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Executive summary

Community gardens provide multiple ecosystem services for people and the
environment. These practical spaces produce food, reintroduce a natural
aesthetic into metropolitan areas, and can support the local economy.
Nonetheless, there are health risks associated with consuming foods grown in
urban soils. Recent studies in cities across the world show that plant uptake of
heavy metals from soil is highest among leafy greens, which are some of the
most common products of community gardens. Furthermore, the extent of soil
pollution is proportionate to the distance from various sources, such as buildings,
industrial sites, and roadways. However, few studies have compared patterns of
soil contaminant distribution and uptake at citywide scales, or compared metal
concentrations between leafy greens that were grown in community gardens and
commercial agricultural fields. Additionally, few studies have been conducted on
community garden soils in arid or semi-arid cities where dryland soil properties
may affect pollutant exposure.

In this study, we examined the concentration of lead (Pb) and cadmium (Cd) in
soil and leafy green vegetables in five community gardens within metropolitan
Phoenix, AZ, a city of 4 million people located in the northern Sonoran Desert. In
addition, we compared the heavy metal content of soil, store-bought spinach,
and community garden leafy greens (mixed kale and spinach) relative to state,
federal, and international health limits.
Findings:
• Pb content of soil from Phoenix-area community gardens ranged from 28.8
to 238.2 mg Pb/kg. Soil Cd content ranged from 0.6 to 8.9 mg Cd/kg. Mean
Pb and Cd concentrations were below the guidelines set for residential soil
by the US Environmental Protection Agency (EPA). A few gardens were
above the limits set by California. Based on limited sampling of 5 locations,
soil metal content in community gardens was not significantly related to
regional patterns of soil metal content across the metro area. However,
further research is necessary to confirm this pattern.
• Pb content of leafy green vegetables grown in community gardens ranged
from undetectable to 0.28 mg Pb/kg fresh weight, while plant Cd ranged
from 0.01 to 0.18 mg Cd/kg fresh weight. Garden leafy green Pb and Cd
concentrations are at or below the maximum recommended limit based on
international (EU) guidelines.
• Pb content of conventional spinach from grocery stores was undetectable.
Cd content of conventional spinach ranged from 0.3 to 0.4 mg Cd/kg fresh
weight, which is above the EU limits.
• Plant and surface soil Pb concentrations were not significantly related to
soil organic matter, soil texture, or pH. Plant Cd concentration was
negatively correlated with sand. Soil Pb concentration was significantly
correlated with soil Cd.
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•

•

Soil metal content was not significantly different between bed types
(raised beds or in-ground beds), although we tested this trend in only one
garden.
Soil Pb and Cd content was also not significantly different between
surface samples (0-15 cm) and deeper samples taken from the same soil
pit (15-30 cm) in raised beds.

Recommendations
As a result of the moderate content of heavy metals in sampled soils of some
Phoenix-area community gardens, future efforts should consider the location of
new gardens relative to known soil Pb and Cd hotspots, and test the metal
content of in-ground and imported soil or compost. Community gardens can
improve their soils and limit heavy metal uptake by plants by adding organic
matter (low-metal compost) and building raised beds with contaminant-free wood
or other contaminant-free containers.
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1. Introduction
Community gardens have become popular due to their numerous social and
economic benefits. These common spaces produce affordable, nutrient-rich food
for community members and encourage healthier eating habits for residents,
among other benefits (Table 1; Holmer 2011, Ghose and Pettygrove 2014).
Additionally, community gardens create a suite of ecological services. For
example, open spaces with vegetation in cities provide a habitat for diverse
fauna, such as honeybees, whose populations are diminished through land
fragmentation and pesticide use in commercial agricultural landscapes (Dunnett
and Qasim 2000, Samnegard et al. 2011). Furthermore, vegetated gardens can
alleviate flooding by promoting water infiltration when they replace hard
surfaces, cool neighborhoods by increasing shade and evapotranspiration, and
absorb carbon to partially offset emissions from human activities (Cameron et al.
2012).
Table 1. The benefits of community gardens.

Physical

Outdoor activities

Economic Affordable and nutrient
rich food
Social

Holmer 2011
Ghose and Pettygrove
2014

Community participation, Ghose and Pettygrove
environmental education 2014, Holmer 2011

Ecological Habitat for fauna, flood
and urban heat
mitigation, carbon
sequestration

Samnegard et al. 2011,
Dunnett and Qasim 2000,
Cameron et al. 2012

Despite the widespread benefits offered by establishing gardens close to where
people live, urban and suburban gardens that produce edible crops are at risk of
heavy metal contamination from prior commercial agricultural or industrial land
uses, or exposure to pollutants from gasoline, paint, or blowing soil (Hibben et al.
1984, Stilwell et al. 2008, Kim et al. 2015). Humans are primarily exposed to
these environmental contaminants through soil ingestion (by infants and
toddlers), inhalation of soil particles, and consumption of plant and animal
products that are grown in contaminated soils (Islam et al. 2007).
The form (compound), concentration, and relationship to other heavy metals are
factors that determine the potential for toxic accumulation in people. Federal
guidelines from the Food and Drug Administration (FDA) and the Environmental
Protection Agency (EPA) state that people should consume no more than 0.001
mg Cd/kg body weight per day and 6 micrograms (µg) Pb per day (children)
because these metals accumulate in the body, and at toxic levels they can
cause nerve damage, heart disease, abnormal kidney function, renal failure, and
liver failure (US EPA IRIS 1985, Satarug et al. 2000, Satarug and Moore 2004,
FDA 2017).
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Densely populated, low-income communities are generally at greater risk of
exposure to contamination sources (Zhuo et al. 2012). The availability of low cost
housing or job opportunities that do not require advanced education are typically
located in areas of poor environmental quality (Pulido 2000). Large land
vacancies in these neighborhoods—in part from demolished buildings—are
appealing to garden enthusiasts, local people, schools, and community centers
who wish to increase community access to nutritious food sources (EPA 2011b).
However, growing food in abandoned lots to feed residents of adjacent
neighborhoods could be detrimental to these communities if the gardens are
contaminated from their previous land use (Ghose and Pettygrove 2014).
Food insecurity is a major issue for low-income communities, including people in
greater Phoenix, a metropolitan area of 4 million people in central Arizona. In
2014, metropolitan Phoenix contained 55 food deserts, defined as residential
areas that are located greater than a mile from a grocery store (Ver Ploeg et al.
2011, Lasch 2012). Of the number of inhabitants in Phoenix, 12% meet the state
poverty guidelines for the average number of individuals living in one residency
(HHS 2014). Due to food insecurity in the city, the USDA classified all of the
downtown Phoenix area as a food desert, and nearly 57% of the Maricopa
County population has limited access to grocery stores (Lasch 2012, Fitzpatrick
2013, ERS 2015).
Community gardens could facilitate access to an inexpensive source of food and
promote a healthier lifestyle for people who would not otherwise be able to afford
or have access to nutritious foods. Recently, communities have been empowered
to expand the number of food sources by transforming abandoned fields, former
brownsites, old parking lots, backyards, or otherwise empty spaces into
productive gardens. However, to best achieve community health goals, it is
important to consider where gardens are established in the event these
reconstructed sites contain high levels of contaminants in the soil.

2. Background on heavy metals
Sources
Heavy metals are naturally found in mineral compounds and soils, and in some
forms are available for plant uptake. In the continental United States,
concentrations of heavy metals in undisturbed soil range from 7-700 mg Pb/kg
dry soil and 1-10 mg Cd/kg dry soil (Shacklette and Boerngen 1984).
Concentrations of these metals in urban soils in Phoenix range from 20 to 193
mg/kg for Pb, and less than 1 to 9 mg/kg for Cd (Zhuo 2010). Although certain
metals are necessary to sustain life, prolonged exposure can increase the
vulnerability of biological systems to toxic levels of accumulation.
Toxic heavy metals are metals or metal compounds that, when consumed in
large amounts over time, have adverse health effects (Goyer 1995). One of
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these, cadmium (Cd), is generally found in zinc ores and is used in the
production of rechargeable batteries, alloys, solar cells, and pigments. Cd is also
concentrated in agricultural superphosphate fertilizers, which can contain as
much as 300 mg Cd/kg of fertilizer (ATSDR 2012, Naveedullah et al. 2013).
Although relatively harmless when it is in its immobilized ore form, the ingestion
and inhalation of large doses of free, mobilized Cd over long periods of time is
known to be carcinogenic (ATSDR 2012). Lead (Pb) also occurs at low
concentration naturally in Earth’s crust. When mined and concentrated, it
becomes useful in the production of alloys, cable coverings, ammunition, tires,
pipes, paint, and gasoline additives (Huisingh 1974, Chaney et al. 1984,
Colbourn and Thornton 2006, OSHA 2014). Primary sources of Pb exposure for
humans are food, water, air (from the inhalation of dust particles), industrial work,
and decaying house paint, which commonly contained Pb before the 1970’s
(Lazrus et al. 1970, Lanphear et al. 1998). Sources of heavy metals in
community areas include natural sources, but anthropogenic sources are likely
the leading cause of toxic heavy metal content in community garden soils
(Salvagio Manta et al. 2002, Hettiarachchi and Pierzynski 2004).

State, federal, and international guidelines
Gardeners are aware of the problems associated with heavy metal contamination
of soil, but, to date, food that is produced in community gardens is not required to
be tested for heavy metal content (ATSDR 2007, 2012, Sowerwine et al. 2018).
Furthermore, few garden soils are tested due to lack of funding for soil analyses
and lack of expertise to interpret scientific findings from commercial soil testing
laboratories (Gublo 2015). Based on current EPA guidelines, soil from residential
landscapes that contain less than 400 mg Pb/kg of soil and 70 mg Cd/kg are
considered safe for growing produce (Table 2; US EPA 2001, 2018). However, a
2014 technical working group of the EPA advised that soil with Pb concentrations
>100 mg/kg are of potential concern for gardening (US EPA 2014). Some states
in the U.S. have more strict soil guidelines for food production in residential
areas, including Connecticut, California, and New York (Table 2; AZDEQ 1991,
NY DEC 2006, CT DPH 2014) The California Office of Environmental Health
Hazard Assessment recommends a maximum limit of 80 mg Pb/kg and 1.7 mg
Cd/kg for residential soils based on risks to human health (CalEPA OEHHA
2009). The Ministry of Environment of Finland, as reported in Carlon et al. 2007
and Toth et al. 2016, advises additional assessment of the area for topsoil
exceeding 60 mg/kg Pb and 1 mg/kg Cd.
In addition to the guidelines for soil heavy metal content, some agencies have set
maximum limits for food (e.g. the European Union) or the daily ingestion of Pb
and Cd by people (Table 2; EC 2006, Mushak 2011). Community gardens are
not required to test soils for contamination, and if testing is done and
contamination is reported, gardens are not required to remediate soils
(Sowerwine et al. 2018). In contrast, commercial growers are required to test
fertilizers and biosolids (manure, sewage sludge) prior to its application on
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agricultural plots, although plants produced from commercial agriculture do not
require testing for metal content (US EPA 1993).
Table 2. Soil and plant Pb and Cd limits for growing food.
Recommender

–––––––––––––––––––––––Food ––––––––––––––––––––––
Pb
Cd
Units
Source and Notes

EU

0.3

0.2

mg/kg fresh weight
leaf vegetables

US FDA (food)
or EPA (soil)

0.1-1.7

0.001

Pb (ppm), Cd
(mg/kg/day)

400

70

mg/kg

US EPA TRW

--

--

--

100

--

mg/kg

Potential risk; EPA TRW (2014)

CA

--

--

--

80

1.7

mg/kg

--

--

--

CalEPA OEHHA (2009)
Use caution for soil samples
above these limits; CT DPH
(2014)

100

1

mg/kg

EC (2006)
FDA has issued limits
only for certain foods
(water, juice, candy,
shellfish), Mushak 2011;
Cd: US EPA IRIS (1985)

CT
--

--

--

--

--

--

AZ
NY

––––––––––––––––––––– Soils –––––––––––––––––––––
Pb
Cd
Units
Source and Notes
These are 'threshold' values,
which indicate the need for further
assessment of the area, as
defined by the Ministry of
Environment of Finland, per Toth
et al. (2016); Carlon et al. (2007).
60
1
mg/kg

EPA (2001, 2018)

400, 700, 4

100, 10, 1

mg/kg

Health based guidance level for
ingestion of soil; soil cleanup
levels; Worst case i.e. ingestion;
AZDEQ (1991)

400

2.5

mg/kg

NYS DEC (2006)

Factors related to heavy metal bioavailability
Crop uptake of heavy metals is a major pathway of exposure for humans who
consume food produced in contaminated soils. Factors that affect the potential
bio-availability of heavy metals include soil acidity, texture, and organic matter
content; plant species; and the metal’s elemental form (Huisingh 1974, Chaney
et al. 1984, Chuan et al. 1996). Phytoavailability, or the amount of heavy metals
available for plant uptake, is dependent on the solubility of soil Pb and Cd
(Hettiarachchi and Pierzynski 2004). Stable, insoluble compounds are less likely
to be absorbed by plant roots and are unlikely to be assimilated through plant
ingestion by humans. Soil acidity (low soil pH) increases the solubility of heavy
metals, making them more available for plant uptake (Singh et al. 1995, Angima
and Sullivan 2008). Because metal ions exhibit positive (+) charges, acidic soils
will facilitate the mobilization of heavy metals by inhibiting metal binding to soil
particles (NRCS 2000, Angima and Sullivan 2008).
Soil texture and organic matter also affect the bioavailability of heavy metals.
Fine-textured soils with high clay content have more binding sites for heavy
metal ion adhesion than larger-grain textured soils like sand. Heavy metals do
not bind to larger-grain particles in soil, thus enabling their mobilization and
potential uptake by plants (McLean and Bledsoe 1992, Clark et al. 2008). Soil
organic matter is also known to bind heavy metals so that they become
insoluble, and is thus used extensively to remediate agricultural soils (Prasad
2002).
Vegetables that have extensive contact with soil, such as leafy greens and root
vegetables, are especially vulnerable to the accumulation of mobilized
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heavy metals (Spittler and Feder 1979, Chaney et al. 1984). The efficiency by
which plants can accumulate heavy metals is related to plant organ and tissue
structure, where a high root to shoot ratio increases the uptake of toxins (Spittler
and Feder 1979, Islam et al. 2007). Leafy green crops tend to be more
susceptible to metal contamination compared to other types of crops because of
their fast growth rates and broad leaf areas that accumulate dust (Spittler and
Feder 1979, Finster et al. 2004, Chang et al. 2013).

3. Methods
In this study, we quantified Cd and Pb content in soils and leafy greens from five
community gardens and compared our results with regional patterns of soil Cd
and Pb across the Phoenix area. A previous city-wide analysis of soil metals was
conducted at 200 locations in the 2000 Ecological Survey of Central Arizona
(ESCA), as a part of the Central Arizona–Phoenix Long-term Ecological
Research Project (Zhuo and Shock 2010, Zhuo et al. 2012). This survey showed
an uneven distribution of soil Pb and Cd across the Phoenix metro area, with high
concentrations in areas of former agricultural and urban use (Zhuo 2010, Zhuo et
al. 2012). We expected soil metal content of community gardens to follow this
larger, city-wide pattern. We also expected that soil from elevated, raised beds
would contain less Pb and Cd than the non-raised beds that are located in the
ground (McLean and Bledsoe 1992, Clark et al. 2008, CDPH 2014). Finally, we
expected there would be no difference in metal content between shallow (0-15
cm) and deeper soils (15-30 cm) within raised beds. Growing plants in raised
beds can limit root contact with potentially contaminated pre-existing soil.
In addition to examining soil contamination, we investigated the metal content of
leafy greens in our five study gardens to determine if it was related to the metal
content of the soil in which the plants were grown. Because soil metal content in
the ESCA city-wide survey was below the recommended EPA guidelines for
health concerns, and because metal content in plants can reflect how much metal
is found in the soil (Toth et al. 2016), we expected that the heavy metal content
for leafy greens grown in community gardens would not exceed the existing
guidelines for ingestion (from the European Union; 0.3 mg Pb/kg fresh weight and
0.2 mg Cd/kg fresh weight). EPA guidelines for ingestion of heavy metals in foods
do not currently exist.

Site description
In September 2014, we contacted gardens in the Phoenix metropolitan area that
aim to combat food insecurity and economic marginalization issues in their
communities. Among these, five different community gardens agreed to
participate in this study. The gardens vary in location across the metro area, in
age, size, and structure; and community members utilize a variety of growing
techniques, such as importing soils, building raised beds, and using compost and
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irrigation to enhance productivity. For privacy, garden names are not disclosed
(Table 3).
Table 3. Community garden characteristics and sampling design.

Garden
Number

Number of soil samples*
analyzed from each bed type
Soil source
Local (on-site) and
donated from the city

Former land use
Abandoned field,
public dumping site

Raised
2

In-ground
2

2

Local (on-site) and
donated from the city

Agriculture

6

None

3

Local (on-site),
compost, and donated
from the city

Agriculture, industrial

6

3

4

Compost, and donated
from the city

Agriculture, city park

4

None

5

Local (on-site) and
compost

Agriculture, residential

4

1

1

*Soil samples are composed of two homogenized soil cores.

Experimental design
In each garden, we sampled from planting bed types that were used specifically
to grow leafy greens. In some gardens, these sampling locations were raised
beds, in which soil was elevated and contained by a wall such as wood or
recycled car tires (hereafter, called ‘Raised’ beds; Fig. 1). In other locations,
leafy greens were grown using in-ground beds, where soil was not bounded or
raised (hereafter called ‘In-ground’ beds; Fig. 1). In many gardens, only one bed
per category (i.e. Raised or In-ground) grew leafy greens. In the case where
there were multiple raised or in-ground beds growing leafy greens within a
garden, we randomly chose beds and sampled soils and plants in each (i.e.
some gardens have two or three replicate soil samples of plants or soil in Raised
or In-ground beds).

Soil and plant sample collection
For each soil sample, we collected two separate soil cores using a slide hammer
core from 0 to 15 cm depth and another two from 15 to 30 cm depth, with cores
located at least 50 cm apart from one another. The two cores from each
sampling location and depth were then combined into a single plastic bag and
homogenized to compose one soil sample to be analyzed. From each of our five
gardens, we collected and analyzed at least one homogenized soil sample
(composed of two soil cores each) from each bed type that was present at that
location (Fig. 1; Table 3). In sum, we analyzed 2-6 soil samples from each of five
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community gardens. Out of the 28 soil samples analyzed, 17 were collected from
0-15 cm depth, and 11 were collected from 15-30 cm depth.
In addition to soil samples, we took three samples of leafy greens that were
growing in each garden and bed type, where possible. These plant samples
came from Cavalo nero (kale) or Spinacia oleracea (spinach), both of which were
present in most gardens. At each site, one leaf from each of two-three individual
plants was randomly chosen for sampling. Inner leaves were chosen by gently
pulling back an outer leaf and then, using scissors, cutting the next available leaf
approximately 2 cm from the stem of the plant.
To compare metal concentrations between our sampled leafy green plants and
leafy green plants commonly sold in grocery stores, we purchased one bunch of
conventional spinach from each of three separate grocery stores – Sprouts,
Safeway, and Food City – in the Phoenix metropolitan area in March of 2015. We
sampled and analyzed 3 leaves each from 3 conventional spinach bunches.
Leaves were clipped above the stem, and the 3 leaves of each bunch combined
in a bag prior to processing.

Figure 1. Generalized layout of community gardens used in this study, including
plant and soil sampling locations.

Soil and plant sample preparation and metal analysis
We sieved soils to 2 mm prior to analyses. All plant leaves were rinsed
thoroughly using tap water to replicate average consumer habits. We then placed
both soils and plant samples in a 105°F oven to dry overnight. Once dried, we
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pulverized each sample into fine powder using a ball mill at the Goldwater
Environmental Laboratory at ASU.
We measured soil Pb and Cd content on plant and soil samples using standard
EPA methods for soil trace metals (EPA 1996). We first digested about 0.25 g
each of dried soil and plants in a solution of HNO3, HF, and HBrO3 to dissolve the
soil and plant material prior to analyses. We then diluted the samples and used
inductively coupled plasma optical emission spectrometry (ICP-OES) to
determine metal concentrations. The detection limit for our analyses was 0.0010.01 mg/kg of soil or plant material for Pb and <0.0001 mg/kg for Cd.
We did not complete a full spectral analysis of other metals in the soil samples,
although this method would have controlled for interactions that other metals may
have with metals of interest (Cd and Pb).

Analysis of soil characteristics
In addition to metal analysis, on each soil sample we measured a suite of soil
properties that can affect metal solubility, including texture (particle size
analysis), pH (a measure of acidity or alkalinity), and organic matter content.
Soil texture analysis. Soil particle size, or texture, influences soil porosity, water
holding capacity, and how metals move through soil. We determined soil texture
by using a modified hydrometer method (Bouyoucos 1962), which estimates the
soil content (in %) of sand (2.0-0.05 mm diameter particles), silt (0.05-0.002 mm),
and clay (<0.002 mm) (Gee and Bauder 1986). We shook a solution of 40 g of
oven-dried soil with 100 mL of a sodium hexametaphosphate solution to prepare
the samples for analyses. After shaking, we put each sample in a 1-L suspension
cylinder and filled the cylinder to a 1-L mark with deionized water. We used a
mixing rod to mix the sample until it was homogenized within the cylinder, then
we placed the hydrometer into the sample. After 40 additional seconds of no
mixing, we recorded the hydrometer reading. We took hydrometer readings on
each sample at 40 seconds to determine the combined percent silt and clay
content and 7 hours to determine the percent clay content. We subtracted the
clay content from the clay plus silt content to determine percent silt, and we
determined percent sand content by subtracting the percent silt plus clay from
100%.
Soil pH and organic matter analysis. Soil pH was assessed using a modified EPA
method (Ghose and Pettygrove 2014). We shook approximately 15 g of soil in 30
ml of deionized (DI) water for 30 minutes, and then used a calibrated pH meter to
read the pH of each sample. Percent soil organic matter was determined using a
modified loss on ignition (LOI) method (Schulte and Hopkins 1996). We placed
20 g of oven dried soil samples in a 550°C furnace for 6 hours and measured the
loss of mass to determine organic matter percentage.
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Data analysis
All soil data are presented in units of mg Pb or Cd/kg dry soil, and all plant data
are presented in units of mg Pb or Cd/kg fresh weight. Fresh weight of plant
samples was determined based on a 90% moisture content of leafy greens (EPA
2011a). We tested whether soil or plant metal content was higher than health
screening levels using one-tailed t-tests for soil metal content (compared to CA
limits) and plant metal content (compared to EU limits). Additionally, we
compared soil Pb and Cd content from in-ground and raised beds at Garden 3
using non-parametric Mann Whitney U tests. We explored the relationship
between soil metal content and soil depth in raised beds of four gardens (2, 3, 4,
and 5) using a linear mixed effects model with soil metal content as the
dependent variable, soil depth as the independent variable, and garden number
as a random factor. We compared soil and plant metal content with soil
characteristics using bivariate Pearson correlation tests. Finally, to test whether
garden soil and plant metal content was related to city-wide patterns, we
compared our samples to interpolated/kriged 0-15 cm depth Pb and Cd data from
Zhuo (2010) based on our five community garden locations using kriging in ESRI
Arcmap. We used a kriging procedure on the Zhuo 2010 dataset to average all
data within a 5 km radius of each garden location. All dependent variables were
log-transformed as necessary to satisfy linear model assumptions of normality
and homoskedasticity.

4. Results
Soil Pb and Cd content varied significantly across the five gardens sampled in
this study (Figure 2, Table 4). Average soil Pb was statistically higher than the
California health screening level only in garden 3 (one-tailed t-test with 80 mg
Pb/kg as the standard), but individual samples from gardens 2, 3, and 5 also
exceeded this value. Average soil Cd from was statistically above the California
screening level only in garden 5 (one-tailed t-test with 1.7 mg Cd/kg as the
standard), although individual soil samples from gardens 2, 3, and 5 exceeded
this value.
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Figure 2. (a) Soil Pb
concentration (mg/kg)
and (b) Soil Cd
concentration (mg/kg)
from community
gardens in metro
Phoenix. Error bars are
+/- 1 standard deviation.
Reference lines are
shown for the California
human health screening
level for soil Pb (80 mg/
kg), and soil Cd (1.7
mg/kg).

Table 4. Soil and leafy green Pb and Cd content from community gardens in metro Phoenix. SD = standard deviation; N = number of samples analyzed.
Soil Pb
(mg/kg)
Garden Mean

Soil Cd
(mg/kg)
Max

Plant Pb
(mg/kg fresh weight)

Plant Cd
(mg/kg fresh weight)

SD

Min

N

Mean

SD

Min

Max

N

Mean

SD

Min

Max

N

Mean

SD

Min

Max

N

1
2

39.8
66.4

10.0
22.9

32.8
54.7
31.1 102.4

4
6

0.9
2.0

0.2
0.7

0.6
0.7

1.2
2.6

4
6

0.23
0.00

0.03
0.01

0.20
0.00

0.27
0.01

3
3

0.09
0.03

0.05
0.02

0.06
0.01

0.15
0.06

3
3

3
4
5

123.2
44.2
127.9

23.9
14.6
79.1

94.9 158.6
28.8
62.9
49.7 238.2

9
4
5

1.4
1.0
4.4

0.2
0.2
2.7

1.2
0.7
2.1

1.8
1.1
8.9

9
4
5

0.09
0.06
0.21

0.13
0.05
0.01

0.00
0.02
0.20

0.28
0.09
0.21

4
2
3

0.08
0.12
0.03

0.01
0.08
0.01

0.06
0.06
0.03

0.09
0.18
0.04

4
2
3

None of the leafy green samples collected from the gardens contained Pb or Cd
above EU maximum limits for leafy greens (0.3 mg Pb/kg fresh wt; 0.2 mg Cd/kg
fresh wt.) (Figure 3, Appendix 1). Cd content of store-bought, conventionallygrown leafy greens ranged from 0.3 to 0.4 mg/kg fresh weight, which is above
EU limits. Pb content of store-bought, conventionally-grown leafy greens was
below the detection limit.
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Figure 3. (a) Leafy
green Pb concentration
(mg/kg fresh weight)
and (b) Cd
concentration (mg/kg
fresh weight) from
community gardens in
metro Phoenix. Error
bars are +/- 1 standard
deviation. Reference
lines are shown for the
EU maximum limit for
leafy green vegetables
for Pb (0.3 mg/kg fresh
weight) and Cd (0.2
mg/kg fresh weight).

In addition to testing for heavy metal content, we explored the relationship
between metal content of leafy greens and soil properties, including pH, soil
organic matter, and soil texture. Soil properties varied across community gardens
(Table 5) but all were relatively sandy (average 44-69% sand), neutral to
moderately alkaline (average pH 7.4-8.4), and moderately organic (average 1620% organic matter).
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Table 5. Soil properties in community gardens
across metro Phoenix. SOM = Soil organic matter; SD = standard
deviation; N = number of samples analyzed.

Garden

Soil variable

Mean

SD

Min

Max

N

1

SOM ( %)
pH
Sand (%)
Silt (%)
Clay (%)

16.3
8.4
65.0
32.0
4.0

3.1
0.3
1.0
1.0
0.0

11.8
8.0
63.0
30.0
4.0

18.6
8.7
66.0
33.0
4.0

4
4
4
4
4

2

SOM ( %)
pH
Sand (%)
Silt (%)
Clay (%)

20.0
7.4
69.0
25.0
6.0

11.2
0.2
13.0
9.0
5.0

5.3
7.1
53.0
13.0
1.0

32.8
7.7
83.0
39.0
14.0

6
6
6
6
6

3

SOM ( %)
pH
Sand (%)
Silt (%)
Clay (%)

16.6
8.0
44.0
41.0
15.0

6.5
0.3
10.0
6.0
5.0

9.7
7.4
31.0
30.0
9.0

29.1
8.4
58.0
48.0
24.0

9
9
9
9
9

4

SOM ( %)
pH
Sand (%)
Silt (%)
Clay (%)

16.6
8.3
50.0
38.0
12.0

12.1
0.2
16.0
10.0
7.0

7.7
8.0
29.0
27.0
6.0

33.8
8.5
67.0
50.0
21.0

4
4
4
4
4

5

SOM ( %)
pH
Sand (%)
Silt (%)
Clay (%)

18.1
8.0
67.0
29.0
5.0

8.7
0.4
2.0
3.0
1.0

10.8
7.4
64.0
24.0
4.0

33.3
8.4
69.0
33.0
6.0

5
5
5
5
5

Plant Pb content was not significantly related to soil Pb or Cd, or any other soil
properties. Plant Cd concentration was significantly and negatively correlated to
% sand (r = 0.52; p < 0.05). Soil Pb was significantly and positively related to soil
Cd (r = 0.5, p = 0.01), but it was not related to plant Pb or plant Cd content, nor
soil properties. Soil Cd content was not significantly related to plant Cd, nor
other soil properties except soil Pb content.
We tested for differences in soil metal content between beds that were located in
the ground compared to raised beds (Figure 4; garden 3 only). Pb and Cd
concentration in the soil did not differ significantly between in-ground and raised
beds (Mann Whitney U test, p > 0.1).
We also tested for differences in soil metal content between surface samples
(0-15 cm) and deeper samples (15-30 cm) in raised beds (Figure 5; gardens 2,
3, 4, and 5 used in statistical analyses). Pb and Cd concentration in soil did not
differ significantly between soil depths (p > 0.4 for both Pb and Cd).
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Figure 4. Soil Pb and Cd
content in raised and inground planting beds at
garden 3 (0-15 cm soil depth;
N=3 samples in each bed
type). Error bars are +/- 1
standard deviation. Dotted
lines are California advised
limits for soil Pb and Cd.

Figure 5. Soil Pb and Cd
concentration in surface soil
(0-15 cm depth) and
subsurface soil (15-30 cm) of
raised beds in each garden.
Shown is the number of
samples analyzed
(N) for each depth in each
garden and the California
reference limit for soil Pb and
Cd. Error bars are +/- 1
standard deviation.

Finally, we compared patterns of soil Pb content from our gardens to a previous
city-wide survey of soil metals (Figure 6; Zhuo 2010). Interpolated neighborhood
soil Pb was not significantly related to garden soil Pb, although the trends are
intriguing despite the low sample size.
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Figure 6. Average a)
soil Pb and b) soil Cd
content in each of the 5
gardens (black circles) in
relation to interpolated
neighborhood surface
soil Pb and Cd from
samples (0-15 cm depth)
that were collected and
analyzed as a part of the
Ecological Survey of
Central Arizona
(ESC A; from Zhuo and
Shock 2010).
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5. Discussion
Among the five gardens evaluated for heavy metal content in this study, three
were above California health screening limits for soil but below current US EPA
limits. High soil Pb and Cd levels at these particular locations could be due to
their previous land uses and proximity to local and regional sources of heavy
metals. Two of these three gardens are near the historic city center and within
close proximity to a factory and railroads. Furthermore, the land at these sites
was historically used for agriculture and Pb paint was once used on at least one
of these properties, as is common for older neighborhoods.
Soil Pb and Cd in raised beds may also be related to the metal content of
imported soil, or from old wood (if there is Pb paint) or tires (contain Cd) that
were used to create the bed. This possibility is particularly relevant in one of our
study gardens, which uses repurposed tires as raised beds. Worn tires can
release Pb and Cd into soil (Adachi and Tainosho 2004).
Although not statistically significant, we observed a potentially interesting
relationship between garden location and city-wide soil metal content. Data from
a city-wide survey (Zhuo 2010, Zhuo et al. 2012) shows that soil Pb and Cd
concentrations are related to former urban and industrial activities in downtown
Phoenix and Mesa (Figure 7; Zhuo et al. 2012). Future research should explore
this hypothesis across a wider range of community gardens across the
metropolitan area. Understanding the relationship between garden metal content
and metal patterns across the city could inform the establishment of future
community gardens, or remediation of soil prior to food production.

a.
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b.

Figure 7. Current location of community gardens (triangles) relative to surface Soil
a) Pb concentration (mg/kg, 0-15 cm), and b) Cd concentration (mg/kg,
0-15 cm), interpolated from the 200-point ESCA Survey (data from Zhuo, 2010;
and Zhuo and Shock, 2012). Red color indicates soils are above the California
health screening advised limit for Pb (80 mg/kg) and Cd (1.7 mg/kg) in residential
soil. Five of these gardens were sampled in this study. Higher concentrations of
soil Pb occur in the central and southeastern parts of the Phoenix metro area
due to former use of lead gasoline and lead-based paint.

6. Conclusions and recommendations
We found no instances of soil or plant Pb or Cd content above federal soil limits
in any of the five community gardens in this study. However, soil Pb and Cd
content in some gardens exceeded California health screening limits. Higher soil
metal content in some gardens may be related in part to the geographical
location of the community garden, Pb paint on older homes adjacent to gardens,
or metal in imported soil and materials used to create raised beds.
Metal content of community garden soils were not significantly related to city-wide
patterns of soil heavy metals, but further study is needed to verify this finding.
Although soil and leafy greens from our study gardens contained low to moderate
Pb and Cd content, communities would benefit from more thorough testing to
explore the source of heavy metals in order to remediate in-ground or imported
soils. Local municipalities, state governments, or non-profits could provide grants
to fund soil testing for urban gardens. Ultimately, creation and enforcement of
local, state or federal soil health standards for community gardens would educate
citizens and consumers, and help to improve food safety.
In order to minimize crop uptake of contaminants, agriculturalists recommend a
variety of remediation techniques to limit the exposure of humans to heavy
metals (Angima and Sullivan 2008, Sowerwine et al. 2018). Soil management
actions that increase soil pH (for example, through the addition of lime) make
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metals less available to plants and less likely to be incorporated in plant tissues
(Chuan et al. 1996, NRCS 2000). In addition, the application of soil organic
matter in the form of manure or compost can immobilize metals, provided that the
imported soil itself is low in metal content (Prasad 2002). Filling raised beds with
clean, imported soil is a manageable alternative to in-ground planting (Clark et al.
2008). Additionally, deep tillage is used to minimize plant uptake of metals by
diluting the topsoil where most annual plant roots grow (Angima and Sullivan
2008). However, soil testing should occur first to ensure that deeper soil is not
contaminated. Ultimately, remediation techniques can limit the exposure of
humans to heavy metals by reducing metal solubility and availability (Angima and
Sullivan 2008).
For more information on soil testing, remediation, and how to avoid heavy metal
contamination, we recommend visiting these resources:
1) Soil and Water Testing Guidelines for Home and Community Gardens: http://
publichealth.lacounty.gov/eh/docs/AB1990_SoilWaterTestingGuidelines.pdf
2) Brownfields and Urban Agriculture: Interim Guidelines for Safe Gardening
Practices: https://www.epa.gov/sites/production/files/2015-09/documents/
bf_urban_ag.pdf
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Appendix 1. Soil and plant data from the five community gardens used in
this study.

Garden #
1
1
1
1

2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
4
4
4
4
5
5
5
5
5

Bed Type
not raised
not raised
raised
raised
raised
raised
raised
raised
raised
raised
not raised
not raised
not raised
raised
raised
raised
raised
raised
raised
raised
raised
raised
raised
not raised
raised
raised
raised
raised

Sample Soil depth
#
(cm)
1
0-15
2
0-15
3
0-15
4
15-30
1
0-15
2
0-15
3
0-15
4
15-30
5
15-30
6
15-30
1
0-15
2
0-15
3
0-15
4
0-15
5
0-15
6
0-15
7
15-30
8
15-30
9
15-30
1
0-15
2
0-15
3
15-30
4
15-30
1
0-15
2
0-15
3
0-15
4
15-30
5
15-30

Organic
Matter %
18.1
18.64
16.65
11.78
18.45
32.76
27.69
5.34
27.12
8.46
15.13
17.27
11.09
23.33
29.09
14.78
9.69
19.38
9.76
33.8
15.89
7.72
8.8
15.12
15.83
33.28
10.79
15.43

pH
8.3
8.01
8.64
8.65
7.5
7.2
7.13
7.74
7.44
7.29
7.98
7.86
8.16
8.07
7.35
8.12
8.22
8.11
8.38
8.22
8.36
7.98
8.51
7.36
8.13
8.4
8.06
7.85

% Clay
4
4
4
4
4
1
2
11
6
14
24
21
19
9
12
9
11
14
16
6
11
9
21
6
4
4
6
4

% Silt
33
30
32
31
13
20
21
23
39
33
45
44
45
36
30
38
39
44
48
27
34
42
50
24
30
28
28
33

% Sand
63
66
64
65
83
78
76
66
55
53
31
35
36
55
58
54
50
42
36
67
54
49
29
69
66
69
66
64

Soil Pb
(mg/kg)
36.52
32.84
54.65
35.33
65.96
64.77
60.90
102.40
73.51
31.10
94.94
96.42
97.15
144.16
116.47
147.38
122.73
158.61
131.28
28.80
37.54
62.93
47.47
73.60
49.68
238.19
181.16
97.06

Soil Cd (mg/kg)
0.83
0.64
0.83
1.2
1.84
2.3
2.58
2.21
2.12
0.74
1.47
1.56
1.38
1.38
1.2
1.29
1.29
1.38
1.84
0.74
0.92
1.1
1.1
2.67
4.78
2.12
8.92
3.68

Plant Pb (mg/kg
fresh weight)
0.202
0.267

Plant Cd (mg/kg
fresh weight)
0.064
0.055

0.221
0.009
0
0

0.147
0.009
0.037
0.055

0.101

0.092

0
0.276
0

0.064
0.083
0.064

0.018
0.092

0.064
0.175

0.202
0.212
0.212

0.037
0.028
0.028
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