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ABSTRACT
Following the decline of industrial manufacturing, many US cities have experienced severe population reductions that have resulted in large
areas of vacant land. Urban agriculture has emerged as a desirable land use for these spaces, but degraded soils are common. Therefore, we
measured soil and plant responses to amendments and management in urban lots where vacant houses had recently been demolished in
Youngstown, OH, USA. Soil degradation was observed following demolition activities in the form of compaction (bulk density of
1·5–1·8 Mg m 3) and low soil microbial biomass C (21 mg C kg 1 soil). Our split-plot experiment measured the effects of organic matter
(OM) amendments produced from yard wastes and the use of raised beds on soil properties and vegetable crop yields. Two years after their
application, OM amendments resulted in signiﬁcant improvement to a number of soil physical, chemical, and biological properties. Vegetable
crop yields were improved by OM amendments in 2011 and by both OM amendments and the use of raised beds in 2012. A soil quality index, developed using factor analysis and the Soil Management Assessment Framework, produced values ranging from 0·60 to 0·85, which are
comparable to those reported for rural agricultural soils. All results indicate that urban agriculture can be productive in vacant urban land and
that amendments produced from urban yard wastes can improve soil quality at previously degraded sites and increase crop yields for urban
agriculture. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION
More than 50% of the world’s people live in cities, and populations are expected to become increasingly urban during
the coming decades (UNDP, 2011). Contrary to this global
demographic trend, populations in many cities in the North
Central USA have declined severely over the past 50 years
primarily because of large reductions in industrial
manufacturing in the region (Dewar & Thomas, 2013). These
shrinking populations have resulted in an abundance of vacant land and properties. By 2010, the cities of Youngstown
and Cleveland, Ohio, and Detroit, Michigan, all had lost
around 60% of their peak (mid-20th century) populations
and now contain around 2,800, 1,500, and 6,500 ha of vacant
land, respectively (reviewed in Beniston & Lal, 2012).
Vacant urban properties have been linked with increased
crime and decreased safety, while “greening” of urban lots
has positively impacted surrounding property values and reduced crime (Branas et al., 2011). Thus, many urban communities are attempting to repurpose vacant land as
functional greenspace with the goal of achieving social and
ecological beneﬁts (CUDC, 2008; Ozguner et al., 2012).
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Simultaneously, the economic recession and the promotion of locally produced foods have renewed interest in gardening in the USA (Schupp & Sharp, 2012), and
participation in urban agriculture has increased (Blaine
et al., 2010). Sparse data on crop yields in urban areas demonstrate that urban agriculture can produce robust yields of
vegetable and fruit crops (Beniston & Lal, 2012). While vacant urban land often occurs in areas without regular access
to fresh food (CUDC, 2008), urban agriculture has been
linked to increased access and consumption of fruits and
vegetables (Alaimo et al., 2008; Zezza & Tasciotti, 2010).
Estimates also suggest that if a large percentage of existing
vacant land were utilized for urban agriculture, cities such as
Detroit (Colasanti & Hamm, 2010) and Cleveland (Grewal
& Grewal, 2012) could produce a large portion of the specialty
crops that their populations consume. Agricultural producers
in urban areas, however, face a unique set of ecological limitations to crop production, and further research is needed to
improve agronomic management and productivity for urban
agriculture (Eriksen-Hamel & Danso, 2010).
Urban soils, in particular, may pose a signiﬁcant challenge for crop production. These soils are often highly modiﬁed by disturbance and occur on a continuum from soils
that reﬂect the native, regional soils to highly altered anthropogenic soils (Lehmann & Stahr, 2007; Pouyat et al., 2010).
Severe soil degradation is common in urban areas and can
make horticultural activities difﬁcult (De Kimpe & Morel,
2000; Lehmann & Stahr, 2007). Construction activities and
the demolition of vacant structures can lead to physical soil
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degradation, compaction, and reduced hydrologic function
(Gregory et al., 2006; USEPA, 2011). Soil contamination
by heavy metals is also common in both residential and former industrial sites in urban areas, so testing sites for
metals before planting crops is key to minimizing risk
(Minca et al., 2013; Roy & McDonald, 2013). Meanwhile,
huge quantities of organic waste products are available in
cities for potential processing as amendments to improve
degraded soils (Brown et al., 2012). Application of large
quantities of compost has consistently improved soil physical properties in urban soils under ornamental landscapes
and trees, suggesting potential beneﬁts for urban agriculture (Cogger, 2005).
Soil quality evaluation seeks to characterize the overall
ecological function of soils by selecting soil properties as indicators, measuring those properties, and calculating a score
or quantitative index for both the individual properties and
the whole soil (Doran & Parkin, 1994; Andrews et al.,
2004). Multivariate statistical tests, such as factor analysis,
have been used to select a subset of soil properties that explain a large proportion of the variation in a larger dataset
as soil quality indicators (Shukla et al., 2006). For calculating an index, the Soil Management Assessment Framework
(SMAF) provides researchers with scoring functions that
calculate a score between 0·0 and 1·0 for the measured
values of key soil properties (Andrews et al., 2004). These
scores can then be averaged for a soil quality index (SQI).
Together, these methods provide a process for evaluating
the ecological function of urban agriculture soils and for
identifying individual soil properties that are important to
the soil’s overall condition.
The study reported here aimed to assess soil quality for
vegetable crop production in an urban lot where vacant
buildings had recently been demolished. The speciﬁc objectives included as follows: (i) assess soil degradation in an urban soil following the demolition of vacant houses; (ii)
investigate the ability of amendments produced from organic waste materials to improve soil quality and support
vegetable crop production with and without raised beds in
a recently disturbed vacant lot soil; and (iii) determine which
soil properties served as indicators of crop growth under
these conditions. Urban agriculture in vacant lot soils is a
rapidly expanding horticultural activity, and this study provided a unique opportunity to evaluate soil agronomic properties, soil management for crop production, and the use of a
quantitative evaluation of soil quality at an urban agriculture
site, following a demolition.

MATERIALS AND METHODS
Site Description and Experimental Design
The experimental site was located on two contiguous urban
lots in the city of Youngstown, Ohio (at approximately
41°04′49″N, 80°40′35″W). Two vacant houses were
demolished on the site during winter 2010/2011, and the majority of the resulting material and debris were removed from
the site. The site was then graded with heavy machinery to
achieve a consistently level surface, using only soil from the
site.
The ﬁeld experiment was performed with a split-plot design that tested soil and plant responses to amendments
and management practices. The treatments were established
in the spring 2011. The main plot treatments were combinations of organic amendments: (i) unamended control (CNT);
(ii) 15-kg m 2 compost (equivalent to 150 Mg ha 1; CMP);
(iii) 15-kg m 2 compost and 2-kg m 2 biochar (equivalent
to 20 Mg ha 1) (CMP + B); and (iv) 15-kg m 2 compost and
managed under intensive cover cropping (CMP + ICC). The
compost was produced exclusively from leaves and grass
clippings, and a 10-cm layer was applied. Nutrient composition of the compost and key characteristics of the biochar are
provided in Table I. A randomized split-plot treatment was
applied to all main plots such that subplots had either as follows: (i) plants grown directly in the ground or (ii) 20-cm
raised beds with wooden sides that were ﬁlled with an additional 10 cm of soil from the site using hand tools. Each main
plot was approximately 1·52 × 6·10 m, with the long side
following a north/south axis. The main plots were arranged
in a randomized complete block design with six replications
for a total of 24 plots.
Management Practices and Crop Measurements
All plots were rototilled in June 2011, and amendments were
incorporated to a depth of 10 cm. Supplemental irrigation
was provided uniformly to all plots via drip irrigation, and
a fence was erected around the site. Weed control was by
hand or with hand tools.
Tomato (Solanum lycopersicum var. “Bellstar”) and
Swiss chard (Beta vulgaris subsp. cicla var. “Bright Lights”)
crops were planted as transplants in the CNT, CMP, and
CMP + B plots following tillage in June 2011. Tomatoes
were planted in two rows with 0·75-m spacing. Swiss chard
was planted in four rows with 0·35-m spacing. Swiss chard
was harvested in early August and tomatoes in early
September 2011. All plots were broadcast seeded to an

Table I. Nutrient composition of compost amendment and key properties of biochar amendment applied in the experiment
Nutrient concentrations in compost:
C (g kg 1)
240

N (g kg 1)
17·5

Key properties of biochar:a
Feedstock material
Production temperature (°C)
Oak
400

P (mg kg 1)
290

K (mg kg 1)
5,750

C content (g kg 1)
790

pH
9·5

Ca (mg kg 1)
6,090

S (mg kg 1)
270

a

A more detailed description of the biochar is given in Hottle (2013).
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annual ryegrass (Lolium multiﬂorum var. “Bruiser”) in
October 2011, at a rate equivalent to 45 kg ha 1. The ryegrass was mowed in early May 2012 and incorporated by
rototilling. In 2012, tomatoes (the same variety as previously
mentioned) were planted in mid May and harvested in
early September. Sweet potatoes (Ipomoea batatas var.
“Beauregard”) were planted in early June 2012 and harvested in early October. Sweet potatoes were planted in
two rows 0·75 m apart and spaced 0·35 m between plants.
In 2012, crops were assigned to main plots such that tomatoes were only grown in plots that did not have tomatoes
during 2011, and sweet potatoes were planted in the plots
that did have tomatoes in 2011. During both growing
seasons, each crop type had three complete blocks that were
interspersed together.
The CMP + ICC plots were planted with a succession of
cover crops during the ﬁrst year of the experiment and thus
did not have tomatoes or chard. In June 2011, the CMP +
ICC plots were planted to sorghum–sudangrass (Sorghum
bicolor X S. bicolor var. sudanese var. “BMR”). The
sorghum–sudangrass was seeded at a rate equivalent to
27 kg ha 1 and was cut with a gas-powered hedge trimmer
to 5-cm height twice during the growing season. All of the
clipped biomass was then placed on the plot. In late August
2011, tillage radish (Raphanus sativus var. “Tillage”) was
seeded in between the rows of sorghum–sudangrass. The
sorghum–sudangrass was killed by autumn frosts, and the
radishes grew to maturity in December 2011. Annual ryegrass was planted in October 2011 by broadcasting over
the radishes. Aboveground biomass samples of the
sorghum–sudangrass were taken at the time of each cutting
and in October 2011 dried for 48 h at 60°C and the dry mass
recorded.
Crop Yield Measurements
At harvest, vegetable crops were sorted into damaged and
unripe crops or market quality and measured separately.
All crop yields reported herein reﬂect the yield of market
quality produce.
Soil Sampling
Baseline soil samples were collected in late May 2011, after
construction of the raised beds but prior to the application of
the amendments and planting. A single intact core sample
was collected from each subplot at 0–10-cm depth. Bulk soil
samples were collected with hand trowels by taking ﬁve
samples per subplot (0–10 cm) and mixing them. Soil aggregate samples were separated from ﬁeld moist soil by passing
the soil through an 8-mm sieve and capturing the aggregates
retained on a 4·75-mm sieve. All subplots were sampled
again in September 2012 at the conclusion of the experiment, including bulk soil, aggregates, and intact cores. Intact
cores were collected from 0–10 and 10–20 cm at the ﬁnal
sampling date. An additional set of samples was collected
from all plots for microbial biomass C (MBC) analysis during May 2012. The same protocols were utilized during all
experimental sampling dates.
Copyright © 2014 John Wiley & Sons, Ltd.

Soil Physical Analyses
Bulk density was measured with intact core samples. Gravimetric water content was determined by drying a subsample
from the cores at 105°C for 48 h. Soil aggregate stability was
measured with a wet sieving process (Nimmo & Perkins,
2002) using a laboratory apparatus ﬁrst described by Yoder
(1936). The resulting data were then used to calculate the
percent of soil in water-stable macroaggregates (%WSA;
>0·25 mm) and aggregate mean weight diameter (MWD).
Available water capacity (AWC) of the soil was estimated
by measuring water retention at matric potentials of the ﬁeld
capacity ( 33 kPa) and permanent wilting point
( 1,500 kPa) using a ceramic pressure plate apparatus (Soil
Moisture Equipment Corp., Santa Barbara, CA, USA; Dane
& Hopmans, 2002). The volumetric water content at saturation was measured as an estimate of total porosity. Intact
core samples were used to measure the water retention at saturation and ﬁeld capacity, while sieved soil (<2·0 mm) was
used for the permanent wilting point measurement.
Soil Chemical Analyses
Soil pH was measured with a 1:1 soil to water solution.
Cation exchange capacity (CEC) was measured using
1-M-ammonium acetate extraction. The total concentrations
of lead (Pb), arsenic (As), and cadmium (Cd) were analyzed
using US Environmental Protection Agency (EPA) Method
3150a, a microwave-assisted digestion of soil in a solution
of HCl and HNO3 followed by inductively coupled plasma
emission spectrometry. Plant available, or extractable (Ext.),
nutrients were estimated using a Mehlich-3 process (Mehlich,
1984) with inductively coupled plasma analysis.
Soil Biological Analyses
Microbial biomass C was determined in sieved (6·75 mm)
ﬁeld moist soil (Vance et al., 1987). Soil samples (10 g)
were fumigated with chloroform (50 ml) for 24 h then extracted with 80 ml of 0·5 M K2(SO4) and ﬁltered through
Whatman no. 42 ﬁlter paper. Unfumigated control samples
were extracted using the same process. Carbon content of the
samples was then analyzed in a Shimadzu TOC-V Analyzer
(Columbia, MD, USA), using the nonpurgeable organic C
method. Total C and N were measured by the dry combustion
(900°C) method (Vario Max, Elementar Analysensysteme,
Hanau, Germany). Soil C pools (0–10 cm) were calculated
using an equivalent mass method, to account for differences
in bulk density among treatments (Ellert & Bettany, 1995).
Bulk density measurements made on the 10–20-cm depth were
utilized in the determination of equivalent soil masses.
Data Analysis
Treatment effects were tested on all soil and crop data by
analysis of variance (ANOVA) in PROC MIXED in SAS
v9·2 statistical software. The model tested main plot organic
matter (OM) amendments, subplot raised beds, and the OM
amendments by raised bed interaction as ﬁxed effects, while
block and block by OM amendments were treated as random
effects. Because of the split-plot design, the error as a result
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of the interaction between block and OM amendments was
used as the denominator in the F-test of the effect of amendments. Tukey’s honest signiﬁcant difference was used to
perform mean separations. No transformations were required to improve the normality of the residuals.
Soil Quality Index
An SQI was developed from soil data from the September
2012 samples using a process adapted from Andrews and
Carroll (2001). The ﬁrst step in reducing the dataset was to
include only soil properties where a treatment effect was detected (p < 0·05), for either OM amendments or raised beds.
An exploratory principal components analysis (PCA) was
then conducted on the soil properties using the princomp
function in R version 3·0·1 software (R Core Development
Team, 2013), with a correlation matrix input. PCA was used
to determine the number of principal components needed to
explain >85% of the cumulative variation in the dataset;
here, this required ﬁve principal components. A factor
analysis was then conducted on the dataset using the
factanal function in R, with a quartimax rotation from the
GPARotation package (Bernaards & Jennrich, 2005). The
factor analysis was conducted on ﬁve factors, in an attempt
to approximate the cumulative variation explained in the
PCA, with the goal of exploring the contribution of individual soil properties to total variation in the dataset. Soil properties with factor loading scores >0·70 were considered for
inclusion in the SQI minimum dataset. At this point, soil
properties were included in the SQI if they met two criteria:
(i) They had a loading value within 0·1 absolute value of the
highest loading under individual factors in the factor analysis and (ii) they had an existing scoring curve in the SMAF
spreadsheet (refer to the succeeding texts).
Scores were calculated for the individual soil properties in
the SQI using SMAF (Andrews et al., 2004). SMAF is both
a framework for developing SQIs and a spreadsheet that
contains scoring curves for approximately 12 soil properties.
The scoring curves provide a score between 0·0 and 1·0 for
measured soil property values based on previously described
relationships to key soil functions such as crop production,
hydrologic cycling, and environmental buffering.
Scores were generated for four key soil properties following
the reduction in the dataset via factor analysis. Scores for the
individual soil properties were weighted equally in the calculation of the overall SQI values, which represent the average
of the individual property scores. Scoring curves were adjusted the same for all samples according to site-speciﬁc factors related to soil taxonomy, agricultural management, and
climate. Scores for both individual soil properties and overall
soil quality were calculated for each observation and then analyzed using the ANOVA model described previously.
RESULTS AND DISCUSSION
Baseline Soil Properties
Soil at the site had bulk density values of 1·79 Mg m 3 in the
in-ground plots and 1·55 Mg m 3 in the raised beds
Copyright © 2014 John Wiley & Sons, Ltd.

(Table II), demonstrating a high level of soil compaction.
The raised beds were ﬁlled with soil from the site, and the
high bulk density values measured in them may have been
because of the rapid settling of this already compacted soil
with poor structure. Compaction resulting from heavy machine trafﬁc and grading leads to reduced levels of water inﬁltration and inhibits many soil-mediated ecosystem
services (Lal & Shukla, 2004; Gregory et al., 2006). Our
baseline soil analysis suggested that compaction was a principal soil-based constraint to crop growth at the site, as bulk
density values in this range may restrict the growth of roots
(USDA NRCS, 2000).
Soil at the site had a slightly alkaline pH (Table II), which
may be because of mixing of alkaline subsoil layers into the
surface from the site grading, as well as the weathering of
building materials rich in calcium carbonate (Howard &
Olszewska, 2011). Baseline soil lead (Pb) concentrations occurred at a mean of 95 mg kg 1 (Table II). Soil testing for Pb
is widely recommended for urban agriculture (Minca et al.,
2013), as Pb represents a signiﬁcant public health risk
(Fillipelli & Laidlaw, 2010). The Pb concentration observed
at the site is signiﬁcantly lower than the US EPA’s screening
level of 400 mg kg 1 and thus was not considered a signiﬁcant risk to agriculture at the site.
Mean total C concentration was 12·8 g kg 1 soil, while
MBC concentration averaged 20·8 mg kg 1 soil. These are
both low levels and are largely because of the removal or
mixing/burial of existing topsoil during the demolition activities at the site. Low soil C and MBC levels have been documented previously following construction activities in
urban areas (Scharenbroch et al., 2005).
Soil Physical Properties Following 2 Years of Management
The application of the main plot OM amendments drove signiﬁcant changes in all physical properties except AWC in
the soil surface (0–10 cm; Table III). Many of the measured
properties demonstrated a trend where all of the OM amendments performed better than the control, but there was no
further statistical separation among the treatments. The exception was aggregate MWD, where the highest values
(1·43 mm) were observed in the CMP + ICC plots.
Sorghum–sudangrass produces a dense root system that
likely increased macroaggregate formation through mechanical forcing by growing roots, through deposition of particulate OM, and by supporting rhizosphere microbial
communities that are important to aggregate formation
(Jastrow et al., 1998). Bulk density at the 10–20-cm depth
was not affected by OM amendments (Table III), suggesting
that physical improvements from adding OM amendments
to a highly compacted soil are limited to the soil surface,
over the short timescale (2 years) reﬂected in this study. Improving soil structure and mitigating compaction below the
surface layer are major challenges for degraded sites such
as this one and are a topic that would beneﬁt from further
experimentation.
Raised beds did not impact bulk density or MWD, while
in-ground plots had higher %WSA, AWC, and total
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Table II. Summary statistics of baseline soil properties from soil samples (n = 48) from an agriculture experiment in a vacant urban lot soil
collected in June 2011 directly after the demolition of vacant houses and regrading of the site
Soil property
Physical properties
% clay
% sand
Bulk density 0–10-cm depth (g cm 3)
In ground (n = 24)a
Raised beds (n = 24)
Available water capacity (AWC) 0–10-cm depth (cm)
In ground
Raised beds
Chemical properties
Total N (g kg 1 soil)
pH
CEC (cmolc kg 1)
Mehlich III nutrients (mg kg 1)
P
K
Ca
Mg
S
Fe
Zn
Total trace elements (mg kg 1)
Pb
As
Cd
Biological properties
Total C (g kg 1 soil)
Microbial biomass C (mg C kg 1 soil)

Mean

Standard error of the mean

Range

Coefﬁcient of variation

16·8
36·8

0·17
0·42

13·4–19·6
32·3–49·5

0·07
0·08

1·79
1·55

0·03
0·02

1·53–1·99
1·37–1·71

0·07
0·06

1·1
1·0

0·14
0·10

0·5–2·6
0·6–1·8

0·64
0·50

0·8
7·5
10·4

0·02
0·03
0·35

0·5–1·3
6·4–7·9
7·4–22·5

0·19
0·03
0·23

11·9–50·8
33·9–126·2
1,120–5,070
100–240
64·7–700
60·5–156
8·3–88·6

0·40
0·36
0·41
0·19
0·78
0·22
0·70

22·6
47·0
1,810
138
158
97·6
18·8

1·30
2·41
107·24
3·87
17·75
3·05
1·91

95·0
11·8
0·5

5·05
0·22
0·03

49·2–172
7·7–15·3
0·3–1·2

0·37
0·13
2·5

12·8
20·8

0·05
3·45

8·2–24·3
0·9–109

0·03
1·15

a
Values reported for bulk density and AWC for both in ground and raised bed subplots because soil physical properties were markedly different between those
two treatments.

porosity. Additionally, we observed an OM by raised bed interaction effect with AWC that was a result of higher AWC
values in amended in-ground plots. The likely reason for these
observations is that the initial bulk density in the in-ground
plots (Table II) was so high that incorporation of amendments,
even with heavy tillage, was difﬁcult. So, a large proportion of
the OM amendments remained higher in the proﬁle, which
gave in-ground plots higher overall concentration of OM
and resulted in observations of higher values across numerous
soil physical, chemical, and biological properties.
Soil Chemical Properties Following 2 Years of Management
Organic matter amendments resulted in four times higher total soil N and two to ﬁve times higher Ext. concentrations of
all nutrients (Table III). These data support the proposition
that applying amendments produced from urban green waste
products can increase plant available nutrient pools. OM
amendments lowered the soil pH signiﬁcantly from 7·9 in
CNT plots to 7·6–7·7 in amended plots. In general, total soil
N and Ext. nutrient concentrations were higher in the inground plots than in the raised beds, again likely driven by
better mixing of amendments in the raised beds.
Soil Biological Properties Following 2 Years of Management
Microbial biomass C was 20 times greater in May 2012 and
ﬁve to eight times greater in September 2012 in amended
Copyright © 2014 John Wiley & Sons, Ltd.

versus control plots, likely because of the large C substrate
available for decomposition, as well as increases in soil aggregation and water retention (Table III; Wardle, 1992).
The very low levels of MBC observed in the control plots
suggest that the demolition disturbance and resulting compaction greatly impair soil microbial activity.
Organic matter amendments resulted in ﬁve times larger
concentrations of total C in the soil surface layer, raising soil
C concentrations to approximately 6% by mass (Table III).
Plots receiving OM amendments had soil C pools four to
ﬁve times larger than unamended CNT plots (Figure 1).
Data for both C concentrations and C pools suggest that
the CMP + B and CMP + ICC plots did not contain more
C than the CMP plots, despite receiving signiﬁcant additional C inputs. Despite higher concentrations of total C in
the in-ground plots (Table III), the equivalent mass method
indicated that the total C pools in the raised beds contained
40% more soil C (Figure 1), suggesting that the improved
incorporation of the amendments may have facilitated increased preservation of C. After two growing seasons, comparison of C pools in amended plots versus CNT plots
suggests that around 80% of that initial mass of C applied
via compost remains in CMP plots, although it is expected
that the compost C will continue to decompose for several
years before reaching an equilibrium level (Brown et al.,
2012). Thus, applying amendments produced from yard
LAND DEGRADATION & DEVELOPMENT, (2015)
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12·1 a
7·8 a
53· 6 a
7·87 a
0·9 a
24·6 a
55 a
2244 a
182 a
84·9 a
455 a
120 a
16·3

25·6***
10·0**
11·4***
19·6***
28·4***
85·3***
46·2***
38·6***
33·0***
31·0***
46·9***
13·5***
1·0 ns

a

a
a

1·46
1·51
0·30
0·60
0·9
0·37

af

CNT

23·6 ***
0·04 ns
7·0**
4·4*
2·7 ns
14·3***

F-valueb

95·6 b
211 b
4035 b
558 b
153 b
293 b
147 b
19·9

7·63 b
4·7 b

61·9 b
223 b
266 b

1·05 b
1·50
0·49 b
1·11 ab
1·4
0·53 b

CMP

96·9 b
226 b
4157 b
553 b
160 b
311 b
154 b
28·8

7·69 b
4·2 b

59·7 b
229 b
195 b

0·98 b
1·49
0·48 b
0·93 ab
1·7
0·55 b

CMP + B

100·8 b
216 b
4094 b
610 b
156 b
282 b
154 b
19·6

7·61 b
4·4 b

57·7 b
265 b
284 b

0·98 b
1·52
0·49 b
1·43 b
1·4
0·53 b

CMP + ICC

48·1***
11·5**
32·0***
13·4**
25·9***
13·8**
19·2**
8·3**

7·0*
15·4**

16·7**
5·8*
6·84*

0·67 ns
2·4 ns
10·7**
0·3 ns
19·8**
14·0**

F-valuec

91·2 a
157 a
3983 a
514 a
151 a
313 a
151 a
28·8 a

7·72 a
4·1 a

55·9 a
213 a
233 a

1·10
1·46
0·49 a
1·05
1·6 a
0·54 a

In ground

Raised beds

68·8 b
197 b
3282 b
437 b
126 b
357 b
137 b
13·5 b

7·68 b
3·0 b

39·8 b
150 b
166 b

1·14
1·55
0·40 b
0·99
1·0 b
0·45 b

Raised bed

1·73 ns
1·50 ns
0·99 ns
3·0 ns
0·45 ns
2·41 ns
0·48 ns
0·75 ns

0·46 ns
1·54 ns

1·60 ns
1·63 ns
0·56 ns

0·73 ns
1·99 ns
0·18 ns
0·37 ns
3·98*
3·87*

OM × raised bed
F-valued

a
Main plot organic matter amendment treatments include unamended controls (CNT), amended with compost (CMP), amended with compost + biochar (CMP + B), and compost + intensive cover cropping (CMP +
ICC). Values are means from ANOVA.
b
F-test of organic matter amendments had degrees of freedom of 3 in the numerator and 15 in the denominator.
c
F-test of raised beds had degrees of freedom of 1 in the numerator and 20 in the denominator.
d
F-test of OM and raised bed interaction had degrees of freedom of 3 in the numerator and 20 in the denominator.
e
*p < 0·05, **p < 0·01, ***p < 0·0001, and ns = not signiﬁcant.
f
Lower case letters indicate mean groupings according to Tukey’s honest signiﬁcant difference.

Physical properties
Bulk density 0–10 cm (Mg m 3)
Bulk density 10–20 cm (Mg m 3)
%WSA
MWD (mm)
AWC 0–10 cm (cm)
Total porosity (m3 m 3)
Biological properties
Total C (g C kg 1 soil)
MBC (mg C kg 1 soil) May 2012
MBC (mg C kg 1 soil) September 2012
Chemical properties
pH
Total N (g N kg soil 1)
Extractable elements (mg kg 1)
P
K
Ca
Mg
S
Al
Fe
Zn

Soil property

Organic matter amendmentsa

Table III. Measured soil properties from an agriculture experiment in a vacant urban lot soil from ﬁnal sampling in September 2012
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Figure 1. Soil C pools calculated on equivalent soil mass at an agricultural
experiment in a vacant urban lot soil. Least squared means are presented for
main plot treatments of unamended controls (CNT), amended with compost
(CMP), amended with compost + biochar (CMP + B), and compost + intensive cover cropping (CMP + ICC), as well as subplots where crops were
grown either in ground (GR) or in raised beds (RB). Error bars are standard
errors, and lower case letters indicate mean groupings according to Tukey’s
honest signiﬁcant difference test. This ﬁgure is available in colour online at
wileyonlinelibrary.com/journal/ldr.

wastes is an effective practice for rapidly increasing soil C
pools at degraded urban sites.
Crop Yields
Organic-matter-amended plots produced greater tomato
yields than CNT plots in 2011, while surprisingly, raised
beds did not (Figure 2). A portion of the Swiss chard plots
were damaged by herbivory from deer (Odocoileus
virginianus) during 2011, which prevented ANOVA testing

(Figure 2). Mean values from harvested plots, however, indicated similar trends as the tomato crop. Sorghum–
sudangrass produced the equivalent of 10·5 and 9·4 Mg ha 1
of dry matter in the in ground and raised bed CMP + ICC
plots in summer 2011, demonstrating an excellent ability
to produce biomass on the degraded site.
In 2012, OM treatments demonstrated a strong effect on
tomato yield with amended plots producing eight to ten
times more than unamended ones (Figure 2). The three
OM amendments did not differ statistically, but the trend
in the data suggests that CMP + ICC plots produced slightly
higher tomato yields. Using raised beds also increased tomato yields (Figure 2). Experimental yields averaged only
6–59% of the average on-farm yield of 6·2 kg m 2 for processing tomatoes in Ohio (2006–2009; http://usda.mannlib.cornell.
edu/MannUsda/viewDocumentInfo.do?documentID=1210).
Tomato yields in amended plots were very similar between 2011
and 2012, but yields in the CNT plots were much lower in 2012.
Both the OM and raised bed treatments demonstrated
strong positive effects on sweet potato yield, as OMamended plots produced 10–15 times more than CNT
(Figure 2). As with tomatoes, CMP + ICC plots tended to
yield slightly more. Observed yields from plots amended with
OM in this study were slightly higher or similar to the average
yields for commercial sweet potatoes in North Carolina
(2·0 kg m 2) and New Jersey (1·25 kg m 2; 2007–2010; http://
usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?
documentID=1492).
All crop yield observations are consistent with many previous reports of increased crop yields in degraded soils as a

Figure 2. Measured 2011 and 2012 yields for vegetable crops grown in an agricultural experiment in a vacant urban lot soil. Least squared means are presented
for main plot treatments of unamended controls (CNT), amended with compost (CMP), amended with compost + biochar (CMP + B), and compost + intensive
cover cropping (CMP + ICC), as well as subplots where crops were grown either in ground (GR) or in raised beds (RB). Error bars are standard errors, and
lower case letters indicate mean groupings according to Tukey’s honest signiﬁcant difference test. Statistical tests were not run on 2011 Swiss chard crop because of damage by herbivory. Replication for crops was the following: 2011 tomatoes (n = 3), 2011 Swiss chard (n = 2), 2012 tomatoes (n = 3), and 2012 sweet
potatoes (n = 3). This ﬁgure is available in colour online at wileyonlinelibrary.com/journal/ldr.
Copyright © 2014 John Wiley & Sons, Ltd.
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result of compost application (Diacono & Montemurro,
2010), biochar application (Kimetu et al., 2008), cover
cropping with sorghum–sudangrass (Wolfe, 1997), and cover
cropping with tillage radish (Williams & Weil, 2004). The extremely low 2012 yields in the CNT plots were likely inﬂuenced by high temperatures and drought that occurred that
year (Al-Kaisi et al., 2013).
Correlation Between Soil Properties and Crop Yields
A basic framework for determining the suitability of sites for
vegetable crop production is to evaluate the nutrient levels
from a soil test against recommended levels for crop production. Gaus et al. (1993) reported desirable soil test
levels for tomato production that included 62–75 mg kg 2
Ext. P, 162–212 mg kg 2 Ext. K, 150–225 mg kg 2 Ext.
Mg, 1,500–2,250 mg kg 2 Ext. Ca, OM >2·5%, and pH between 6·4 and 6·8. Our control plots contained only
24·6 mg kg 2 Ext. P and 55 mg kg 2 Ext. K, indicating a considerable deﬁciency of these key macronutrients (Table III).
OM amendments, however, raised the levels of Ext. P, Ext.
K, and all other nutrients well above the desired levels for
tomato production, suggesting that vegetable nutrient requirements can be provided for urban agriculture with OM
inputs.
Soil Quality Index
Factor analysis and the process of taking the most highly
weighted soil properties for individual factors (Table IV) resulted in an SQI dataset that included Ext. P, total C, AWC,
and pH (Table V). The overall SQI scores calculated with
Table IV. Factor loadings of soil properties at an agriculture experiment in a vacant urban lot soil from a factor analysis

Bulk
density
%WSA
MWD
Total
porosity
AWC
Total C
Total N
pH
Ext. P
Ext. K
Ext. Ca
Ext. Mg
Ext. S
Ext. Al
Ext. Fe
Ext. Zn
MBC—
October
MBC—
May

Factor
1

Factor
2

Factor
3

0·799

0·191

0·197

0·688
0·483
0·729

0·124

Factor
4

Factor
5

0·432
0·533
0·618

0·143
0·748
0·730
0·243

0·806
0·104
0·107

0·316
0·122

0·221

0·370
0·643
0·660
0·563
0·962
0·805
0·954
0·986
0·969
0·822
0·814
0·278
0·730

0·244
0·126

0·658

0·107

0·110

0·106
0·685
0·105
0·177

0·130
0·120
0·196

0·199
0·214

0·112
0·163

0·642
0·142

Using a quartimax rotation and ﬁve factors. Values in bold represent loadings within 0·1 of the absolute value of the highest loading per factor.
Copyright © 2014 John Wiley & Sons, Ltd.

SMAF indicate that all OM amendments resulted in a significant increase in soil quality compared with the unamended
control, while the SQI for raised beds was not signiﬁcantly
different than that for in-ground plots (Table V). The SQI
scores observed in this study (0·60–0·85) are near the ranges
reported (0·75–0·95) in recent studies that used SMAF to
evaluate soils in croplands in the Midwestern USA (Jokela
et al., 2011; Stott et al., 2011; Stott et al., 2013), suggesting
that OM amendments improved soil function in the surface
layer (0–10 cm) to a level comparable with rural agricultural
soils. CNT plots were clearly degraded compared with agricultural soils.
Some observations in this dataset suggest that the scoring
curves from SMAF will beneﬁt from further reﬁnement. The
Mehlich-3 P concentration in the CNT plots received a score
of 0·99 (Table V), despite being well below the soil P level
recommended for vegetable crop production. The overall
score for the CNT plots (0·60) appears to overestimate the
condition of the soil in these plots, as they produced almost
no measurable crop yields in 2012 (Figure 2), suggesting
that their level of soil function is likely not at 60% of potential. Possible reasons for these discrepancies include the following. First, as a framework, SMAF works to incorporate a
number of ecological outcomes, such as environmental buffering, into scores, rather than solely focusing on crop production as an endpoint. Second, the extremely low crop
yields in the CNT plots suggest that with suboptimal soil
quality, soil function is greatly impaired by severe environmental stressors such as the drought conditions of summer
2012 (Al-Kaisi et al., 2013).
The method of using factor analysis to determine soil
quality indicators may not transfer well to ﬁeld assessments
of urban agriculture sites as it requires complex analysis and
may be viewed as a nontransparent process. In a previous report on using factor analysis for soil quality evaluation,
Shukla et al. (2006) suggested that soil properties that receive high loadings in the individual factors collectively represent a key soil function. Viewed from this perspective, the
factor analysis in this study provides guidance toward a less
complex process of selecting soil quality indicators in vacant
urban lots. The critical soil functions suggested by our factor
analysis include (numbers correspond to the factors in
Table IV): (1) providing plant available nutrients; (2) carbon
and nitrogen cycling; (3) soil structure and water holding capacity; and (4) pH regulation of chemical and biological reactions. These groupings suggest that a general approach to
assessing soil quality in disturbed urban lot soils could
include soil nutrient and pH testing, measuring soil OM
(carbon) content, and evaluating soil structure and compaction. Soil Pb testing should also be included in soil evaluation of vacant urban lots, as Pb is a public health risk at
some sites (Minca et al., 2013).
Implications for Urban Agriculture
The results presented here suggest that applying large
amounts of OM amendments, produced from yard wastes,
is a viable strategy for improving soil quality and facilitating
LAND DEGRADATION & DEVELOPMENT, (2015)
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Table V. Soil property and soil quality index (SQI) scores from SMAF
Treatmenta
AWC
Ext. P
pH
Total C
Overall SQI score

F-valueb

CNT

CMP

CMP + B

CMP + ICC

6·6**
4·2*
18·9***
183·7***
41·5***

0·30 ae
0·99 a
0·82 a
0·32 a
0·60 a

0·55 b
0·91 ab
0·88 b
1·0 b
0·83 b

0·62 b
0·92 ab
0·86 b
1·0 b
0·85 b

0·51 b
0·86 b
0·88 b
1·0 b
0·81 b

F valuec
18·1**
20·4***
7·1*
2·0 ns
0·36 ns

In ground

Raised bed

0·60 a
0·86 a
0·86 a
0·81
0·78

0·40 b
0·98 b
0·87 b
0·85
0·77

a

Main plot organic matter amendment treatments include unamended controls (CNT), amended with compost (CMP), amended with compost + biochar (CMP + B),
and compost + intensive cover cropping (CMP + ICC). Values are means from ANOVA.
F-test of organic matter amendments had degrees of freedom of 3 in the numerator and 15 in the denominator.
c
F-test of raised beds had degrees of freedom of 1 in the numerator and 20 in the denominator.
d
*p < 0·05, **p < 0·01, ***p < 0·0001, and ns = not signiﬁcant.
e
Lower case letters indicate mean groupings for properties according to Tukey’s honest signiﬁcant difference where a signiﬁcant treatment effect (p < 0·05) was
detected.
b

crop production in physically degraded urban soils. The
quantity of compost applied in this study (15 kg m 2 or
150 Mg ha 1) is quite large, and testing the effect of smaller,
but still signiﬁcant, compost application rates
(50–100 Mg ha 1) on crop production in similar soils is a
logical progression from these data. Compost applied at
lower rates than those used in this study has improved soil
properties and crop growth in highly degraded soils in other

ecological contexts, which suggests that it could be effective in urban soils (Courtney & Harrington, 2012; Oo
et al., 2013; Jaiarree et al., 2014; Vittal et al., 2014). It is
worth noting that the quantity of compost necessary to
amend this 0·1-ha research site was purchased for approximately $225, indicating that this rate of compost application is ﬁnancially feasible for many urban agriculture
sites in the USA.
The trends of increased crop yields, improvement to soil
physical properties, and large quantities of biomass produced by the sorghum–sudangrass indicate that cover
cropping is an excellent practice for urban producers with
sufﬁcient space to incorporate it in their management.
Sorghum–sudangrass, in particular, produced large quantities of biomass and improved soil structure, but it does require warm growing season temperatures. Low-cost soil
remediation measures (compost and cover cropping) are
likely suitable for a much a wider application in restoring
degraded urban soils, as they have proven effective at improving soil properties and plant growth in systems such
as minelands that have undergone severe disturbances and
degradation (Raizada & Juyal, 2012; de Souza et al., 2013;
Mukhopadhyay & Maiti, 2014; Pallavicini et al., 2014).
Raised beds allow producers to create a well-aerated soil
surface layer that facilitates improved rooting depth and
mixing of amendments (Figure 3). They provided signiﬁcant
increases in crop yields in this study and are another management strategy that may improve urban agriculture outcomes. These data also suggest that soil macronutrients,
such as K, P, Ca, Mg, and S, are key to crop growth and occur at variable concentrations in vacant urban lots. This
trend suggests that conducting multiple, discreet soil tests
and developing nutrient management plans may be key
practices for maximizing crop yields in similar soils.
CONCLUSIONS

Figure 3. The layout of the experimental garden: (a.) the plots in July 2011
with control (CNT) in the foreground, compost-amended (CMP) plot in the
middle, and compost plus intensive cover cropping (CMP + ICC) with sorghum/sudangrass in the background and (b.) an overview of the garden in
September 2011; sorghum sudangrass is still growing following the vegetable harvest. This ﬁgure is available in colour online at wileyonlinelibrary.
com/journal/ldr.
Copyright © 2014 John Wiley & Sons, Ltd.

This study documented soil properties and crop growth, as
well as their response to experimental treatments of OM in
a physically degraded urban soil. The results indicate that
demolition of vacant houses and regrading of the site impaired soil function by resulting in high bulk density values
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J. W. BENISTON ET AL.

and low total C and MBC. Demolition did not, at this site,
result in Pb contamination in the soil surface. The data also
provide evidence that the application of large quantities
(15 kg m 2) of compost produced from urban yard waste
can improve numerous soil properties, result in measurable
differences in soil quality, and facilitate favorable yields of
vegetable crops within 2 years of application. Analyses of
the measured soil properties from the study suggested that
AWC, pH, Total C, and Ext. P were robust indicators of
overall soil quality and illustrate that macronutrients are important for crop production in these systems. Taken together,
these observations provide unique experimental evidence
that vacant urban land in shrinking industrial cities holds
signiﬁcant potential for urban agriculture and that the transformation of biomass wastes into soil amendments can provide a key input for such systems.
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