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Abstract

Most natural soils are heterogeneous and nutrient availability and soil structure change greatly
over small distances. It is still unclear whether AMF are advantageous for plants under such hete-
rogeneous soil conditions. The objective of this study was to determine whether diverse AMF com-
munity support host plant community productivity in heterogeneous soil. It was also tested whe-
ther soil heterogeneity affects plant productivity. This was carried out in a greenhouse experiment
made up of two factors: soil heterogeneity and AMF richness. Soil heterogeneity was simulated by
mixing three soil types (sand, field soil and organic soil) together (homogenous soil (HM)), mixing
them partly (semi homogenous (SH)) or keeping the three soil types separate in three compart-
ments within one pot (heterogeneous (HT)). AMF richness was simulated by adding no AMF, one of
four different AMF species separately, or all four different AMF together. The pots were planted
with a mixture of Trifolium pratense and Lolium multiflorum. There was no effect of soil heteroge-
neity on total plant biomass. However, the biomass of the individual plant species was greatly af-
fected by soil heterogeneity with Lolium being the most abundant in the heterogeneous soil and
Trifolium being the most abundant in the homogenous soil. Total plant biomass did not increase
with AMF richness. Moreover, opposite to the hypothesis, AMF richness was not beneficial for
plant productivity in a heterogenous soil environment. However, there were significant differ-
ences in plant biomass with different AMF treatments in the SH and HT treatment indicating that
effects of AMF on plant productivity are influenced by soil type. These effects on yield and AMF re-
flect a combination of local responses to growing conditions. The results show that AMF influence
on plant yield may not always be positive but is strongly dependent on ecological elasticity and
environmental condition.
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1. Introduction

Symbiotic associations between plants and Arbuscular Mycorrhizal Fungi (AMF) are ubiquitous in many her-
baceous plant communities and can have large effects on these communities and ecosystem processes. AM fungi
belong to the phyla Glomeromycota with three families Glomeraceae, Acaulosporaceae and Gigasporaceae.
About 80% of terrestrial plants form symbiotic association with AMF [1] [2]. Arbuscular mycorrhizal fungi are
abundant in grassland, savannah and tropical forests and associate with many grasses, herbs, tropical trees and
shrubs [3]. It is estimated that 84% of all grass species form AM associations [4]. Several studies have reported
that AM fungi enhance plant productivity in grassland, and up to two-fold increases have been found [1]. In nat-
ural ecosystems, it has been demonstrated that plants obtain up to 80% of their requirement for nitrogen and up
to 90% of phosphorus from mycorrhizal fungi [5]. Mycorrhizal fungi also provide resistance to stress, drought
and in some cases to soil pathogens [6]. The impact of AMF has not always been positive as others studies
found that AM fungi alter the distribution of nutrients amongst co-existing grassland species without altering
total plant productivity [6]. The above evidence suggests that AMF are crucial for the functioning of terrestrial
ecosystems and their diversity is decisive for both plant community structure and ecosystem productivity [7].

Few studies have been devoted to understanding the occurrence of specific AMF species to soil indirectly
through physical and chemical characteristics such as soil texture, organic matter content and nutrient contents,
in particular to the availability of phosphorus [8]-[11] and direct comparison of different soils [12].

Plant-fungi symbioses operate in highly heterogeneous space and time in natural environments. In nature soils
are very heterogeneous, often with large changes in nutrient availability and soil structure over small distances.
Also, the soil profile is made up of various zones or horizons and these provide different habitats for plant roots
and soil microbes. Recent research has shown that spatial heterogeneity is essential in determining placement
and growth of leaves and roots, the growth of whole plant, intensity of inter-plant competition, as well as the
yield and structure of plant populations [13]-[17]. Other experimental evidences suggest that reduced soil com-
plexity and increasing homogenization from agricultural activities such as tillage/ploughing and fertilisation
have negative impact on AMF diversity and species richness [6] [18] [19]. These features may serve as filters
for the selection of more adapted species of AMF that could persist in certain environments. Manipulative expe-
riments however, with AMF in heterogeneous soil environment have been poorly explored.

Until recently, most knowledge about the interaction between AMF and plant growth has been based on ex-
periments conducted under spatially homogeneous conditions [20]. Clover-grass communities are widely dis-
tributed in agriculture, especially because clover can enhance soil fertility due to its capacity to fix atmospheric
nitrogen in symbiosis with nitrogen fixing rhizobia bacteria. Moreover, grasses and clover also represent impor-
tant functional plant groups that are important in most agricultural settings known to enhance soil properties and
AMF improving yields [21]. The objective of this study was to determine whether heterogeneous soil environ-
ment influenced AMF contribution to productivity of clover-grass communities. The hypothesis for the experi-
ment;

1) Heterogeneous soil environment enhances plant productivity;

2) AMF and AMF richness enhance productivity;

3) Soil heterogeneity influences AMF contribution to aboveground productivity.

2. Methodology

2.1. Soil and Inoculant Preparation

A greenhouse experiment with three different soil materials (field soil, sand, and organic matter) was used. Field
soil was collected from a long-term grassland field harbouring native Lolium and Trifolium spp. located at the
Agroscope Reckenholz Research station in Zirich, Switzerland (047°42'74"N, 008°51'78"E). Collected field soil
was then sieved through a 5 mm mesh in order to remove large stones and root fragments. Sand and Organic soil
were obtained from Agroscope, Zurich to sterilise them, soils were then autoclaved at 120°C for 80 minutes and
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kept for 2 weeks before use. Soil sterilization of organic matter strongly enhances nutrient availability and
therefore the organic matter was washed with distilled water to reduce the effect of nutrient loading AMF colo-
nisation. A total of 126 litres of each experimental soil substrate was used. Three soil classes; homogeneous
(HM), semi-homogeneous (SH) and heterogeneous (HT) were prepared from a combination of the sterilized
sand, field soil and organic material (see Table 1).

All the three soil classes had equal amounts of (1 L) each of the substrates. Within each pot, each soil class
was made up of three compartments (Figure 1 and Figure 2). These compartments were not treated as split
plots but were connected to each other. Soil heterogeneity was simulated by mixing three soil types (sand, field
soil and organic soil) together (homogenous soil (HM), mixing them partly (semi homogenous (SH) or keeping
the three soil types separate in three compartments within one pot (heterogeneous (HT). AMF richness was
simulated by adding no AMF, one of four different AMF species separate, or all four different AMF together
(see Table 1). The pots were then planted with a mixture of Trifolium pratense and Lolium multiflorum. Sam-
ples of each soil mixture were taken after autoclaving for soil chemical analysis.

Table 1. Preparation and components of the soil class used for the experiment. The percent-
age of each primary soil material represents one liter of soil per compartment. In the homo-
geneous the sand, soil and organic were completely mixed in each compartment. The semi
homogeneous was partly mixed with each soil dominating each of the compartment. The sub-
strates heterogeneous for each compartment was completely partitioned. See Figure 2 for ar-
rangement of compartments.

Homogeneous Semi Homogeneous Heterogeneous
Compartment
Sand Soil Organic Sand  Soil Organic Sand  Soil Organic
A 33% 33% 33% 50%  25% 25%  100% 0 0
B 33% 33% 33% 25%  50% 25% 0 100% 0
Cc 33% 33% 33% 25%  25% 50% 0 0 100%
Compartment Pot

Figure 1. The arrangement of substrate compartment within each experimental pot
for each soil class. A, B and C represent the compartments within a pot. The com-
partments were of equal size.

Homogeneous soil Semi homogeneous soil Heterogenous soil

Figure 2. The different soil classes used soil substrate for the experiment. These were Homogeneous soil Semi
homogeneous soil and heterogenous soil. These were made of a mixture of three different soil types (field soil,

sand and organic). For detail see Table 1.
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Four different AMF species were used for the experiment and these were Glomus intraradices (BEG 21, see
[6] for description), G. mosseae (isolate JJ964, [22]), G. claroideum (isolate JJ132, [22]) and Diversispora
celata (FACE 234, [23]). These fungi were cultured on Plantago lanceloata for 5 to 6 months in sand mixed
with 10% - 20% field soil, receiving 20 ml Hoagland’s nutrient solution [24] with 0.25 KH,PO, every two
weeks and watered to maintain 20% soil moisture by weight. A control inoculum (no AMF) was prepared in the
same way as the four AMF inoculants. Glomus claroideum, G. intraradices, G. mosseae and D. celata inocu-
lants were observed colonizing 12.5%, 84%, 32.5% and 1% of P. lanceloata roots with 34.3, 22, 41.2 and 122
spores per cm® of soil respectively. No AMF spores or colonization of roots was observed in the control inocu-
lum. A non mycorrhizal treatment, treatments of four individual AMF species and a combination of all four
AMF was prepared, adding up to a total of six AMF treatments (Table 2) with seven replicate each for 3 soil
classes totalling 126 pots.

Single AMF inoculated pots received 50 ml of inoculum, containing substrate and root fragments, of each of
the four AMF. Treatments co-inoculated with all four AMF species received 12.5 ml of roots and substrate of
each AMF inoculum; totalling 50 ml of inoculum. All AMF treatments were inoculated in 3 L pots containing
1.9 kg (dry weight) of each of the three soil classes (homogeneous, semi homogeneous and heterogeneous) and
the inoculums were thoroughly mixed with the soil substrate within each pot (Table 2).

2.2. Seedling Preparation and Planting

Seedlings of Trifolium pratense and Lolium multiflorum were prepared by surface sterilizing seeds by agitating
seeds in 1.25% sodium hypochlorite (diluted household bleach) for 10 minutes followed by a thorough rinse in
dH,O and subsequently placed on 1.5% water agar in a petri dish for 2 - 4 days. These plants species were se-
lected because known to be colonised by AMF and secondly they widely distributed in grassland sites and rep-
resent important functional plant groups (grass and legume). Germinated seeds were then planted evenly spaced
with 9 seedlings for each species per experimental pots (3 per each third of the pot that contained different soil
substrate mix). Pots were covered with cellophane for one week to allow seedlings to establish. Seedlings that
did not survive were replaced up to two weeks post initial planting. A microbial wash was added to each pot
post planting in order to standardize the microbial community within each pot with a natural grass-clover soil
microbial community. The microbial wash was created by using 1 L of the un-autoclaved field soil by wet siev-
ing through a series of sieves with the smallest being 10 um with 8 L of dH,O per litre of soil. The experimental
pots were randomly distributed within the greenhouse. The plants were maintained under a temperature of 25°C
with a light regime of 16 h day light maintained above 300 W/m? by 400-W high-pressure sodium lamps. Wa-
tering was done four times per week to maintain a 30% soil moisture by weight.

2.3. Harvest and Measurement

After 12-week of growth after transplanting, shoot and root data was collected. Plant shoots were harvested at

Table 2. A matrix of the experimental design with soil classes and Arbuscular Mycorrhiza
Fungi (AMF) inoculant treatments. The experimental set is made up of three soil treatments
and six AMF treatment resulting in a total of 18 treatments. The numbers represent: 1 = non
mycorrhizal control, 2 to 5 refers to the individual AMF treatments and 6 stands for all the
four AMF species combined in a treatment.

Soil class
AMF treatment Homogeneous (HM) Semi homogeneous (SH) Heterogeneous (HT)
1 Non AMF control Non AMF control Non AMF control
2 G. mosseae G. mosseae G. mosseae
3 G. intraradices G. intraradices G. intraradices
4 G. claroideum G. claroideum G. claroideum
5 D. celata D. celata D. celata
6 All AMF species All AMF species All AMF species
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the soil surface and oven dried at 80°C and their biomass recorded to the nearest tenth of a mg. Plant roots were
extracted compartment by compartment as per soil class and washed free of soil, and frozen at —20°C until they
could be processed further. Frozen roots were thawed, cut into small (1 - 2 cm) fragments to examine extent of
AMF root colonization. To determine the level of colonization of AMF inoculated within each compartment
within a pot, a random sample of approximately 1 - 2 g of fresh root was fixed in 50% ethanol, cleared with 10%
KOH in an 80°C water bath for 45 minutes then stained with 5% pen ink vinegar [25] for 10 min in an 80°C wa-
ter bath. Random sub-sampling of the cleared and stained roots was then mounted on glass slides with 50%
glycerine under a cover slip. Roots were then assessed for percentage of mycorrhizal root length colonization
based on absence or presence of AMF structures using the intersect method outlined by [26] for 100 intersects.

2.4. Experimental Design and Data Analysis

The experiment was set up as a factorial design made up of two factors: soil class and AMF treatment. The soil
class was made up of three levels while the AMF treatment was made of six categories (see Table 1). A
two-way analysis of variance (ANOVA) was used to examine the effect of soil class and AMF, and their inte-
raction, on biomass production in T. pratense and L. multiflorum. Where a significant difference was observed, a
posthoc test by Tukey HSD was used to determine significant differences among each of the AMF and soil class
factor levels. In order to determine the variation among the three compartments and the effect of AMF in each
compartment, a nested ANOVA was done for each soil class seperately with the factor error term for compart-
ments nested within pots. It was also used to test effect of compartment and AMF on plant biomass in different
soil types. One-way analysis of variance was used to determine the effect of AMF in different soil classes on
plant biomass in the different soil classes. Where a significant difference was observed, a posthoc test with tukey
HSD was used determine which of the individual treatments were significantly different. A Spearman correla-
tion analysis was done between T. pratense and L. multiflorum biomass to assess inferences regarding plant-
plant competition. One of the control pots was contaminated by mycorhizal infection in the roots and was there-
fore removed from all analyses. Treatments levels were considered to differ significantly with a type | error
greater than 0.05. All statistics were done using the R-statistical package (version 2.11.1).

3. Results

This section presents the results and trends recorded during the experiment.

3.1. AMF Root Colonisation

The percentage of root colonized by mycorrhizal fungi for the five AMF treatment were Glomus intraradices
(51%), Glomus claroideum (46.7%), Glomus mosseae (28.3%), Diverspora celata (7.57%) and the combined
AMF treatment (49.3%). Glomus intraradices produced highest level of colonization of Trifolium pratense and
Lolium multiflorum roots whiles the lowest was observed in D. celata. For the soil treatments, percent colonisa-
tion was homogeneous (34.4%), semi homogeneous (37.7%) and heterogeneous (32%).

3.2. Aboveground Biomass

3.2.1. Effect of Soil Heterogeneity

The combined aboveground biomass for Trifolium pratense and Lolium multiflorum was highest in homogene-
ous soil (Figure 3). Two way analysis of variance showed significant effect of soil treatment on productivity of
Trifolium pratense and Lolium multiflorum (F = 4.57, P = 0.01). L. multiflorum grew significantly (Figure 3; F
= 95.16, P = 2e—16) greater in the heterogeneous soil, while the T. pratense (Figure 4; F = 68.2, P = 2e—16) bio-
mass was least in the heterogeneous soil. In the homogeneous and semi homogeneous, the biomass of T. prat-
ense and L. multiflorum were almost the same.

3.2.2. Effect of AMF and AMF Species Richness

There was no effect of AMF and AMF richness on aboveground biomass of T. pratense and L. multiflorum
(Figure 4, F = 1.93, P = 0.09). At the individual plant species level, there was no mycorrhizal effect on plant
shoot biomass for T. pratense (Figure 6, F = 2.1, P = 0.07) but there was significant effect in the case of L. mul-
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Figure 3. Mean shoot biomass (with standad error) or Trifolium pretense and Lolium multiflorum in three different
soil classes. The letters (a, b, A and B) represent treatments that are significantly different.
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Figure 4. Effect of Arbuscular Mycorrhiza Fungi (AMF) on shoot biomass (with standard errors) of Trifoliium pre-
tense and Lolium multiflorum.

tiflorum (Figure 5: F = 3.12, P = 0.01). However, there was a positive effect of AMF plant productivity al-
though this was marginal compared to non mycorrhizal control. The highest shoot biomass was observed in Di-
versispora celata treatment followed by G. claroideum (Figure 4). The lowest biomass was recorded in the non
mycorrhizal control. Among the AMF species, the effect of AMF richness on plant productivity was low, only
being greater than the G. mosseae.

3.2.3. Effect of Heterogeneous Environment on AMF

The ANOVA showed that soil class by AMF interaction had a significant influence on the combined productiv-
ity of T. pratense and L. multiflorum (F = 2.32, P = 0.02). This was the case for L. multiflorum biomass (Figure
5: F =3.12, P = 0.01) but no effect on productivity of T. pratense (Figure 6, F = 2.1, P = 0.07). The AMF rich-
ness treatment performed poorly compared to the individual treatment across the three soil classes to both L.

multiflorum and T. pratense productivity.
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Figure 5. Shoot biomass of Lolium multiflorum (with standard error) planted with different Arbuscular Mycorhizal Fungi
(AMF) species in three different soil classes. The letters (a, b and c) represent treatments that are significantly different.
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Figure 6. Shoot biomass of Trifolium pratense (with standard error) planted with different. Arbuscular Mycorhizal Fungi
(AMF) treatment in three different soil class. The letters (a and b) represent treatments that significantly different.

1) Effect on L. multiflorum

Further analysis showed that the AMF effect on L. multiflorum was only significantly different among AMF
treatments in the Semi homogeneous (F = 6.88, P = 0.0001) and not in the heterogeneous or homogeneous soil
(Figure 5). In the homogeneous soil, all the AMF treatments resulted in lower L. multiflorum biomass than the
non-mycorrhizal control. A similar effect was also observed in the heterogeneous soil, but in this case D. celata
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was greater than the non-mycorrhizal treatment. In contrast, all mycorhizal treatments were higher than the non-
mycorrhizal control in the case of SH. In the semi-homogeneous soil, G. intraradices recorded the highest value
followed by D. celata. Lower values were measured in the other individual species and also in the combined
AMF treatment. The posthoc test with Tukey HSD revealed significant differences between G. mosseae and G.
intraradices, G. mosseae and D. celata, as well as between G. intraradices and G. claroideum. The AMF rich-
ness treatment performed poorly compared to the individual treatment across the three soil classes as in the L.
multiflorum.

2) Effect on T. pratense

Although there was no effect on T. pratense, an individual analysis of the three soil treatments showed sig-
nificant differences in  AMF effect on aboveground biomass in the Heterogeneous soil (Figure 6, F =2.16, P =
0.04) although productivity was comparatively lower. Also the control treatment was consistently lower than the
mycorrhizal treatments in the HT and SH (Figure 6). A post-hoc test with Tukey HSD showed only G. intra-
radices to be significant different from the control (Figure 6). Comparison of AMF effect in the three soil
treatments, showed that G. claroideum exerted the strongest effect in homogeneous and semi-homogeneous
while in the heterogeneous soil it was G. intraradices. Compared to the control, Glomus claroideum and D.
celata inoculated treatments showed dominant effect in the homogeneous, whereas in the SH and HT all the
AMEF species recorded means greater than the non-mycorrhizal control.

3.3. Soil Physical and Chemical Analysis

Selected soil chemical parameters (pH, available phosphorus (P), potassium (K), magnesium (Mg) & Calcium
(Ca) content) for each soil class are presented in Table 2. They were measured in the laboratory of Agroscope
Reckenholz-Tanikon Research station, Zurich, according to standard methods with ammonium acid-extraction
(AAE10) approach. The pH of the soils ranged between 6.5 and 8 (Table 3). The organic soil was characterised
by high phosphorus level. This was about four times higher than the value of the organic dominated in the Semi
homogeneous soil (Table 3). The lowest phosphorus level was recorded in the field soil.

Table 3. Soil physical and chemical parameters of different soil classes. The soil type represents the individual compart-
ments within a pot across the soil gradient. For the Semi-homogeneous, the organic dominated represent (OD—50%, FD—
25% & SD—25%), Field soil dominated (FD—50%, OD—25% & SD—25%) and Sand dominated (SD—50%, OD—25%
& FD-25%). The heterogeneous is made of the pure individual soil materials. Available phosphorus (P), potassium (K),
magnesium (Mg) & Calcium (Ca) content were extracted with ammonium acid-extraction (AAE10), CO, and CaCl,.

Soil Class Soil H H.O Kalkzust+ P-Test K-Test Mg-Test Pmg/kg Kmg/kg Mgmg/kg Camglkg
Material P "2 bzw.%  (CO;) (CO;) (CaCl,) (AAE10) (AAE10) (AAE10) (AAEL0)
Homogeneous 7.2 + 73.6 30.2 16.2 117.2 495.9 305.7 9008
Organic
Semi-homogeneous  dominated 7.7 + 62.0 65.8 23.0 208.5 935.9 431.8 10,576
(OD)
Field soil
dominated 7.2 + 28.9 22.0 135 105.6 384.7 252.9 6995
(FD)
Sand
dominated 74 + 37.3 26.0 9.2 98.7 358.5 187.2 8137
(SD)
Heterogeneous Organic (O) 8 + 42.9 475 58.5 1152.3 6819.2 2186.8 25,150
Field soil (F) 6.5 - 1.9 0.8 12.4 6.4 53.0 146.8 1513
Sand (S) 7.0 + 8.4 0.3 1.2 48.9 15.7 61.7 6692
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4. Discussion
4.1. Heterogeneous Soil and Plant Productivity

Previous studies have demonstrated large differences in growth benefit obtained by plants in heterogeneous en-
vironment [12] [14] [18] [20] [27]-[30]. Some studies found that plants benefit when grown in a heterogeneous
soil [20] [31] while other studies found that plant do best when grown in a homogenous soil type [31]-[34]. Al-
though there was no effect of soil heterogeneity on overall plant biomass, both investigated plant species re-
sponded very differently to soil heterogeneity. L. multiflorum benefit in the heterogeneous soil while T. pratense
performed best in the homogeneous. Similar observations have been made in experiments with Trifolium repens
[14] and Glechoma hederacea [20]. Several studies have also shown that when patch scale is very small, growth
can even be poorer than in homogeneous conditions with the same amount of nutrients [20] [32] [33] and when
conditions fluctuate rapidly through time [35] such as nutrient dynamics and soil moisture. [20] found growth
benefit in heterogeneous soil to be higher than homogeneous condition when patches are large with nutrient
contrast of 90:10.

Ample evidence suggests plant productivity is more strongly influenced by heterogeneous rather than homo-
geneous resource distribution even if the total resource supply remains the same [36]. The effect of heterogene-
ous environment may sometimes only be evident in the variation of aboveground biomass of plant species and
not necessary the total biomass. For instance in both the L. multiflorum and T. pratense there was significant
variation in shoot biomass in the heterogeneous soil which was not the case in the homogeneous and Semi ho-
mogeneous. Such differences are typical of a natural ecosystem with varying spatial soil properties and effi-
ciency of nutrient uptake by plants. Moreover, the negative correlation (—0.61, R?> = 0.33, P = 3.28e—12) ob-
served between T. pratense and L. multiflorum biomass suggesting possible competition among the plant species
for soil resources. Competition for soil resources can alter the biomass of co-existing species of plants leading to
higher biomass in the plant that is better adapted to the conditions under which the plant community is exposed.
The results suggest L. multiflorum to be better adapted to heterogeneous soil than the T. pratense. This means
that not all heterogeneous environments enhance plant performance equally among species. Responses to hete-
rogeneity and its contribution to plant productivity seem to be contingent on species and soil type as well as oth-
er edaphic factors.

4.2. Soil Moisture and Nutrient Uptake

Patchy nutrient distribution of N and P are influenced by dry conditions [2]. The water holding capacity of the
different soil treatments used in this study may have influenced plant productivity and microbial activity. The
Homogeneous and Semi homogeneous were visually observed to dry more slowly than the Heterogeneous with
the exception of the field soil compartment. Water films are important media for uptake and transport of labile
nutrients by plant roots [2]. This may have provided the T. pratense and L. multiflorum equal opportunity and
time for establishment and growth in the Semi homogeneous. This probably also accounts for the even growth
between plant species in the Homogeneous and Semi homogeneous, and an unequal biomass in the Heteroge-
neous soil by both plant species. These results indicate increasing homogenization of soils may cause shifts in
the natural variation by altering the competitive ability of different co-existing species. This may consequently
lead to changes in plant community structure and alter the natural balance in ecosystem function and stability.

4.3. Impact of Heterogeneity on AMF Performance

Generally, there was no effect of AMF and AMF richness on aboveground biomass, although the mycorrhizal
treatments had biomass that were higher than the non mycorrhiza control. In most cases the individual AMF
treatments performed better than the diversity treatment. G. claroideum and D. celata, had high effect on plant
productivity with G. intraradices showing intermediate effect across all the three different soils. The overall
mycorrhizal effect across the soils was generally negative in effect in the homogeneous soil than in the other
soils. Significant differences among AMF treatments were only observed in the Semi homogeneous soil (L. mul-
tiflorum) and heterogeneous soil (T. pratense). This would indicate that although homogeneous soil may cause
increase in plant biomass, it may results in the reduction of mycorrhiza effect as well as a shift in the co-exis-
tence of two commonly co-occurring AMF plant hosts. Such a situation may provide more competitive advan-
tage to non-mycorrhizal species to the detriment of mycorrhizal dependant plant hosts. The even distribution of



S. Ayesu, G. Gyabaah

nutrient in the homogeneous soil may have consequently led to reduced importance of AMF as agents of nu-
trient cycling, thus reducing their effectiveness in nutrient uptake. This perhaps exerts a high cost in terms of
carbon trade on treatments with mycorrhiza fungi. This observation is consistent with other studies that found
intensively managed or disturbed (homogeneous) soil environment to reduce AMF diversity and function [12]
[18] [30] [37]. This observation supports the hypothesis that heterogeneous environments may enhance AMF
functioning.

Despite increasing the AMF effect with increasing heterogeneity, within the heterogeneous soil, fungal activ-
ity was not consistently positively improving plant biomass as was seen in the Semi homogeneous soil. Many of
these results could be interpreted in terms of reduced signaling and transfer of resources between plants and
fungi. For instance, a reduced allocation of nutrients to plant roots caused by AMF in high nutrient patches
without a compensatory response by AMF in less fertile patches in the export of nutrients in the heterogeneous
soil [14] [20] [30]. It therefore appears the impact of AMF diversity on plant productivity may not always be
positive and is dependent on the nutrient status and other environmental variables.

4.4. AMF Richness Mediation of Plant Productivity

The low effect of AMF richness was contrary to what was expected and could possibly be due to antagonism
among AMF species and high p levels at the initial stages of the experiment, especially in the organic dominated
soils. The simultaneous requirement for carbon by mixed species AMF treatment from the host plant without
compensatory import of P could result in a net cost to the host that may be higher than in the individual AMF in
higher nutrient environment [38]-[40]. Moreover, the experiment was performed for short period (12 weeks) and
effects of AMF and AMF richness may mostly become apparent in the long-term. It is anticipated that a 6
months to one year experiment could enhance AMF effect resulting from the depletion of nutrient over time.
This observation supports previous studies that have shown that AMF are beneficial for plant productivity under
nutrient poor soil conditions [1].

5. Conclusion and Recommendations

The findings of this study illustrate that 1) soil heterogeneity was not important for grass-clover community
productivity, although the shoot biomass of individual plant species is dependent very much on soil heterogenei-
ty, 2) AMF and AMF richness did not exert significant effect on plant productivity 3) AMF diversity does not
always improve plant productivity in a heterogeneous soil environment, and finally 4) the impact of heterogene-
ous environment on the functioning of AMF richness is context dependent and is strongly influenced by the nu-
trient status of the patches. Given the wide distribution of both AMF and clover-ryegrass communities in both
agricultural landuse and natural grassland ecosystems, in combination with the ubiquitous nature of heterogene-
ity in soil resource supply, such interactions are of key importance in explaining plant productivity. Since few
studies have been conducted on AMF in heterogeneous soils, future studies could therefore look at the interplay
of local and systemic scale along a different contrasting heterogeneous environment and nutrient levels to help
understand the probable impact of AMF richness and function on plant community productivity. It will also be
interesting to further explore the N/P dynamics at the beginning and end of such experiments since these ele-
ments are important determinant of AMF nutrient mediation in plant-fungi symbiosis in disturbed soils. Such
information could be useful in designing agricultural and ecosystem management systems that generate stabiliz-
ing feedbacks between aboveground and belowground communities.
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