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Abstract 
Background and Aims Species diversity is expected 
to increase with environmental heterogeneity. For 
plant communities, this pattern has been confirmed 
by numerous observational studies. Yet, experimental 
studies yield inconsistent results potentially because of 
how experiments create soil heterogeneity or because 
seeds were sown homogeneously. Using a field experi-
ment, we tested how soil heterogeneity, plant spatial 
aggregation via seed arrival, and grain size influence 
plant species richness in a restored grassland.
Methods We manipulated soil heterogeneity and 
seed arrival in 0.2 × 0.2 or 0.4 × 04 m patches within 

each 4.0 × 4.6 m plot and allowed community assem-
bly to occur for 4 growing seasons.
Results Despite quantifiable soil differences, soil 
heterogeneity did not impact total or sown species 
richness, but did weakly influence non-sown richness. 
Richness differences were driven by non-sown plant 
species that likely exhibited higher establishment in 
aggregated plots due to decreased interspecific com-
petition and conspecific facilitation.
Conclusion Our results suggest that fine-scale soil 
heterogeneity weakly affects prairie plant diversity, 
but heterogeneous plant spatial structure can have a 
stronger effect on diversity. These results suggest that 
plant colonization may be the primary source of envi-
ronmental heterogeneity and may explain inconsistent 
results from soil heterogeneity experiments.Responsible Editor: Amandine Erktan.
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Introduction

Spatial heterogeneity is viewed as one of the fun-
damental drivers of local species diversity patterns 
(McIntosh 1986; Wright 2002; Lundholm 2009; Stein 
et  al. 2014) and a potential explanation for species 
coexistence (Reynolds et  al. 1997; Hendriks et  al. 
2015). If species vary in their ability to acquire and 
utilize different resources or tolerate conditions, a 
more heterogeneous environment is predicted to sup-
port more species (Tilman 1982; Lundholm 2009). 
Given this intuitive idea, numerous observational 
studies have examined the link between fine-scale 
spatial heterogeneity and community diversity (Bow-
ers and McLaughlin 1982; Currie and Paquin 1987; 
Linder 1991; Collins and Wein 1998; Wilson 2000; 
Lundholm 2009; Bahram et  al. 2015) with most 
reporting a positive heterogeneity-diversity relation-
ship (HDR) (Lundholm 2009; Stein et al. 2014).

In contrast to observational studies, heterogeneity-
diversity experiments yield conflicting results. For 
example, several experiments report positive HDRs 
(Fitter 1982; Vivian-Smith 1997; Wilson 2000; Wil-
liams and Houseman 2014) while others find no effect 
(Grime et  al. 1987; Collins and Wein 1998; Stevens 
and Carson 2002; Baer et  al. 2004; Wijesinghe et  al. 
2005; Reynolds et al. 2007), or even a negative effect 
of heterogeneity on diversity (Gazol et  al. 2013). 
Among the experiments that have reported a posi-
tive HDR, there is no single type of manipulation that 
appears to increase diversity by allowing for increased 
species sorting in heterogeneous environments. How-
ever, experiments that decreased the patch size (grain 
size) of heterogeneity tended to result in positive HDRs 
(Tamme et al. 2010). The mismatch between observa-
tional and experimental studies is puzzling, but several 
possible explanations have begun to emerge.

First, the type of manipulation utilized in the 
experiments cited above may create artefacts that 
undermine heterogeneity-diversity processes. For 
example, a common strategy is to use inorganic ferti-
lizer to create patches that vary in nutrient conditions, 
resulting in plots with different levels of heterogene-
ity (Jackson and Caldwell 1996; Fransen et al. 2001; 

Xue et  al. 2018b). This approach is conceptually 
strong because of the clear linkage between hetero-
geneous soil resource conditions and niche partition-
ing. However, the patches may have elevated nutri-
ent levels that exceed natural conditions, potentially 
suppressing plant diversity (Reynolds et  al. 2007). 
Additionally, fertilizer may disrupt the natural inter-
actions between plants and soils (Collins and Wein 
1998; Bliss et al. 2002), which would then alter spe-
cies sorting and niche availability, further impacting 
HDRs. A few other experiments have recognized the 
potential complications of inorganic fertilizer and 
have utilized other means to create soil heterogeneity 
by manipulating soil depth (Baer et al. 2016) or soil 
type (Williams and Houseman 2014), yet the results 
of these studies suggest very modest or perhaps tran-
sient effects (unpublished data collected by authors 
ELK and GRH as a continuation of the experiment 
conducted in Williams and Houseman 2014).

A second reason that field experiments may yield 
inconsistent HDR relationships is that plants can create 
an unaccounted source of heterogeneous spatial struc-
ture regardless of the underlying soil heterogeneity 
(Hinsinger et al. 2005; Schouten and Houseman 2019; 
López-Angulo et al. 2020). For example, non-uniform 
seed arrival may lead to an internal (endogenous) 
source of plant spatial structure that shifts environmen-
tal conditions within a patch by altering light and nutri-
ent dynamics (Temperton et al. 2007; Coykendall and 
Houseman 2014; Roscher et al. 2016) or initiating spe-
cies-specific plant-soil feedbacks (Xue et  al. 2018a). 
A good example of this phenomenon was reported 
by Schouten and Houseman (2019) who found that, 
despite using homogenized soils and homogenous seed 
addition, experimental plots in tallgrass prairie devel-
oped aggregated rather than random or uniform spatial 
structure. If such endogenously driven spatial structure 
is common, it may explain why positive HDR pat-
terns are widely reported in observational studies but 
equivocal in experimental studies that do not account 
for endogenous plant spatial structure.

For heterogeneity to have a positive impact on 
diversity, grain size (patch size) must be large enough 
for organisms to utilize the entirety of a particular 
patch (Lundholm 2009; Laanisto et  al. 2013; Stein 
et  al. 2014). In communities of equal size (spatial 
extent), plant diversity is expected to increase as 
patch size decreases, because there are more patch 
types available. However, smaller patches result in 
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fewer individuals per patch, increasing vulnerabil-
ity to stochastic mortality and local extinction. This 
microfragmentation hypothesis has been proposed 
to explain negative HDRs reported in some stud-
ies (Laanisto et  al. 2013). Because few experiments 
incorporate multiple patch sizes, scale dependency 
may also contribute to the disparity between observa-
tional and experimental HDR studies.

To our knowledge, no experiments have examined 
the potential interactive effects of soil heterogeneity, 
aggregated seed arrival, and patch size (grain size) on 
plant community diversity. We present results from a 
field experiment where we manipulated soil heteroge-
neity, spatial pattern of initial seed arrival and the spa-
tial scale of individual patches in a fully crossed design. 
In this experiment, we created either heterogenous or 
homogenous soils and sowed seeds in either intraspecific 
patches or uniformly throughout a plot while also chang-
ing the patchiness of each type of heterogeneity. After 
four years of community assembly, we use this experi-
ment to address two questions: 1) How do soil heteroge-
neity, aggregated seed arrival, and the patchiness of het-
erogeneity 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 was established in a plot from 
the surrounding grasslands or underlying seed bank (i.e. 
non-sown)? We also examine which sown and non-sown 
species are driving changes in plant diversity.

Methods

Study site

We established experimental plots in a restored prai-
rie at Wichita State University’s Ninnescah Field Sta-
tion (Latitude: 37.5392, Longitude: -97.6810, Kansas, 
USA). The station was under row-crop agriculture 
until 1984 when it was restored to native grassland 
and subsequently managed using periodic burning, 
mowing, and haying. Currently, perennial native 
grasses, and scattered perennial native forbs and leg-
umes dominate the field. The site averages 782  mm 
of precipitation annually and has a mean annual tem-
perature of 14.3 °C (Houseman et al. 2016). Soil was 
made up of sandy loam soils that rarely flood (Soil 
Survey Staff 2022). No flooding occurred during this 
experiment.

Field experiment

We selected an area that was approximately 
40 × 200 m in a restored grassland on similar soils to 
a previous soil heterogeneity experiment (Schouten 
and Houseman 2019; Williams and Houseman 2014). 
In this area, we established eight blocks that were 
approximately 12 × 20  m (Fig S1). Each block was 
comprised of twelve, 4 × 4.8  m plots with at least a 
one-meter buffer on each side (Fig. 1). We assigned 
10 treatment combinations and two control plots in 
a randomized, complete block design (Fig.  1). Plots 
consisted of either large-scale patches (40 × 40  cm), 
small-scale patches (20 × 20 cm), or no patches (only 
found in control plots; Fig. 1). This meant that while 
the grain of heterogeneity (patch size) varied between 
plots, the extent (physical size) of each plot did not 
vary. Patches contained different soil types creating 
either homogenous, heterogeneous, or non-manipu-
lated soils (Figs. 1 and 2). Additionally, these patches 
within a plot were sown with either one of 40 native 
species (see Table S1; Figs. 1 and 2), all species, or 
no species, creating aggregated, uniform seed arrival, 
or no seed arrival (control) respectively (Fig.  1). 
Consequently, every plot had a different combina-
tion of soil heterogeneity, seed arrival, and patch size 
(Fig. 1). This paper will only address those plots that 
included soil manipulation.

Soil manipulation

To prepare the soil for manipulation, the field site was 
treated with herbicide (9% glyphosate), over an area 
of approximately 40 × 200 m in September 2016 (Fig 
S1). We cut standing dead vegetation and the underly-
ing 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.

Following the approach used in Williams and 
Houseman (2014) we created the different soil treat-
ments by excavating three strata from the vertical 
soil profile of plots designated for soil manipulation 
(Fig. 2). Each stratum was approximately 15 cm deep. 
We expected soil strata to vary in soil nutrients, tex-
ture, organic matter, and soil organisms (see Schouten 
and Houseman 2019; Fig.  2). For heterogeneous 
treatments, we randomly redistributed the strata 
into patches within a plot (Fig.  2). For plots with 
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homogenous soils, all three strata were evenly mixed 
and then redistributed into patches. Soil manipu-
lations were conducted on one plot at a time, this 
allowed for the native soil in each plot to remain con-
stant while maximizing (heterogeneous plots) or min-
imizing soil patchiness (homogenous plots; Fig. 2).

We used a Skid-Steer, to excavate the soils within a 
plot. Once removed, we placed the soil from homog-
enous 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. We placed the soil from heterogeneous 
plots into separate bins outside of the experimental 
area, one for each stratum, and then mixed each with 
a rototiller to control for the mixing effect in homog-
enous treatments (Fig. 2).

To create soil patches of a known size, a ply-
wood form was placed within the plot. For plots 
with large patches, the openings were 0.4 × 0.4  m 
resulting in 120 patches per plot. For the smaller 
patch size, we inserted dividers into each opening 
to further subdivide the patch into 0.2 × 0.2 m open-
ings yielding 480 patches per plot. For heterogene-
ous plots, we randomly assigned each stratum to 
an opening (patch) and filled it with the appropri-
ate soil type. We filled all patches to approximately 
the same level. After filling each patch, 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 in the same 
manner, only using the homogenized soil (Fig.  2). 
After the completion of the soil manipulation, we 

Fig. 1  A map of a hypothetical block of twelve plots. The 
background color of each plot represents the soil heterogeneity 
of each plot. Green represents heterogeneous soils (Het), blue 
represents homogenous soils (Hom), and yellow and grey rep-
resent unmanipulated soils (Unmanip). The shade of each color 
represents the seed arrival within a plot. Darker shades repre-
sent aggregated seed arrival while lighter shades represent uni-
form seed arrival. Finally, the grid inside each plot represents 

the size of patches within a plot. A grid with large spaces rep-
resents plots with large patches, a small grid represents those 
with small patches, and no grid for plots with unmanipulated 
soils. All plots that had experimental seed arrival, but had 
unmanipulated soils had large patches. Within a block, there 
is one replicate of each treatment combination, except for true 
controls which had two replicates
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placed a polypropylene cloth over the plots to mini-
mize 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 senesced, we removed 
emergent plants and then sowed the seeds of 40 
native prairie species into each plot (Table  S1). For 
both uniform and aggregated seeding treatments, we 
sowed seeds into the patches created during the soil 
manipulation. This meant that any given patch had 

a soil type (upper, middle, lower, or mixed strata), 
initial seed arrival (aggregate or uniform), and size 
(small or large) (Figs. 1 and 2).

In aggregated plots, we sowed one of forty native 
tallgrass prairie species (Table S1) per soil patch. In 
plots with large patches, we sowed each species into 
3 randomly selected soil patches, while in plots with 
small patches, we sowed each species into 12 ran-
domly selected 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 

Fig. 2  Example of soil manipulation and seed addition uti-
lized to create plots with large patches for heterogeneous or 
homogenous soils and aggregated or uniform seed arrival treat-
ments. Plots with heterogeneous soils had three approximately 
15 cm soil strata removed from the soil profile, separated, and 
then each was mixed separately to create three soil types (soil 
types A, B, C; green, yellow, and grey patches, respectively). 
These soil types were then randomly redistributed into 120, 
40 × 40 cm patches, creating heterogeneous soils. In plots with 
homogenous soils, the same soil strata were removed, but all 
strata (mixed soil type, brown patches) were mixed together 

and then redistributed into all 120 patches in the plot. After 
the soil manipulation, seeds from 40 native species were sown 
into each plot. Either one species was sown per patch to cre-
ate aggregated seed arrival (numbers 1–40), or all 40 spe-
cies were sown into every patch (All) to create uniform seed 
arrival at the plot scale. The manipulations depicted in this 
figure represent the experimental manipulation for plots with 
large patches. Plots with small patches received the same soil 
manipulation and seed arrival treatment; however, instead of 
120, 40 × 40 patches, plots were comprised of 480, 20 × 20 cm 
patches
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soils, there were four replicates of each soil type and 
species combination. The forty native species were 
perennial species that represented a range of func-
tional groups and plant families (Table S1). For each 
species, we held the number of seeds sown into a plot 
constant, regardless of treatment.

After seed sowing, a biodegradable germination 
mat was placed over plots to protect the seeds from 
wind and water movement and granivores, as well as 
to promote germination. We watered plots periodi-
cally until midway through the first growing season, 
to prevent seed desiccation. Additionally, follow-
ing plot establishment and seed sowing, we regu-
larly mowed the vegetation around the perimeter of 
each plot and in between and around blocks to limit 
the input of non-sown seeds into our plots. Mowing 
occurred approximately once a month from May to 
September each year (2018–2020).

Plot sampling

We recorded percent cover for all species in all plots 
during August of every year (2018–2020). Within 
a plot, every plant was identified to species or mor-
phospecies, and then their cover within a plot was 
measured to the nearest percentage. Morphospecies 
were used for species that could not be accurately 
distinguished in the field. In our case, sedges from 
the Carex and Cyperus genera were placed into one 
morphospecies, Oxalis spp. were placed into another 
morphospecies, and low-growing Euphorbia species 
were placed into a third morphospecies.

Phytometer

To evaluate the extent to which our soil manipula-
tions altered the magnitude of soil heterogeneity, 
we conducted a phytometer assay. This phytometer 
was set up to test the potential influence of plant-soil 
feedbacks for the added species in each of the soils 
described above. Here, we present a subset of those 
results as a way to quantify soil differences in the field 
experiment. Using an area adjacent to the experimental 
plots (Fig. S1), we created soils representing the upper, 
middle, and lower soil strata as well as homogenized 
soil conditions (a combination of the three soil strata). 
We filled 68 L pots with one of the four soil types and 
then moved each to a randomly assigned position in an 

area adjacent to the experimental plots. Seeds from one 
of our 40 species were then sown into each pot.

Following three growing seasons, a greenhouse 
assay was conducted to assess the effects of soil hetero-
geneity and plant conditioning on total plant biomass, 
one way of measuring plant productivity. The plant 
species used for the greenhouse assay were selected 
based on their success in the conditioning phase and 
their relative abundance in the experimental plots. The 
species chosen represented the key functional groups 
found in the field experiment: the graminoids Schi-
zachyrium scoparium ([Michx]. Nash) and Sorghas-
trum nutans ([L.] Nash), the forbs Helianthus maximil-
liani (Shrad.) and Ratibida pinnata ([Vent.] Barnhart), 
and the legume Desmodium canadense ([L.] DC.). 
We used the soil from each field pot to fill 60 coni-
cal-shaped pots with a volume of 655  cm3. Approxi-
mately 5–10 seeds of each species were sown into each 
pot and then thinned to one individual plant. After a 
growth period of twelve weeks, plants were extracted 
from the pots and split into roots and shoots. Roots 
were separated from soil by placing the soil in a 4 mm 
soil sieve suspended in water. We gently agitated the 
roots to remove the soil and then patted the roots dry 
with a paper towel. The root or shoot biomass was 
placed into labeled envelopes and dried for at least 
forty-eight hours in an oven at 60  °C. Aboveground 
and belowground biomass were weighed and recorded.

Statistical analysis

For the field experiment, we used R 4.1.2 to test for 
treatment effects on species richness at the plot scales 
using a 3-way Analysis of Deviance fitted to a gener-
alized linear mixed-effect model (GLMM) for a rand-
omized complete block design (Bates et al. 2015; Fox 
and Weisberg 2019; R Core Team 2022). GLMM was 
used because it allowed us to test both random and 
fixed effects while also accounting for non-normal dis-
tributions. For analyses of total and non-sown species 
richness, the Poisson distribution with an identity link 
function was used, while a Poisson distribution with 
a log link function was used for sown species rich-
ness. The GLMMs were then used as the basis for an 
Analysis of Deviance – Wald Chi-square Test using the 
‘Anova’ function from the car package (Fox and Weis-
berg 2019). Pairwise results for any significant interac-
tions were calculated using the emmeans package in R 
(Lenth 2020). We also used GLMM as a post hoc test to 
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determine how non-sown species richness varied with 
the abundance of the species initially sown into aggre-
gate patches. The same GLMM workflow was used to 
analyze phytometer data, only using the Gamma distri-
bution with an inverse link function. Indicator Species 
Analyses (ISA) were used as a post hoc test to identify 
which species were driving the differences between our 
treatments. (Caceres and Legendre 2009). We specifi-
cally focused on treatments that appeared to be different 
based on our Analysis of Deviance.

Results

Total species richness

Initially, we examined differences in species richness, 
evenness, and Shannon-diversity between treatments 
and across time. However, species evenness did not sig-
nificantly vary between treatments. As a result, trends in 
Shannon-diversity closely followed trends in richness. 
Additionally, in years one and two, plant communities 
were too dynamic/unstable to be able to adequately 
quantify how they varied between treatments, and we 
wanted to be reasonably certain that perennial plants 
had fully established, allowing for any-time depend-
ent effects of heterogeneity on diversity to emerge. For 
simplicity, we elected to only present species richness 
results from year four. Total species richness at the 
plot scale varied among treatments, but this response 
was dependent on a marginally significant two-way 
interaction between initial seed arrival and patch size 
(p = 0.071, Tables 1a and 2a). To understand this inter-
action, we first examined the results from small- and 
large-scale treatments separately. For plots with small 
patches, aggregated seed arrival led to higher species 
richness than uniform seed arrival, regardless of soil 
heterogeneity (p = 0.005, Tables  1a and 2a, Fig.  3a). 
This pattern was also present in plots with large patches 
(p < 0.001, Fig. 3a). Specifically, the difference in seed 
arrival patterns was marginally more pronounced in 
plots composed of large patches compared to plots with 
small patches (p = 0.073, Fig. 3a, Table 2a).

Sown vs. non-sown species richness

Because a total of 60% of the species observed across 
the entire experiment were non-sown, we also ana-
lyzed the responses of sown and non-sown species Ta
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separately to determine if the treatment responses were 
consistent across the two groups. For the sown spe-
cies, seed aggregation was the only factor that margin-
ally influenced species richness (p = 0.052, Table 1b). 
Specifically, sown species richness was higher in plots 
with aggregated than uniform seed arrival regardless 
of soil heterogeneity or patch size (Fig. 3b).

In general, plots with large patches had higher non-
sown species richness than those with small patches 
(p = 0.004, Table  1c). Additionally, aggregated seed 
arrival resulted in higher non-sown richness than uni-
form seed arrival regardless of the underlying soil 
(p < 0.001, Table 1c, Fig. 3c). For plots with heteroge-
nous soils, this difference was more pronounced in plots 

Table 2  Pairwise comparisons for significant two and three-
way interactions from Analyses of Deviance. Specifically, the 
pairwise comparisions for the (a) significant two-way interac-
tion in the total richness Analysis of Deviance, (b) the three-
way interaction in the non-sown richness Analysis of Devi-
ance, and (c) the two-way interaction in the non-sown richness 
Analysis of Deviance. All data were analyzed using a General-
ized Linear Mixed Effect models to account for random effects 
that may arise from the study design (i.e. blocking effects) and 
non-normal distributions. Each table shows which factors is 

being contrasted and which are being held constant. For exam-
ple, having Lg – Sm in the “Contrast” column, Aggregated in 
the “Seed Arrival” and NA in the “Scale” column means that 
plots with large and small patches are being contrasted when 
seed arrival was aggregated. For the contrasts Het = Heteroge-
neous soils, Hom = Homogenous Soils, Agg = Aggregated seed 
arrival, Uni = Uniform seed arrival, Lg = Large-scale patches, 
Sm = Small-scale patches. Significance Indicators for p-values: 
0 > ’***’ > 0.001 > ’**’ > 0.01 > ’*’ > 0.05 > ’.’ > 0.1 > ’ ’ > 1

Total Richness
(a) Two-Way Interaction

Contrast Seed Arrival Scale Estimate SE z-ratio p-value Significance  
Indicator

Lg—Sm Aggregated NA 3.812 2.12 1.795 0.073
Lg—Sm Uniform NA 0.312 1.90 0.165 0.869
Agg—Uni NA Large 9.0 2.05 4.398  < 0.001 ***
Agg—Uni NA Small 5.5 1.98 2.774 0.005 ** 

Non-sown Richness
(b) Three-Way Interaction

Contrast Soil Heterogeneity Seed Arrival Scale Estimate SE z-ratio p-value Significance 
Indicator

Het—Hom NA Aggregated Large 1.55 1.60 0.971 0.332
Het—Hom NA Uniform Large -1.56 1.18 -1.321 0.187
Het—Hom NA Aggregated Small -1.08 1.35 -0.804 0.422
Het—Hom NA Uniform Small 2.05 1.18 1.746 0.0808
Agg—Uni Heterogenous NA Large 6.143 1.4 4.388  < 0.001 ***
Agg—Uni Homogenous NA Large 3.035 1.41 2.154 0.899
Agg—Uni Heterogenous NA Small 0.163 1.29 2.653 0.0313 *
Agg—Uni Homogenous NA Small 3.3 1.24 3.18 0.008 **
Lg—Sm Heterogenous Aggregated NA 4.28 1.49 2.878 0.004 **
Lg—Sm Heterogenous Uniform NA -1.7 1.19 -1.432 0.152
Lg—Sm Homogenous Aggregated NA 1.64 1.47 1.116 0.264
Lg—Sm Homogenous Uniform NA 1.91 1.17 1.635 0.102

(c) Two-Way Interactions
Contrast Seed Arrival Scale Estimate SE t-ratio p-value Significance  

Indicator
Agg-Uni NA Large 4.62 0.75 6.163  < 0.001 ***
Agg-Uni NA Small 1.75 0.75 2.332 0.024 *
Lg-Sm Aggregated NA 2.9375 0.75 3.914  < 0.001 ***
Lg-Sm Uniform NA 0.0625 0.75 0.083 0.934
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with large patches (p < 0.001; Table 2b, Fig. 3c), this dif-
ference was not present for plots with homogenous soils 
(Table 2b). Soil heterogeneity only marginally affected 
non-sown species richness (p = 0.080, Table 2b). Specif-
ically, plots with uniform seed arrival and small patches 
had higher non-sown richness when the underlying soils 
were heterogeneous instead of homogenous (p = 0.080, 
Table 2b). There were no other treatment combinations 
that differed by soil heterogeneity (Table  2b). When 
taking all experimental factors into account, the size of 
patches within plots only influenced non-sown species 
richness when soils were heterogeneous and seed arrival 
was aggregated (Table 2b). Under these conditions, plots 
with large patches had higher non-sown species rich-
ness than those with small patches (p = 0.004, Table 1c). 
Patch size did not influence non-sown species richness 
when seed arrival was uniform (Table 2c).

Indicator species analysis

We used Indicator Species Analysis (ISA) to deter-
mine which species were driving the differences we 

observed in total, sown, and non-sown species rich-
ness. Specifically, we used ISA to make single treat-
ment comparisons (i.e. to compare aggregated and 
uniform seed arrival) for treatment combinations that 
significantly impacted total, sown, or non-sown spe-
cies richness (Table 3). We found that eight non-sown 
species were indicators in multiple treatment combina-
tions (Table  3; Ambrosia artemisiifolia (L.), Cirsium 
altissimum ([L.] Hill), Lactuca ludoviciana ([Nutt.] 
Riddell), Rumex crispus (L.), Conyza canadensis ([L.] 
Cronquist), Populus deltoides (W. Bartram ex Mar-
shall), Agrostis hyemalis ([Walter] Britton, Sterns & 
Poggenb.), and the Carex and Cyperus spp. morphos-
pecies). All eight non-sown indicator species were spe-
cies that are generally considered to be early succes-
sional or favor recently disturbed areas. We also found 
that 24 unique species were more likely to be found 
in certain treatment combinations, though none were 
indicators for treatment combinations that involved 
all three experimental factors (Table  3). Regardless 
of species origin (sown or non-sown), species were 
generally indicators of treatment combinations that 

Fig. 3  The average (a) total richness, (b) sown species rich-
ness, and (c) non-sown species richness of each treatment com-
bination after four growing seasons. Each panel is split into 
two sub-panels with plots with small patches on the left and 
large patches on the right. Within a sub-panel, the x-axis rep-
resents initial seed arrival (uniform and aggregated), and each 
tick mark is divided into our two soil types (heterogeneous and 
homogeneous). The y-axis represents species richness for a 
given subset of species (total, sown, and non-sown). Error bars 
represent 95% confidence intervals. Compact letter displays 

indicate differences between treatments as indicated by the 
Analysis of Deviance and subsequent pairwise comparisons. 
Total species richness was marginally impacted by the inter-
action of seed arrival and patch size (Χ2 = 3.25, p = 0.071). 
Sown species richness was only marginally impacted by seed 
arrival (Χ2 = 3.77, p = 0.052). Non-sown species richness was 
significantly influenced by the three-way interaction between 
soil heterogeneity, seed arrival, and patch size (Χ2 = 5.46, p 
= 0.019)
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included aggregated seed arrival, large patches, or 
both (Table 3).

Phytometer

To determine whether we created soil patches with 
ecologically important differences in growing condi-
tions, we measured the total plant biomass of five plant 
species grown in our three heterogeneous soils and 
our one homogenous soil in a greenhouse experiment 
(Table  S2a). We found significant differences among 
the three soils that comprised patches in the heteroge-
neous plots (p < 0.001, Table S2a). Total plant biomass 
was highest on soils from the upper soil stratum. On 
average, biomass was decreased by 34.1 percent on soils 
from the middle stratum and was decreased by 50.6 per-
cent on soils from the lower stratum (Table S2b; Figs. 
S2-S7). Additionally, when grown in mixed soils, total 
biomass decreased by 27.5 percent compared to those 
grown in the upper soil stratum (Table S2b).

Discussion

Our field experiment revealed that aggregated seed 
arrival had much stronger effects on plot species rich-
ness than soil heterogeneity, and these differences 
occurred regardless of the patch size examined. The 
seed arrival treatments had similar effects on both 
sown species and non-sown species which arrived 
through seed dispersal or seedbanks. Soil heterogene-
ity did have weak effects, but only for the non-sown 
species. The phytometer analysis revealed clear dif-
ferences in the three soils that comprised heterogene-
ous soil plots. However, these realistic levels of fine-
scale soil heterogeneity did not strongly contribute to 
differences in plot species richness, while the spatial 
structuring of seed arrival clearly increased it.

Seed arrival

Plots that were initially established with aggregated 
seed arrival had higher species richness than those 
established by uniform seed arrival. This trend held 
true for total, sown, and non-sown species richness 
(Fig.  3). Our results are consistent with other work 
that has demonstrated that spatial heterogeneity cre-
ated by sowing seeds in intraspecifically aggregated 
clusters increases diversity (Houseman 2014; Xue Ta
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et  al. 2018b). For both sown and non-sown species, 
increased richness in plots with aggregated compared 
with uniform seed arrival likely reflects reduced inter-
specific competition relative to intraspecific competi-
tion (Moore et al. 2001; Houseman 2014; Velázquez 
et al. 2014; Ghazian et al. 2021). If true, this supports 
the idea that aggregated seed arrival can alter com-
munity assembly and allow for the increased estab-
lishment of volunteer species.

While our sown species were purposefully intro-
duced, the source of our non-sown species is less clear. 
These species may have originated from the underlying 
seedbank or dispersal from areas adjacent to the plot or 
the seedbank after the initial experimental seed arrival. 
Additionally, some sown species occurred in the sur-
rounding community and may have also been present 
in the underlying seedbank (no more than 10 sown spe-
cies occurred in the surrounding community; personal 
observation). Although we cannot quantify the relative 
contributions from dispersal versus the seedbank for 
both sown and non-sown species, we took measures 
during plot setup to reduce the effects of seedbank 
input by applying a foliar herbicide to eradicate species 
emerging from the seedbank prior to the addition of the 
sown species. When adding the sown species to plots 
we used seed addition rates that were reflective of mod-
erate prairie production and were likely to ensure suf-
ficient germination (see Houseman 2014). Meaning that 
any sown species observed in a plot likely came from 
the initial experimental manipulation and not seedbank 
germination or dispersal. We also took measures dur-
ing the experiment to limit seed input from areas adja-
cent to the plot by mowing the areas in between and 
around the plots. However, species were likely to dis-
perse across the relatively small areas around the plots. 
The combination of the seedbank and natural levels of 
dispersal in this field contributed to total richness in 
important ways, depending on the spatial structure of 
the sown species, patch size, and soil heterogeneity.

Why was non-sown species richness higher in 
aggregated than uniformly sown plots? One pos-
sible explanation is that spatial aggregation cou-
pled with plant-soil feedbacks generates environ-
mental heterogeneity that enhances opportunities 
for other species, thus increasing species richness 
in the plots. For example, species such as Lespe-
deza capitata (Michx.) and Baptisia australis ([L.] 
R. Br.) 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). While the initial intraspecific aggre-
gation in our experiment was artificially created, it 
has been shown that species can naturally aggregate 
through endogenous processes over time even under 
experimentally homogenized conditions (Schouten 
and Houseman 2019). Variation in the direction and 
magnitude of plant-soil feedbacks likely alters both 
abiotic and biotic environments. Consequently, the 
plots with aggregated spatial arrangement of sown 
species may enhance environmental heterogeneity.

A second possible explanation for the higher colo-
nization of non-sown species in aggregated sowing 
plots is that some sown species did not monopolize 
patches despite an overwhelming seed advantage. 
Although most of the sown species established some-
where in the experiment (38 out of 40), these spe-
cies varied in their ability to either establish, persist, 
or grow during the first few years of the experiment. 
This within-plot variability was less likely in uni-
form plots where all 40 species were sown into each 
patch in contrast to aggregated plots where a single 
species was sown into each patch. Consequently, the 
establishment of fast-growing species was much more 
likely in patches within uniform plots (Wardle 1999). 
The increased likelihood of poor establishment 
or growth in aggregated plots likely creates more 
patches with various dominant competitors and abi-
otic conditions present, creating more opportunities 
for non-sown species to establish (Melbourne et  al. 
2007; Velázquez et  al. 2014; Ghazian et  al. 2021). 
This view is at least partially supported by the nega-
tive correlation between non-sown species richness 
and the cover of sown species in aggregated patches 
(Fig. S8). Interestingly, seven of the eight non-sown 
indicator species established more often and in higher 
abundance in plots with aggregated seed arrival 
(Table  3). These seven non-sown indicator species 
are all species that establish well following a distur-
bance, and as such, commonly occur during the early 
stages of community assembly when our study took 
place (Haddock et  al. 2015). The consistent estab-
lishment of the same seven non-sown indicator spe-
cies suggests that these same species are responding 
to low abundances in certain sown species and thus 
establishing in relatively low-competition patches. If 
this interpretation is correct, aggregated seed arrival 
may increase environmental heterogeneity either 
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independently or in conjunction with the underlying 
soil heterogeneity.

Previous studies have similarly suggested that 
aggregated seed arrival may either increase environ-
mental heterogeneity in tandem or independently of 
the underlying soil heterogeneity. For example, evi-
dence from a greenhouse experiment suggests that 
different sources of spatial structure, such as soil 
heterogeneity and plant-mediated spatial structure, 
can have independent and interactive impacts on 
plant communities, and that some plant species may 
be insensitive to different sources of spatial structure 
(Xue et  al. 2018b). While the results presented in 
Xue et al. (2018b) are from a relatively simple plant 
community in a greenhouse, similar processes may 
be happening in larger field experiments. Namely, it 
seems possible that plant species with high plasticity, 
or the ability to adapt to variable and changing envi-
ronmental conditions, may also be relatively insensi-
tive to changes in environmental heterogeneity. Fur-
ther experiments or modeling are needed to confirm 
this idea.

Soil heterogeneity

Soil heterogeneity on its own did not significantly 
influence species richness. However, when seeds 
were sown uniformly, plots with homogenous soils 
had higher total richness than those with heterogene-
ous soils. This result contradicts many of the posi-
tive HDRs reported in Lundholm (2009). Likewise, 
our results also contradict the positive effect of soil 
heterogeneity on plant diversity reported in Williams 
and Houseman (2014), which occurred in a similar 
system (less than 300 m east of our experiment). One 
possible reason for the latter difference is that differ-
ences in soil strata may have resulted in smaller dif-
ferences between soil types than Williams and House-
man (2014). However, our phytometer revealed clear 
differences in plant biomass among the three soil 
types that were used in the heterogeneous soil treat-
ment, indicating that differences between soil types 
were biologically meaningful.

While soil heterogeneity may not have influenced 
species richness as strongly as we anticipated, it did 
affect the community in other ways. For example, 
plant growth in the phytometer varied based on the 
soil type they were grown in (Fig. S2-S7, Table S2). 
Despite clear differences based on soil type, these 

differences did not persist at the plot-scale. This 
aligns with the idea that native perennial prairie spe-
cies and communities, particularly those that are 
clonal, are robust to variation in the soil while weed-
ier, non-sown species are more sensitive to soil vari-
ation (Reynolds et  al. 2007). Certainly, large differ-
ences in soil types would be expected to yield high 
species sorting, but it is unlikely that such soil varia-
tion would occur at fine scales. In our system, prairie 
species are adapted to strong variation in temperature 
and precipitation which means that they may not be 
sensitive to our relatively modest soil type differ-
ences, explaining why there is little species sorting 
among the soil types in our experiment.

Patch/grain size

The effects of spatial aggregation on our plant commu-
nities were also dependent on the size of patches com-
prising our plots (Fig. 3, Table 1). Even though all plots 
covered the same area, all species, regardless of ori-
gin, had lower establishment in the plots with smaller 
patches as predicted by the microfragmentation hypoth-
esis (Laanisto et  al. 2013). This may have occurred 
because fewer individuals can establish in a patch, thus 
increasing stochastic local extinction. Secondly, small 
patches have a greater edge to interior ratio, poten-
tially increasing the negative influence of neighbor-
ing patches on species establishment. Interestingly, we 
found a lesser effect of patch size on the establishment 
of sown species, possibly because such microfragmen-
tation effects take longer for well-established species.

Conclusions

Our experiment provides empirical evidence that 
fine-scale soil heterogeneity has weak effects on prai-
rie plant species richness, but that non-uniform seed 
arrival can have stronger effects. It appears that spa-
tial patterns in seed arrival can generate spatially-
structured environmental heterogeneity, perhaps by 
creating greater variability in resources, plant-soil 
feedbacks, or the competitive milieu. These results 
suggest that environmental heterogeneity is primar-
ily generated endogenously following plant coloniza-
tion. Such processes would be consistent with posi-
tive HDRs often reported in observational studies, 
and may explain why manipulative soil heterogeneity 
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experiments generally do not report strong HDR 
patterns.
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