differences in AMF abundances (e.g. colonization patterns) persisted even after a generation of propagating the soil communities under standardized greenhouse conditions. We hypothesized that soil biota from organically managed fields would improve maize growth and reduce nutrient leaching significantly more than those from conventionally managed fields. In contrast to our hypothesis, we did not observe that soil communities from organically managed fields enhanced maize growth. Instead soil inoculation reduced maize



growth, probably due to enhanced AMF abundance (see below). Moreover, there was large variation among field sites, irrespective of management type. Phosphorus leaching varied greatly within management types, and soil communities reduced maize biomass in all the treatments with organic soil inoculums and in three out of five treatments with conventional soil inoculums (for experiment 1). This suggests that management type per se is not the overruling factor in determining how soil communities influence agro-ecosystem services, but that responses are field site specific. Therefore, whether organic management can potentially reduce phosphorus leaching by enhanced soil biological functioning, remains to be studied further and more field sites need to be included in order to make firm conclusions. Interestingly, P leaching and plant productivity correlated with the abundance of specific AMF types (Table 3, Fig. 4). This finding is important because it suggests that different AMF types differ in ecosystem services provision (Kiers et al. 2002; Powell et al. 2009; Verbruggen and Kiers 2010). Moreover, this finding also indicates, when extrapolated to the field,
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Fig. 4 Relationship between relative abundance (± se) of Glomus B1 and a leaching of P, and b extraradical colonization in the samples. Averages are given for treatments with organic (grey triangles) or conventional (black circles). The three different field origins per management type are identified by numbers (1–3 and C1–C3). 4% and 12% inoculum density are both plotted simultaneously yielding two means for each field origin of inoculum



that differences or changes in AMF communities (e.g. caused by agricultural management regime) can alter the functioning of those systems. However, caution should be taken in translating our greenhouse experimental set-up to field situations. Our observation that several AMF types present in the field soil inoculum did not colonize the maize plants under our experimental conditions, further emphasizes that care needs to be taken when extrapolating our results to field conditions. For instance, in contrast to the field situation where AMF richness varied between two and nine AMFtypes depending on the field site investigated (Table 1), three to four putative AMF types were present in each treatment. Clearly, greenhouse experiments



select for AMF better capable of growing under these restricted conditions (e.g. Sykorova et al. 2007) and references therein). Interestingly, maize plants inoculated with inoculum from the site where we detected only two AMF types, contained four AMF types, showing that rare and undetected AMF types might become more abundant under favourable conditions. Nevertheless, relative abundance of AMF-types differed among treatments and specific AMF types correlated strongly with biomass production, soil colonization and leaching of phosphate (Table 3). This suggests that even this smaller subset of the AMF community exhibits traits that can be linked to specific ecosystem services. Clearly soil biota other than AMF could have influenced our results. However, the inclusion of a standardized soil microbial filtrate to all treatments and the tight correlation between plant biomass and AMF abundance in both experiments (Fig. 2), point to AMF, specifically, as an important factor in explaining plant biomass differences. Furthermore, the fact that a cultured inoculum of Glomus intraradices AMF showed similar biomass trends supports the finding that our plant biomass reduction was caused by AMF, not other soil microbes. Negative effects of AMF on plants have been attributed to various attributes including “unresponsive” plant genotypes (Sawers et al. 2008), nutrient levels at which AMF are not beneficial (Hoeksema et al. 2010), or pot size causing limitations on fungal growth (Zhu et al. 2003). The fact that the cultured inoculum of Glomus intraradices we used in this experiment, stimulated plant growth in several other experiments with different plant species and soil types (Scheublin et al. 2007; van der Heijden et al. 2006) suggests that under our experimental conditions, AMF were not beneficial for stimulating plant productivity.



Conclusions Our results indicate that soil communities can have contrasting effects on the provision of soil ecosystem services relevant to agricultural systems. Positive effect on one ecosystem service (reduced P leaching) may be linked with negative effects on another ecosystem service (crop production). Our findings also indicate that AMF density and the species composition of AMF communities can play an important role in explaining
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