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Abstract 23 

Soil heterogeneity affects terrestrial plant communities both directly and indirectly. In nature, the 24 

exploration of the role of heterogeneity is made difficult because any co-varying factors (nutrients, 25 

soil depth, etc.) render it problematic to clearly link cause and effect. Attributing changes 26 

specifically to heterogeneity is facilitated if heterogeneity is varied in a controlled manner and 27 

other possible confounding factors are kept constant. The experiments conducted in such a way 28 

have up till now only considered heterogeneity in two dimensions, horizontally or vertically. In 29 

this methodological study, we present a novel technique that enables researchers to vary both 30 

qualitative and configurational heterogeneity in three dimensions by building up the soil cell by 31 

cell in experimental mesocosms. We illustrate the technique with an experiment where we test the 32 

effect of cell size (i.e. configurational heterogeneity) on the performance of grassland species that 33 

vary in nutrient preference (high N and low N species). Cell size did not affect aboveground 34 

biomass but modified species richness, both at the mesocosm and the patch scale, with most 35 

species being found when cells were small yet distinct (cell size 12 cm). High N species had 36 

significantly greater aboveground biomass and species richness than low N species, both on 37 

nutrient rich and nutrient poor cells. Remarkably, those differences disappeared when plants grew 38 

on the mesocosms with cell size close to zero. By allowing greater complexity in the design of 39 

experimental mesocosms, the 3-D approach can improve understanding of the interplay between 40 

soil heterogeneity and plant and ecosystem functioning. 41 

 42 
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 45 

Introduction 46 

Terrestrial plants interact with the heterogeneity in the soil in different ways. On the one hand, 47 

there are the direct influences of soil heterogeneity on the performance of individual plants and the 48 

properties of plant communities, for example, on seedling establishment, plant productivity, 49 

species composition and species diversity (Hutchings et al. 2003; Wijesinghe et al. 2005). These 50 

influences are often ascribed to soil heterogeneity promoting niche differences (Williams and 51 

Houseman 2014). On the other hand, plants respond actively to soil heterogeneity through root 52 

foraging and adapting their nutrient uptake capacity per unit root length or mass (Wijesinghe et al. 53 

2001; Mommer et al. 2012). A third aspect of the interaction is the ability of plants to change the 54 

heterogeneity of their soil environment via plant-soil feedback (Casper and Jackson 1997; 55 

Hinsinger et al. 2005; Maestre et al. 2006; Mommer et al. 2012; Hendriks et al. 2015). The 56 

experimental investigation of these functional aspects of heterogeneity is challenging for different 57 

reasons. One is that soil heterogeneity has a qualitative and a configurational component (Kelly 58 

and Canham 1992; Maestre and Cortina 2002). Qualitative heterogeneity refers to differences in 59 

texture, nutrients, moisture, pH, etc. between locations in the soil, which can be large or small. 60 

Configurational heterogeneity, on the other hand, refers to the patch size of these locations 61 

(Dufour et al. 2006). Spatial patterns with smaller patches, for example, nutrient-poor and 62 

nutrient-rich patches alternating at short distances, are considered more heterogeneous because an 63 

“observer” such as a growing plant root or a burrowing soil animal will encounter more frequent 64 

changes when penetrating the soil. Moreover, the soil can be heterogeneous in the horizontal 65 

dimensions (Williams and Houseman 2014) and in the vertical dimension (Maestre et al. 2006; 66 



Maestre and Reynolds 2006). Many studies have explored effects of either horizontal or vertical 67 

heterogeneity (García-Palacios et al. 2011; Brandt et al. 2013), but most soils are heterogeneous in 68 

all dimensions at the same time. No technique currently exists in experimental ecology to create 69 

fully controlled three-dimensional heterogeneity in both qualitative and configurational factors. 70 

Here we introduce such a technique in synthesized mesocosms, illustrate it with a feasibility test 71 

where plants are sown on mesocosms differing in 3-D heterogeneity, and discuss potential 72 

applications. 73 

 74 

Experimentally simulating 3-D heterogeneity  75 

The technique basically creates a mesocosm consisting of cells filled with substrates of different 76 

quality (Fig. 1). Such a “three-dimensional chessboard” is constructed layer by layer. Each layer is 77 

encased in a wooden box of which the height equals the cell size of the matrix. The wooden boxes 78 

are closed only at the sides, except for the lowest box which is also closed at the bottom. The 79 

construction starts by placing a frame consisting of vertical plastic plates with slits into the lowest 80 

wooden box, dividing the box into cells (Figs. 2a and b). Next, the cells of this lowest layer are 81 

filled with different substrates (in our case two, “black” and “white”), in an alternating fashion 82 

(Fig. 2c). The plates are subsequently removed by pulling them upwards (as a consequence the 83 

substrate will slightly subside). This completes the assembly of the bottom layer. The entire 84 

process is then repeated by placing a second wooden box with plastic plates on top of the first one, 85 

likewise filling its cells with the two substrates (black above white and vice versa), and pulling out 86 

the plates (Fig. 2d). More layers can be assembled using the same procedure, depending on the 87 

desired depth of the mesocosm. Since, apart from the lowest box, the wooden boxes are open at 88 



the top and the bottom, the substrates in adjacent layers are physically connected. Given that each 89 

cell has different neighbors both horizontally and vertically, heterogeneity is created in three 90 

dimensions. 91 

Qualitative heterogeneity can be modulated in such mesocosms by varying the difference 92 

between the substrate types. For example, if nutrient-rich soil (A) and nutrient-poor soil (B) are 93 

used, a series of decreasing qualitative heterogeneity could be: (i) pure A and pure B substrate in 94 

alternating cells, (ii) (90% A mixed with 10% B) and (90% B mixed with 10% A) in alternating 95 

cells, (iii) (80% A mixed with 20% B) and (80% B mixed with 20% A) in alternating cells, etc. 96 

Configurational heterogeneity can be modulated by varying the cell size (Fig. 1), i.e. by dividing 97 

the mesocosm into few large cells (low configurational heterogeneity) or many small cells (high 98 

configurational heterogeneity). The two components of heterogeneity can thus be controlled 99 

independently. Although we believe that a cell size equal to the box size can be used as part of a 100 

heterogeneity gradient, researchers may also opt to keep the cell size smaller than the mesocosm 101 

size. 102 

To obtain “isotropic” mesocosms with the same density throughout, equal substrate amounts 103 

should be put in each cell and similar compression applied such that soil in all cells is compacted 104 

to the same degree. We recommend filling each cell in two stages while compressing already after 105 

the first half. Substrates composed of a mixture of A and B soil can be homogenized with a cement 106 

mixer. If the substrate is sticky, for example when using clay soil, placing two flat heavy objects 107 

on top of the layer, one directly to the left and one directly to the right of the plate which is to be 108 

removed, can prevent substrate from being dragged along when pulling up a plate. Drainage holes 109 

may be drilled in the bottom plate of the mesocosms, and root mesh placed to avert loss of 110 



substrate and roots growing through the holes. 111 

 112 

Demonstration of the technique 113 

We illustrate the 3-D method with an example of its use (Figs. 2a-e). Four levels of 114 

configurational heterogeneity were created in cubic mesocosms (dimensions 48 cm × 48 cm × 48 115 

cm) with cell size 48, 24, 12 or 0 cm. In other words, all mesocosms had identical dimensions; the 116 

only difference was the cell size. Qualitative heterogeneity was the same in all, created by mixing 117 

80% potting soil with 20% sand to fill the black cells (nutrient rich substrate), and 20% potting 118 

soil with 80% sand to fill the white cells (nutrient poor substrate). The mesocosms with cell size 119 

zero were filled with mixed nutrient rich and poor substrate so that the ‘cell size’ was close to zero. 120 

There are numerous definitions of heterogeneity (Kolasa and Rollo, 1991; Li and Reynolds 1995; 121 

Stein and Kreft, 2015), and according to some of those, our mesocosms with cell size zero could 122 

be perceived as homogeneous. However, these mesocosms could also be seen as exhibiting the 123 

highest soil heterogeneity because: (i) plant roots extract nutrients at the millimeter scale, and 124 

would thus encounter a series of micro-patches of nutrient rich and nutrient poor substrate along a 125 

very short distance (Hutchings et al. 2003), and (ii) considering the mixture as homogeneous 126 

(based on macroscopic visual impression) would imply that the gradient at one point would 127 

suddenly change from absolute maximum heterogeneity (very small but still distinct cells) to 128 

absolute minimum heterogeneity (homogeneity), even though the cell size was systematically 129 

further decreased (Eilts et al. 2011). The authors of the current study support the latter perspective, 130 

but since there is no consensus in literature on this (cf. Kolasa and Rollo, 1991; Li and Reynolds 131 

1995; Chen and Dong 2003) we treat and describe the cell size zero level neutrally. 132 



Substrates were tested by a soil laboratory (“Bodemkundige Dienst van België”, Heverlee, 133 

Belgium) (Table 1). Heterogeneity levels with cell sizes 24, 12 and 0 cm were represented by five 134 

replicate mesocosms each, while the heterogeneity level with cell size 48 cm was represented by 135 

five replicate mesocosms with nutrient rich substrate and five replicate mesocosms with nutrient 136 

poor substrate in order to able to determine the influences of both these substrate types. At the 137 

surface, the 48-cm-cell mesocosms can actually be considered to have an “infinite” patch size, 138 

since there is no surrounding patch with different soil that plants can access. In the analyses, 139 

nutrient rich and nutrient poor mesocosms with cell size 48 cm were therefore lumped when 140 

comparing them with other heterogeneity levels. This ensures that the average amount of nutrients 141 

(or average nutrient concentration) is identical for each cell size level, i.e. nutrient rich and 142 

nutrient poor substrate are always equally represented, precluding nutrient bias across 143 

heterogeneity levels. With respect to depth, the mesocosms with cell size 48, 24 and 12 cm were 144 

composed of one, two and four layers, respectively. All boxes were randomly distributed across 145 

the experimental site (see below) to prevent position bias. 146 

Most previous studies on soil heterogeneity focused on monocultures or two plant species 147 

growing together, while we aimed for more complex communities with many species interacting 148 

both with each other and with the soil heterogeneity. To this end, seeds of 24 perennial plant 149 

species occurring in grasslands in Belgium were obtained from commercial suppliers (Herbiseed 150 

in England and Cruydt-Hoeck in The Netherlands). The species were arbitrarily classified into two 151 

groups: high (6-8) or low (1-4) preference for nitrogen (N) availability according to the Ellenberg 152 

ecological indicator value for N (12 species per group, Table 2). These values, which were put 153 

forward by Ellenberg according to the position of plant species’ realized ecological niche along an 154 



environmental gradient, indicate a species’ association with particular growing conditions 155 

(Ellenberg et al. 1991), and have been used in many other studies to differentiate between species 156 

groups (e.g. Pärtel and Zobel 2007; Gazol et al. 2013). The rationale of this design was that 157 

nutrient-rich cells might favor the biomass production of species with high N indicator values, 158 

which tend to be competitive (Franzaring et al. 2007) and could outcompete species with low N 159 

indicator values on this substrate (i.e. lower their species richness). High N species would also 160 

compete intensely among themselves on such nutrient rich cells, likewise reducing their own 161 

species richness (Hautier et al. 2009). The low N species, on the other hand, which are more 162 

stress-tolerant given that they are most often found in low N environments, would be expected to 163 

perform relatively better on the nutrient-poor cells. High N species might still occur on such cells 164 

as any competitive exclusion will be slow in unproductive environments, leading to higher species 165 

richness compared with nutrient rich cells. We expect the differences in species richness between 166 

nutrient poor and nutrient rich substrates to become smaller with decreasing cell size. The 167 

presence of adjacent nutrient poor cells should decrease the dominance of those species that 168 

outcompete many other species on larger nutrient rich cells, while species being able to persist on 169 

bigger nutrient poor cells will likely face increasing competitive pressure as the proximity to 170 

nutrient rich cells increases. Depending on the balance of these changes expected on nutrient rich 171 

and nutrient poor cells, the species richness at mesocosm scale may change in different directions. 172 

The experiment ran from 19 May 2015 (sowing date) to 2 September 2015 (harvest) at the 173 

Drie Eiken Campus of the University of Antwerp (Belgium, 51°09´N, 04°24´E). The local climate 174 

in the region is characterized by mild winters and cool summers, with an average annual air 175 

temperature of 9.6°C and 776 mm of rainfall, equally distributed throughout the year. Three weeks 176 



prior to the start of the experiment we tested the germination rates and emergence times of the 177 

species in order to correct for interspecific differences in these traits in the actual experiment, i.e. 178 

to equalize the relative abundances and synchronize emergence. Only the relative abundances had 179 

to be adjusted as emergence times were similar. In the actual experiment, the adjusted seed 180 

mixture containing all 24 species was sown uniformly across the surface of the 25 3-D mesocosms, 181 

at 423 seeds per mesocosm. After sowing, the seeds were covered by a few mm of the appropriate 182 

substrate (i.e., seeds sown on nutrient rich/poor cells were covered with nutrient rich/poor 183 

substrate, respectively) and the mesocosms were kept moist to promote germination and 184 

establishment. During the experiment, water was added when needed to account for any shortage 185 

in natural rainfall, at the prevailing frequency of rainfall events in the region (every two days). 186 

Fungicide was applied once at the end of June and then one week later to avoid fungal diseases. 187 

At the end of the experiment, we recorded the species in four subsamples of 12 cm × 12 cm 188 

for mesocosms with cell sizes 0 and 48 cm, and in eight subsamples of 12 cm × 12 cm for the 189 

mesocosms with cell sizes 12 and 24 cm (with half of the subsamples in nutrient poor and half in 190 

nutrient rich cells). These species lists were used to calculate the average species richness at patch 191 

scale (i.e., per 12 cm × 12 cm subsample, for each substrate type), and the average species 192 

richness at mesocosm scale. Next, we harvested the aboveground biomass of the plants in each 193 

mesocosm. In the mesocosms with cell sizes 24 and 12 cm, one subsample (12 cm × 12 cm) was 194 

taken from a randomly chosen nutrient poor cell and one subsample (12 cm × 12 cm) from a 195 

randomly chosen nutrient rich cell. Mesocosms with cell sizes 0 and 48 cm were sampled with 196 

only one subsample each (12 cm × 12 cm, likewise randomly selected), as these did not have 197 

different (or distinguishable) substrate types. In each of these subsamples, the plants were 198 



harvested at the surface of the soil, grouped by species type, oven dried at 70°C for 4 days, and 199 

weighed. The remaining aboveground biomass in each mesocosm was also harvested, separated 200 

per substrate (plants growing on the same substrate were combined), and likewise dried and 201 

weighed. Overall, biomass was thus estimated both on subsamples (smaller sample area, but 202 

allowing separation of the species groups) and on entire mesocosms (larger area, but without 203 

separating the species groups). 204 

We analyzed the data both at mesocosm scale and at cell (patch) scale. At mesocosm scale, 205 

we used one-way ANOVA to test the effect of cell size on plant biomass, and two-way ANOVA to 206 

test the effect of cell size and species type on species richness. Post-hoc analysis (pairwise 207 

comparisons with Fisher’s LSD) was used to test differences between mesocosms with different 208 

cell sizes. At cell (patch) scale, we used generalized linear mixed models (GLMMs) to analyze the 209 

effect of the treatments on plant biomass and species richness, box identity was treated as the 210 

random factor. A first analysis was performed on the mesocosms with cell sizes 12, 24 and 48 cm, 211 

excluding the mesocosms with cell size 0 cm because these contained no distinguishable poor and 212 

rich cells to which plant responses could be attributed. In this analysis, species type (high or low N 213 

species) and (growing on) nutrient rich or poor substrate were explanatory fixed factors, as was 214 

cell size. A stepwise exclusion of the least significant explanatory variables was performed. 215 

Post-hoc analysis (pairwise comparisons with Fisher’s LSD) was applied to explicitly test 216 

differences between mesocosms differing in configurational heterogeneity (i.e. cell size). In a 217 

second analysis at cell (patch) scale, we used Student’s t-tests to investigate the effect of species 218 

type on aboveground biomass and species richness in 0-cm cell size mesocosms. These 219 

mesocosms were analyzed separately because nutrient rich and nutrient poor patches were 220 



indistinguishable, implying that substrate type could not be used as a factor in the analysis (in 221 

contrast to the first analysis at cell scale). All statistics were conducted with SPSS 23.0 (IBM 222 

Corp., 2015). 223 

 224 

Results 225 

At the mesocosm scale, cell size did not significantly affect aboveground biomass. However, cell 226 

size and species type significantly affected species richness (Table 3, Fig. 3). More high N than 227 

low N species were found at the mesocosm scale (p = 0.001), and most species tended to grow in 228 

mesocosms with cell size 12 cm (p = 0.016, 0.068 and <0.001 for the post-hoc pairwise 229 

comparison with 0-, 24- and 48-cm cell mesocosms, respectively). The least species tended to be 230 

found in mesocosms with cell size 48 cm (p = 0.078, <0.001 and 0.015 for the post-hoc pairwise 231 

comparison with 0-, 12- and 24-cm cell mesocosms, respectively) (Fig. 3).  232 

At the cell (patch) scale, the first analysis of the mesocosms with cell sizes 12, 24 and 48 cm 233 

revealed no interactive effects of substrate, cell size and species type on aboveground biomass, 234 

while cell size and species type interacted significantly on species richness. Significant differences 235 

in aboveground biomass and species richness between high and low N species were found (Table 236 

4). We found more biomass and higher species richness for high N species than for low N species 237 

on both nutrient rich and poor cells (Fig. 4). While cell size did not significantly affect 238 

aboveground biomass, it did modulate species richness (Table 4), in agreement with the 239 

aforementioned analyses at mesocosm scale. Most species were generally found in mesocosms 240 

with cell size 12 cm (p = 0.02 and <0.01 for the post-hoc pairwise comparison with 24- and 48-cm 241 

cells, respectively), while no significant difference of species richness (at cell scale) between 242 



mesocosms with cell size 24 cm and 48 cm was found (p = 0.440). Note, however, that low N 243 

species responded more weakly to cell size than high N species (cf. the aforementioned significant 244 

cell size × species type interaction). The second analysis at patch (cell) scale demonstrated that 245 

low and high N species performed very similarly in the mesocosms with cell size zero, with no 246 

significant effects of species type discernible, both regarding aboveground biomass (p = 0.77) and 247 

species richness (p = 0.78) (Fig. 4). 248 

 249 

Discussion 250 

We demonstrated that configurational and qualitative soil heterogeneity can be created in three 251 

dimensions at controlled levels and independently from each other in synthesized mesocosms. The 252 

results of a first, short experiment highlight that complex and surprising patterns may emerge from 253 

manipulating 3-D heterogeneity. Aboveground biomass at the mesocosm scale was not 254 

significantly affected by cell size, which is inconsistent with the study by Gazol et al. (2013). 255 

However, species richness was modified by cell size, with more species growing in mesocosms 256 

with small yet distinct cells (12 cm) than in mesocosms with either a more coarse distribution of 257 

substrates (cell size 24 and 48 cm) or with fully mixed substrate (cell size 0). The former is in line 258 

with earlier assertions of soil heterogeneity promoting community diversity by offering more 259 

niches (Pickett and Bazzaz 1978; Ackerly and Cornwell 2007; Williams and Houseman 2014).  260 

At the cell (patch) scale, in line with expectations, our results indicate clear differences in 261 

productivity and realized species richness between species with varying nutrient preferences. 262 

Although we expected that especially high N species would profit from growing on nutrient rich 263 

cells, i.e. relatively increase their biomass at the expense of low N species by superior foraging 264 



ability either locally or in deeper soils (Tamme et al. 2010; Gazol et al. 2013), the absence of a 265 

significant species type × substrate type interaction suggests otherwise. Likewise, no clear 266 

evidence of lower species richness in nutrient rich patches was found. In fact, at cell size 48 cm, 267 

more species were present in nutrient rich than in nutrient poor mesocosms. In the analyses at the 268 

patch scale we did observe several effects of configurational heterogeneity (cell size). First, 269 

species richness increased when the cell size decreased from 48 cm to 12 cm (Fig. 4 and Table 4), 270 

in line with our findings at the mesocosm scale. Because the number of species found on nutrient 271 

poor and nutrient rich substrates was similar, our hypothesis that species richness differences 272 

between both substrates would become smaller with decreasing cell size was not confirmed. Of 273 

note is the observation that differences in both species richness and aboveground biomass between 274 

species thought to be more and less competitive (high and low N species) were no longer 275 

significant in mesocosms where the two substrates were fully mixed (i.e. cell size 0 cm). This 276 

implies that high N species were negatively affected at this extreme end of the heterogeneity 277 

gradient, while low N species were stimulated. Our experiment demonstrates that explicitly 278 

varying soil heterogeneity in three dimensions can generate complex patterns. Full elucidation of 279 

such patterns will probably require detailed studies of root foraging and plasticity, as plants 280 

growing on nutrient poor cells likely grew into nutrient rich cells adjacent or below.  281 

Similar to other methods of artificial assembly of model ecosystems, the technique is likely 282 

prone to reduced ecological realism owing to the initial soil disturbance during construction, edge 283 

effects, isolation or island effects, time scale limitations, etc. (De Boeck et al. 2015). Results from 284 

its application should thus be interpreted and extrapolated with caution, and should preferably be 285 

combined with findings from other approaches such as using the natural variation in heterogeneity 286 



(Williams and Houseman 2014) or injecting nutrients in existing soils (McKane et al. 2002). Yet 287 

the 3-D technique can offer insights into heterogeneity – ecosystem functioning relationships 288 

which are hard to acquire from these other approaches, which are less flexible and suffer from 289 

covariation of heterogeneity with other factors (Brandt et al. 2013). Note that direct comparisons 290 

of our results with those from previous studies on 2-D soil heterogeneity are not straightforward 291 

because 2-D studies have used a wide variety of different techniques, which do not always have an 292 

equivalent of cell size (e.g. injecting nutrients, mixing different layers of existing soils, etc.), and 293 

because we sowed a mixture of two particular groups of species, which to our knowledge has not 294 

been done before in heterogeneity – ecosystem functioning research. 295 

A promising avenue for future research opened by the 3-D technique is disentangling the 296 

combined influences of horizontal heterogeneity (patchiness) and vertical heterogeneity 297 

(stratification) in the same system. Here the method even allows one to simulate increasing 298 

uniformity away from the soil surface as found in many real soils (Kardanpour et al. 2015), by 299 

gradually augmenting the thickness of the layers with depth. Likewise, horizontal anisotropy in 300 

the soil patchiness can be simulated by locally varying the cell size within the same layer, for 301 

example, by subdividing some of the cells into smaller ones whilst keeping others larger. 302 

Moreover, more than two substrate types could be used, for example, to simulate gradients or 303 

generate a variegated mesocosm in one or more dimensions. 304 

The 3-D method also opens perspectives to better understand the interplay between soil 305 

heterogeneity and plant heterogeneity (i.e. spatial aggregation of plant species). Growth in 306 

mono-specific patches significantly alters the competitive balance relative to a random mixture 307 

(De Boeck et al. 2006), but the interaction with the soil structure is hardly understood. This 308 



interaction can be studied by planting species in specific positions (Burns and Brandt 2014), 309 

manipulating both the species-specific interaction of the plants and the soil heterogeneity. 310 

Finally, the 3-D technique could improve our understanding of how soil heterogeneity drives 311 

plant diversity at small scales. Several theories have been proposed to explain this relationship 312 

(positive, neutral or negative, Wijesinghe et al. 2005; Brandt et al. 2013), depending on the 313 

relative sizes of patches and plants. When the plant size exceeds the patch size of soil 314 

heterogeneity, species with good foraging ability may monopolize the resource-rich patches, thus 315 

competitively excluding weaker foragers (Tamme et al. 2010; Gazol et al. 2013). This theory in 316 

fact considers heterogeneity like a resource and a heterogeneity gradient like a niche axis. In the 317 

microfragmentation theory (Tamme et al. 2010; Gazol et al. 2013), the plant size is similar or 318 

smaller than the patch size. Here, specialists of poor soil patches would be exposed to greater risk 319 

of mortality than generalist species which can use both poor and rich soil, which overall may 320 

reduce plant species diversity. In the current experiment, there are two factors precluding us from 321 

testing this theory. First, the relative size of species vs the patch is unclear, which could be 322 

resolved by injecting stable isotopes in specific patches and analyzing aboveground biomass so 323 

that the root distribution/proliferation of each species can be traced (Oburger and Schmidt 2016); 324 

second, two extreme species types were used rather than a generalist and a specialist type. A third 325 

theory states that soil heterogeneity may promote diversity simply because more niches are 326 

available, which we think caused the pattern observed in the current experiment as mentioned 327 

earlier. Future studies using the 3-D technique could test these theories by independently varying 328 

plant and cell size. Since the goal in this type of research would be to understand how soil 329 

heterogeneity drives plant diversity, a random seed rain of a given species mixture might be 330 



applied as in the current experiment, allowing the different substrates to “select” the species that 331 

establish locally, producing a community structure that is “unsupervised” by the experimenter. In 332 

conclusion, the 3-D technique provides a flexible test environment for investigating these 333 

heterogeneity-diversity relationships, which should yield more insight in small-scale coexistence 334 

and diversity patterns in plant communities. 335 
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Table 1 Characteristics of the two substrate types used in the heterogeneity experiment. 454 

Substrate 

type 

pH C 

(%) 

NaCl 

(mg 

L
−1

) 

NO3
−
-N 

(kg 

ha
−1

) 

NH4
+
-N 

(kg 

ha
−1

) 

P2O5 

(mg 

L
−1

) 

K2O 

(mg 

L
−1

) 

MgO 

(mg 

L
−1

) 

CaO 

(mg 

L
−1

) 

Na2O 

(mg 

L
−1

) 

Nutrient  

poor 

5.5 1.1 555  142 11 32 118 253 467 18 

Nutrient 

rich 

5.3 8.7 1264  420 12 188 228 1252 1700 81 



Table 2 Plant species used in the experiment and Ellenberg nitrogen (N) values of the two groups. 455 

Group 1  N value Group 2 N value 

Brachypodium sylvaticum (Huds.) 

Beauv. 

6 Achillea ptarmica L. 2 

Dactylis glomerata L. 6 Agrostis capillaris L. 4 

Epilobium hirsutum L. 8 Berteroa incana (L.) DC. 4 

Festuca gigantea (L.) Vill. 6 Briza media L. 2 

Festuca pratensis Huds. 6 Festuca ovina L. 1 

Geranium robertianum L. 7 Hypericum perforatum L. 4 

Lolium perenne L. 7 Koeleria macrantha (Ledeb.) 

Schult. 

2 

Nepeta cataria L. 7 Leucanthemum vulgare Lam. 3 

Poa pratensis L. 6 Nardus stricta L. 2 

Poa trivialis L. 7 Poa compressa L. 3 

Silene dioica (L.) Clairv. 8 Rumex acetosella L. 2 

Taraxacum officinale F.H.Wigg 8 Vulpia myuros (L.) C.C.Gmel 1 



Table 3 Results of the measurements at the mesocosm scale analyzed with one-way ANOVA for 456 

aboveground biomass and with two-way ANOVA for species richness. F-values, P-values and 457 

degrees of freedom (df1, df2) are given, with df1 = between-groups degrees of freedom, and df2 = 458 

within-groups degrees of freedom. Significant results (P < 0.05) indicated in bold. Nonsignificant 459 

variables were removed stepwise from the final model. 460 

Source Aboveground biomass Species richness 

df F P df F P 

Cell size 3, 21 0.041 0.989 3, 46 7.669 < 0.001 

Species type    1, 48 18.025 < 0.001 

Cell size × Species type    3, 42 1.800 0.162 



Table 4 Results of the generalized linear mixed models (GLMMs): comparison of mesocosms 461 

with cell sizes 12, 24 and 48 cm (substrate types: nutrient rich and nutrient poor). F-values, 462 

P-values and degrees of freedom (df1, df2) are given, with df1 = between-groups degrees of 463 

freedom, and df2 = within-groups degrees of freedom, for aboveground biomass and species 464 

richness. Species type refers to the species’ nitrogen preference (low or high) according to 465 

Ellenberg indicator values. Significant results (P < 0.05) indicated in bold. Nonsignificant 466 

variables were removed stepwise from the final model. 467 

Source Aboveground biomass Species richness 

df F P df F P 

Cell size 2, 57 0.824 0.444 2, 237 5.501 0.005 

Soil type 1, 58 2.405 0.126 1, 238 0.126 0.723 

Species type 1, 58 60.002 < 0.001 1, 238 78.314 < 0.001 

Cell size × Soil type 2, 54 0.501 0.609 2, 234 0.299 0.742 

Cell size × Species type 2, 54 0.562 0.574 2, 234 3.453 0.033 

Soil type × Species type 1, 56 1.170 0.284 1, 236 1.022 0.361 

Cell size × Soil type× Species type 2, 48 0.161 0.852 2, 228 0.971 0.424 



Figure 1. Mesocosms consisting of substrates of different quality, for example, nutrient rich 468 

(black) and nutrient poor (white) cells. Configurational heterogeneity decreases from left to right, 469 

from fine (small cells) to coarse (large cells) distribution of resources. The cell size of the full 470 

mixture of the two substrates on the left can be considered as approximately zero. 471 

 472 

Figure 2. Experimental simulation of 3-D heterogeneity in mesocosms: (a) frame of vertical 473 

plastic plates with slits, to separate the mesocosm cells; (b) wooden box with the frame of vertical 474 

plastic plates placed inside to hold one mesocosm layer; (c) filled nutrient rich (black) and nutrient 475 

poor (white) soils into one mesocosms layer; (d) completed mesocosm consisting of four filled 476 

layers, with alternating nutrient rich (black) and nutrient poor (white) substrate; (e) emerging 477 

plants two weeks after sowing.  478 

 479 

Figure 3. Means ± SE of (a) aboveground biomass, (b) species richness and (c) species richness 480 

separated by species differing in nitrogen preference (high N/low N), all analyzed at mesocosm 481 

scale. For mesocosms with cell size 48 cm, the average (grey dot) of mesocosms of nutrient rich 482 

(black dot) and nutrient poor (white dot) are used to connect the line. These markers are added for 483 

visual clarity and were not used in statistical analyses. Significant (p < 0.05) differences between 484 

treatments are indicated by different letters (post hoc analysis with Fisher’s LSD). 485 

 486 

Figure 4. Means ± SE of species differing in nitrogen preference (high N/low N species) in 487 

nutrient rich and poor cells of varying size: (a) aboveground biomass in nutrient poor cells, (b) 488 

aboveground biomass in nutrient rich cells, (c) species richness in nutrient poor cells and (d) 489 



species richness in nutrient rich cells. Significant (p < 0.05) differences between mesocosms of 490 

different cell size (12, 24 and 48; across substrate type) are indicated by different letters (post hoc 491 

analysis with Fisher’s LSD). The means ± SE are also indicated for the full mixture of rich and 492 

poor substrate (cell size 0 cm). 493 


