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ABSTRACT 

 

Species diversity is expected to increase with environmental heterogeneity, and this 

pattern has been confirmed by numerous observational studies. For plants, this spatial 

heterogeneity is likely driven by differences in soil substrate and by changes in soil conditions 

that occur as different species colonize and alter the soils and the invasibility of the community. 

Using a field experiment, we tested how the spatial pattern of seed arrival (aggregated versus 

uniform seed mixtures), soil heterogeneity, and patch size influence species richness in grassland 

plant communities in south-central Kansas. We established 96, 4x4.8 m plots each divided into 

120 large-scale (0.4x0.4 m) or 480 small-scale (0.2x0.2 m) patches. We then manipulated the 

soils within a plot to create either homogenous or heterogeneous soil conditions. We also sowed 

40 species into a plot with either one species per soil patch, to create aggregated species 

distributions within plots, or were sown uniformly across plots.  After four growing seasons, 

these communities were influenced by interactive effects of seed arrival, patch size, and soil 

heterogeneity. Species richness along with species composition and abundance differed when the 

seed arrival of each species was spatially aggregated rather than in uniform mixtures particularly 

when the patch scale was large.  However, in spatially uniform seed arrival plots, richness was 

higher when soils were homogeneous compared with heterogeneous soils. These differences 

were primarily driven by the arrival of unsown species from the surrounding plant communities 

or the seed bank, which were more weedy than those utilized in the seeding treatments. These 

results suggest that the spatial structure of seed arrival and size of the seed patches may have 

stronger effects on plant communities than soil heterogeneity. 
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CHAPTER 1 

INTRODUCTION 

 

 Environmental variation or spatial heterogeneity is viewed as one of the fundamental 

drivers of species coexistence (McIntosh 1986, Wright 2002, Lundholm 2009). Species 

coexistence is expected to increase as the number of niches increase (Tilman 1982). Generally, 

the number of niches available, or the available niche space, is directly linked to the degree of 

variation in an environment (Tilman 1982). Therefore, as long as species vary in their ability to 

specialize on different resources or conditions, a more heterogeneous environment will support 

more species because it has more available niches than a less heterogeneous environment. 

(Tilman 1982, Lundholm 2009). As environmental heterogeneity increases, increased niche 

availability should allow more species to coexist. This explanation for species coexistence is 

consistent with the idea that the world is naturally heterogeneous, indicating that heterogeneity 

should have an impact on species coexistence and species richness (Turner 1989).  

Whether spatial or temporal, many researchers recognize that heterogeneity can develop 

from either exogenous or endogenous sources in terrestrial systems. Exogenous heterogeneity 

refers to heterogeneity resulting from gradients in environmental resources such as nitrogen 

availability, light availability, and soil structure (Anderson et al. 2004, Turner 2005, Williams 

and Houseman 2014). Endogenous heterogeneity, on the other hand, refers to heterogeneity that 

arises independently of environmental gradients due to species controlled factors such as, 

dispersal limitation/seed arrival, intra-, and interspecific competition, and plant-soil feedbacks  

(Turner 2005, Houseman 2014).  
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The idea that increasing spatial heterogeneity increases species diversity allows for an 

intuitive explanation of species coexistence. Species diversity should increase if species vary in 

their preference for and ability to specialize on different resources or conditions, leading to 

coexistence (Schwartz and Hoeksema 1998, Kneitel and Chase 2004). Given how intuitive this 

idea seems, numerous studies have searched for some evidence of a link between spatial 

heterogeneity and community diversity (Bowers and McLaughlin 1982, Currie and Paquin 1987, 

Linder 1991, Collins and Wein 1998, Wilson 2000, Reynolds et al. 2007, Lundholm 2009, 

Williams and Houseman 2014). Conducting a comprehensive review of the literature at the time, 

Lundholm (2009) found that 52 studies had investigated the influence of exogenous or 

environmental heterogeneity on species diversity in plant communities. Of the 52 studies, 43 

were observational and focused on exogenous heterogeneity and its effect on plant communities 

across a wide variety of habitats and ecosystems, including grasslands (Anderson et al. 2004), 

shrublands (Moody and Meentemeyer 2001), and forests (Honnay et al. 1999, Balvanera and 

Aguirre 2006). The observational studies examined belowground sources of heterogeneity such 

as soil nitrogen availability, soil organic matter, or soil moisture (Richard et al. 2000, Anderson 

et al. 2004, Désilets and Houle 2005) as well as above-ground factors that included light, 

precipitation, and temperature (Currie and Paquin 1987, Pausas et al. 2003, Bakker et al. 2003). 

These observational studies commonly reported positive correlations between exogenous 

heterogeneity and species richness in many different ecosystems, including wetlands, grasslands, 

and forests. However, other patterns such as negative, unimodal, or no pattern were also found 

(Lundholm 2009). The large number of positive correlations between exogenous heterogeneity 

and species richness may result from other factors; such as, preferentially selecting sites that 

have notable patterns in the species distribution (Désilets and Houle 2005), high species richness 
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(Balvanera and Aguirre 2006, Löbel et al. 2006), and interesting site history (Dufour et al. 2006). 

These potentially confounding factors found in several observational studies demonstrate a need 

for experimental evidence. 

Contrary to the relatively large number of observational studies examined in Lundholm 

(2009), very few experimental studies demonstrated a causal relationship between exogenous 

heterogeneity and species richness. Only nine studies examined in Lundholm (2009) explicitly 

manipulated exogenous heterogeneity. Of those nine, only three reported a significant effect of 

heterogeneity on diversity (Fitter 1982, Vivian-Smith 1997, Wilson 2000). The three 

experiments that detected a significant effect of heterogeneity on diversity varied in the type of 

exogenous heterogeneity examined and the methods used to create heterogeneity (Lundholm 

2009). Of the three experiments that demonstrated a link between heterogeneity and diversity, 

only one reported a positive relationship (Wilson 2000). Amongst the three experiments that 

reported an effect of heterogeneity on species, there is no single manipulation that provides a link 

between increased species richness in heterogeneous environments to its foundation, an 

increased opportunity for species sorting.  

Exogenous heterogeneity’s influence on species richness has been widely studied since 

the 1960s (MacArthur and MacArthur 1961); however, the effects of endogenous heterogeneity 

on species richness had not been considered until relatively recently (Bolker et al. 2003, 

Schouten and Houseman 2019). Like Lundholm’s (2009) findings on exogenous heterogeneity, 

studies of endogenous heterogeneity suggest that there should be a positive correlation between 

endogenous heterogeneity and species richness. Endogenous heterogeneity can arise from a 

variety of sources including dispersal limitation, competitive interactions, and plant-soil 

feedback regardless of underlying exogenous heterogeneity (Bolker et al. 2003, Houseman 2014, 
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Hendriks et al. 2015, Burns et al. 2017, Xue et al. 2018). Theoretical studies, such as Bolker et 

al. (2003), suggest that any process that can alter the underlying competitive interactions 

between species can influence the rate of competitive exclusion. For example, Coykendall and 

Houseman (2014), Hendriks et al. (2015), and Burns et al. (2017) found that plants can alter soils 

and create heterogeneity within the soil, through plant-soil feedbacks, allowing for species 

sorting and increased species richness.  

 As with diversity, heterogeneity is expected to influence the invasibility of communities, 

with heterogeneous environments having higher invasibility than homogenous environments 

(Melbourne et al. 2007).  A heterogeneous environment allows for increased invasibility in the 

same way that it allows for greater species coexistence. In a heterogeneous environment, the 

same increased niche space that allows for greater species coexistence also provides more open 

and unexploited niches for exotic species and other volunteer species to colonize and establish 

within a community. Additionally, this same increased niche space mediates the impact of exotic 

and volunteer species on species in the community by altering competitive interactions through 

spatiotemporal storage or by providing more opportunities for species to established in their 

preferred patch (Shea and Chesson 2002, Pauchard and Shea 2006, Melbourne et al. 2007). Most 

studies of the relationship between heterogeneity and community invasibility focus on 

exogenous heterogeneity and invader-driven heterogeneity (see Melbourne et al. 2007), very few 

studies examine how exogenous heterogeneity and endogenous heterogeneity created by already 

established plants interact to influence community invasibility.  

 Furthermore, the effects of heterogeneity may vary based on the grain size, or size of 

resource patches within a system (Laanisto et al. 2013). In general, as grain size decreases in a 

system, plant diversity increases. However, at a certain point, the size of patches becomes too 
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small for plants to utilize properly, meaning plants must spread out over multiple patches, 

leading to a decrease in diversity (Laanisto et al. 2013). We can also expect community 

invasibility to respond to changes in patch grain size, with community invasibility increasing 

(and invasive species impact decreasing), as the size of patches decreases, until the patches 

become too small and microfragmentation occurs. We expect this because the same increased 

niche space that allows for increased community diversity also increases the invasibility of 

communities. No studies that we know of have yet attempted to see endogenous aggregation, 

exogenous soil heterogeneity, and the scale of heterogeneity influence plant community diversity 

and invasibility both on their own and interactively. 

To address this lack of information, we present results from a field experiment where we 

manipulated soil heterogeneity, endogenous spatial aggregation by sowing seeds in either 

intraspecific patches or uniformly throughout a plot, and the patchiness of each type of 

heterogeneity. After four years of community assembly, we intend to use this experiment to 

address two questions: 1. How do soil heterogeneity, aggregated seed arrival, and the patchiness 

of heterogeneity affect total species richness on their own and interactively? 2. Do these effects 

differ if a species was sown into a plot or if it established in a plot from the surrounding 

grasslands or underlying seed bank? We also examine how both species that initially arrived in 

the community and exotic and volunteer species influence species composition and abundance. 
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CHAPTER 2 

MATERIALS AND METHODAS 

 

Study Site 

We established experimental plots in a restored prairie at Wichita State University’s 

Ninnescah Field Station (Latitude: 37.5392, Longitude: -97.6810). The field was under row-crop 

agriculture until 1984 when it was restored to native grassland and subsequently managed using 

periodic burning, mowing, and haying.  Currently, native, perennial grasses, and scattered 

perennial forbs and legumes dominate the field. 

Experimental Manipulation 

Soil Manipulation 

We created 96 4 x 4.8 m plots grouped into eight blocks with 12 plots per block. We 

assigned the 10 treatment combinations and two control plots in a randomized, complete block 

design (Table 2). Soil heterogeneity treatments were either homogenous, heterogeneous, or non-

manipulated; seed sowing distributions were aggregated, uniform or not sown (found only in true 

control plots); finally, each plot consisted of either large-scale patches (40 x 40 cm), small-scale 

patches (20 x 20 cm), or no patches (also only found in control plots). This meant that while the 

grain of heterogeneity (patch size) varied within a plot, the extent (size of the plot) of each plot 

did not vary. Plots that did not receive soil manipulation, but did receive seed addition, only had 

large-scale patches.  

 To prepare the soil for manipulation, the field site was treated with herbicide (9% 

glyphosate), over an area of 40 x 200 m in September 2016. We cut standing dead vegetation and 
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cut the underlying litter with a weed whip, which was then raked off the plots. We allowed the 

site to rest for 7 weeks after the herbicide treatment before the soil manipulation began.  

 We created the different soil treatments by excavating three strata from the vertical soil 

profile of plots designated for soil manipulation (Figure 1). Each stratum was approximately 15 

cm deep, and we expected them to vary in soil nutrients, texture, organic matter, and soil 

organisms (see Williams and Houseman 2014 and Schouten and Houseman 2019). For 

heterogeneous treatments, we randomly redistributed the strata into patches within a plot. 

However, for plots with homogenous soils, all three strata were evenly mixed and then 

redistributed into patches. This allowed for the native soil in each plot to remain constant while 

maximizing soil patchiness (heterogeneous plots) or minimizing soil patchiness (homogenous 

plots). 

Using a Skid-Steer, we excavated the soils within a plot. Once removed, we placed the 

soil from heterogeneous plots into separate bins, one for each stratum, and then mixed with a 

rototiller to control for the mixing effect in homogenous treatments. We placed the soil from 

homogenous plots incrementally into a single bin, with each stratum filling one-third of the bin. 

Next, we mixed the three strata to create a homogenous mixture of all three strata (Figure 1).  

To create soil patches of a known size, a plywood form was placed with the plot. For the 

large scale, the openings were 0.4 x 0.4 m. For the smaller scale, we inserted dividers into each 

opening to further subdivide the patch into 0.2 x 0.2 m openings. For heterogeneous plots, we 

randomly assigned each stratum to an opening (patch) and filled it with the appropriate soil type. 

We filled all patches to approximately the same level. The form was extracted using a forklift.  

We used our feet to compress soils as necessary during and after filling. Plots with homogenous 

soil were filled using the same way using the homogenized soil (Figure 1). After the completion 
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of the soil manipulation, we placed a polypropylene cloth over the plots to minimize wind 

disturbance. 

Seed Distribution 

 To prepare the site for seed addition and to minimize the influence of competition from 

the pre-existing seed bank, we allowed the seed bank to germinate, and then emerging plants 

were killed with glyphosate in May 2017. After the plants had senesced, we removed emergent 

plants, and seeds of 40 native prairie species were sown into each plot. We sowed seeds into the 

same patches we created during soil manipulation. This meant that any given patch has its own 

soil type (upper, middle, lower, or mixed), seed-arrival (aggregate or uniform), and size (small or 

large).In aggregated plots, we sowed one of the forty native prairie species per soil patch. In 

large-scale plots, we sowed each species into 3 soil patches, while in small-scale plots, each 

species we sowed each species into 12 soil patches. To create uniform plots, we sowed seeds 

from all forty species into each soil patch. In plots with large patches, heterogeneous soils and 

aggregated seed arrival, there was only one replicate of each soil type and seed combination 

(three soil types and forty species make 120 patches); in small-scale aggregated plots with 

heterogeneous soils, there were four replicates of each soil type and species combination. For 

each species, we held the number of seeds sown into a plot constant, regardless of treatment. 

 After we finished sowing the seeds, a biodegradable, germination mat was placed over 

plots to protect the newly sown seeds from wind and water movement and granivores, as well as 

to promote germination. We watered plots periodically to prevent seed desiccation. Mid-way 

through the growing season, the periodic watering ceased, and we did not utilize additional water 

in future years. 
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Sampling 

 We collected percent cover for all species in a subsample of patches. The subsampling 

was stratified to represent all the treatment combinations. However, the sample size varied by 

treatment combinations to balance reasonable sample sizes with a reasonable collection time. 

The amount of cover by each species was estimated by comparing observed values with the area 

on a reference card. Values were recorded in the following cover classes: 0-1%=1, 1-5%=5, 5-

15%=15, 15-25%=25, 25-50%=50, 50-75%=75, 75-100%=100. We also collected community 

composition data at the plot scale. This was done by estimating percent cover for every species 

within a plot, at the plot scale, species were not grouped into cover classes. 

Statistical Analysis 

For data analysis, R 4.0.2 was used to test for treatment effects on species richness at the 

plot scales using a 3-way analysis of deviance fitted to a generalized linear mixed-effect model 

(GLMM) for a randomized complete block design (Bates et al. 2015, Fox and Weisberg 2019, R 

Core Team 2020). GLMM was used because it allowed me to test both random and fixed effects. 

To select the optimal model, I began by comparing models using different distributions that 

would potentially fit with the type of data I had, I then selected the distribution with the lowest 

AIC value. Next, I evaluated the link function in the same manner, the link function with the 

lowest AIC was selected. From there, I began dropping terms one at a time, as indicated by the 

“drop1” function. Pairwise results for any significant interactions were calculated using the 

emmeans package in R (Lenth 2020). PerMANOVA and non-metric multidimensional scaling 

(NMDS) from vegan were used to test significant differences in abundance and composition 

between treatments (Oksanen et al. 2020). Indicator Species Analyses (ISA) were used to 

identify whether species sorting occurred between treatments (De Caceres and Legendre 2009). 
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CHAPTER 3 

RESULTS 

 

 Across all plots, I recorded 95 different species. Of these 95 species, 38 of them were 

sown into the plots, the other 57 species established in plots by other means. Of the sown species 

Helianthus maximilliani was the most abundant with an average cover of over 20 percent. The 

next most common was Desmodium canadense with an average abundance of 17 percent cover 

(Table 2). Achillea millefolium, Bouteloua curtipendula, Desmodium canadense, Desmanthus 

illinoensis, Helianthus maximilliani, Lespedeza capitata, Lespedeza virginica, Ratibida pinnata, 

and Silphium laciniatum were found in every plot (Table 1). The most abundant unsown species 

were Aristida oligantha and Symphyotrichum pilosum with an average of 3.5 and 1.3 percent 

cover respectively. Only one unsown species, Chamaecrista fasciculata, occurred in every plot. 

The second most common unsown species was Conyza canadensis, which occurred in 56 plots 

(Table 2). 

Total Richness Univariate Responses 

 Total species richness varied between treatments. Using a generalized linear mixed-effect 

model (GLMM), I found that soil heterogeneity did not impact total species richness. However, 

both seed arrival and scale significantly influenced total species richness (p < 0.001 for both 

factors, Figure 2, Table 3). Specifically, total species richness was higher in aggregate plots than 

in uniform plots and higher in plots with large patches than those with small patches. 

Additionally, the interaction of seed arrival and scale was a significant indicator of total species 

richness (p < 0.001, Figure 2, Table 3). This meant that under aggregated seed arrival, total 
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richness was higher in large-scale plots than in small-scale plots. While not being a significant 

indicator on its own, the interaction between soil heterogeneity and seed arrival was a significant 

indicator of total species richness (p = 0.037, Figure 2, Table 3). Under uniform sowing, total 

richness was higher in plots with homogenous soils than plots with heterogeneous soils. I also 

found that there was a three-way interaction between seed arrival, scale, and soil heterogeneity (p 

< 0.001, Figure 2, Table 3). This indicates that total species richness was lower in plots with 

small-scale patches, and homogenous soils, while being higher in plots with aggregated seed 

arrival. Uniform seed arrival did not appear to interact with the other factor levels.  

Sown Species Richness – Univariate Responses 

Total species richness is made up of two separate parts, the sown and unsown species, 

therefore it is important to see if these two groups respond to our treatments differently. Through 

linear mixed-effect models (LMM), I found that very few factors influenced sown species 

richness. Only seed arrival was a significant indicator of sown species richness (p < 0.001, 

Figure 3, Table 4). This meant that sown species richness was higher in plots with aggregate seed 

arrival than those with uniform seed arrival, and the other experimental factors did not 

significantly influence sown species richness. 

Unsown Species Richness – Univariate Responses 

Unlike sown species, unsown species were more likely to be influenced by our 

experimental factors. Using a GLMM, I found that soil heterogeneity did not significantly 

predict unsown species richness, while both seed arrival and scale were significant indicators of 

unsown species richness (p < 0.001 for both, Figure 4, Table 5). As with total species richness, 

unsown species richness was higher in plots with aggregate seed than those with uniform seed 
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arrival, and higher in large-scale plots than small-scale plots. I also found that several different 

interactions were significant indicators of unsown species richness. For example, the interaction 

of soil heterogeneity and seed arrival was a significant indicator of unsown species richness (p = 

0.030, Figure 4, Table 4). Under uniform sowing, heterogeneous soil plots had lower unsown 

species richness than homogenous soil plots.  

The interaction of seed arrival and scale was also a significant indicator of unsown 

species richness (p < 0.001, Figure 4, Table 5). As with total species richness, under aggregate 

sowing, large-scale plots have higher unsown species richness than small-scale plots. 

Additionally, I found that the interaction between soil heterogeneity and seed arrival was a 

marginally significant indicator for unsown species richness (p = 0.080, Figure 4, Table 5). This 

meant that under uniform sowing, unsown species richness tended to be different based on the 

soil heterogeneity of the plot. While not currently significant, this interaction may become 

significant in the future. Finally, the three-way interaction between soil heterogeneity, seed 

arrival, and scale was a significant indicator of unsown species richness (p = 0.002, Figure 4, 

Table 5). Similar to total species richness unsown species richness was lower in plots with small-

scale patches, and homogenous soils, while being higher in plots with aggregated seed arrival; 

additionally, uniform seed arrival did not appear to interact with the other factor levels. 

Species Accumulation 

I used species accumulation curves to determine how species were settling into their 

communities and if some communities more readily accepted more species than others. In a 

species accumulation curve, the steeper the curve, and the higher the ending point, the more 

readily a community accepts novel species. Using this method, I found that for all species, 

homogenous plots had higher species accumulation than heterogeneous plots (Figure 5a). This 
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trend is driven by both sown and unsown species, sown species in heterogeneous plots appear to 

be approaching their limit, while sown species in homogenous plots do not (Figure 5b and 5c). 

Also, unsown species in homogenous plots have a much higher rate of, and maximum species 

accumulation than heterogeneous plots (Figure 5c). Indicating that unsown species are more 

likely to colonize homogenous plots than heterogeneous plots.  

Aggregate seed arrival had higher total species accumulation than uniform seed arrival 

(Figure 6a). Like soil heterogeneity, this trend is driven by both sown and unsown species; 

however, the trends do not differ between the two species type (Figure 6b and 6c). For both sown 

and unsown species, aggregate seed arrival has a higher rate of and maximum species 

accumulation than uniform seed arrival (Figure 6b and 6c). This indicates that communities with 

aggregate seed arrival more readily accept both sown and unsown species than communities with 

uniform seed arrival. Additionally, large-scale plots had higher species accumulation than small-

scale plots (Figure 7). This trend was driven entirely by the unsown species in these communities 

as there is no discernable difference between the species accumulation curves for sown species in 

large- and small-scale plots (Figure 7b). Unsown species had higher rates of accumulation in 

large-scale plots than small-scale plots. This indicates that unsown species are more likely to 

colonize large-scale plots than small-scale plots (Figure 7c).  

In general, aggregate, and large-scale plots had a higher accumulation of both sown and 

unsown species than either uniform or small-scale plots, regardless of whether a species was 

sown or unsown (Figure 8a and 8b). Two notable exceptions being, plots with aggregate seed 

arrival and small-scale patches had higher sown species accumulation than plots with aggregate 

seed arrival and large-scale patches, and plots with uniform seed arrival and small-scale patches 
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had higher unsown species accumulation than those with uniform seed arrival and large-scale 

patches. 

Multivariate Responses – PerMANOVA and NMDS 

 I used PerMANOVA and non-metric multidimensional scaling (NMDS) to determine if 

the species composition and abundance of the plant communities varied based on treatment. I 

found that both seed arrival and scale significantly influenced species composition and 

abundance, while soil heterogeneity did not (Figure 9a, Table 6). I also found that there was a 

significant interaction between seed arrival and scale (Figure 9b and 9c, Table 6). Under 

aggregate seed arrival, there was a significant effect of scale on community identities; 

additionally, there was a significant difference in dispersion between large-scale and small-scale 

communities under aggregate seed arrival (Table 7 and 8). I found that under uniform sowing, 

there was no effect of scale on species composition and abundance. Regardless of the size of 

patches within plots, seed arrival had a significant influence on species composition and 

abundance (Table 7 and 8). 

 Patch size was the only standalone factor that had a significant difference in dispersion. 

(Table 8). Plots with small patches had less dispersion and were overall more consistent than 

plots with large patches. Additionally, for those plots with small-scale patches, seed arrival had 

significant dispersion between uniform and aggregate seed arrival. Plots with small-scale patches 

and aggregate seed arrival had less dispersion and more consistency in their species composition 

and abundance than plots with small-scale patches and uniform seed arrival. 

All of this plays out on the NMDS which shows that plots with aggregate seed arrival and 

small-scale patches are the most consistent and that plots with aggregate seed arrival and large-
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scale patches are influenced mostly by axis two, while all other groups are influenced primarily 

by axis 1 (Figure 10 and 11, Table 7 and 8). The dispersion of plots with aggregate seed arrival 

and large-scale patches is due to unsown species, which load on either extreme of each NMDS 

axis, stretching the dispersion of plots with aggregate seed arrival and large-scale patches along 

axis two (Figure 11). 

Multivariate Responses – Indicator Species Analysis 

 I used Indicator Species Analysis (ISA) to determine if species sorting has occurred 

between levels of our treatments and to test for other effects of our treatments on plant 

communities. Using ISAs, I found evidence of species sorting for at least some levels of every 

factor in our experiment. Most of these species were unsown, however. Specifically, species 

sorting occurred for all level of every plot-level factor and their interactions, except plots with 

homogenous soils, aggregate sowing, and small-scale patches, and all levels in the three-way 

interaction between soil heterogeneity, seed arrival, and scale that use uniform seed arrival; the 

exception being, plots with homogenous soils, uniform sowing, and small-scale patches, which 

did show evidence of species sorting (Table 10). 

 I also utilized ISA to look for further effects of soil heterogeneity, this was done by 

looking for species sorting into the different soil strata that make up each soil heterogeneity 

treatment (Table 11). I found evidence of species sorting into different strata for all combinations 

of seed arrival and scale. For plots utilizing aggregate seed arrival and large-scale patches, every 

soil strata showed evidence of species sorting, only two of the nine species that experienced 

species sorting in the treatment combination were sown into the plot, and most species had 

greater success in mixed soils as opposed to our other soil types. Plots with aggregate seed 

arrival and small-scale had similar results, except only the lower and mixed soil strata 
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experienced species sorting. Most species sorting occurred in mixed soils, and only two of the 

nine sorted species were sown into the plot. Plots utilizing uniform seed arrival in large-scale 

patches had evidence of species sorting in the upper and mixed soil strata. As with the other seed 

arrival and scale combinations, the mixed soil strata experienced the most species sorting; 

however, only unsown species experienced species sorting in this treatment combination. Of all 

the seed arrival and scale combinations, plots with uniform seed arrival and small-scale patches 

stand out the most. Species sorting occurred in all strata, except for the lower soil strata, and the 

upper soil strata experienced more species sorting than the other strata. Additionally, only sown 

species experienced species sorting in this treatment. 
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CHAPTER 4 

DISCUSSION 

 

 Our results suggest that the spatial structure of seed arrival (aggregated vs. uniform) and 

the size of seed patches (grain size) may have stronger effects on species richness, species 

composition and abundance, and a community’s invasibility than soil heterogeneity. 

Additionally, these results suggest that while soil heterogeneity may not have a strong direct 

impact on species richness, it influences plant communities through other means, such as altering 

a community’s accumulation of species or by altering species sorting. 

Seed Arrival 

 Plots that were initially established by aggregated seed arrival had higher species richness 

than those established by uniform seed arrival. Although the initial aggregation of species into 

intraspecific groups did not occur naturally, it has been shown that species can naturally 

aggregate through endogenous processes over some time (Schouten and Houseman 2019). 

Unfortunately, we cannot isolate the exact mechanism that allowed for higher levels of species 

richness; however, some combination of facilitation and a failure of certain sown species to 

establish in our plots is a likely explanation. Certain plants, such as Lespedeza capitata and 

Baptisia australis, can facilitate the growth of conspecifics through plant-soil feedbacks and the 

enhancement of nitrogen-fixing mutualists (Temperton et al. 2007, Coykendall and Houseman 

2014, Roscher et al. 2016). The species we sowed initially in plots with aggregate seed arrival 

likely responded more strongly to facilitation by conspecifics than those in plots with uniform 

seed arrival as they were already grouped intraspecifically.  
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While we initially sowed 40 species into our plots, only 38 successfully established in our 

plots, meaning that in every aggregate plot there are at least 6 patches of free space for species 

from outside to invade and establish in. These open spaces allowed unsown species to colonize 

the plot and increase the total species richness of the plots. Additionally, the relatively large 

amount of free real estate left by sown species that failed to establish in spatially aggregated 

plots allowed unsown species to establish in those plots with a decreased risk of establishing near 

a strong competitor that would competitively exclude them. As opposed to unsown species 

establishing in plots with no spatial aggregation, which have a higher chance of encountering a 

strong competitor and being competitively excluded simply by random chance.  

Patch Size 

The effects of spatial aggregation on our plant communities were also dependent on the 

grain size of seed patches, or the size of patches within our plots. Plots with large-grained seed 

patches had more species because there was more area available for plants to establish in and the 

larger patches limited microfragmentation. Because species richness is a function of area, 

spatially aggregated plots with large seed patches had higher richness than those with small seed 

patches. When sown species did not establish in large seed patches this left a greater contiguous 

area available for colonization compared to small seed patches; species from outside our plots 

were able to take advantage of the larger contiguous areas and more species were able to 

establish there than in the empty small seed patches. Additionally, larger patches allowed 

species, both sown and unsown, to fully utilize a patch instead of averaging out over multiple 

patches (Lundholm 2009, Laanisto et al. 2013). 

 



 

 
 

19 

Soil Heterogeneity 

Soil heterogeneity on its own did not significantly influence species richness. However, 

when plots had no spatial aggregation, plots with homogenous soils had higher richness than 

those with heterogeneous soils. This result contradicts many of the studies and findings in 

Lundholm (2009), which state that heterogeneity should allow for greater species coexistences 

and thus higher levels of species richness. Interestingly, this specific scenario also contradicts the 

results of Williams and Houseman (2014) which occurred in a similar system (less than 300 m 

east of our experiment) and had uniform seed arrival. This seems to suggest that either plant 

communities are not as sensitive to soil heterogeneity as previously thought or that our soil 

manipulation did not create strong differences between soil types like Williams and Houseman 

(2014). 

 While soil heterogeneity may not have influenced species richness as strongly as we 

anticipated, it did affect the community in other ways. For example, plots with homogenous soils 

experienced higher rates of species accumulation, meaning they had a higher potential for 

species to establish in them. We found that these results were stronger/more apparent for unsown 

species. This contradicts much of Lundholm (2009) which suggests that more heterogeneous 

environments should support more species and a higher potential for establishment than 

homogenous environments. Additionally, we found that our homogenous soils experienced 

higher rates of species sorting than any other soil type. Of the 12 species that sorted into 

homogenous soils, only 2 were sown during the initial seed sowing, Bouteloua curtipendula, and 

Rudbeckia hirta, the rest were all unsown. Unlike our experiment, Williams and Houseman 

(2014) found that more species sorted into heterogeneous soils than homogenous soils. These 

contrasting results could be the result of a failure on our part to create strong differences between 
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our soil types like those found in Williams and Houseman (2014). This could be because the soil 

strata in Williams and Houseman (2014) had stronger differences in their sand, silt, and clay 

composition than did our strata, which would create stronger differences between patch types. 

Perhaps if we had created stronger differences in our soil through artificial augmentation with 

sand or clay, we might expect stronger results. However, that kind of manipulation would 

introduce more soil variation than could be expected of soils in the region (Sedgwick County 

2019). Thus, our relatively modest variation did not lead to the species sorting that we expected. 

One possible explanation for these results is that many prairie species have adapted to strong 

variation in temperature and precipitation. These adaptations may have made these species 

relatively insensitive to soil heterogeneity. Alternatively, it could be that soil heterogeneity 

becomes more important for these species after some other event, such as drought or fire, occur; 

we did not experience any such droughts or fires during the first four years of the experiment.  

Another possible explanation for the pattern we observed is that our homogenization 

randomly distributed the soil nutrients, instead of causing them to be clumped together, 

increasing the probability that species would randomly encounter the conditions and nutrients 

they need to survive. This seems unlikely because any nutrient patches that somehow survived or 

were created through our homogenization would be very small. As a result, plants would not be 

able to wholly establish in their preferred patch and would experience microfragmentation 

(Lundholm 2009, Laanisto et al. 2013). Finally, it is possible that for some reason that we are 

unable to measure, in this specific system, homogenous soils have more available niche space 

and can therefore support higher levels of species richness, experience higher rates of species 

accumulation, and more species sorting than communities with heterogeneous soils. 
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Conclusions 

 Our experiment set out to empirically test how soil heterogeneity, the spatial structure of 

seed arrival, and grain size influence plant communities on their own and interactively utilizing a 

large field experiment. We found that the spatial structure of seed arrival and the size of seed 

patches may have stronger effects on species richness, species composition and abundance, and a 

community’s invasibility than soil heterogeneity. Also, while soil heterogeneity may not directly 

strongly affect species richness, it does influence plant communities by affecting species sorting 

and species accumulation. These results suggest that in general, a more heterogeneous 

environment can support more species and that endogenous sources of heterogeneity, such as 

seed aggregation may be more important than soil heterogeneity in controlling community 

diversity and species abundance and composition during community assembly. Additionally, our 

results suggest that more non-traditional metrics such as species accumulation and information 

on species sorting may be just as important as richness, evenness, and diversity metrics when 

looking at how heterogeneity affects communities. 
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Table 1. Experimental design: shows how each level of a factor is crossed and replicated. 

  Treatment Levels 

Soil Het (Homogenous, Heterogeneous) 2 

Seed Arrival (Uniform, Aggregate) 2 

Patch Size (Small, Large) 2 

Replications 8 

Number of Plots 64 

  

No soil manipulation   

Seed Sowing (Uniform, Aggregate) 2 

Replications 8 

Number of Plots  16 

  

No manipulation   

True Control 1 

Replications 16 

Number of Plots  16 

Total Number of Plots 96 
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Table 2. The frequency, median abundance and mean abundance of every species observed 
during the 2020 growing season. 
Spp Year Sown Freq Median Abundance Mean Abundance 

ACHMIL 2020 Sown 64 0.320101049 0.462114104 

AMOCAN 2020 Sown 63 0.709261777 0.820711807 

ANDGER 2020 Sown 41 0.552053282 1.110958797 

ASCSPE 2020 Sown 1 0.015823619 0.015823619 

ASCTUB 2020 Sown 6 0.015452207 0.015280868 

BAPAUS 2020 Sown 44 0.198722061 0.242250361 

BOUCUR 2020 Sown 64 4.628948141 7.132121767 

DALPUR 2020 Sown 49 0.064809514 0.110399078 

DESCAN 2020 Sown 64 17.53244762 18.06123788 

DESILL 2020 Sown 64 0.14782738 0.213764559 

ECHANG 2020 Sown 22 0.013010049 0.044827848 

ELYCAN 2020 Sown 58 0.083889625 0.116192105 

HELHEL 2020 Sown 20 0.093028244 0.158455752 

HELMAX 2020 Sown 64 22.55001694 24.08155736 

HYPPUN 2020 Sown 8 0.010251268 0.063492039 

LESCAP 2020 Sown 64 1.792155271 1.973011916 

LESVIR 2020 Sown 64 5.538136535 6.055687983 

LIAPYC 2020 Sown 36 0.058359078 0.165143685 

MIMQUA 2020 Sown 6 0.154450693 0.145678289 

MONFIS 2020 Sown 59 0.416327612 0.727464817 
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Table 2 (continued) 
OENMAC 2020 Sown 39 0.443884418 0.532908677 

PANVIR 2020 Sown 60 1.106176915 1.918830566 

PENCOB 2020 Sown 8 0.04845854 0.124611575 

PSEOBT 2020 Sown 26 0.031539567 0.204872498 

RATCOL 2020 Sown 6 0.018605334 0.0283897 

RATPIN 2020 Sown 64 6.171606677 9.24815475 

RUDHIR 2020 Sown 62 0.252961632 0.64494735 

SALAZU 2020 Sown 63 0.115687182 0.182972687 

SCHSCO 2020 Sown 60 7.63154449 8.587912245 

SENMAR 2020 Sown 16 0.024427827 0.124612646 

SILLAC 2020 Sown 64 1.508159731 1.930530467 

SOLRIG 2020 Sown 58 1.236703861 2.401244388 

SORNUT 2020 Sown 63 1.992512982 3.37001472 

SPOCOM 2020 Sown 58 1.170896109 2.730655017 

SYMOBL 2020 Sown 56 0.98810148 2.122640714 

TEUCAN 2020 Sown 1 0.010555363 0.010555363 

TRIFLA 2020 Sown 50 0.690709393 1.626722681 

VERHAS 2020 Sown 3 0.044328861 0.032199154 

ACESA2 2020 Unsown 1 0.005727541 0.005727541 

AGRHYE 2020 Unsown 44 0.95587359 1.839556996 

AMBART 2020 Unsown 13 0.020994493 0.054070553 

AMBPSI 2020 Unsown 26 0.645852738 2.393379854 
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Table 2 (continued) 
AMBTRI 2020 Unsown 1 0.042196318 0.042196318 

APOCAN 2020 Unsown 2 0.029775651 0.029775651 

ARIOLI 2020 Unsown 2 3.545072975 3.545072975 

ASCVER 2020 Unsown 1 0.013630478 0.013630478 

BARVUL 2020 Unsown 2 0.307721332 0.307721332 

BRIEUP 2020 Unsown 3 0.043389595 0.058119983 

BROJAP 2020 Unsown 22 0.112829978 0.322084794 

CAR_CY 2020 Unsown 9 0.016812609 0.035897013 

CHAFAS 2020 Unsown 64 0.351994626 1.487658269 

CIRALT 2020 Unsown 11 0.033137868 0.099740657 

CONARV 2020 Unsown 3 0.038646025 0.039822922 

CONCAN 2020 Unsown 56 0.006185179 0.03527319 

DAUCAR 2020 Unsown 7 0.280749453 0.618768975 

DESPAN 2020 Unsown 1 3.473165661 3.473165661 

DIAARM 2020 Unsown 2 0.020399986 0.020399986 

DICOLI 2020 Unsown 4 0.081466915 0.076212695 

ERISTR 2020 Unsown 1 0.009792785 0.009792785 

EUPSER 2020 Unsown 1 0.053432727 0.053432727 

EUTGYM 2020 Unsown 5 0.214465107 0.239618123 

FRAPEN 2020 Unsown 1 0.077588328 0.077588328 

GALAPA 2020 Unsown 1 0.005342451 0.005342451 

HETSTE 2020 Unsown 1 0.100854381 0.100854381 
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Table 2 (continued) 
JUNSPP 2020 Unsown 4 0.021037068 0.247394828 

KUMSTI 2020 Unsown 4 0.476394392 0.509571155 

LACCAN 2020 Unsown 4 0.045153505 0.123352086 

LACLUD 2020 Unsown 16 0.107317838 0.129756673 

LACSER 2020 Unsown 4 0.04056452 0.046059132 

LEPCOG 2020 Unsown 15 0.388062235 0.542251976 

MORALB 2020 Unsown 1 0.031447831 0.031447831 

OENVIL 2020 Unsown 1 0.132986583 0.132986583 

OXAD_S 2020 Unsown 2 0.005812784 0.005812784 

PHYLON 2020 Unsown 4 0.091598469 0.237174614 

PLARHO 2020 Unsown 1 0.005906744 0.005906744 

POPDEL 2020 Unsown 31 0.048075674 0.107725836 

PYRCAR 2020 Unsown 2 0.023292686 0.023292686 

RHAREP 2020 Unsown 1 0.864943465 0.864943465 

RUMCRI 2020 Unsown 13 0.006514764 0.014279258 

SALNIG 2020 Unsown 2 0.025937836 0.025937836 

SETFAB 2020 Unsown 1 0.034365245 0.034365245 

SETPUM 2020 Unsown 1 0.049036778 0.049036778 

SOLALT 2020 Unsown 18 0.682916377 3.731402364 

SOLCAR 2020 Unsown 4 0.140769819 0.134855329 

SOLGIG 2020 Unsown 8 0.174334097 0.334665399 

STRLEI 2020 Unsown 1 0.014070882 0.014070882 
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Table 2 (continued) 
SYMERI 2020 Unsown 4 0.332486086 1.001405765 

SYMNOV 2020 Unsown 1 0.067768337 0.067768337 

SYMPIL 2020 Unsown 13 1.328341988 1.206473225 

TOXRAD 2020 Unsown 1 0.149714607 0.149714607 

TRADUB 2020 Unsown 4 0.042619583 0.035462565 

TRIPER 2020 Unsown 3 0.003899015 0.003865992 

TRIPRA 2020 Unsown 2 0.152391592 0.152391592 

ULMPUM 2020 Unsown 9 0.011208406 0.018279242 

VERBAL 2020 Unsown 1 0.019426471 0.019426471 
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Table 3. Analysis of Deviance results for the response of total richness to Soil Heterogeneity 
(SoilHet), Seed Arrival (Seeding), and Patch Size (Scale) 

Analysis of Deviance Table (Type III Wald Chi-Square tests) 

Response: total richness 

Chi-sq Df Pr (>Chi-sq) 

(Intercept) 1314.3894 1 < 2.2e-16 *** 

SoilHet 0.7565 1 0.384419 

Seeding 59.9242 1 9.86E-15 *** 

Scale 12.1044 1 0.000503 *** 

SoilHet:Seeding 4.3727 1 0.036519 * 

SoilHet:Scale 1.3655 1 0.242582 

Seeding:Scale 12.7247 1 0.000361 *** 

SoilHet:Seeding:Scale 6.8087 1 0.009071 ** 

--- 

Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
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Table 4. Analysis of Deviance results for the response of sown richness to Soil Heterogeneity 
(SoilHet), Seed Arrival (Seeding), and Patch Size (Scale) 

Analysis of Deviance Table (Type III Wald Chi-Square tests) 

Response: sown richness 

Chi-sq Df Pr (>Chi-sq) 

(Intercept) 1426.0146 1 < 2.2e-16 *** 

SoilHet 0.0603 1 0.8061 

Seeding 22.9109 1 1.70E-06 *** 

Scale 0.5423 1 0.4615 

SoilHet:Seeding 0.482 1 0.4875 

SoilHet:Scale 0.0301 1 0.8622 

Seeding:Scale 0.6101 1 0.4348 

SoilHet:Seeding:Scale 0.241 1 0.6235 

--- 

Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
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Table 5. Analysis of Deviance results for the response of unsown richness to Soil Heterogeneity 
(SoilHet), Seed Arrival (Seeding), and Patch Size (Scale) 

Analysis of Deviance Table (Type III Wald Chi-Square tests) 

Response: unsown richness 

Chi-sq Df Pr (>Chi-sq) 

(Intercept) 154.9907 1 < 2.2e-16 *** 

SoilHet 1.997 1 0.157534 

Seeding 34.6829 1 3.88E-09 *** 

Scale 16.0374 1 6.21E-05 *** 

SoilHet:Seeding 4.6891 1 0.030354 * 

SoilHet:Scale 3.059 1 0.08029 , 

Seeding:Scale 16.6547 1 4.48E-05 *** 

SoilHet:Seeding:Scale 9.3783 1 0.002196 ** 

--- 

Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
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Table 6. The output table of the fully crossed PerMANOVA. SumOfSqs is the sum of squares for 
each factor, Df is the degrees of freedom.  
Term Df SumOfSqs R2 F Pr(>F) Sig.Indicator 

SoilHet 1 0.0876 0.01505 1.0818 0.335 

Seeding 1 0.5169 0.08884 6.3863 0.001 *** 

Scale 1 0.2372 0.04076 2.9302 0.007 ** 

SoilHet:Seeding 1 0.0742 0.01275 0.9164 0.482 

SoilHet:Scale 1 0.0776 0.01334 0.9588 0.448 

Seeding:Scale 1 0.2474 0.04252 3.0569 0.006 ** 

SoilHet:Seeding:Scale 1 0.0451 0.00775 0.557 0.836 

Residual 56 4.5329 0.779 

Total 63 5.8189 1 

-- 

Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
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 Table 7. The dispersion of each factor in the PerMANOVA to see which interactions of the seed 
arrival (seeding) and patch size (scale) are significantly different. Df is the degrees of freedom, 
and N.Perm is the number of permutations used to determine the F statistic. 
Factor Level Held Constant Groups/Residuals Df F N.Perm Pr(>F) 

Scale Seeding: Aggregate Groups 1 5.82628 999 0.021 

Scale Seeding: Aggregate Residuals 30 NA NA NA 

Scale Seeding: Uniform Groups 1 1.49526 999 0.214 

Scale Seeding: Uniform Residuals 30 NA NA NA 

Seeding Scale: Large Groups 1 0.68999 999 0.427 

Seeding Scale: Large Residuals 30 NA NA NA 

Seeding Scale: Large Groups 1 9.26454 999 0.004 

Seeding Scale: Large Residuals 30 NA NA NA 
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Table 8a. PerMANOVA output to test see if species abundance and composition are different 
depending on the scale within aggregate plots. 
Term Df SumOfSqs R2 F Pr(>F) Sig.Ind 

SoilHet 1 0.10093 0.03838 1.4095 0.131 
 

Scale 1 0.44625 0.1697 6.2324 0.001 *** 

SoilHet:Scale 1 0.07768 0.02954 1.0849 0.351 
 

Residual 28 2.00487 0.76239 
   

Total 31 2.62973 1 
   

-- 

Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

 
Table 8b. PerMANOVA output to test see if species abundance and composition are different 
depending on the scale within uniform plots. 
Term Df SumOfSqs R2 F Pr(>F) Sig.Ind 

SoilHet 1 0.06082 0.02276 0.6736 0.621 
 

Scale 1 0.03837 0.01436 0.425 0.867 
 

SoilHet:Scale 1 0.04502 0.01685 0.4986 0.814 
 

Residual 28 2.52802 0.94604 
   

Total 31 2.67222 1 
   

-- 

Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

 

Table 8c. PerMANOVA output to test see if species abundance and composition are different 
depending on the seed arrival within plots with large patches. 
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Term Df SumOfSqs R2 F Pr(>F) Sig.Ind 

SoilHet 1 0.09063 0.0292 1.0961 0.368 
 

Seeding 1 0.60922 0.19631 7.3682 0.001 *** 

SoilHet:Seeding 1 0.08841 0.02849 1.0693 0.379 
 

Residual 28 2.31511 0.746 
   

Total 31 3.10337 1 
   

-- 

Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 

 
Table 8d. PerMANOVA output to test see if species abundance and composition are different 
depending on the seed arrival within plots with small patches. 
Term Df SumOfSqs R2 F Pr(>F) Sig.Ind 

SoilHet 1 0.07455 0.03008 0.9412 0.441 
 

Seeding 1 0.15515 0.0626 1.9588 0.069 . 

SoilHet:Seeding 1 0.03085 0.01245 0.3895 0.924 
 

Residual 28 2.21779 0.89487 
   

Total 31 2.47834 1 
   

-- 

Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
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Table 9. The dispersion of each factor in the initial PerMANOVA and NMDS. Df is the degrees 
of freedom, and N.Perm is the number of permutations used to determine the F statistic. 
Factor Groups/Residuals Df F N.Perm Pr(>F) 

Seeding Groups 1 0.01349 999 0.897 

Seeding Residuals 62 NA NA NA 

SoilHet Groups 1 1.69751 999 0.194 

SoilHet Residuals 62 NA NA NA 

Scale Groups 1 3.05787 999 0.093 

Scale Residuals 62 NA NA NA 
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Table 10. Results of an Indicator Species Analysis, this shows what species did well or were 
significantly associated with a specific treatment or combination of treatments. Het = 
Heterogeneous soils, Hom = Homogenous Soils, Agg = Aggregate seed arrival, Uni = Uniform 
seed arrival, Lg = Large-scale patches, Sm = Small-scale patches, any combination of these 
abbreviations indicates that a species did well in that specific combination (e.g. HomAggLg 
implies plots with homogenous soils, aggregate seed arrival, and large-scale patches). 

Species 

Indicator 

Value p-value Treatment Sown 

Functional 

Group 

RUDHIR 0.917 0.000999 Agg Sown Forb 

SYMOBL 0.914 0.000999 Agg Sown Forb 

ANDGER 0.867 0.000999 Agg Sown Graminoid 

CONCAN 0.865 0.00999 Agg Unsown Forb 

SOLRIG 0.855 0.000999 Agg Sown Forb 

MONFIS 0.852 0.001998 Agg Sown Forb 

AMOCAN 0.833 0.000999 Agg Sown Legume 

OENMAC 0.832 0.000999 Agg Sown Forb 

BAPAUS 0.795 0.001998 Agg Sown Legume 

SCHSCO 0.761 0.028971 Agg Sown Graminoid 

PSEOBT 0.751 0.001998 Agg Sown Forb 

DALPUR 0.736 0.04995 Agg Sown Legume 

LIAPYC 0.711 0.03996 Agg Sown Forb 

POPDEL 0.664 0.032967 Agg Unsown Tree 

LACLUD 0.603 0.002997 Agg Unsown Forb 

HELHEL 0.583 0.032967 Agg Sown Forb 

AMBART 0.57 0.002997 Agg Unsown Forb 
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Table 10 (continued) 
CIRALT 0.517 0.021978 Agg Unsown Forb 

RUMCRI 0.512 0.026973 Agg Unsown Forb 

HYPPUN 0.465 0.017982 Agg Sown Forb 

CAR_CY 0.463 0.028971 Agg Unsown Graminoid 

PENCOB 0.457 0.037962 Agg Sown Forb 

RATPIN 0.825 0.005 Uni Sown Forb 

SALAZU 0.825 0.00599 Uni Sown Forb 

BOUCUR 0.796 0.04695 Uni Sown Graminoid 

LESCAP 0.793 0.003 Uni Sown Legume 

DESCAN 0.76 0.02597 Uni Sown Legume 

RUDHIR 0.847 0.00999 Lg Sown Forb 

SOLRIG 0.786 0.04695 Lg Sown Forb 

AGRHYE 0.739 0.02597 Lg Unsown Graminoid 

LACLUD 0.537 0.03397 Lg Unsown Forb 

AMBART 0.528 0.02398 Lg Unsown Forb 

LESVIR 0.772 0.00699 Sm Sown Legume 

HELMAX 0.753 0.005 Sm Sown Forb 

SALAZU 0.812 0.017 Het Sown Forb 

ASCTUB 0.433 0.022 Het Sown Forb 

RUDHIR 0.577 0.000999 AggLg Sown Forb 

SYMOBL 0.539 0.000999 AggLg Sown Forb 

SOLRIG 0.516 0.000999 AggLg Sown Forb 
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Table 10 (continued) 
LACLUD 0.451 0.005994 AggLg Unsown Forb 

OENMAC 0.409 0.005994 AggLg Sown Forb 

AMBART 0.406 0.008991 AggLg Unsown Forb 

AMBPSI 0.377 0.004995 AggLg Unsown Forb 

CONARV 0.368 0.04995 AggLg Unsown Forb 

ANDGER 0.363 0.022977 AggLg Sown Graminoid 

PANVIR 0.356 0.022977 AggLg Sown Graminoid 

AGRHYE 0.35 0.015984 AggLg Unsown Graminoid 

CONCAN 0.343 0.002997 AggLg Unsown Forb 

MONFIS 0.323 0.041958 AggLg Sown Forb 

CHAFAS 0.311 0.04995 AggLg Unsown Legume 

RATPIN 0.307 0.04 UniLg Sown Forb 

AMOCAN 0.463 0.002 AggSm Sown Legume 

BAPAUS 0.328 0.029 AggSm Sown Legume 

LESCAP 0.342 0.023 UniSm Sown Legume 

RUDHIR 0.596 0.00799 HetAggLg Sown Forb 

HYPPUN 0.567 0.02198 HetAggLg Sown Forb 

BAPAUS 0.568 0.005 HetAggSm Sown Legume 

CHAFAS 0.674 0.03 HomAggLg Unsown Legume 

LACCAN 0.584 0.032 HomAggLg Unsown Forb 

SOLCAR 0.581 0.013 HomAggLg Unsown Forb 

SOLRIG 0.565 0.023 HomAggLg Sown Forb 
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Table 10 (continued) 
HELHEL 0.559 0.047 HomAggLg Sown Forb 

SYMOBL 0.551 0.028 HomAggLg Sown Forb 

ULMPUM 0.55 0.012 HomAggLg Unsown Tree 

AMBART 0.525 0.046 HomAggLg Unsown Forb 

LACLUD 0.5 0.045 HomAggLg Unsown Forb 

BOUCUR 0.514 0.031 HomUniSm Sown Graminoid 
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Table 11. Results of an Indicator Species Analysis (ISA), this shows what species did well or 
were significantly associated with a specific treatment or combination of treatments. Agg = 
Aggregate seed arrival, Uni = Uniform seed arrival, Lg = Large-scale patches, Sm = Small-scale 
patches. This specific ISA was used to determine if species had differential success in the 
different soil types, within a given combination of seed arrival and patch size. 

Spp 

Indicator 

Value p.value

Soil 

Strata Subset Sown 

Functional 

Group 

SOLMIS 0.172 0.041 Upper AggLg Unsown Forb 

LEPCOG 0.127 0.033 Upper AggLg Unsown Graminoid 

DICOLI 0.146 0.004 Middle AggLg Unsown Graminoid 

ASCTUB 0.107 0.031 Middle AggLg Sown Forb 

SORNUT 0.309 0.012 Lower AggLg Sown Graminoid 

BROJAP 0.223 0.021 Lower AggLg Unsown Graminoid 

CHAFAS 0.462 0.000999 Mixed AggLg Unsown Legume 

SOLALT 0.236 0.000999 Mixed AggLg Unsown Forb 

SOLCAR 0.124 0.002997 Mixed AggLg Unsown Forb 

CHAFAS 0.299 0.004 Lower AggSm Unsown Legume 

PANVIR 0.194 0.018 Lower AggSm Sown Graminoid 

JUNSPP 0.103 0.042 Lower AggSm Unsown Graminoid 

RUDHIR 0.283 0.000999 Mixed AggSm Sown Forb 

AMBPSI 0.209 0.000999 Mixed AggSm Unsown Forb 

SOLALT 0.204 0.000999 Mixed AggSm Unsown Forb 

POPDEL 0.137 0.003996 Mixed AggSm Unsown Tree 

CAR_CY 0.114 0.022977 Mixed AggSm Unsown Graminoid 

DAUCAR 0.111 0.014985 Mixed AggSm Unsown Forb 
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Table 11 (continued) 
KOEMAC 0.177 0.033 Upper UniLg Unsown Graminoid 

CHAFAS 0.39 0.002 Mixed UniLg Unsown Legume 

SOLMIS 0.249 0.002 Mixed UniLg Unsown Forb 

AMOCAN 0.215 0.04 Upper UniSm Sown Legume 

RATCOL 0.124 0.017 Upper UniSm Sown Forb 

ELYCAN 0.209 0.005 Middle UniSm Sown Graminoid 

BOUCUR 0.438 0.000999 Mixed UniSm Sown Graminoid 
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Figure 1. Visual representation of how soils were excavated, separated, mixed, and then 

redistributed within a plot (From Schouten and Houseman 2019). 
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Figure 2. The average richness of each treatment combination after four growing seasons. The 
graph is split into two facets with small-scale plots on the left and large-scale on the right. Within 
a facet, the x-axis represents initial seed arrival, and each tick mark is divided into our two soil 
types. 
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Figure 3. The average sown species richness and cover of sown species in each treatment 
combination after four growing seasons. The graph is split into two levels with sown species 
richness in the top level, and the average cover of sown species in the bottom level. Additionally, 
each level is divided into two facets with small-scale plots on the left and large-scale on the right. 
Within a facet, the x-axis represents initial seed arrival, and each tick mark is divided into our 
two soil types. 
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Figure 4. The average unsown species richness and cover of unsown species in each treatment 
combination after four growing seasons. The graph is split into two levels with unsown species 
richness in the top level, and the average cover of unsown species in the bottom level. 
Additionally, each level is divided into two facets with small-scale plots on the left and large-
scale on the right. Within a facet, the x-axis represents initial seed arrival, and each tick mark is 
divided into our two soil types. 
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Figure 5. The species accumulation of plots based on the soils within each plot with large-scale 
patches. a) Represents the total species accumulation within a plot. b). Represents the 

5a. 

5b. 5c. 
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accumulation of ONLY sown species. c). Represents the species accumulation of ONLY unsown 
species.  
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Figure 6. The species accumulation of plots based on the initial seed arrival within each plot with 
large-scale patches. a) Represents the total species accumulation within a plot. b). Represents the 

6b. 6c. 

6a. 
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accumulation of ONLY sown species. c). Represents the species accumulation of ONLY unsown 
species.  
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Figure 7. The species accumulation of plots based on the size of patches within each plot. a) 
Represents the total species accumulation within a plot. b). Represents the accumulation of 
ONLY sown species. c). Represents the species accumulation of ONLY unsown species. 
 

  

7a. 

7b. 7c. 
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Figure 8. The species accumulation of plots based on the initial seed arrival and the size of 
patches within each plot. a). Represents the accumulation of ONLY sown species. b). Represents 
the species accumulation of ONLY unsown species. 
  

8a. 8b. 
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Figure 9. Graphical output from a non-metric multidimensional scaling (NMDS) of all plots with 
each factor mapped onto the NMDS space. Each figure also has our sown species mapped onto 
the NMDS plot. The more distant two points in the NMDS space are from one another, the more 
different they are. Similarly, the more separated or different the ellipsoids within an NMDS plot, 
the more different the factors they represent are.  a) Soil heterogeneity b) Seed Arrival c) Scale 

9a. 9b. 

9c. 
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Figure 10. Graphical output from a non-metric multidimensional scaling (NMDS) of all plots 
with each factor mapped onto the NMDS space. Each figure also has our sown species mapped 
onto the NMDS plot. The more distant two points in the NMDS space are from one another, the 
more different they are. Similarly, the more separated or different the ellipsoids within an NMDS 
plot, the more different the factors they represent are. The ellipsoids in this figure represent the 
interaction between seed arrival and patch size. 
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Figure 11. Graphical output from a non-metric multidimensional scaling (NMDS) of all plots 
with each factor mapped onto the NMDS space. This figure also has our unsown species mapped 
onto the NMDS plot. The more distant two points in the NMDS space are from one another, the 

more different they are. Similarly, the more separated or different the ellipsoids within an NMDS 
plot, the more different the factors they represent are. The ellipsoids in this figure represent the 

interaction between seed arrival and patch size.  
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