
Soil Homogenization Modifies
Productivity, Nitrogen Retention
and Decomposition in Restored

Grassland

Holly J. Stover1,2 and Hugh A. L. Henry1*

1Department of Biology, Western University, 1151 Richmond Street, London, Ontario N6A 5B7, Canada; 2Present Address:
Department of Environmental Science, Policy and Management, University of California, Berkeley, Berkeley, California 94720, USA

ABSTRACT

At the local (within site) scale, soil heterogeneity

can influence ecosystem function. However, in

former agricultural systems, soil heterogeneity can

be low as a legacy of tillage (that is, via the process

of soil homogenization). We investigated the rela-

tionship between soil homogenization and three

ecosystem functional response variables—above-

ground productivity, nitrogen retention (assessed

via 15N tracer addition) and plant litter decompo-

sition (assessed using litter bags)—during the first

2 years following a tallgrass prairie restoration in a

former agricultural field. We compared plots with

substrate heterogeneity (topsoil patches enriched

with sand or woodchips) with homogeneous plots

that contained the same overall ratios of the com-

ponent materials. We also compared plots with

topographic heterogeneity (pits and mounds) with

flat plots. The ecosystem response variables varied

significantly with soil homogenization, but the ef-

fect depended on the type of heterogeneity (sand

vs. woodchips vs. microtopography), which was

consistent with these sources of heterogeneity

having variable effects on soil water and nutrient

availability. Soil homogenization reduced above-

ground productivity by 50% for the woodchip

treatment, but it had the opposite effect for the

topography treatment. Homogenization also re-

duced plant 15N retention for the woodchip treat-

ment by 50%, but the rate of litter decomposition

increased by 8%. Overall, variation in nitrogen

retention and decomposition were associated with

the treatment effects on aboveground productivity

and the relative abundances of forbs and grasses.

The latter results suggest that the influence of soil

homogenization on ecosystem function may occur

indirectly as a result of its effects on plant com-

munity assembly. Moreover, forb productivity and

N retention along woodchip and mound edges

differed from the means of the adjacent patches,

which revealed that complementarity along mi-

crosite edges can contribute to soil heterogeneity

effects on ecosystem function.
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HIGHLIGHTS

� Soil homogenization alters ecosystem-level pro-

cesses via changes to plant species composition.

� Microsites and microedges in heterogeneous soils

facilitate functional complementarity.

� Adding soil microsites to former cropland can

promote recovery of ecosystem function.

INTRODUCTION

In North America, less than 1% of native tallgrass

prairie remains, largely due to conversion to agri-

culture (Sampson and Knopf 1994). Ecological

restoration of tallgrass prairie and other native

grassland ecosystems is occurring worldwide, with

the goal of restoring ecosystem functions and bio-

diversity (Neill and others 2015; Horrocks and

others 2016). However, restoration of former

cropland must address a legacy of soil disturbance

(Krause and others 2016). In particular, soil

homogenization from decades of tillage (mixing of

the upper topsoil) increases the uniformity of

habitat and soil properties in agricultural fields

(Anderson and Coleman 1985; Elliott 1986). Pro-

ductivity, nitrogen retention and decomposition

are important components of ecosystem function,

because they can regulate species composition and

carbon storage (de Vries and Bardgett 2016; Zirbel

and others 2017). Greenhouse experiments con-

ducted using temperate grassland mesocosms have

demonstrated that heterogeneous soil nutrient

supply can increase above and belowground pro-

ductivity, nitrogen use efficiency and nitrogen up-

take via root proliferation into nutrient-rich

patches (Maestre and others 2005, 2006, 2007;

Maestre and Reynolds 2006a, b, 2007a, b; Liu and

others 2017). Although field experiments in re-

stored grasslands have been used to examine the

relationship between soil heterogeneity and plant

species diversity (Richardson and others 2012;

Williams and Houseman 2014; Baer and others

2016), they have not examined the influence of

soil heterogeneity (or homogenization) on ecosys-

tem responses (Garcı́a-Palacios and others 2012).

The question therefore arises as to how soil

homogenization may alter the ecosystem func-

tioning of restored grassland ecosystems on former

agricultural land.

Loss of distinct soil patches via soil homoge-

nization could decrease productivity, ecosystem

nitrogen retention and decomposition indirectly as

a result of decreased plant species diversity. Niche

theory suggests that a large number of species can

coexist in an ecosystem where there is an abun-

dance of distinct niches available for species to

colonize and differentially dominate (Tilman and

Pacala 1993). Environmental heterogeneity there-

fore can increase species diversity (Stein and others

2014) and increased species diversity can in turn

benefit ecosystem function (Hooper and others

2005). Heterogeneity can improve ecosystem

function by providing diverse niches for comple-

mentarity in resource use to occur (Tylianakis and

others 2008). Conversely, reduced plant diversity

could decrease the variability of rooting depths,

rooting phenology and forms of nitrogen uptake in

the community, decreasing overall nitrogen

retention (McKane and others 2002). Similarly, the

rate of decomposition can decrease with reduced

species diversity, because the litter pool lacks

structural and chemical diversity, as observed in

litter mixture experiments, where the litter of

individual species decomposes slower than that of

multiple species mixes (Gartner and Cardon 2004).

Loss of plant functional group diversity, rather

than species diversity, may impair ecosystem

function most in the context of soil homogeniza-

tion. For example, in pot experiments, the presence

of specific plant functional groups facilitated an

increase in productivity in response to increased

soil nutrient heterogeneity, whereas manipulation

of plant species diversity did not (Maestre and

others 2006). Likewise, while carbon, phosphorus

and nitrogen cycling (measured via beta-glucosi-

dase and acid phosphatase enzyme activity, and

in situ N availability) were not influenced directly

by soil nutrient heterogeneity (Garcı́a-Palacios and

others 2011), specific plant functional groups and

traits had large effects on the cycling of these

nutrients in response to nutrient heterogeneity

(Garcı́a-Palacios and others 2013).

Nevertheless, soil homogenization could de-

crease ecosystem functioning directly by decreasing

substrate diversity and heterogeneity (that is, by

decreasing the frequency and spatial variability of

distinct soil patches, otherwise known as micro-

sites). For example, decomposition rates can vary

with changes in soil moisture (Zirbel and others

2017), and variability in soil moisture can result

from microtopographic heterogeneity (hummocks

and hollows) and variability in soil depth to bed-

rock (Fridley and others 2011; Naeth and others

2018). Moreover, the interface between two mi-

crosites (microsite edges or ‘‘microedges’’) may

exhibit ecosystem functional properties that are not

a simple additive effect of the adjacent microsites

by possessing a blend of limiting resources from
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each neighboring microsite (Stover and Henry

2018). For example, soil microbial activity limited

by a nutrient in one patch may be increased by the

higher availability of the nutrient in a neighboring

patch. Such complementarity along microedges

would be analogous to the landscape-level phe-

nomenon of increased elemental cycling in wet-

land–upland transition zones (McClain and others

2003).

We investigated the influence of soil homoge-

nization on productivity, nitrogen retention and

decomposition in a field experiment conducted in a

former agricultural field restored to a grassland. We

also examined how levels of productivity, decom-

position and nitrogen retention along microedges

(that is, the edges between patches in heteroge-

neous treatments) compared to the levels of the

adjacent patches. We added patches of sand or

woodchips to the soil to construct heterogeneous

plots, and added the same materials, but mixed

them, to construct corresponding homogenized

plots. We also created patches with microtopo-

graphic relief (that is, pits and mounds) to construct

heterogeneous plots, and we compared these with

flat plots. To prevent the effect of homogenization

from being confounded with differences in overall

substrate composition, a key feature of our design

was that overall substrate composition remained

consistent at the plot level among the correspond-

ing homogeneous and heterogeneous plots.

Although our experiment was designed to

examine the mechanism of homogenization, and

not designed to simulate the loss of naturally

occurring soil patches per se, the sources of

heterogeneity we examined (that is, soil particle

size, organic matter and topography) nevertheless

represent sources of variation commonly encoun-

tered in soil (for example, patches of organic matter

are deposited via decaying plants); woody materials

and microtopographic variation also are often used

in soil and plant community restoration (Brown

and Naeth 2014). Although the addition of sand

would be expected to reduce both soil water

holding capacity and nutrient availability, the

addition of woodchips would be expected to in-

crease soil water holding capacity and the soil

nutrient immobilization potential. Microtopo-

graphic variation would be expected to increase

variation in soil water content. Based on the direct

and indirect mechanisms described above, we

predicted that soil homogenization would decrease

productivity, nitrogen retention and plant litter

decomposition. Moreover, due to potential com-

plementarity between adjacent microsites, we

predicted that the productivity, nitrogen retention

and plant litter decomposition of microedges would

be greater than the mean values of the adjacent

microsites.

MATERIALS AND METHODS

Study Site

We conducted this study at the Environmental

Sciences Western field station, located near Ilder-

ton, Ontario, Canada (43o04¢29¢¢N, 81o20¢18¢¢W).

The site had a mean air temperature of 7.9 �C and

annual precipitation of 1012 mm (1981–2010

Canadian Climate Normals), and the soil was

characterized as Bryanston silt loam, which is a

Brunisolic Gray Brown Luvisol, and it had a mean

pH of 7.5 (Hagerty and Kingston 1992; Environ-

ment and Climate Change Canada 2018). The re-

gion was rural, and the 4 ha research site was

situated in a field formerly used for cash cropping

under rotations of corn, soybean and winter wheat

for decades until 2014.

Experimental Design

In May 2015, we established 18 experimental

blocks at the field site. Each block contained

homogeneous and heterogeneous treatment plots

that were 50 9 100 cm and spaced 2 m apart

(Figure 1). Heterogeneous plots were divided into

two distinct halves: a 50 9 50 cm and 15 cm deep

patch of tilled topsoil (mixed to a depth of 15 cm

with shovels) and an adjacent 50 9 50 cm patch

designed to provide either substrate heterogeneity

(that is, a topsoil patch enriched with sand or a

topsoil patch enriched with woodchips) or topo-

graphic heterogeneity (that is, a pit or a mound).

The edge between the two patches in the center of

each plot was defined as the microedge (Figure 1).

Therefore, the heterogeneous plots had three dis-

tinct sampling areas (microsites): a topsoil patch, a

microedge and a distinct microsite (sand–topsoil

patch, woodchip–topsoil patch, pit or mound). The

sand–topsoil patches were a 4:1 mixture of sand

and topsoil, and the woodchip–topsoil patches were

a 2:1 mixture of woodchips and topsoil. The pits

were 15 cm in depth, and the mounds were 20 cm

in height. The pits were underlain with 15 cm of

topsoil and mounds with subsoil to make their

substrate depth profiles equivalent to the other side

of the plot (Figure 1). For each heterogeneous plot

in a block, there was a corresponding homoge-

neous plot: The sand and woodchip plots were

compared to plots with the corresponding ratios of

topsoil, sand or woodchips tilled and mixed thor-

oughly across the entire 50 9 100 cm plot area,

266 H. J. Stover and H. A. L. Henry



and the topographically heterogeneous plots were

compared to a flat, tilled topsoil plot (Figure 1).

Sand was obtained from a local quarry (calcium

carbonate sand derived from limestone) and

woodchips from sugar maple (Acer saccharum) lo-

cated on site. The patch size (spatial scale of

heterogeneity) was chosen to approximately match

the rooting footprint of the herbaceous grassland

plants used in the experiment. This approach was

anticipated to maximize diversity based on the

expectation it would promote species coexistence

via the preferential occupation of separate patches

by distinct suites of species (Tilman and Pacala

1993; Chesson 2000; Day and others 2003; Stover

and Henry 2018).

In early June 2015, an equal amount of tallgrass

prairie grass and forb seeds were sown on each plot.

The areas outside the plots were sown separately

with the same tallgrass prairie species. To increase

the species pool, seeding of the plots was conducted

a second and final time in late May 2016. Seeds

were obtained by wild collection from local sites in

southern Ontario or by purchase of regionally

similar ecotypes from Ernst Conservation Seeds

(Meadville, Pennsylvania, USA). Percent viable

seed was determined either by using certificates

obtained at the time of purchase (which listed

percent germination) or, for wild collected seed, by

sowing a predetermined amount of seed on potting

soil-filled trays in a greenhouse, counting emerging

seedlings for 14 days, and dividing the number of

emerging seedlings by the number sown and

multiplying by 100 to calculate percent emergence

(Supplementary information Table S1).

Soil Properties

We assessed the properties of the sand, woodchips

and topsoil used to create the homogeneous and

heterogeneous treatment plots (Table S2). Topsoil

was sampled by taking a 2-cm diameter by 15 cm

deep soil core from a random location within each

block just outside the study plots. Sand and

woodchips samples were collected randomly from

the stockpiles on site. Sand–topsoil and woodchip–

topsoil mixtures were prepared for analysis using

the same ratios as present in the experimental

plots. Soil pH was measured by mixing 10 g of soil

from each sample with deionized water in a 1:2

ratio to create a slurry and analyzing the slurry

with a pH meter. Extractable NH4
+ and NO3

- were

measured by extracting 7 g of each soil sample in

35 ml of KCl for 1 h on a shaker, filtering through

pre-leached cellulose filter paper, then analyzing

the filtrate colorimetrically (NH4
+-N: EPA method

353.2; NO3
--N: EPA method 350.1) using a

SmartChem 140 discrete auto-analyzer (Westco

Scientific Instruments, Brookfield, CT). Percent

sand, silt and clay were determined for a 20-g

subsample using a graduated cylinder, and soil or-

ganic matter as loss on ignition following drying of

1 g of the sample in a muffle furnace at 500 �C for

Figure 1. Experimental design. Plots were used as replicates of the seven different treatments (displayed left). The upper

right depicts a cross section of a pit and mound. Plots were randomly assigned to 18 blocks.
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24 h. Total carbon and nitrogen analyses were

conducted by the University of Western Ontario

Biotron facility using a vario isotope cube (Ele-

mentar Analysensysteme GmbH, Langenselbold

Germany).

Productivity and Diversity

In November 2016, aboveground shoots rooted in

the heterogeneous plots were harvested by over-

laying three sampling quadrats (25 9 25 cm), with

one in the center of each distinct patch and one on

the center of the edge between the patches.

Aboveground shoots were harvested from the

homogeneous plots using the same quadrats and

positioning. Shoots were sampled during the sec-

ond growing season following succession from bare

cropland. Litter from the first growing season was

relatively sparse (that is, it largely represented the

first-year growth of the perennial species that

established from seed) and it was easy to visually

identify and exclude the previous year’s litter from

the samples. Shoots were sorted into three func-

tional group categories: grass, non-leguminous forb

(forb) and leguminous forb (legume). Samples

were dried at 60 �C until their mass became con-

stant (approximately 4 days) and weighed. The

total mass of aboveground shoots (grasses, forbs

and legumes) was used to estimate aboveground

productivity. The relative abundances of grasses,

forbs and legumes were used to estimate functional

group diversity. Species diversity and composition

data are reported in Stover (2018).

Nitrogen Retention

Growing season (over summer) nitrogen retention

was assessed by applying a 15N tracer solution

(15NH4
15NO3 at a rate of 0.054 g 15N m-2) evenly

over each plot on June 24, 2016. In November

2016, one soil core (2 cm diameter and 20 cm

depth) was collected from the center of each

homogeneous plot, and three were collected from

each heterogeneous plot: one in the center of each

distinct patch and one in the center of the edge

between the two patches. We sampled to 20 cm

depth to match the depth at which the roots of the

grassland species were most heavily concentrated

in the soil profile, and the depth at which the soils

were manipulated in our experiment (15–20 cm

depth; the mounds were 20 cm in height underlain

by subsoil). Aboveground shoots and soil cores

were sampled from outside the research blocks to

provide a set of non-enriched control samples to

establish the natural background level of 15N at the

site.

Soil samples were dried at 60 �C until their

masses became constant (approximately 4 days)

and weighed. The grass, forb and legume above-

ground biomass samples were bulked into a single

sample for 15N analyses. Soil and biomass samples

were ground and weighed into tin capsules

(4 ± 0.5 mg subsamples for plant material and

40 ± 3 mg for soil). Soils were ground using a

mortar and pestle, and plant samples were ground

using a ball mill (SPEX Sample Prep Model 2000

Geno/Grinder, Metuchen, New Jersey, USA). The

capsules were sent to the University of California

Davis Stable Isotope Facility, where 15N, total N

(atom%15N and atom%N) and total C (atom%C)

were measured with a PDZ Europa ANCA-GSL

elemental analyzer interfaced to a PDZ Europa 20-

20 isotope ratio mass spectrometer (Sercon Ltd.,

Cheshire, UK). The atom%15N natural abundance

was estimated from control samples (0.367012 for

plant and 0.36858% for soil) and subtracted from

enriched samples to determine atom% excess 15N

(de Vries and others 2012):

(1) atom% excess 15N = atom%15N enriched -

atom%15N natural abundance

Percent sample excess 15N was then calculated as

follows:

(2) % sample excess 15N = (atom% excess 15N/

100) 9 % sample total N

The % sample excess 15N was then expressed as an

amount (mass) of excess 15N per unit area:

(3) 15N aboveground pool (g/m2) = (% sample

excess 15N/100) 9 total aboveground biomass

(g/m2)

(4) 15N belowground pool (g/m2) = (% sample

excess 15N/100) 9 mass of soil (g/m2)

Percent 15N retained was then calculated using the
15N tracer application rate (0.054 g 15N/m2) as

follows:

(5) % 15N retention = (0.054 g 15N/m2 - 15N pool

g/m2)/0.054 g 15N/m2 9 100

Over summer nitrogen retention was estimated by

calculating the percent of 15N tracer added that was

retained over the 2016 growing season (% 15N

retention) in aboveground and belowground pools.

Decomposition

We initiated a decomposition experiment in the

plots in fall 2015. Donor litter was collected from a

nearby tallgrass prairie restoration site on Novem-

ber 3, 2015, because sufficient litter was not yet
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available at the recently planted research site. An-

dropogon gerardii Vitman (Big Bluestem) tussock

leaf litter was collected from several plants over a

100 m2 area to a total of approximately 500 g (dry

weight). The litter was collected on a hot, dry,

sunny day and spread thinly to air dry for 1 week.

Andropogon gerardii litter was chosen because it is a

dominant species in tallgrass prairie, and it pro-

vided a uniform source of litter. Decomposition was

assessed using 10 9 5 cm litterbags constructed

using fiberglass window screen mesh sealed with

hot glue (mesh hole size: 1 mm to balance exclu-

sion of soil fauna against sample loss). Three hun-

dred milligrams of litter were weighed and placed

in each litter bag. Litter bags were positioned on the

soil surface of the plots the week of November 23,

2015. Homogeneous plots had one litter bag in the

center and heterogeneous plots had three litter

bags (one in the center of each distinct patch and

one on the center of the edge between the pat-

ches). In fall 2016 (1 year after placement), the

litter bags were collected, oven-dried and re-

weighed. The final mass of the dry litter (mass

remaining) was used to calculate percent mass loss:

initial mass—final mass/initial mass 9 100. Prior to

drying and reweighing, the litter bags were gently

rinsed with distilled water to clean off soil and

debris.

Statistical Analyses

The experimental design (Figure 1) was a ran-

domized complete block design with a hierarchical

nested structure: quadrats (subplots) nested within

plots nested within blocks. For the statistical anal-

yses, homogenization was a fixed effect with two

levels (homogeneous and heterogeneous). Subplot

was a fixed effect with three levels unique to each

heterogeneous plot to examine the effect of soil

microsite (topsoil patch, microedge and

sand/woodchips/pit/mound). The plots and blocks

were defined as nested random effects. Our initial

statistical model containing the above parameters

was too complex for the data and did not converge,

primarily due to heteroscedasticity of variance

among the three heterogeneity sources (wood-

chips, sand and topography). Thus, the data for

each source of heterogeneity were analyzed sepa-

rately using linear mixed models with block as a

random effect and homogenization as a fixed effect.

Three separate models were used, one for each

source of heterogeneity: (1) sand homogeneity

versus sand heterogeneity, (2) woodchip hetero-

geneity versus woodchip homogeneity and (3)

topographic heterogeneity, with three levels (pit

plots, mound plots and flat topsoil plots). For the

response variables, the three measurements col-

lected for each heterogeneous plot were averaged

to compare with the measurements from the cor-

responding homogeneous plots.

Within each of the four heterogeneous plots,

mean levels of each response variable were com-

pared among the topsoil patch, microedge and

microsite (sand–topsoil patch, woodchip–topsoil

patch, pit or mound). Four separate models were

used, with one for each heterogeneous plot: (1)

sand heterogeneous (topsoil patch, microedge and

sand–topsoil patch), (2) woodchip heterogeneous

(topsoil patch, microedge and woodchip–topsoil

patch), (3) topographic heterogeneity: pit plots

(topsoil patch, microedge and pit) and (4) topo-

graphic heterogeneity: mound plots (topsoil patch,

microedge and mound). For significant treatment

effects, an a priori contrast (assessed with a t test)

was used to compare the heterogeneous mean to

the homogeneous mean. To determine if the

ecosystem properties along microedges were non-

additive, an a priori contrast also was used to

compare among the microedge and the mean of the

two adjacent patches. A log10(y + 1) transforma-

tion was used for cases when residuals did not meet

assumptions of normality or homogeneity of vari-

ance. Statistical analyses were conducted with R v.

3.3.3 (R Core Team 2017). Alpha was 0.05, but p

values < 0.1 were reported as marginally signifi-

cant, because of the inherently high variability in

plant biomass and species composition among

plots.

RESULTS

Productivity

Total aboveground biomass and the biomass of

individual plant functional groups varied signifi-

cantly between homogeneous and heterogeneous

plots, but the effect depended upon the type of

heterogeneity (topography versus sand versus

woodchips). Specifically, in the woodchip treat-

ment, soil homogenization significantly decreased

total aboveground biomass by approximately 50%

(p = 0.028, t34 = 2.3) (Figure 2). The topsoil and

microedge in woodchip heterogeneous plots had

significantly greater biomass than the woodchip

microsite (Table 1). Forb productivity along the

woodchip microedges was marginally significantly

greater than the average of the adjacent woodchip

and topsoil patches (p = 0.097, t34 = - 1.71).

In the topography treatment, flat topsoil had 50

and 30% more total aboveground biomass and 75

Soil Homogenization and Ecosystem Properties 269



and 50% more forb biomass compared to the pit

and mound plots, respectively (total p = 0.0006,

t50 = 3.65 and p = 0.05, t50 = 1.98, respectively,

and forb p = 0.001, t50 = 3.49 and p = 0.06,

t50 = 1.92, respectively) (Figure 2A, B). Pit and

mound microsites had less than half the biomass of

the topsoil patches present in the topographically

heterogeneous plots (Table 1). Within the mound
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heterogeneous plots, forb productivity along the

microedges was marginally significantly greater

than the average of the adjacent mound and topsoil

patches (p = 0.067, t34 = - 1.9).

Soil homogenization marginally significantly

decreased grass biomass in the sand treatment by

50% (p = 0.057, t17 = 2.04) (Figure 2C). Topsoil

microsites in the sand heterogeneous plots had the

greatest grass biomass, but they were not signifi-

cantly different than the microedge and sand pat-

ches (Table 1). There were no treatment effects on

legume biomass; the latter was extremely low

(mostly zero) in all samples.

Nitrogen Retention

Soil homogenization altered nitrogen retention,

but the effect varied based on the source of

homogenization, and it varied aboveground versus

belowground. Aboveground nitrogen retention

significantly decreased by approximately 50% with

homogenization for the woodchip treatment

(p = 0.047, t22 = 2.1) (Figure 3A). As with pro-

ductivity, topsoil and microedges in the woodchip

heterogeneous plots had significantly greater

retention compared to the woodchip patches (Ta-

ble 2). Woodchip microedges had similar retention

to topsoil patches alone, but marginally signifi-

cantly greater retention than the average of the

woodchip and topsoil patches (p = 0.072, t33 = -

1.86) (Table 2). Aboveground nitrogen retention

increased by approximately 50% with homoge-

nization for the topography treatment (pit p = 0.01,

t50 = - 2.5 and mound p = 0.07, t50 = - 1.9,

respectively) (Figure 3A). Belowground nitrogen

retention was approximately double the above-

ground retention overall, but there were few sig-

nificant treatment effects (Figure 3B).

Belowground nitrogen retention decreased in flat

homogeneous plots by 40% compared to the

mound topography treatment (p = 0.036, t30 = 2.2)

(Figure 3B). Neither aboveground nor below-

ground retention was significantly different among

microsites present within the pit and mound

heterogeneous plots (Table 2).

Belowground total nitrogen decreased by

approximately 20% with homogenization for the

sand treatment (p = 0.01, t17 = 3) (Table 3).

Belowground total nitrogen was greatest in the

topsoil patch in the sand heterogeneous plots, and

the microedge was intermediate between the sand

and topsoil patches (Table 2). Soil homogenization

increased belowground total nitrogen by approxi-

mately 8% for the topography treatment (pit

compared to flat topsoil, p = 0.002, t33 = - 3.5)

(Table 3). Belowground total nitrogen was lowest

in the pits within the heterogeneous plots, and the

microedge was intermediate between the pit and

topsoil patches (Table 2). Belowground total

Table 1. Mean Aboveground Biomass (g)1 (Standard Error) in Microsites Present in Heterogeneous Plots

Total aboveground biomass Forb aboveground biomass Grass aboveground biomass

Woodchips

Topsoil 17.4 (5.0)a 6.3 (3.4)a 4.1 (1.5)a

Microedge 12.7 (5.3)a 7.0 (3.9)a 2.4 (0.9)a

2:1 Woodchip–topsoil patch 1.8 (0.8)b 1.0 (0.6)b 0.5 (0.2)b

Sand

Topsoil 27.5 (8.5) 9.2 (5.1) 7.6 (3.0)

Microedge 21.1 (6.0) 9.8 (4.5) 4.8 (1.8)

4:1 Sand–topsoil patch 24.6 (4.8) 12.9 (4.8) 5.3 (1.4)

Topography

Pit

Topsoil 19.8 (4.2)a 9.2 (3.1)a 6.5 (1.7)a

Microedge 9.3 (4.2)b 3.9 (2.5)ab 3.5 (1.0)b

Pit 7.2 (2.3)b 3.0 (1.4)b 2.9 (0.8)b

Mound

Topsoil 21.3 (3.5)a 10.3 (3.3)ab 4.9 (1.7)a

Microedge 20.1 (8.9)a 14.2 (7.6)a 2.0 (0.8)b

Mound 9.3 (2.8)b 4.0 (1.9)b 2.6 (0.8)b

All numbers were back-transformed from the log scale log10(y + 1), standard error in the positive direction is shown.
1biomass measurement in grams represents the g of aboveground shoots rooted in sampling quadrats (25 9 25 cm) overlaid in the soil microsite indicated (topsoil, microedge,
pit/mound/sand–topsoil/woodchip–topsoil patch).
Within each source of heterogeneity, microsites with different letters are significantly different according to a priori contrasts with t tests, n = 18, (p < 0.05).
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nitrogen was lowest along the mound microedges

(Table 2).

Decomposition

Homogenization increased mass loss by 8% in the

woodchip treatment (p = 0.026, t24 = 2.37) (Fig-

ure 4). Mass loss was similar (averaging around

35%) among topsoil, microedge and woodchip

patches in the woodchip heterogeneous plots (Ta-

ble 4). Within the sand heterogeneous plots, mass

loss was significantly lower in sand patches com-

pared to topsoil patches (Table 4). No other signif-

icant treatment effects on mass loss were observed.

DISCUSSION

We hypothesized that soil homogenization would

decrease productivity, nitrogen retention and

decomposition. Such a result would be consistent

with studies of variation in soil nutrient hetero-

geneity, where decreased nutrient heterogeneity

resulted in decreased productivity and decreased

plant nitrogen uptake (Maestre and others 2005,

2006, 2007; Maestre and Reynolds 2006a, 2007a).

Although our results demonstrated that these

ecosystem responses indeed varied with soil

homogenization, the direction of the responses

varied based on the source of heterogeneity.

Specifically, homogenization decreased productiv-

ity when woodchips were used to create hetero-

geneity, it increased productivity for the

microtopography treatment and it resulted in no

overall change in productivity in the sand treat-

ment. Such variation in responses might be ex-

plained by the differences among these sources of

heterogeneity in their likely effects on soil nutrient

and water availability; for example, as described

above, sand and woodchips could have opposing

effects on soil water holding capacity, woodchips
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could increase nutrient immobilization, and

microtopographic variation increases variation in

soil water content. We also hypothesized that the

ecosystem responses along microedges would differ

from the mean responses of the adjacent microsites.

Microedges in the woodchip and mound hetero-

geneous treatments exhibited greater forb produc-

tivity and aboveground N retention than the

average of their neighboring patches, which re-

vealed that microedges can be an important

mechanism whereby soil heterogeneity can alter

ecosystem function.

Overall, a high abundance of forbs and high

overall productivity were associated with increased

aboveground N retention. Homogenization, via a

reduction in productivity, decreased aboveground

N retention in the woodchip treatment. Heteroge-

neous woodchip plots had a patch of topsoil that

featured high aboveground productivity, whereas

homogeneous woodchip plots had woodchips

spread throughout, which suppressed plant

growth, possibly as a result of increased nutrient

immobilization (the latter was consistent with re-

duced aboveground 15N recovery in these plots).

Table 2. Mean N Retention and Total N (Standard Error) in Microsites Present in the Heterogeneous Plots

N retention (%) Total N (%)

Aboveground Belowground Aboveground Belowground

Woodchips

Topsoil 3.17 (0.98)a 18.50 (2.89) 0.73 (0.07)a 0.19 (0.01)

Microedge 3.01 (1.22)a 11.30 (1.82) 0.77 (0.07)ab 0.18 (0.01)

2:1 Woodchip–topsoil patch 0.49 (0.20)b 12.49 (3.12) 1.04 (0.15)b 0.19 (0.01)

Sand

Topsoil 3.63 (0.82) 13.45 (3.33) 0.60 (0.05)a 0.19 (0.01)a

Microedge 3.32 (0.66) 13.79 (2.19) 0.74 (0.07)ab 0.15 (0.01)b

4:1 Sand–topsoil patch 4.56 (0.82) 19.89 (3.65) 0.77 (0.07)b 0.08 (0.01)c

Topography

Pit

Topsoil 4.02 (0.82) 19.52 (2.67) 0.75 (0.08) 0.20 (0.01)a

Microedge 2.96 (1.19) 15.02 (2.26) 0.86 (0.11) 0.18 (0.01)b

Pit 1.93 (0.50) 17.24 (2.05) 1.01 (0.20) 0.14 (0.01)c

Mound

Topsoil 3.59 (0.75) 20.88 (2.67) 0.86 (0.08) 0.20 (0.01)a

Microedge 3.86 (1.20) 15.22 (3.28) 0.81 (0.09) 0.18 (0.01)b

Mound 2.20 (0.59) 14.49 (2.30) 0.80 (0.11) 0.19 (0.01)a

Numbers were back-transformed from the log scale log10(y + 1), standard error in the positive direction is shown.
Within each source of heterogeneity, microsites with different letters are significantly different according to a priori contrasts with t tests, n = 18, (p < 0.05).

Table 3. Mean Percent Aboveground and Belowground Total Nitrogen (Standard Error)

Aboveground total N (%) Belowground total N (%)

Woodchips

Heterogeneous 0.88 (0.07) 0.19 (0.01)

Homogeneous 0.90 (0.08) 0.19 (0.01)

Sand

Heterogeneous 0.72 (0.04) 0.14 (0.01)*

Homogeneous 0.75 (0.05) 0.12 (0.01)

Topography

Pit plot/heterogeneous 0.89 (0.45) 0.18 (0.01)*

Mound plot/heterogeneous 0.85 (0.14) 0.19 (0.01)

Flat plot/homogeneous 0.73 (0.15) 0.20 (0.01)

Numbers in bold were back-transformed from the log scale log10(y + 1), standard error in the positive direction is shown.
Within each source of heterogeneity, the heterogeneous treatment followed by * is significantly different (p < 0.05) from the homogeneous treatment according to a priori
contrasts with t tests, n = 18.
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The exact opposite response occurred in the

topography treatment, where flat topsoil plots (the

homogenization treatment) had higher above-

ground biomass than the pits and mounds, where

growth was suppressed. Pits also had lower

belowground nitrogen than the flat topsoil plots,

which may have occurred due to the suppression of

root growth in response to the wetter conditions.

Our findings for aboveground N retention re-

vealed that the abundance of the most productive

functional group (forbs) predicted the outcome,

which in line with the dominant plant species

controlling ecosystem processes (that is, the mass

ratio hypothesis—Grime 1998). However, changes

in functional group diversity (the relative abun-

dances of grasses, forbs and legumes) caused by soil

homogenization also were associated with in-

creased aboveground productivity and nitrogen

retention, which is consistent with previous studies

that have shown that functional group diversity is a

strong predictor of ecosystem function (Maestre

and others 2006; de Vries and Bardgett 2016). For

the heterogeneous plots in the sand treatment,

belowground nitrogen increased along with in-

creased grass abundance. Grasses develop dense

root systems and therefore promote high N reten-

tion in mature ecosystems (Phoenix and others

2008; Suding and others 2008). The heterogeneous

conditions in the sand treatment also promoted

increased diversity of plant functional groups (that

is, a more balanced community of grasses and forbs

compared to the forb-dominated homogenized

plots). The latter resulted in increased comple-

mentarity, with the increased belowground

sequestration of N from the dense grassroots being

combined with the large N pool present in the

‘‘top-heavy’’ forbs.

Topographic heterogeneity can promote the

development of temporal and spatial variability in

vegetation cover in grassland restoration (Bieder-

man and Whisenant 2011). In the mound hetero-

geneous plots, belowground nitrogen retention was
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Table 4. Mean Percent Mass Loss (Standard
Error) in Microsites Present in Heterogeneous Plots

Mass loss (%)

Woodchips

Topsoil 38.96 (3.13)

Microedge 34.56 (3.08)

2:1 Woodchip–topsoil patch 33.44 (4.93)

Sand

Topsoil 40.15 (2.02)a

Microedge 35.68 (3.31)ab

4:1 Sand–topsoil patch 29.68 (4.04)b

Topography

Pit

Topsoil 36.46 (6.21)

Microedge 26.88 (9.92)

Pit 27.26 (11.88)

Mound

Topsoil 41.36 (3.22)

Microedge 43.73 (4.54)

Mound 45.31 (3.41)

Numbers in bold were back-transformed from the log scale log10(y + 1), standard
error in the positive direction is shown.
Within each source of heterogeneity, microsites with different letters are
significantly different (p < 0.05) according to a priori contrasts with t tests,
n = 18.
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significantly greater than in the flat topsoil plots,

with forbs being most abundant along the mound

edges and grasses most abundant in the topsoil

patches. Thus, increased complementarity afforded

by increased functional group diversity appeared to

drive increased belowground N sequestration.

Mounds also can increase forb production during

grassland restoration by increasing water infiltra-

tion rates (Grant and others 1980; Naeth and others

2018). Moreover, mounding can directly affect

nutrient cycling (Hough-Snee and others 2011),

with the elevated temperatures on mounds

increasing decomposition and nutrient availability

(Walker and del Moral 2003; Bruland and

Richardson 2005), which may have contributed to

the increased belowground N retention in our

study.

Consistent with our prediction, homogenization

decreased litter decomposition in the mound

treatment (albeit not significantly), whereas con-

trary to our prediction, litter mass loss increased

significantly with homogenization in the woodchip

treatment. Similar to the productivity and N

retention results, these contrasting outcomes

highlight the importance of the type of hetero-

geneity in determining the responses of ecosystem

processes. In the case of the woodchip treatment,

increased soil nutrient immobilization in the

woodchip-dominated patch could have decreased

decomposition rates in the heterogeneous plots.

Overall, the lowest rates of decomposition were

observed in the plots with the greatest above-

ground productivity, which suggests that a portion

of the soil heterogeneity effects on decomposition

may have been indirect. The ecosystem functional

responses we investigated also were likely interre-

lated, given that the treatments with high above-

ground productivity tended to have a low

decomposition rates and belowground nitrogen

retention, coupled with high aboveground nitrogen

retention. Heterogeneous habitat conditions also

can increase invertebrate species diversity and

thereby affect ecosystem processes (Griffin and

others 2009). In our study, macrofauna appeared to

be most abundant in plots with topographic

heterogeneity, and in particular, numerous ant

colonies were observed on the mounds, which

could further explain the increased decomposition

in topographically heterogeneous plots.

CONCLUSIONS

Our study, which addressed changes in nitrogen

retention, aboveground productivity and decom-

position associated with soil homogenization in a

grassland restoration, was the first field experiment

to our knowledge to assess the relationship be-

tween soil heterogeneity and ecosystem function-

ing. Plant community responses to soil

homogenization are clearly influential in driving

the responses of ecosystem processes. To build

upon this work, future field experiments could

further uncover the mechanisms involved in these

responses by investigating the role of plant func-

tional traits using the response effect trait frame-

work (Garcı́a-Palacios and others 2012, 2013), or

root system responses (Liu and others 2017). We

demonstrated that soil homogenization has the

potential to alter and increase uniformity of

ecosystem properties across sites. In contrast, mi-

crosites and microedges in heterogeneous soils

facilitate complementarity in plant functional

groups that can increase ecosystem function.

Therefore, the addition of contrasting soil patches

to restoration sites could aid in restoring multiple

ecosystem functions, while establishing structural

diversity and biodiversity.
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