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Abstract Metals and metalloids (hereafter, metal(loid)s) in plant‐based foods are a source of exposure to
humans, but not all metal(loid)‐food interactions are the same. Differences exist between metal(loid)s in terms
of their behavior in soils and in how they are taken up by plants and stored in the edible plant tissue/food. Thus,
there cannot be one consistent solution to reducing toxic metal(loid)s exposure to humans from foods. In
addition, howmetal(loid)s are absorbed, distributed, metabolized, and excreted by the human body differs based
on both the metal(loid), other elements and nutrients in the food, and the nutritional status of the human.
Initiatives like the United States Food and Drug Administration's Closer to Zero initiative to reduce the exposure
of young children to the toxic elements cadmium, lead, arsenic, and mercury from foods warrant careful
consideration of each metal(loid) and plant interaction. This review explores such plant‐metal(loid) interactions
using the example of spinach and the metals cadmium and lead. This review highlights differences in the
magnitude of exposure, bioavailability, and the practicality of mitigation strategies while outlining research
gaps and future needs. A focus on feasibility and producer needs, informed via stakeholder interviews,
emphasizes the need for better analytical testing facilities and grower and consumer education. More research
should focus on minimization of chloride inputs for leafy greens to lessen plant‐availability of Cd and the role of
oxalate in reducing Cd bioavailability from spinach. These findings are applicable to other leafy greens (e.g.,
kale, lettuce), but not for other plants or metal(loid)s.

Plain Language Summary Toxic metals like cadmium and lead in foods can be harmful to our
health, especially for babies and young children who are more vulnerable due to their smaller size and rapid
development. Leafy greens like spinach can absorb these metals from the soil but in different ways. In addition,
how and where they accumulate in edible plant tissues also differs. This review uses spinach as an example to
compare and contrast how cadmium and lead differ in how they move through soil and accumulate in plant
foods. It also discusses practical pre‐ and post‐harvest techniques to lessen human exposure to these metals that
can be adopted by producers and consumers. Finally, it highlights future needs and research directions.

1. Introduction
The toxic metals cadmium (Cd), lead (Pb), and mercury (Hg) and the toxic metalloid arsenic (As) (hereafter, toxic
metal(loid)s) occur naturally in the environment at levels that do not cause phytotoxicity but can pose human
health risks through food consumption. Unlike excess nutrient metals (e.g., Zn) that when controlled to normal
levels cause better plant growth and thus a visible response, achieving lower levels of toxic metal(loid)s in edible
plants does not cause a change in a measurable plant growth parameter or appearance, thus necessitating
confirmation via analytical means. The risk of toxic metal(loid) exposure to human health is based partly on the
concentration and speciation of the metal(loid) and other nutrients in the edible portion of the food, the body size
of the human, the amount of the food consumed, and the nutritional status of the human (United States Envi-
ronmental Protection Agency, 1989). It is noteworthy to mention that regulatory standards target only total metal
in foods, not their bioavailable amount. It is known that humans who eat varied diets with replete micronutrients
and who have larger body sizes are at reduced risk of absorption of a toxic metal(loid) by the intestine (Reeves &
Chaney, 2008). Due to their lower body size, limited diets, and rapid developmental growth, babies and young
children are a subgroup who are at higher risk of consuming some toxic metal(loid)s in foods (Pokharel &
Wu, 2023). A recent study of baby food products showed that products containing rice (Oryza sativa L.) tended to
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have higher levels of As, those containing sweet potato (Ipomoea batatas L.) and carrot (Daucus carota subsp.
sativus) tended to have higher levels of Pb, and those containing leafy greens such as kale (Brassica oleracea L.)
and spinach (Spinacia oleracea L.) tended to contain higher levels of Cd (P. J. Gray, 2023). In 2021, the United
States Food and Drug Administration (FDA) announced the “Closer to Zero” action plan, which specifically
targets foods intended for consumption by babies and young children to have levels of Cd, Pb, As, and Hg as close
to zero as possible. To achieve this goal, it is important to consider (a) the root cause of the metal(loid) in the food
in question, given that the four metal(loid)s differ greatly in their behavior in the environment and in their uptake
into and storage in edible foods, and (b) how effective and practical the mitigation strategies are for the food
industry. These considerations are important because interactions between the plant, contaminant, and envi-
ronment can result in differing levels of each contaminant in different crops.

In this review, we will focus on spinach as an example of a plant‐based food and Cd and Pb as the toxic metals to
illustrate how different metals behave along the soil‐plant‐human continuum and how mitigation practices must
consider each plant‐metal pair individually. We focus on spinach because spinach is a component of foods
intended for young children, Cd is known to accumulate to higher levels in leafy greens than in other foods (P. J.
Gray, 2023), and recent work has shown that infants in the 6–24 and 24–60 months age range are at a higher risk
of Cd exposure through food (Pokharel & Wu, 2023). To help propel achievable mitigation strategies for metal
(loid) contamination in spinach, we review the literature on the presence of Cd and Pb in soils, their migration into
or onto spinach leaves due to soil and/or plant factors, and exposure mitigation options for both pre‐ and post‐
harvest. We start with a brief overview of the human health impacts of these elements, as well as how they
are found in natural and human‐impacted environments. Throughout, we treat the two elements in parallel,
highlighting their differences to emphasize that a one‐size‐fits‐all approach to metal(loid) mitigation is unlikely to
succeed due to various chemical and biological characteristics and mechanisms. Finally, in addition to the state of
the science regarding mitigation, this review will also consider how each mitigation effort will affect the food
yield and the cost‐benefit to the food producers, as informed by stakeholder interviews.

1.1. Human Health Impacts of Cd and Pb

The primary routes of human exposure to Cd are via inhalation of contaminated dusts, from smoking, and in the
consumption of Cd‐rich plant materials. Once inside the body, high cumulative uptake of Cd interferes with
processes involving other divalent cations such as calcium and can cause osteoporosis, renal tubular dysfunction,
heart disease, and cancer (Faroon et al., 2013). With a long half‐life of 18–33 years in the kidney cortex
(Kjellström, 1971), Cd exposure can have lasting impacts on the human body long after exposure.

Like Cd, Pb is a heavy metal that is toxic to humans but is particularly threatening to young children. Increased
blood Pb levels in young children are associated with impairment of neurological development (Abadin
et al., 2007) and disproportionally affect children in urban areas who may be more highly exposed, and who also
tend to be from minority groups and/or economically disadvantaged backgrounds (Clark et al., 2006). The pri-
mary routes of exposure to children are direct ingestion of soil and house dust, and from elevated Pb on or in some
vegetables grown in Pb‐rich soils (Attanayake et al., 2014; Brown et al., 2016).

1.2. Cd and Pb in Agricultural Soils

In general, metal(loid)s that naturally occur in the environment or are elevated in concentration due to human
activity can be retained by soil through precipitation or sorption with various soil components including organic
matter, clays, or hydrous Fe andMn oxides. Thus, the soil can be considered as a pool of metals to plants, with the
contaminant flow to plant roots being controlled by both plant and soil processes. Both Pb and Cd are not
phytotoxic at levels typically encountered in soil, which is in contrast to the essential plant nutrients zinc, copper,
and nickel, which can cause phytotoxicity when present in excess to what is needed for optimal plant growth
(Chaney, 1980, 2015; McLaughlin et al., 1999).

Cd is naturally present in the environment but can be introduced to soils through human activity. There is a wide
range of Cd in rocks from 0.001 to 90 mg kg− 1, with sedimentary rocks generally having higher Cd concentrations
(McLaughlin et al., 1999). This wide range of crustal Cd leads to a wide range of soil Cd levels ranging 2–3 orders
of magnitude. In the United States, typical soil Cd concentrations in agricultural soils range from 0.01 to
2.0 mg kg− 1 (Holmgren et al., 1993), with the higher range either from Cd‐rich parent material such as those
developed on Monterrey shales in California or topsoils surrounding phosphate ore deposits, or from
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anthropogenic inputs. Anthropogenic sources include dispersed atmospheric deposition from fossil fuel com-
bustion, production of iron and steel, mining, and smelting. In Japan, Cd‐rich waters that drain Zn and Cd‐rich
mine tailings were used to irrigate rice paddies for decades and were later recognized as the cause of the
widespread Cd poisoning and resulting itai itai disease in the mid‐19th century (Friberg, 1971). Cadmium
contamination of soil and rice was not identified as the cause of this disease until the late 1960s (Kobaya-
shi, 1978). Direct inputs of Cd to soil include the use of most phosphate fertilizers, historical inputs of “low
quality” Cd‐rich biosolids, and Cd‐rich manure or compost materials (Chaney, 2012; McLaughlin et al., 1999).
Phosphate rock derived fertilizers are reported to contain Cd at levels ranging 2–200 mg kg− 1 (Lee &
Keeney, 1975; Mortvedt & Giordano, 1977; Mulla et al., 1980). Application of sewage sludge has historically
elevated soil Cd in some areas (Berrow & Webber, 1972; Furr et al., 1976; McGrath et al., 1988; Sterritt &
Lester, 1980), but industry action in the United States to limit Cd discharge in wastewater has resulted in less Cd
in biosolids over time (Stehouwer et al., 2000). Results from national surveys of biosolids composition by the US‐
EPA show a strong reduction in Cd after imposition of both limits of Cd in biosolids and industrial waste
discharge to sewers regulations. Before regulations were established, some biosolids contained in excess of
1,000 mg Cd kg− 1 dry weight (e.g., Chaney et al., 1977). In the latest US‐EPA survey of biosolids composition
(unpublished), of 4900 samples with valid analyses, 4421 were below 5mg kg− 1 and 3283 were below 2mg kg− 1.
Some limestone deposits are also enriched in Cd, possibly also contributing to elevated soil Cd in some areas
(Rambeau et al., 2010). For example, limestone recovered from Zn mine deposits may contain as high as
20 mg Cd kg− 1 and 2,000 mg Zn kg− 1 (Chaney, 2012). Cd‐rich soil amendments generally result in Cd
enrichment in the tillage depth of agricultural soils (Mulla et al., 1980; Page et al., 1986), whereas soils with
naturally present Cd (e.g., soils developed onMonterey shales) may not show decreases with depth to at least 1 m.

Like Cd, Pb can also occur naturally in the environment but is introduced to soils through anthropogenic activity.
Concentrations of Pb in U.S. agronomic soils generally range from 10 to 50 mg kg− 1 with lower levels found in
spinach growing regions of California and Arizona and higher levels found in the Pb belt region that encompasses
the Missouri and Ohio river valleys, suggestive of industrial activity (Holmgren et al., 1993). The historic use of
leaded gasoline has elevated soil Pb levels particularly in areas with high vehicle traffic (Datko‐Williams
et al., 2014; Schwarz et al., 2013). While the phase‐out of leaded gasoline has lessened Pb inputs over time, there
may still be health effects from residual dust from these historic inputs and other anthropogenic activities,
particularly in urban centers (Mielke et al., 2011; Ye et al., 2022). Leaded paint on structures also increases soil Pb
levels in surrounding soils to as high as 10,000 mg kg− 1. In studies of vegetables grown in New York City urban
gardens, some samples of leafy vegetables were markedly enriched in Pb. However, fine soil particles were the
source of the high tissue Pb based on analysis of other elements not accumulated by most plants (McBride
et al., 2014). Pb‐bearing soils used for urban gardens could be a source of Pb exposure, so extra care should be
taken to remove Pb‐bearing soil particles from vegetables grown in Pb‐rich soils (Attanayake et al., 2014; Clark
et al., 2006; McBride et al., 2014).

2. U.S. Spinach Production and Magnitude of Cd and Pb Concentrations
In the United States, 98% of all spinach production is in just four states, with California growing approximately
65% of all acres, and Arizona, New Jersey, and Texas comprising the balance (National Agricultural Statistics
Service, 2021). As a cool‐season crop, the climate of parts of California (i.e., Salinas Valley) is conducive to
growing spinach year‐round. The late fall/winter climate in the deserts of southern California, Arizona, and Texas
also provides the cool conditions needed for a spinach crop, whereas spinach in New Jersey and surrounding areas
is mainly grown in the spring and fall, while summer production (i.e., July) is not possible due to warm tem-
peratures. Spinach production is labor intensive and requires hands‐on weed management, clipped spinach
handling, and bunched spinach harvests. Spinach is nutritious and provides a good source of antioxidants, folate,
vitamins C, K, A, E, and B‐6, iron, calcium, and potassium (Morelock & Correll, 2008).

Before discussing the range of concentrations of metals Cd and Pb in spinach, it is critical to understand reported
units. In exposure assessments and in regulatory standards, the consumed plant part is expressed as the mass of
metal per unit fresh weight (FW) of the food if the food is consumed fresh. Thus, for spinach and other leafy
greens, metals are expressed as the mass of the heavy metal per unit FW. However, tissue analysis requires that
the fresh plant part be dried to remove water, and after analysis is reported as mass of metal per unit dry weight
(DW) of the plant part. Thus, these data need to be converted to fresh weight by accounting for the water lost in the
drying process for use in exposure assessments. Some studies do not indicate whether the reported values are
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expressed in DW or FW, making comparison between studies challenging.
Wolnik et al. (1985) reported that spinach harvested at the farm and processed
rapidly contained 7.7% dry matter, or 92% water. Thus, when mg Cd or
Pb kg− 1 dry spinach is reported, that should be multiplied by 0.077 to reach
mg Cd or Pb kg− 1 fresh spinach.

2.1. Cd in U.S. Spinach

While leafy greens generally contain higher Cd levels than other plant foods,
the concentrations in spinach are among the highest due to efficient transfer
from roots to shoots (Mahaffey et al., 1975; Wiersma et al., 1986), and
spinach is a known source of Cd to young children's diets (Pokharel &
Wu, 2023). In a study where Cd, Hg, Pb, and As were added to soil, Cd
accumulated more in the spinach tissues than the other metals (Chunilall
et al., 2004). The concentration of Cd in spinach in the United States ranges 2
orders of magnitude from ∼0.01 to 1.1 mg kg− 1 FW (Brierley & San-
chez, 2017; P. J. Gray, 2023; Wolnik et al., 1985). These ranges are based on
two surveys of paired soil and plant samples and on the Total Diet Study
(Figures 1 and 2). In a joint USDA‐FDA‐EPA survey of metals in paired soil
and crop samples collected in the early 1980s, spinach leaves from spinach‐
growing regions the United States ranged from 0.012 to 0.195 mg kg− 1 FW
with a geometric mean of 0.065 and median of 0.0605 mg kg− 1 FW (Wolnik
et al., 1985). Using that data and separating by the four states from where
spinach samples were obtained, the sample with the lowest Cd was obtained
in New Jersey, and the highest was from Texas (Figure 1). California and New
Jersey had the lowest mean and Maryland and Texas had the highest; how-
ever, no sample was higher than 0.2 mg kg− 1 FW in that study (Figure 1). The

1980 values were generally lower than those reflected in FDA's Total Diet Study (TDS), where samples of
“spinach, boiled fresh frozen” collected 4 times per year from markets in 4 regions in the United States in 1991–
2017 ranged from 0.03 to 1.09 mg kg− 1 FW with a mean of 0.16 and median of 0.11 mg kg− 1 FW (Figure 2).

Figure 1. Violin plots of Cd concentrations in spinach leaves found in
samples collected from CA (n = 19), MD (n = 20), NJ (n = 35), and TX
(n = 31) between 1980 and 1982. Data are from Wolnik et al. (1985). The
shaded area shows a kernel density plot, stars denote the mean, boxes denote
the 25th and 75th percentiles, and the horizontal line denotes the median.

Figure 2. (a) Cd concentrations in spinach from the U.S. FDA Total Diet Study from 1991 to 2017. Spinach was collected
from stores or markets in each of 4 regions, composited for the region, washed and cooked as consumers would for
consumption, and then digested and analyzed for total metal content. (b) Cd concentrations in raw spinach food from the FTA
Total Diet Study from 2018 to 2020. Raw spinach was collected from stores or markets in each of 6 regions, composited for
the region, washed as consumers would for raw consumption, and then digested and analyzed for total metal content.
Samples from each region of purchase do not necessarily represent the location in which they were grown.
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Comparison of these data sets could suggest that the concentrations of Cd in spinach are increasing; however, this
is likely not the case. Rather, a comparison of the soil collection maps (Holmgren et al., 1993) and the plant
collection maps (Wolnik et al., 1983, 1985) from the 1980s reveal that while lettuce (Lactuca sativa L.) was
sampled from the Salinas Valley where soil Cd was higher (∼1.2 mg kg− 1), spinach was only sampled farther
north and just east of Monterrey Bay where soil Cd levels were lower (<0.16 mg kg− 1). Due to the current
importance of the Salinas Valley region for spinach production in the United States, samples from this region
more than likely represented a large proportion of the samples obtained in the TDS. The TDS is meant for
consumer exposure estimates and does not include paired soil samples, so unfortunately, direct comparisons of
plant concentrations and soil levels are not possible with the TDS. In fact, very limited data exists on paired soil
and plant Cd levels for leafy greens in the United States. A recent data set from a non‐peer‐reviewed report
(Brierley & Sanchez, 2017) paired samples of soils and spinach collected from the desert soils of southeastern
California and southwestern Arizona, and values from 2016 ranged from 0.063 to 0.453 with a mean of 0.226 and
median of 0.221 mg kg− 1 FW despite the soil Cd levels being relatively low (∼0.1–0.3 mg kg− 1 Cd). Clearly, new
peer‐reviewed data is needed that pairs soil and plant levels of Cd in leafy greens in the United States to fully
understand the magnitude of potentially unsafe levels in leafy greens like spinach.

It is critical to obtain data on Cd concentrations in spinach to aid in the development of food safety regulations. If a
0.2 mg kg− 1 FW Cd limit were established, as the European Union has done, then 0% of the samples collected in
the 1980s would be out of compliance. In contrast, 40%–50% of the California and Arizona samples collected
more recently would be out of compliance. The Total Diet Study recently underwent changes to sampling for
spinach and now separates the United States into 6 regions and does not cook the food prior to analysis, as
consumption has trended toward raw spinach. The newer data show that Cd in raw spinach ranges from 0.1 to
0.4 mg kg− 1 with a mean of 0.222 and median of 0.2 mg kg− 1 FW (Figure 2b) and would result in 37% of samples
out of compliance if the 0.2 mg kg− 1 FW European limit were established in the United States.

2.2. Pb in U.S. Spinach

Unlike Cd, Pb concentrations are generally low in spinach leaves and appear to be decreasing over time. The
concentration of Pb in spinach in the 1980s studies ranged from 0.016 to 0.166 mg kg− 1 FWwith a mean of 0.045
and median of 0.038 mg kg− 1 FW (Figure 3) (Wolnik et al., 1985). These concentrations were higher than those
reflected in FDA's Total Diet Study, where samples of “spinach, boiled fresh frozen” collected 4 times per year
from markets in 4 regions in the United States in 1991–2017 ranged from below detection to 0.062 mg kg− 1 FW
with a mean and median of 0.008 mg kg− 1 FW. This decrease may reflect less atmospheric deposition on soils and
leaf surfaces due to the phase out of leaded gasoline and other environmentally driven changes in industrial
processes (Galal‐Gorchev, 1993). Despite this decrease in Pb concentrations and the limited transfer of Pb from
roots to shoots, the TDS data reveal that approximately 30% of samples exceed the 0.01 mg kg− 1 limit in veg-
etables suggested in the FDA draft guidance on Pb in foods intended for babies and young children. The newer
FDA TDS of Pb in raw spinach collected from 2018 to 2020 were lower (Figure 4b), ranging from below
detection to 0.018 mg kg− 1 FW with mean and median of 0.006 mg kg− 1 FW and 15% of samples exceeding the
draft limit. Since the FDA considers food policy intended to keep consumers safe, it is also paramount to un-
derstand both the magnitude of decrease in metal content needed and how to practically meet that goal.

3. Root Cause of Cd and Pb Accumulation in Spinach
It is paramount to understand the soil and plant factors that dictate contaminant accumulation in edible tissues to
identify mitigation strategies for metals in foods. Whether a metal is phytoavailable in soil depends first on the
ability for the soil to retain the metal (via adsorption and/or co‐precipitation), second, whether the plant can affect
the metal's mobility via chelation, reduction, or precipitation thereby affecting root uptake, and third, how readily
the metal is transported from roots to the edible portion of the plant. For spinach, the edible portion is the leaves,
so metals like Pb that are highly retained in soil and have limited mobility from roots to shoots are less likely to be
found in high levels in spinach leaves. In contrast, Cd can be mobilized in soil and is readily transferred from roots
to shoots; see McLaughlin et al. (2021) for a general review of these processes in agricultural systems. A con-
ceptual diagram highlights the contrasting behaviors of Cd and Pb in the soil‐to‐spinach environment (Figure 5),
discussed in detail below.
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3.1. Soil Factors Affecting Cd in Spinach

Cd is taken up by plant roots primarily as the divalent cation, Cd2+, or
complexed with chloride, but may be present in soil solution as a natural
organic matter chelate, which affects its mobility. In soil solution, soluble Cd
is mainly chelated by low‐molecular weight organic molecules, which keeps
free metal ion activity low but increases soluble metal concentration many-
fold. Most surface‐bound metals in soils remain in equilibrium with the
chelated soluble metals in the soil solution. Soils with a higher capacity to
adsorb metals have a lower potential for plant uptake. Soils rich in organic
matter, clays, and hydrous oxides of Fe and Mn have high metal sorption
capacity and result in lower equilibrium values of free metal activity in soil
solution (Mench et al., 2020; Sappin‐Didier et al., 1997). For these reasons,
Cd uptake is affected by soil texture and acidity, with sandy soils leading to
more mobility and higher uptake than finer textured soils (Dheri et al., 2007).

Unlike most other metals, the concentration of Cd in higher plants is directly
proportional to the concentration of Cd in the soil. Linear relationships have
been found with soil total Cd (<60 mg kg− 1) and plant Cd in a wide variety of
plants including lettuce, rice, broccoli (Brassica oleracea var. italica),
spinach, barley (Hordeum vulgare L.), carrot, beet (Beta vulgaris subsp.
vulgaris), and potato (Solanum tuberosum L.) (Dudka et al., 1996; Kukier &
Chaney, 2002; Kukier et al., 2010; Liang et al., 2013; McGrath et al., 2000;
Smith & Hartz, 2016). Soil pH is more important than other soil properties,
and soil Cd:Zn ratio strongly affects plant Cd levels because most Cd is
absorbed through the Zn uptake transporter (M. Wang et al., 2023). There is
also a linear relationship that exists between total soil Cd and soil Cd that is
extractable by diethylenetriamine pentaacetate (DTPA‐extractable Cd),

which approximates total soil Cd by a factor of 2 or 3, depending on the soil (Brierley & Sanchez, 2017; Smith &
Hartz, 2016; Xiao et al., 2018). From a laboratory perspective, soil DTPA extraction is less time‐consuming and

Figure 3. Violin plots of Pb concentrations in spinach leaves found in
samples collected from CA (n = 19), MD (n = 20), NJ (n = 35), and TX
(n = 31) between 1980 and 1982. Data are from Wolnik et al. (1985). The
shaded area shows a kernel density plot, stars denote the mean, boxes denote
the 25th and 75th percentiles, and the horizontal line denotes the median.

Figure 4. (a) Pb concentrations in spinach food from the FDA Total Diet Study from 1991 to 2017. Spinach was collected
from stores or markets in each of 4 regions, composited for the region, washed as consumers would for consumption, and
then digested and analyzed for total metal content. (b) Pb concentrations in raw spinach food from the FTA Total Diet Study
from 2018 to 2020. Raw spinach was collected from stores or markets in each of 6 regions, composited for the region, washed
as consumers would for raw consumption, and then digested and analyzed for total metal content. Samples from the four
regions of purchase do not necessarily represent the location in which they were grown. Dashed line indicates the draft
guidance (Center for Food Safety and Applied Nutrition, 2023) for Pb of 10 μg kg− 1 FW in foods intended for babies and
young children with a single vegetable ingredient.
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is, therefore, less expensive than total soil Cd analysis and less subject to errors in analysis, so it is likely a better
technique for higher throughput of soil screening for estimating Cd levels in plants. Because of the direct rela-
tionship between plant and soil Cd concentrations (either total soil Cd or DTPA‐extractable Cd), spinach plants
grown in soils with higher soil Cd have higher shoot Cd concentrations, which is mainly due to plant uptake by
roots and translocation to the leaves. It should be noted that soil splash of Cd‐rich soil onto the outside of leaves
could also contribute to exposure if the soil is not properly washed from the leaves prior to consumption. In the
United States, soil Cd measured in the early 1980s showed that the median concentration of Cd in agricultural soil
is 0.2 mg kg− 1 with a maximum of 2 mg kg− 1 in soils derived from theMonterey Shale parent material (Holmgren
et al., 1993) including Salinas Valley, CA, where spinach is currently a major crop. But studies of the shale‐
derived soils with high Cd and Cd:Zn ratio contained 5.2 mg Cd and only 54 mg Zn kg− 1 (Chaney
et al., 2017; Paul & Chaney, 2017).

Research on mechanistic understanding has revealed the important role of soil Zn concentration in Cd accu-
mulation in leafy greens, including spinach. In particular, the high Cd soils derived from marine shales such as
those in the Salinas Valley have low total Zn, and this relatively high Cd:Zn mass ratio (∼0.03–0.10 rather than
<0.01) renders plants grown in these soils prone to Cd accumulation compared to most other soils with a low Cd:
Zn ratio (US median about 0.003) (Holmgren et al., 1993). Moreover, these unique soils have even lower phy-
toavailable Zn relative to Cd based on phytoavailable soil extractions (Paul & Chaney, 2017), which makes plants
grown on them prone to Cd uptake (Chaney, 2010). Research has shown that Cd enters the plant root through Zn
uptake transporters in all crops except rice, so added Zn can inhibit Cd uptake by roots (M. Wang et al., 2023).

Soil pH is a master variable that affects the phytoavailability of metals, especially Cd (and Zn), by affecting
several soil properties. In general, Cd is much more phytoavailable under acidic soil conditions. Theoretically, the

Figure 5. Conceptual diagram contrasting factors that influence Cd and Pb levels and mobility in soils created with elements
from biorender.com. Cd and Pb are naturally present in all soils at trace levels, but Cd can be naturally higher in soils
developed from shale parent material including soils in the spinach‐growing region near Salinas, CA. Also, Cd can be added
to soil via aerial deposition or from rock phosphate‐derived fertilizers that are naturally enriched in Cd. Pb is added to soil
mainly through areal deposition and direct soil contamination with Pb‐rich sources (e.g., Pb‐based paint products). Soil
factors affecting Cd in spinach include precipitation and adsorption reactions with soil organic matter and Fe‐Mn oxides as
well as complexation with anions such as chloride, which renders Cd more mobile in soil and phytoavailable, where it can
readily be absorbed by roots and be translocated to leaves. In contrast, Pb is strongly retained in soil via precipitation
reactions and is sparingly soluble, where it can be absorbed by roots but not readily translocate to leaves; Pb associated with
leafy greens likely is due to dust or fine soil particle accumulation on the leaf surfaces and improper washing (McBride
et al., 2014).
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activity of divalent cations like Cd in soil should increase 100‐fold for each unit decrease in pH. As pH increases,
adsorption of Cd in soil increases. Thus, for soils with pH above 7, Cd phytoavailability is limited (Yi et al., 2020).
pH also has effects on how the ionic strength affects Cd adsorption. In general, Cd adsorption decreases with
increasing ionic strength (Naidu et al., 1994), except when the increase in ionic strength is due to chloride, which
further increases phytoavailability of Cd in a different way.

Chloride is known to increase solution Cd concentrations and plant uptake of Cd in diverse crops. Several studies
have demonstrated relationships between soil or solution Cl− and Cd accumulation in field‐collected plants,
including wheat (Triticum aestivum L.) (Norvell et al., 2000), sunflower (Helianthus annuus L.) (Li et al., 1994),
swiss chard (Beta vulgaris subsp. vulgaris) (Smolders et al., 1998), potato (McLaughlin et al., 1994), and spinach
(Brierley & Sanchez, 2017; Smith & Hartz, 2017). In general, increasing ionic strength decreases adsorption of
cations like Cd2+, so in theory an increase of Cl− could increase the ionic strength and limit retention of Cd2+ on
exchange sites thereby increasing Cd phytoavailability. However, studies have shown that the increase of plant
Cd concentrations with increasing Cl− is specific to the addition of Cl− (rather than an ionic strength effect) due to
the complexation of Cd2+ with Cl− , forming chloride complexes with Cd (e.g., CdCl+) in soil solution that are
more mobile in soil than Cd2+ thereby increasing Cd phytoavailability. This mechanism has been demonstrated
experimentally where the addition of Cl− salts (e.g., NaCl) increases total Cd in soil solution whereas the addition
of NO3

− salts (e.g., NaNO3) does not (Khoshgoftar et al., 2004; Smolders et al., 1998). These studies and others
that show increased plant uptake of Cd with increasing Cl− but not NO3

− at the same ionic strength (Cabrera
et al., 1988) illustrate that the enhanced phytoavailability of Cd due to chloride is not simply an ionic strength
phenomenon. Instead, the CdCl+ is either taken up directly by plant roots (Smolders & McLaughlin, 1996)
possibly through ion channels for monovalent cations (Welch & Norvell, 1999) or the enhanced diffusion of Cd2+

through the plant apoplast by Cl− complexation (Smolders et al., 1998). Either way, higher soil solution Cl−

increases the phytoavailability of Cd to plants. It should also be noted that nutrient solution studies where Cd is
being investigated should be interpreted with caution if the salts used for the nutrient media or Cd delivery also
contain Cl− (and thus CdCl+ complexes) (e.g., Michalska & Asp, 2001; Salaskar et al., 2011; Valderrama
et al., 2013; K.‐S. Wang et al., 2008).

In addition to increasing Cd phytoavailability, increasing soil solution Cl− also decreases the phytoavailability of
Zn. In one study, increasing Cl− increased solution phase and plant Cd concentrations while decreasing solution
phase and plant Zn in wheat shoots grown in Cd‐contaminated soil (Khoshgoftar et al., 2004). The decrease in
phytoavailability of Zn and increase in phytoavailability of Cd with increasing Cl− illustrates why it is imperative
to add more Zn than suggested from traditional soil test recommendations. Fertilizer recommendations are based
on extraction of a nutrient from soil and do not factor in additional effects of Cl− from irrigation water on Zn
phytoavailablity. Khoshgoftar et al. (2004) found that the increase in Cd and decrease in Zn caused by added Cl−

was nearly alleviated by the incorporation of ZnSO4. These findings have important implications for Cd miti-
gation strategies, which are detailed in Section 4.

The soil reduction‐oxidation (redox) potential can also influence Cd mobility in soil and plant‐uptake. Under low
redox (i.e., reducing) conditions and in acid soils, sulfate can be reduced to sulfide, which can precipitate with Cd,
forming sparingly soluble CdS (Arao et al., 2009; Reddy & Patrick, 1977). Flooding raises soil pH to neutral
levels, but after drainage soil pH can rapidly decline and sharply increase Cd uptake. Because most crops are
grown in oxic soils where redox conditions are high, Cd is not commonly immobilized by sulfide, with the
exception of rice (Arao et al., 2009; Fang et al., 2021; Kukier & Chaney, 2002; Reddy & Patrick, 1977). Rice is
typically grown under flooded paddy conditions where Cd mobility and uptake are low, but Cd mobility increases
when alternative water management of periodic or prolonged drainage occurs, causing increased plant uptake
under more oxic conditions relative to paddy rice. In paddy rice, most grain Cd is absorbed after the fields are
drained at the beginning of flowering, allowing most grain Cd to be absorbed by roots during that flowering period
(Simmons et al., 2008).

3.2. Plant Factors Affecting Cd in Spinach

Once delivered to the rhizosphere, Cd enters plants due to absorption through the root apoplast and transport
through the symplast. Chelated or complexed Cd2+ can dissociate in the rhizosphere, and this buffering capacity
of the soil solution can drive the equilibrium toward more free metal as the plant roots absorb Cd2+ (Degryse
et al., 2009), creating a diffusion gradient from the bulk soil to the root apoplast. Similar to other toxic elements
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with no known biological function (e.g., Hg, As, Pb), transport from the symplast to the apoplast occurs via
transporters intended for plant nutrients. These toxic ions can be transported into roots because they have similar
valence, hydrated ionic radius, and chelation properties to plant nutrients. In spinach and in most other crops, the
main mechanism of Cd2+ uptake is mainly via the Zn2+ uptake pathway (M. Wang et al., 2023). One contrasting
crop is rice, where the Mn uptake transporter (OsNramp5) is responsible for Cd2+ uptake (Ishikawa et al., 2012;
Sasaki et al., 2012; M. Wang et al., 2022). For a detailed review of the mechanisms of Cd accumulation in higher
plants, see (Sterckeman & Thomine, 2020).

Once inside the root symplast, Cd is transported to the stele and pumped into the xylem, where it flows to
aboveground tissues and accumulates in spinach leaves. Most plants, including spinach, have lower levels of Cd
in leaves than in roots (Jarvis et al., 1976; McKenna et al., 1993), but spinach accumulates 2–3 times more Cd in
the leaves than other crops (Cavanagh et al., 2019; Salim et al., 1995; Verma et al., 2007; Wolnik et al., 1983,
1985; Yi et al., 2020). Cd transport through the xylem is driven by transpiration and can occur as the free metal
and as a complex with organic acids (Sterckeman & Thomine, 2020). For example, citrate is thought to aid in
transport of Cd through tomato (Solanum lycopersicum L.) xylem (Senden et al., 1995). In hyperaccumulators,
citrate, malate, and oxalate form complexes with Cd and these are thought to aid in tolerance of high Cd tissue
concentrations upon vacuolar storage (Ueno et al., 2005; Villafort Carvalho et al., 2015). In the Amaranthaceae
family, which includes spinach, oxalate accumulates in high amounts in the leaves, and can form insoluble
crystals with Ca that are deposited in leaves (Siener et al., 2006). The co‐localization of calcium oxalate crystals
and Cd in some plants (e.g., Blommaert et al., 2024; Pongrac et al., 2018; van Balen et al., 1980; Villafort
Carvalho et al., 2015) suggests that Ca‐Cd oxalate crystals may also form in spinach and may be associated with
higher levels of Cd in spinach leaves, as oxalate appears to increase with exposure to Cd (Sembratowicz &
Rusinek‐Prystupa, 2012; Villafort Carvalho et al., 2015). Joshi et al. (2021) argue that the formation of calcium
oxalate crystals in spinach is detrimental to human health because the calcium within the insoluble crystals is less
bioavailable and the crystals can lead to kidney stones. However, from a Cd standpoint, such crystals could render
Cd less bioavailable to humans upon ingestion. It has been demonstrated that less Cd is bioavailable upon
consumption of spinach compared to lettuce (Buhler, 1985; McKenna et al., 1992), the latter of which is not
known to produce calcium/Cd oxalate crystals. To our knowledge, an analysis of Cd oxalate crystal formation
across spinach cultivars has not been conducted, but perhaps low oxalate cultivars may lead to less Cd seques-
tration as oxalate crystals in spinach leaves or perhaps higher Cd sequestration in oxalate crystals would be less
bioaccessible to humans upon ingestion. During spinach processing in animals, the pH of the stomach is quite
acidic and Ca oxalate is soluble; but when the digesting food is moved to the small intestine, pH is raised which
causes precipitation of Ca oxalate with co‐precipitation of Cd in the crystals, reducing Cd bioavailability by
about 50%.

Whether leaves are young or old when harvested has substantial impacts on concentrations of Cd and other
nutrients in leaves. McKenna et al. (1993) grew spinach and lettuce in hydroponic media with variable Cd and Zn
exposure and showed that the harvested young leaves consistently had lower Cd concentrations than harvested old
leaves by approximately one order of magnitude. This finding is consistent with transpiration as the main driver of
Cd accumulation in both spinach and lettuce leaves, as has been demonstrated for perchlorate in lettuce (Seyfferth
et al., 2008). In the same experiment, McKenna et al. (1993) showed that Zn concentrations were less affected by
the age of the leaf, which implies that plants grown for shorter durations (i.e., baby spinach) may have lower Cd:
Zn ratio than those grown for longer periods.

The relative proportions of Cd and other nutrients such as Zn, Ca, and Fe in edible leaves have important im-
plications for Cd bioavailability to humans. McKenna et al. (1992) illustrated that less Cd was absorbed and
retained in the kidney and liver of quail that were fed lettuce and spinach with high‐Zn than those with low‐Zn at a
similar leaf Cd concentration. This effect has also been demonstrated in rice, where low grain levels of Fe, Zn, and
Ca, along with mild deficiency of these elements in subsistence diets results in 10‐fold higher absorption of Cd in
animals, including humans (Chaney, 2015; Reeves & Chaney, 2008). These findings suggest that increasing Zn,
Ca, and Fe in spinach leaves or in the diets of spinach consumers will lessen the impact of a given Cd leaf
concentration on the human body. Furthermore, it is important to consider not just the concentration of the
element in the edible food tissue, but also the bioavailability of that element to the human, especially Fe, Zn and
Ca (Buhler, 1985; Fox, 1979, 1988). Most Cd is absorbed on the ferrous uptake transporter of the intestine, so Fe
deficiency strongly promotes Cd absorption (Reeves & Chaney, 2008).
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3.3. Soil Factors Affecting Pb in Spinach

Pb is strongly retained in soil, and therefore it is much less phytoavailable to spinach than Cd and rarely reaches
high levels in shoots. Similar to Cd, Pb sorbs onto organic matter, metal oxides, and clays, is more available as pH
decreases, and is more strongly retained in finer textured soils with higher cation exchange capacity (CEC)
(Brümmer & Herms, 1983; Farrah & Pickering, 1977; Forbes et al., 1976). In addition to sorption processes, Pb is
also strongly retained in soil by precipitation as insoluble or sparingly soluble crystalline minerals such as py-
romorphite (Cotter‐Howells & Thornton, 1991; Mench et al., 2020). These sorption and precipitation reactions
render Pb far less soluble in soil solution (i.e., sub nM), and therefore is less phytoavailable, than Cd (McLaughlin
et al., 1999).

However, research on Pb in leafy vegetables grown in Pb‐rich urban gardens found elevated Pb levels. Further, Pb
contamination derives from soil particles adhering to the leaves, not from uptake within the plant (McBride
et al., 2014). Crop types with little chance of soil or dust contamination are thus seldom enriched in Pb.

3.4. Plant Factors Affecting Pb in Spinach

Pb that is solubilized in soil can move into the root apoplast, but its uptake into the symplast for transport to plant
shoots is limited (see Pourrut et al., 2011 for a detailed review). While ion channels such as those for Ca2+ may
also transport Pb2+ (Huang & Cunningham, 1996), approximately 95% of the Pb that is absorbed by roots stays in
the roots (Pourrut et al., 2011) and is precipitated with insoluble P minerals in the rhizosphere or root cells
(Chaney & Ryan, 1994). For this reason, consumption of root vegetables such as carrots or sweet potatoes have a
higher risk to human health than leafy vegetables such as spinach or stem tubers such as potato (Codling &
Onyeador, 2017; Codling et al., 2015, 2016). In peeled carrots, the Pb is mostly within the xylem in the center or
core of the carrots (Codling et al., 2007). Thus, garden crops that are phloem‐fed, such as potatoes and fruits,
remain low in Pb because Pb has low solubility in phloem fluid, but xylem‐fed crops, such as the expanded
hypocotyl root vegetables accumulate Pb as pyromorphite (Pb‐phosphate compound) which reduces Pb transport
to shoots. Thus, soil splash contamination is important for low‐growing leafy crops, but uptake and trapping
within the food is important in xylem‐fed root crops.

It is often difficult to determine if the Pb found associated with spinach leaves is primarily located on the outside
of the leaf or if it was transported to the leaf via symplastic uptake and translocation. Because Pb is strongly
adhered to soil particles, any such particles that are dusted onto the plant leaves and are not thoroughly washed off
can be mistaken for uptake into the leaf (Amir et al., 2018; Peterson, 1978). Spinach has a high surface roughness,
which contributes to its ability to harbor food pathogens such as Escherichia coli even after washing (Truschi
et al., 2023), so it is reasonable to assume that Pb‐bearing soil particles could also be entrapped within the rough
surface of spinach leaves and remain after washing. There is also some emerging evidence that heavy metals such
as Pb could be directly absorbed through the leaf from the atmosphere (Shahid et al., 2017), a mechanism that has
been demonstrated for lettuce (Schreck et al., 2012).

4. Mitigation Strategies for Cd
Before any remediation technique is considered, it is first recommended to obtain a soil test for Cd and Zn. The
Western Growers Association (WGA) in conjunction with University of California Cooperative Extension has
developed guidance for such testing and for remediation steps in California (Smith, 2018). These guidelines
recommend that if a soil has lower than 0.2 mg kg− 1 total Cd, there is no need for mitigation and leafy greens can
be safely grown. To our knowledge, other states do not have such guidelines, but it is probably relevant for most
soils. If instead of total soil Cd, a DTPA test is used, then a level less than 0.1 mg kg− 1 DTPA‐extractable Cd most
likely is safe for growing leafy vegetables. If the value is higher, then either avoidance is needed (e.g., if soil Cd is
∼5 mg kg− 1 or higher) or mitigation steps are needed to produce low‐Cd products.

To mitigate human health risks of Cd and Pb via spinach consumption, we will divide such strategies into pre‐
harvest techniques and post‐harvest techniques (Table 1). Pre‐harvest techniques are generally actionable by
the grower and include soil preparations and amendments, irrigation practices, and cultivar selection. Post‐harvest
techniques are further downstream and include spinach handling in the field, washing either by a factory or by the
consumer, and other consumer‐driven choices regarding diets. We will also consider the feasibility of each
mitigation strategy through the results of stakeholder surveys.
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4.1. Pre‐Harvest Techniques for Cd Mitigation

4.1.1. Soil Amendments

Because pH is a master variable that controls Cd dissolution in soil, it can be manipulated to control Cd phy-
toavailability. In some areas of the United States such as the Mid‐Atlantic or Northeast, soils are slightly acidic
(Holmgren et al., 1993) and thus liming could be effective for reducing Cd phytoavailability. If soils are acidic,
liming the soils to above pH 7.2 is effective at decreasing the phytoavailability of Cd in spinach and other leafy
greens (Cavanagh et al., 2019; Chaney et al., 2009; Kumarpandit et al., 2017; Pandit et al., 2012; Smith &
Hartz, 2016; Yi et al., 2020). However, in the Salinas Valley of California, soils are already limed to above pH 7.2
to decrease the incidence of club root in cruciferous crops (brassicas) (Smith & Hartz, 2016), so additional liming
is probably not advisable unless adding large amounts of Zn sulfate, which causes soil acidification. In addition,
liming these soils can even increase Cd accumulated by spinach because liming reduces soil Zn phytoavailability
which induces more expression of Zn transporters that causes increased uptake of Cd (Chaney et al., 2017).

The addition of Zn as a soil amendment can be effective to decrease Cd concentrations in plant leaves such as
spinach because Cd2+ is taken up by Zn2+ transporters in all plants except rice, but several other factors must also
be considered. Because the anion affects how metals interact with the soil surface, different Zn salts behave
differently as soil amendments. Using the sulfate salt results in more adsorption of Zn in soil compared to nitrate
or chloride salts (Shuman, 1986). Of several sources tested, Zn sulfate and Zn chelate most decrease Cd in crops
and Zn sulfate is cheaper than Zn chelate, so Zn sulfate amendment is the preferred choice (Smith & Hartz, 2017).
However, Zn sulfate can also acidify the soil, so it is important to add this material with lime to keep Cd phy-
toavailability low (Paul & Chaney, 2017). Californian agronomists have established best practices for reducing
Cd in spinach, and they suggest that powdered forms are more effective than granular forms, foliar forms are not
effective, and incorporating the material into the rooting zone (0–30 cm) is best (Smith & Hartz, 2016). However,
practically speaking it may be challenging to incorporate Zn that deep, but disking (10–15 cm incorporation) can
be done, which is much better than top‐dressing.

Most importantly, the amount of Zn that should be applied is higher than what would be recommended to avoid
Zn deficiency based on a soil fertility test. In one field trial, the application of 100 or 200 lbs acre− 1 Zn (or 277 and
555 lbs acre− 1 ZnSO4, equivalent to 310 and 622 kg ZnSO4 ha

− 1) to soil with 2.4 mg Cd kg− 1 and∼3 mg Zn kg− 1

reduced Cd in lettuce by 40% and 55%, respectively, resulting in spinach Cd concentrations of 0.22 and
0.17 mg kg− 1 fresh weight, respectively (Smith & Hartz, 2017). Similar reductions of ∼50% in spinach Cd
concentrations were observed in a different soil with 1–1.2 mg Cd kg− 1 and 1.7 mg Zn kg− 1 where the application
of just 100 lbs acre− 1 Zn (or 277 lbs ZnSO4 acre

− 1, equivalent to 310 kg ZnSO4 ha
− 1) decreased spinach Cd

concentrations from 0.29 to 0.15 mg kg− 1 fresh weight (Smith &Hartz, 2017). The high rate of Zn application can
sustain multiple years of effectiveness, but additional application will be necessary approximately every 3 years.

Table 1
Summary of Effective Pre‐ and Post‐Harvest Techniques to Minimize Cd Exposure From Spinach

Method

Mechanism of Cd reduction in plant
Mechanism of Cd
reduction in soil

Cd
reduction Notes

Uptake
competition

Improves
growth

Limits soil on
leaf

Limits Cd
phytoavailability

Cultivar Selection ✔ ? – – 0%–50% New breeding shows range

Organic Matter Amendment – ? – ✔ 0%–75% Depends on many factors

Lime Amendment – ✔ – ✔ ∼60% Better with Zn amendment

Zinc Amendment ✔ – – – 20%–80% Differences based on Zn source and soil

Lime + Zn Amendment ✔ – – ✔ ∼60% Highly effective

Limit Chloride Inputs ✔ – – ✔ 40% Highly effective

Leaf Washing – – ✔ – 8%–15% Minimal effectiveness

Eat a balanced diet with replete
Zn, Fe, Ca

– – – – ≥50% Minimizes bioavailability of Cd

Note. The % reduction column is estimated based on the literature cited within this review.
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The Zn application has been most successful in Cd‐rich soils with high Cd:Zn ratio of the Salinas Valley and
adjacent western soils in California where Zn phytoavailability is also low (Paul & Chaney, 2017). Increasing
phytoavailable Zn relative to Cd can suppress uptake of Cd in spinach, but it is important to keep Zn lower than
the level that could cause phytotoxicity. Other work in New Zealand soils showed that Zn addition was effective at
decreasing Cd in spinach when Zn was adequate for growth and soil Cd:Zn ratio was low (C. W. Gray &
Wise, 2020).

Organic‐rich soil amendments can also be effective in decreasing Cd uptake into spinach. Incorporating organic
amendments such as compost, biosolids, biochar, and humic acids increases the soil cation exchange capacity
(CEC), providing a reactive surface for Cd sorption and retention (Degryse et al., 2009; Kumarpandit et al., 2017;
Paul & Chaney, 2017; Prokop et al., 2003; Sato et al., 2010). In addition, Zn sulfate addition with compost and
lime worked better than Zn sulfate alone in decreasing Cd uptake but did so at a significant yield reduction (Paul
& Chaney, 2017). Amendment with biochar provides inconsistent results (Hu et al., 2020; Younis et al., 2016)
probably because of the variable properties of biochar from batch to batch and across different feedstocks
(Shaheen et al., 2019).

4.1.2. Minimize Cl− and Cd Inputs

Because Cl− can form a CdCl+ complex that increases Cd phytoavailability (Smolders et al., 1998), limiting Cl−

in irrigation water and from inputs can reduce Cd uptake. Typically, irrigation is from surface water, well‐pumped
groundwater, or recycled water. The amount of Cl− in water sources can vary with the use of road salts, fertilizers,
treatment of irrigation water with Cl‐bearing disinfectants, and the use of recycled water for agricultural irri-
gation. Leafy greens like spinach are particularly vulnerable to human pathogens from irrigation water, neces-
sitating treatment of irrigation water to minimize outbreaks; Cl‐bearing chemicals are the disinfectant of choice
(for detailed review, see Dandie et al., 2020). Recycled water use and treatment of irrigation water with Cl‐bearing
chemicals as disinfectants increases Cl− in the soil. While this increase is not deleterious to plants (Platts
et al., 2014), it could enhance Cd phytoavailability, so the impact of Cl‐bearing chemicals as disinfectants and
recycled water use on Cd phytoavailability in spinach growing areas should be explicitly tested. In one study, the
concentration of Cd in spinach increased by 0.25 mg kg− 1 (dry weight) for each 1 meq L− 1 increase in Cl−

concentration in irrigation water (Smith & Hartz, 2017). In addition, Cl− can enter the soil as the counter ion from
other fertilizer salts (e.g., KCl), so fertilizers with Cl− should be avoided in fields where Cd is prone to uptake into
spinach. Finally, because Cd can be a contaminant of other fertilizers (e.g., rock phosphate) (Mulla et al., 1980),
these potential sources should be monitored and even minimized by lowering Cd limits in P‐fertilizer for spinach
soils to avoid adding more Cd to soils.

4.1.3. Cultivar Selection

Growers also could select spinach cultivars that have low Cd accumulation potential or low oxalate, the latter of
which may decrease leaf levels of Cd (but increase the bioavailability of the Cd still absorbed). Recent breeding
efforts have identified cultivars that are genetically limited in their ability to accumulate Cd resulting in about a
50% difference in low versus high Cd concentrations, but the specific genes responsible are still being investi-
gated (Greenhut, 2018; Hilborn, 2020; Osorio et al., 2018; Smith & Hartz, 2017). Thus, growers could soon begin
to select low Cd cultivars. Cultivars that are low in oxalate may also limit Cd accumulation in leaves, so cultivars
that have low oxalate can be healthier for humans. But lower oxalate cultivars may have higher Cd bioavailability
due to the effect of oxalate on Cd absorption in the intestine. In addition to minimizing Cd accumulation, the low‐
oxalate cultivars can also minimize the potential for kidney stones from spinach consumption (Kawazu
et al., 2003).

4.2. Post‐Harvest Techniques for Cd Mitigation

4.2.1. Leaf Washing

Washing leaves can help to lessen the amount of Cd on spinach that arises from splash of soil particles. In factories
that make processed spinach products, washing is the first step that occurs. Washing is typically done to remove
bacteria as well as soil, and this step is effective for both. Flushing of the soil particles during this step is critical to
ensure that downstream processes are not contaminated with soil that might contain metals. However, the
equipment used for spinach processing may contain Cd in galvanized steel, and it is unknown if Cd leaches into
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the downstream product from the use of this equipment. Several authors have stated that the use of such
equipment as well as Cd‐plated utensils and Cd in pottery enamel is a source of Cd in the diet (Faroon et al., 2013;
Galal‐Gorchev, 1993; Schaefer et al., 2020), but these statements cited a JEFCA report (World Health Organi-
zation, 1989) in which the committee suggested that those products might release Cd into foods, but no references
to the peer‐reviewed literature were given. Other work showed that galvanized steel led to Zn contamination in
soil and plants, but not Cd (Jinadasa et al., 1997; Jones, 1983); the Zn metal used in galvanizing must be low in Cd
or the coating fails rapidly in outdoor weather, so Cd is about 100‐fold lower in galvanizing Zn metal. It was
previously determined that neither the processing of cereals to make flour and bread nor canning affected Cd
concentrations (Galal‐Gorchev, 1993). More research is needed to determine if processing spinach with galva-
nized equipment could contribute to higher Cd in spinach products, but to our knowledge, no data suggests that
this occurs. At home, most consumers wash fresh spinach to remove soil particles. Adding small quantities of lime
or lemon juice to the water wash could be more effective at removing soil particles, as was demonstrated pre-
viously by Amir et al. (2018), which showed that citric acid was more effective than water alone at removing
surface Cd contamination.

4.2.2. Dietary and Consumption Changes

Several dietary and consumption considerations can affect the exposure of consumers to Cd from spinach. When
spinach is harvested, it has approximately 93% water content. When consuming spinach raw, the amount of Cd
per wet weight of leaf is diluted by the water within. When spinach is cooked on the stovetop, much of the water is
driven off, and the Cd becomes more concentrated. This concept may be important for baby food manufacturers
who cook spinach before canning. As noted earlier, because Cd transport and accumulation in leaves is driven by
plant transpiration, older leaves with larger surface area have higher concentrations of Cd than newly formed
“baby” leaves. A field study in New Zealand showed that “baby” spinach had lower Cd concentrations than the
subsequent bunching spinach crop (Cavanagh et al., 2019). Additionally, plenty of evidence shows that
bioavailability of metals to humans through ingestion is strongly affected by the nutritional status of the human.
Diets low in Zn, Fe, and Ca can render any given Cd concentration more bioavailable (Chaney, Stoewsand, Bache
& Lisk, 1978; Chaney, Stoewsand, Furr, et al., 1978; Chaney et al., 2004; Reeves et al., 2005). Likewise, high
dietary Cd can decrease the absorption of those essential elements. Therefore, eating a balanced diet that is rich in
Zn, Fe, and Ca can minimize the impact of Cd on human health (Fox, 1979; Reeves & Chaney, 2002, 2008). It has
also been suggested that these micronutrients can be added to diets via nutritional supplements or fortification to
lessen the impact of Cd on the human body (Chaney et al., 2004).

5. Mitigation Strategies for Pb
Pb is not readily accumulated in spinach leaves, and the concentrations of Pb in spinach are low and have
decreased over time. Therefore, it would be a safe assumption that for most non‐contaminated soils, Pb mitigation
is not necessary to reduce Pb levels in spinach. However, it is noteworthy that the draft U.S. guidance for Pb of
10 μg kg− 1 FW in foods intended for babies and young children with a single vegetable ingredient (Center for
Food Safety and Applied Nutrition, 2023) might be challenging to achieve. With this draft guideline, 30% of the
TDS samples would be non‐compliant and exceed 10 μg kg− 1 (Figure 4) and should not be used for the production
of baby foods according to the “closer to zero” action plan. Therefore, mitigation steps might be necessary even
for non‐contaminated soils if the final product is intended for babies and young children.

First, a soil Pb test should be performed to identify any high Pb soils. Brown et al. (2016) suggest that leafy greens
grown in soil with >900 mg kg− 1 Pb should not be fed to children, while mitigation steps may be needed for soils
with <900 mg kg− 1 Pb. For Pb, pre‐harvest techniques are focused on avoidance (e.g., using mulch to limit splash
contamination; or replacing Pb contaminated urban soils with clean soil in raised beds) and soil stabilization, and
post‐harvest techniques are focused on washing, peeling, and consumer actions.

5.1. Pre‐Harvest Techniques for Pb Mitigation

5.1.1. Soil Amendments

If needed, both organic matter addition (Degryse et al., 2009) and P fertilization (Codling, 2007) are helpful to
decrease Pb phytoavailability. Because Pb is not readily translocated to leaves, there are limited actions that
promote competition with Pb for uptake into spinach. Addition of organic matter and P help to stabilize Pb in soil
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and promote the formation of Pb phosphate and pyromorphite, which both have low Pb solubility (Cotter‐Howells
& Thornton, 1991). Using mulch to limit soil splash onto leaves of low growing crops, and using raised beds with
low Pb soil are effective.

5.2. Post‐Harvest Techniques for Pb Mitigation

5.2.1. Leaf Washing

Removing Pb‐bearing soil particles from the leaf surface is critical to decreasing Pb ingestion through con-
sumption of leafy greens. Studies have shown that better washing of leaves was effective at removing Pb from
leaves of Swiss chard and from tomato fruit, but kitchen washing with just tap water was not as effective as
laboratory washing with water and the surfactant sodium laurel sulfate (Attanayake et al., 2014). In another study,
different washing techniques were tested, and washing with tap water removed 8% of Pb on spinach leaves, but
this increased to 15%–26% with 5%–10% lemon juice extract (Amir et al., 2018), which among the washes tested
might be the most practical for spinach consumers to do at home.

While this paper is focused on spinach, it is also important to consider post‐harvest techniques that could be used
for root and tuber vegetables, which have higher concentrations of Pb than spinach leaves. Peeling potatoes is
effective at removing Pb‐bearing soil particles that are adhered to the skin (Codling et al., 2016); however, peeling
does not work well for sweet potatoes and carrots (Attanayake et al., 2014; Codling & Onyeador, 2017). Potatoes
and yams (Dioscorea spp.) are phloem‐fed tubers, which means that the part consumed is a modified stem, rather
than a root. For these crops, Pb must be absorbed by the roots, translocated to the shoots, and then pumped into the
phloem system for transport to the storage tissues. Phloem fluid is rich in phosphate which causes Pb to precipitate
quickly so little can move to the potato, etc. Therefore, potatoes are more similar to spinach in that minimal Pb is
translocated to the stem/leaves compared to the roots, and thus potatoes and yams have minimal Pb in their edible
tissues if peels are not consumed. In contrast, sweet potatoes and carrots are root tubers and roots, respectively,
and Pb is absorbed by the root xylem and concentrates there, as it is not readily transported to shoots. Therefore,
peeling and washing sweet potatoes and carrots cannot remove the Pb contained within the hypocotyl xylem
tissue (Attanayake et al., 2014; Codling et al., 2015). Therefore, if sweet potatoes and carrots were to be cultivated
in Pb‐rich soil, minimization of Pb in the edible tissue may require mitigation measures. Avoiding such soils for
carrot and low‐growing leafy vegetables is advised while tree fruit may be grown on high Pb soils without
increasing Pb in the harvested fruit (Creger & Peryea, 1992).

6. Feasibility Considerations and Future Directions
We conducted interviews (Table 2) with stakeholders in the spinach sector to obtain their perspectives on
mitigation strategies and the feasibility of implementation of such strategies. We attempted to obtain survey
respondents from the four major spinach‐producing states and from other states that produce minor amounts to
gain a fuller reflection of spinach sector stakeholders. Despite our best efforts, we could not obtain respondents
from Salinas Valley, California—where soil is naturally elevated in Cd. Nevertheless, we were able to obtain a
total of 7 respondents who agreed to be interviewed for this study, allowing us to obtain viewpoints from
stakeholders in the spinach sector from five states that included spinach producers, packers, processors, and
marketers. Interviews occurred either via Zoom or in person where each respondent was asked the questions in
Table 2 according to approved IRB protocols.

The general conclusion from these stakeholder conversations is that the spinach sector is willing to do what it can
to reduce metals in foods, but some level of incentives, testing, and education is needed. Every grower we spoke
with stated that soil amendments for spinach mitigation would be relatively easy to implement for growers/
producers because spinach is already carefully monitored, and soil amendments are already being used. However,
clear guidance and testing on where mitigation is necessary is needed, because soil testing for metals like Cd and
Pb is expensive and is therefore not routinely performed in states other than in California. In addition, if Zn
application were needed, it is important to educate producers that they would need to add more than what a soil
fertility test estimate would suggest due to Zn deficiency and that it must be incorporated deeply into the rooting
zone.

It is also important to recognize that growers often work on thin economic margins, so changes that incur
additional costs for soil amendments and labor could affect the spinach market, and growers could choose to grow
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a different crop than spinach if those costs were not offset. It is also clear that more availability of inexpensive and
high throughput analysis of soil and water is needed to first evaluate if mitigation for metals is necessary. We
suggest that regional governmental testing labs be established throughout production regions and operate at low
or cost to growers for this purpose.

Minimization of chloride in soil used for spinach production is needed to reduce the phytoavailability of Cd, but
this is currently challenging to accomplish for several reasons. First, irrigation water applied to leafy greens must
have a disinfectant to reduce the risk of pathogens, and Cl‐containing disinfectants are often the disinfectant of
choice, which exacerbates the Cd issue. Thus, a grower could be forced to choose between reducing the risk of
pathogens or reducing the risk of Cd in their product. Second, scarcity of water is a complex issue in CA, and
recycling irrigation water is practiced but this increases salt concentrations, including Cl− . Use of tertiary treated
urban wastewater for irrigation has been shown to increase soil Cl− in northern Salinas valley compared to use of
well water (Platts et al., 2014). Third, seawater intrusion in coastal soils increases Cl− concentrations, and Cl−

accumulates in poorly drained soils. Finally, the counter ion of some fertilizers is Cl− . Research efforts should
focus on minimizing Cl− in the soil solution possibly by adsorption or absorption below ground or using an
affordable and alternative disinfectant than Cl‐based disinfectants.

Finally, consumers should also be more educated on the risks of metal intake via foods through educational
programs. Such programs could be developed by science communication experts in conjunction with scientists
and perhaps delivered via social media. Such a campaign could emphasize ways to lower risk of metal intake,
such as washing of soil from vegetables, and metal absorption, such as eating a balanced diet with sufficient
micronutrients to minimize the absorption of heavy metals in the body.

7. Conclusions and Future Directions
Guidance exists on promising pre‐ and post‐harvest techniques to mitigate Cd and Pb in vegetables, but more
consideration must be given on (a) if intervention is needed, (b) if the strategies are practical, and (c) how much
the risk is lessened by the field intervention. Our interviews illustrated that most stakeholders do not know what
the levels of Cd or Pb are in their soils or in products they produce or handle, and there was thus a clear need for
faster and cheaper testing of soils and plants where spinach is grown. While the U.S FDA Total Diet Study and
similar worldwide market surveys are excellent for assessing potential human exposure to metals, such surveys
cannot elucidate the edaphic factors that lead to higher metal levels in plant foods. In the United States, the
USDA‐Agricultural Research Service (ARS) and land grant institutions, or their equivalents in other production
regions, could house regional core facilities for this purpose to enable widespread screening of paired soils and
plants for metal content at a fraction of the cost that private labs charge. Such an effort would help to identify areas

Table 2
Interview Questions for Members of the Spinach Sector Used to Shape the Stakeholder View of Mitigation of Metals in
Spinach

1. Who are you, and what is your professional relationship to the
food and agriculture sector?

2. How would you rate your concern regarding metals (Cd or Pb) in
the spinach you produce?

3. What steps are you currently taking to mitigate metals in your
product?

4. What within your production system would you be willing to
modify in order to reduce metals (Cd, Pb) in spinach?

5. What would it take for you to implement practices that are
known to reduce metals in spinach?

6. If implemented, what type of incentive would you require to
implement these practices?

7. If implemented, how would it impact your operation‐i.e., time,
people, cost?

8. Do you have two to five suggested contacts of other people we
could interview?
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where mitigation practices might be needed and would enable researchers to develop a database of paired soil and
plant samples to better predict metal risk in edible foods. Unfortunately, scarce data exists on this topic in the
United States and many of the agronomists working on these topics have or will soon retire, so a pipeline of new
researchers to address these questions is needed. There was also a general lack of understanding of links between
soils, metals, and plants, so USDA‐ARS and land grant institutions could increase extension efforts perhaps
through integrated projects on this topic.

To achieve “closer to zero” Cd in plant foods, it is imperative that Cl− inputs are at a minimum and that Zn
applications are higher than what a soil test would recommend for optimal Zn nutrition, but not so high that Zn
phytotoxicity would occur. Practically speaking, to lessen uptake of Cd, it is probably easier to choose low Cl−

inputs from fertilizer or other soil amendments compared to lessening Cl− in irrigation water, especially for
growers in California and Arizona where water is scarce and where Cl− is used as a disinfectant for leafy greens.
Future work could focus on developing non‐chloride techniques that are safe and affordable to keep leafy greens
both pathogen and metal “free.” All surveyed growers indicated that adding a soil amendment such as Zn sulfate,
organic matter, or limestone would have minimal impact on the operation, but it would require some cost and
labor that is outside of the normal operation. Moreover, field‐scale trials of such interventions are found in reports
and are not peer‐reviewed. Thus, more applied research on mitigation strategies at the field scale is warranted.
Because growers require cost‐effective or ‐neutral solutions, policy efforts should focus on incentivizing this
change for growers to keep them competitive in global markets.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
This is a review article and all data presented in the figures is openly available inWolnik et al. (1985) and in the U.
S. FDA Total Diet Study at https://www.fda.gov/food/reference‐databases‐and‐monitoring‐programs‐food/fda‐
total‐diet‐study‐tds. All data from the interviews is presented within the manuscript without identifying infor-
mation according to the University of Delaware Internal Review Board protocol (2020651‐1).

References
Abadin, H., Ashizawa, A., Stevens, Y.‐W., Llados, F., Diamond, G., Sage, G., et al. (2007). Toxicological profile for lead. Agency for Toxic

Substances and Disease Registry (US). Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/24049859
Amir, R. M., Randhawa, M. A., Sajid, M. W., Nadeem, M., Ahmad, A., & Wattoo, F. M. (2018). Evaluation of various soaking agents as a novel

tool for heavy metal residues mitigation from spinach. Food Science and Technology, 39(1), 176–180. https://doi.org/10.1590/fst.00118
Arao, T., Kawasaki, A., Baba, K., Mori, S., & Matsumoto, S. (2009). Effects of water management on cadmium and arsenic accumulation and

dimethylarsinic acid concentrations in Japanese rice. Environmental Science and Technology, 43(24), 9361–9367. https://doi.org/10.1021/
es9022738

Attanayake, C. P., Hettiarachchi, G. M., Harms, A., Presley, D., Martin, S., & Pierzynski, G. M. (2014). Field evaluations on soil plant transfer of
lead from an urban garden soil. Journal of Environmental Quality, 43(2), 475–487. https://doi.org/10.2134/jeq2013.07.0273

Berrow, M. L., &Webber, J. (1972). Trace elements in sewage sludges. Journal of the Science of Food and Agriculture, 23(1), 93–100. https://doi.
org/10.1002/jsfa.2740230112

Blommaert, H., Castillo‐Michel, H., Veronesi, G., Tucoulou, R., Beauchêne, J., Umaharan, P., et al. (2024). Ca‐oxalate crystals are involved in
cadmium storage in a high Cd accumulating cultivar of cacao. Environmental and Experimental Botany, 221, 105713. https://doi.org/10.1016/j.
envexpbot.2024.105713

Brierley, P., & Sanchez, C. (2017). Expanded sampling and mitigation strategy evaluation for cadmium in desert spinach. Yuma Center of
Excellence for Desert Agriculture. Retrieved from https://www.centerforproducesafety.org/researchproject/412/awards/Expanded_Sampling_
and_Mitigation_Strategy_Evaluation_for_Cadmium_in_Desert_Spinach.html

Brown, S. L., Chaney, R. L., & Hettiarachchi, G. M. (2016). Lead in urban soils: A real or perceived concern for urban agriculture? Journal of
Environmental Quality, 45(1), 26–36. https://doi.org/10.2134/jeq2015.07.0376

Brümmer, G., & Herms, U. (1983). Influence of soil reaction and organic matter on the solubility of heavy metals in soils. In B. Ulrich, & J.
Pankrath (Eds.), Effects of accumulation of air pollutants in forest ecosystems: Proceedings of a workshop held at Göttingen, West Germany,
May 16–18, 1982 (pp. 233–243). Springer Netherlands. https://doi.org/10.1007/978‐94‐009‐6983‐4_18

Buhler, D. R. (1985). Availability of cadmium from foods and water. In E. J. Calabrese, R. W. Tuthill, & L. Condie (Eds.), Inorganics in drinking
water and cardiovascular disease (pp. 271–287). Princeton Scientific Publ. Co.

Cabrera, D., Young, S. D., & Rowell, D. L. (1988). The toxicity of cadmium to barley plants as affected by complex formation with humic acid.
Plant and Soil, 105(2), 195–204. https://doi.org/10.1007/BF02376783

Cavanagh, J.‐A. E., Yi, Z., Gray, C. W., Munir, K., Lehto, N., & Robinson, B. H. (2019). Cadmium uptake by onions, lettuce and spinach in New
Zealand: Implications for management to meet regulatory limits. Science of the Total Environment, 668, 780–789. https://doi.org/10.1016/j.
scitotenv.2019.03.010

Acknowledgments
This work was supported by the Institute
for the Advancement of Food and
Nutrition Sciences (IAFNS). IAFNS is a
nonprofit science organization that pools
funding from industry collaborators and
advances science through the in‐kind and
financial contributions from public and
private sector participants. We thank the
interviewed stakeholders, who were
surveyed using the University of Delaware
Internal Review Board protocol 2020651‐1
(20 March 2023), where informed consent
was obtained from all individual
participants included in the study. All
authors contributed to the study
conception, design, material preparation,
data collection and analysis. The first draft
of the manuscript was written by Angelia
Seyfferth and all authors commented on
previous versions of the manuscript. All
authors read and approved the final
manuscript.

GeoHealth 10.1029/2024GH001081

SEYFFERTH ET AL. 16 of 21

https://www.fda.gov/food/reference-databases-and-monitoring-programs-food/fda-total-diet-study-tds
https://www.fda.gov/food/reference-databases-and-monitoring-programs-food/fda-total-diet-study-tds
https://www.ncbi.nlm.nih.gov/pubmed/24049859
https://doi.org/10.1590/fst.00118
https://doi.org/10.1021/es9022738
https://doi.org/10.1021/es9022738
https://doi.org/10.2134/jeq2013.07.0273
https://doi.org/10.1002/jsfa.2740230112
https://doi.org/10.1002/jsfa.2740230112
https://doi.org/10.1016/j.envexpbot.2024.105713
https://doi.org/10.1016/j.envexpbot.2024.105713
https://www.centerforproducesafety.org/researchproject/412/awards/Expanded_Sampling_and_Mitigation_Strategy_Evaluation_for_Cadmium_in_Desert_Spinach.html
https://www.centerforproducesafety.org/researchproject/412/awards/Expanded_Sampling_and_Mitigation_Strategy_Evaluation_for_Cadmium_in_Desert_Spinach.html
https://doi.org/10.2134/jeq2015.07.0376
https://doi.org/10.1007/978-94-009-6983-4_18
https://doi.org/10.1007/BF02376783
https://doi.org/10.1016/j.scitotenv.2019.03.010
https://doi.org/10.1016/j.scitotenv.2019.03.010


Center for Food Safety and Applied Nutrition. (2023). Action levels for lead in food intended for babies and young children: Draft guidance for
industry. Food and Drug Administration. Retrieved from https://www.fda.gov/media/164684/download

Chaney, R. L. (2012). Food safety issues for mineral and organic fertilizers. Advances in Agronomy, 117, 51–116. https://doi.org/10.1016/B978‐0‐
12‐394278‐4.00002‐7

Chaney, R. L. (1980). Health risks associated with toxic metal in municipal sludge. In G. Bitton, B. L. Damro, G. T. Davidson, & J. M. Davidson
(Eds.), Sludge—Health risks of land application (pp. 59–83). G. Ann Arbor Science Publication. Retrieved from https://cir.nii.ac.jp/crid/
1570854174074834048

Chaney, R. L. (2010). Cadmium and zinc. Trace Elements in Soils, 409–439. Retrieved from https://onlinelibrary.wiley.com/doi/pdf/10.1002/
9781444319477#page=414

Chaney, R. L. (2015). How does contamination of rice soils with Cd and Zn cause high incidence of human Cd disease in subsistence rice farmers.
Current Pollution Reports, 1(1), 13–22. https://doi.org/10.1007/s40726‐015‐0002‐4

Chaney, R. L., Green, C. E., Ajwa, H. A., & Smith, R. F. (2009). Zinc fertilization plus liming to reduce cadmium uptake by romaine lettuce on Cd‐
mineralized Lockwood soil. In Proceedings of the international plant nutrition colloquium XVI. University of California‐Davis. Retrieved from
https://escholarship.org/uc/item/5js5s736

Chaney, R. L., Green, C. E., Paul, A. L. D., Codling, E. E., & Smith, R. F. (2017). Soil amendments to reduce Cd accumulation by leafy vegetables
from Cd‐mineralized Lockwood loam. In A. Carstensen, K. H. Laursen, & J. K. Schjørring (Eds.), XVIII international plant nutrition col-
loquium (pp. 771–772). University of Copenhagen.

Chaney, R. L., Hornick, S. B., & Simon, P. W. (1977). Heavy metal relationships during land utilisation of sewage sludge in the North East. In
R. C. Loehr (Ed.), Land as a waste management alternative (pp. 228–314). Ann Arbor Science Publishers.

Chaney, R. L., Reeves, P. G., Ryan, J. A., Simmons, R. W., Welch, R. M., & Angle, J. S. (2004). An improved understanding of soil Cd risk to
humans and low cost methods to phytoextract Cd from contaminated soils to prevent soil Cd risks. Biometals, 17(5), 549–553. https://doi.org/
10.1023/b:biom.0000045737.85738.cf

Chaney, R. L., & Ryan, J. A. (1994). Risk based standards for arsenic, lead and cadmium in urban soils. Summary of information and methods
developed to estimate standards for Cd, Pb and As in urban soils. osti.gov. Retrieved from https://www.osti.gov/etdeweb/biblio/26007

Chaney, R. L., Stoewsand, G. S., Bache, C. A., & Lisk, D. J. (1978). Cadmium deposition and hepatic microsomal induction in mice fed lettuce
grown on municipal sludge‐amended soil. Journal of Agricultural and Food Chemistry, 26(4), 992–994. https://doi.org/10.1021/jf60218a002

Chaney, R. L., Stoewsand, G. S., Furr, A. K., Bache, C. A., & Lisk, D. J. (1978). Elemental content of tissues of Guinea pigs fed swiss chard grown
on municipal sewage sludge‐amended soil. Journal of Agricultural and Food Chemistry, 26(4), 994–997. https://doi.org/10.1021/jf60218a003

Chunilall, V., Kindness, A., & Jonnalagadda, S. B. (2004). Heavy metal uptake by spinach leaves grown on contaminated soils with lead, mercury,
cadmium, and nickel. Journal of Environmental Science and Health. Part. B, Pesticides, Food Contaminants, and Agricultural Wastes, 39(3),
473–481. https://doi.org/10.1081/pfc‐120035931

Clark, H. F., Brabander, D. J., & Erdil, R. M. (2006). Sources, sinks, and exposure pathways of lead in urban garden soil. Journal of Environmental
Quality, 35(6), 2066–2074. https://doi.org/10.2134/jeq2005.0464

Codling, E. E. (2007). Long‐term effects of lime, phosphorus, and iron amendments on water‐extractable arsenic, lead, and bioaccessible lead
from contaminated orchard soils. Soil Science, 172(10), 811–819. https://doi.org/10.1097/SS.0b013e3180dc9aa3

Codling, E. E., Chaney, R. L., & Green, C. E. (2007). Lead and arsenic uptake by carrots grown on five orchard soils with history of lead arsenate
used. In Proceedings of the ASA international meeting abstracts (p. 241). ars.usda.gov. Retrieved from https://www.ars.usda.gov/research/
publications/publication/?seqNo115=210307

Codling, E. E., Chaney, R. L., & Green, C. E. (2015). Accumulation of lead and arsenic by carrots grown on lead‐arsenate contaminated orchard
soils. Journal of Plant Nutrition, 38(4), 509–525. https://doi.org/10.1080/01904167.2014.934477

Codling, E. E., Chaney, R. L., & Green, C. E. (2016). Accumulation of lead and arsenic by potato grown on lead–arsenate‐contaminated orchard
soils. Communications in Soil Science and Plant Analysis, 47(6), 799–807. https://doi.org/10.1080/00103624.2016.1146754

Codling, E. E., & Onyeador, J. (2017). Accumulation of lead and arsenic in Malabar spinach (Basella alba L.) and sweet potato (Ipomoea batatas
L.) leaves grown on urban and orchard soils. Journal of Plant Nutrition, 40(20), 2898–2909. https://doi.org/10.1080/01904167.2017.1382530

Cotter‐Howells, J., & Thornton, I. (1991). Sources and pathways of environmental lead to children in a Derbyshire mining village. Environmental
Geochemistry and Health, 13(2), 127–135. https://doi.org/10.1007/BF01734304

Creger, T. L., & Peryea, F. J. (1992). Lead and arsenic in two apricots and in ‘Gala’ apples grown in lead‐arsenate contaminated soil.Horticultural
Science, 27(12), 1277–1278. https://doi.org/10.21273/HORTSCI.27.12.1277

Dandie, C. E., Ogunniyi, A. D., Ferro, S., Hall, B., Drigo, B., Chow, C.W. K., et al. (2020). Disinfection options for irrigation water: Reducing the
risk of fresh produce contamination with human pathogens. Critical Reviews in Environmental Science and Technology, 50(20), 2144–2174.
https://doi.org/10.1080/10643389.2019.1704172

Datko‐Williams, L., Wilkie, A., & Richmond‐Bryant, J. (2014). Analysis of U.S. soil lead (Pb) studies from 1970 to 2012. Science of the Total
Environment, 468–469, 854–863. https://doi.org/10.1016/j.scitotenv.2013.08.089

Degryse, F., Smolders, E., & Parker, D. R. (2009). Partitioning of metals (Cd, Co, Cu, Ni, Pb, Zn) in soils: Concepts, methodologies, prediction
and applications—A review. European Journal of Soil Science, 60(4), 590–612. https://doi.org/10.1111/j.1365‐2389.2009.01142.x

Dheri, G. S., Singh Brar, M., & Malhi, S. S. (2007). Influence of phosphorus application on growth and cadmium uptake of spinach in two
cadmium‐contaminated soils. Journal of Plant Nutrition and Soil Science, 170(4), 495–499. https://doi.org/10.1002/jpln.200625051

Dudka, S., Piotrowska, M., & Terelak, H. (1996). Transfer of cadmium, lead, and zinc from industrially contaminated soil to crop plants: A field
study. Environmental Pollution, 94(2), 181–188. https://doi.org/10.1016/s0269‐7491(96)00069‐3

Fang, X., Wang, J., Chen, H., Christl, I., Wang, P., Kretzschmar, R., & Zhao, F.‐J. (2021). Two‐year and multi‐site field trials to evaluate soil
amendments for controlling cadmium accumulation in rice grain. Environmental Pollution, 289, 117918. https://doi.org/10.1016/j.envpol.
2021.117918

Faroon, O., Ashizawa, A., Wright, S., Tucker, P., Jenkins, K., Ingerman, L., & Rudisill, C. (2013). Toxicological profile for cadmium. Atlanta
(GA). Agency for Toxic Substances and Disease Registry (US). Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/24049863

Farrah, H., & Pickering, W. F. (1977). Influence of clay‐solute interactions on aqueous heavy metal ion levels.Water, Air, and Soil Pollution, 8(2),
189–197. https://doi.org/10.1007/bf00294042

Forbes, E. A., Posner, A. M., & Quirk, J. P. (1976). The specific adsorption of divalent Cd, Co, Cu, Pb, and Zn on goethite. Journal of Soil Science,
27(2), 154–166. https://doi.org/10.1111/j.1365‐2389.1976.tb01986.x

Fox, M. R. (1979). Nutritional influences on metal toxicity: Cadmium as a model toxic element. Environmental Health Perspectives, 29, 95–104.
https://doi.org/10.1289/ehp.792995

Fox, M. R. (1988). Nutritional factors that may influence bioavailability of cadmium. Journal of Environmental Quality, 17(2), 175–180. https://
doi.org/10.2134/jeq1988.00472425001700020001x

GeoHealth 10.1029/2024GH001081

SEYFFERTH ET AL. 17 of 21

https://www.fda.gov/media/164684/download
https://doi.org/10.1016/B978-0-12-394278-4.00002-7
https://doi.org/10.1016/B978-0-12-394278-4.00002-7
https://cir.nii.ac.jp/crid/1570854174074834048
https://cir.nii.ac.jp/crid/1570854174074834048
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9781444319477#page=414
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9781444319477#page=414
https://doi.org/10.1007/s40726-015-0002-4
https://escholarship.org/uc/item/5js5s736
https://doi.org/10.1023/b:biom.0000045737.85738.cf
https://doi.org/10.1023/b:biom.0000045737.85738.cf
https://www.osti.gov/etdeweb/biblio/26007
https://doi.org/10.1021/jf60218a002
https://doi.org/10.1021/jf60218a003
https://doi.org/10.1081/pfc-120035931
https://doi.org/10.2134/jeq2005.0464
https://doi.org/10.1097/SS.0b013e3180dc9aa3
https://www.ars.usda.gov/research/publications/publication/?seqNo115=210307
https://www.ars.usda.gov/research/publications/publication/?seqNo115=210307
https://doi.org/10.1080/01904167.2014.934477
https://doi.org/10.1080/00103624.2016.1146754
https://doi.org/10.1080/01904167.2017.1382530
https://doi.org/10.1007/BF01734304
https://doi.org/10.21273/HORTSCI.27.12.1277
https://doi.org/10.1080/10643389.2019.1704172
https://doi.org/10.1016/j.scitotenv.2013.08.089
https://doi.org/10.1111/j.1365-2389.2009.01142.x
https://doi.org/10.1002/jpln.200625051
https://doi.org/10.1016/s0269-7491(96)00069-3
https://doi.org/10.1016/j.envpol.2021.117918
https://doi.org/10.1016/j.envpol.2021.117918
https://www.ncbi.nlm.nih.gov/pubmed/24049863
https://doi.org/10.1007/bf00294042
https://doi.org/10.1111/j.1365-2389.1976.tb01986.x
https://doi.org/10.1289/ehp.792995
https://doi.org/10.2134/jeq1988.00472425001700020001x
https://doi.org/10.2134/jeq1988.00472425001700020001x


Friberg, L. (1971). The Itai‐itai disease. In L. Friberg, M. Piscator, & G. Nordberg (Eds.), Cadmium in the environment. CRC Press.
Furr, A. K., Kelly, W. C., Bache, C. A., Gutenmann, W. H., & Lisk, D. J. (1976). Multielement absorption by crops grown in pots on municipal

sludge‐amended soil. Journal of Agricultural and Food Chemistry, 24(4), 889–892. https://doi.org/10.1021/jf60206a051
Galal‐Gorchev, H. (1993). Dietary intake, levels in food and estimated intake of lead, cadmium, and mercury. Food Additives & Contaminants,
10(1), 115–128. https://doi.org/10.1080/02652039309374135

Gray, C. W., &Wise, B. E. (2020). Can the application of zinc decrease cadmium concentrations in spinach in a zinc sufficient soil? New Zealand
Journal of Crop and Horticultural Science, 48(2), 117–129. https://doi.org/10.1080/01140671.2020.1745247

Gray, P. J. (2023). A survey of toxic elements in ready to eat baby foods in the US market 2021. Food Additives & Contaminants, Part B:
Surveillance, 16(2), 79–85. https://doi.org/10.1080/19393210.2022.2146209

Greenhut, R. F. (2018). Developing baby leaf spinach with reduced cadmium accumulation. Retrieved from https://search.proquest.com/
openview/8a44b843a2316226ac9371ebf98fb975/1?pq‐origsite=gscholar&cbl=18750

Hilborn, S. R. (2020). New and old issues in baby leaf spinach breeding: Cadmium uptake validation trials and the potential for leaf stomatal traits
as downy mildew screening method. M.S. Thesis. University of California. Retrieved from https://www.proquest.com/dissertations‐theses/
new‐old‐issues‐baby‐leaf‐spinach‐breeding‐cadmium/docview/2503452674/se‐2

Holmgren, G. G. S., Meyer, M. W., Chaney, R. L., & Daniels, R. B. (1993). Cadmium, lead, zinc, copper, and nickel in agricultural soils of the
United States of America. Journal of Environmental Quality, 22(2), 335–348. https://doi.org/10.2134/jeq1993.00472425002200020015x

Hu, Y., Zhang, P., Yang, M., Liu, Y., Zhang, X., Feng, S., et al. (2020). Biochar is an effective amendment to remediate Cd‐contaminated soils—A
meta‐analysis. Journal of Soils and Sediments, 20(11), 3884–3895. https://doi.org/10.1007/s11368‐020‐02726‐9

Huang, J. W., & Cunningham, S. D. (1996). Lead phytoextraction: Species variation in lead uptake and translocation. New Phytologist, 134(1),
75–84. https://doi.org/10.1111/j.1469‐8137.1996.tb01147.x

Ishikawa, S., Ishimaru, Y., Igura, M., Kuramata, M., Abe, T., Senoura, T., et al. (2012). Ion‐beam irradiation, gene identification, and marker‐
assisted breeding in the development of low‐cadmium rice. Proceedings of the National Academy of Sciences of the United States of Amer-
ica, 109(47), 19166–19171. https://doi.org/10.1073/pnas.1211132109

Jarvis, S. C., Jones, L. H. P., & Hopper, M. J. (1976). Cadmium uptake from solution by plants and its transport from roots to shoots. Plant and
Soil, 44(1), 179–191. https://doi.org/10.1007/BF00016965

Jinadasa, K. B. P. N., Milham, P. J., Hawkins, C. A., Cornish, P. S., Williams, P. A., Kaldor, C. J., & Conroy, J. P. (1997). Survey of cadmium
levels in vegetables and soils of greater Sydney, Australia. Journal of Environmental Quality, 26(4), 924–933. https://doi.org/10.2134/jeq1997.
00472425002600040002x

Jones, R. (1983). Zinc and cadmium in lettuce and radish grown in soils collected near electrical transmission (hydro) towers.Water, Air, and Soil
Pollution, 19(4), 389–395. https://doi.org/10.1007/BF00159600

Joshi, V., Penalosa, A., Joshi, M., & Rodriguez, S. (2021). Regulation of oxalate metabolism in spinach revealed by RNA‐Seq‐based tran-
scriptomic analysis. International Journal of Molecular Sciences, 22(10), 5294. https://doi.org/10.3390/ijms22105294

Kawazu, Y., Okimura, M., Ishii, T., & Yui, S. (2003). Varietal and seasonal differences in oxalate content of spinach. Scientia Horticulturae,
97(3), 203–210. https://doi.org/10.1016/S0304‐4238(02)00154‐1

Khoshgoftar, A. H., Shariatmadari, H., Karimian, N., Kalbasi, M., van der Zee, S. E. A. T. M., & Parker, D. R. (2004). Salinity and zinc application
effects on phytoavailability of cadmium and zinc. Soil Science Society of America Journal, 68(6), 1885–1889. https://doi.org/10.2136/
sssaj2004.1885

Kjellström, T. (1971). A mathematical model for the accumulation of cadmium in human kidney cortex. Nordisk Hygienisk Tidskrift, 52(2),
111–119. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/5147637

Kobayashi, J. (1978). Pollution by cadmium and the itai‐itai disease in Japan. Toxicity of Heavy Metals in the Environment, 199–260. Retrieved
from https://cir.nii.ac.jp/crid/1570009751288533504

Kukier, U., & Chaney, R. L. (2002). Growing rice grain with controlled cadmium concentrations. Journal of Plant Nutrition, 25(8), 1793–1820.
https://doi.org/10.1081/PLN‐120006058

Kukier, U., Chaney, R. L., Ryan, J. A., Daniels, W. L., Dowdy, R. H., & Granato, T. C. (2010). Phytoavailability of cadmium in long‐term
biosolids‐amended soils. Journal of Environmental Quality, 39(2), 519–530. https://doi.org/10.2134/jeq2007.0671

Kumarpandit, T., Kumarnaik, S., Patra, P. K., Dey, N., Patra, P. K., & Das, D. K. (2017). Influence of organic manure and lime on cadmium
mobility in soil and uptake by spinach (Spinacia oleracea L.). Communications in Soil Science and Plant Analysis, 48(4), 357–369. https://doi.
org/10.1080/00103624.2016.1261886

Lee, K. W., & Keeney, D. R. (1975). Cadmium and zinc additions to Wisconsin soils by commercial fertilizers and wastewater sludge application.
Water, Air, and Soil Pollution, 5(1), 109–112. https://doi.org/10.1007/BF00431584

Li, Y.‐M., Chaney, R. L., & Schneiter, A. A. (1994). Effect of soil chloride level on cadmium concentration in sunflower kernels. Plant and Soil,
167(2), 275–280. https://doi.org/10.1007/bf00007954

Liang, Z., Ding, Q., Wei, D., Li, J., Chen, S., & Ma, Y. (2013). Major controlling factors and predictions for cadmium transfer from the soil into
spinach plants. Ecotoxicology and Environmental Safety, 93, 180–185. https://doi.org/10.1016/j.ecoenv.2013.04.003

Mahaffey, K. R., Corneliussen, P. E., Jelinek, C. F., & Fiorino, J. A. (1975). Heavy metal exposure from foods. Environmental Health Per-
spectives, 12, 63–69. https://doi.org/10.1289/ehp.751263

McBride, M. B., Shayler, H. A., Spliethoff, H. M., Mitchell, R. G., Marquez‐Bravo, L. G., Ferenz, G. S., et al. (2014). Concentrations of lead,
cadmium and barium in urban garden‐grown vegetables: The impact of soil variables. Environmental Pollution, 194, 254–261. https://doi.org/
10.1016/j.envpol.2014.07.036

McGrath, S. P., Brookes, P. C., &Giller, K. E. (1988). Effects of potentially toxic metals in soil derived from past applications of sewage sludge on
nitrogen fixation by Trifolium repens L. Soil Biology and Biochemistry, 20(4), 415–424. https://doi.org/10.1016/0038‐0717(88)90052‐1

McGrath, S. P., Zhao, F. J., Dunham, S. J., Crosland, A. R., & Coleman, K. (2000). Long‐term changes in the extractability and bioavailability of
zinc and cadmium after sludge application. Journal of Environmental Quality, 29(3), 875–883. https://doi.org/10.2134/jeq2000.
00472425002900030025x

McKenna, I. M., Chaney, R. L., Tao, S. H., Leach, R. M., Jr., & Williams, F. M. (1992). Interactions of plant zinc and plant species on the
bioavailability of plant cadmium to Japanese quail fed lettuce and spinach. Environmental Research, 57(1), 73–87. https://doi.org/10.1016/
s0013‐9351(05)80020‐9

McKenna, I. M., Chaney, R. L., & Williams, F. M. (1993). The effects of cadmium and zinc interactions on the accumulation and tissue dis-
tribution of zinc and cadmium in lettuce and spinach. Environmental Pollution, 79(2), 113–120. https://doi.org/10.1016/0269‐7491(93)90060‐2

McLaughlin, M. J., Palmer, L. T., Tiller, K. G., Beech, T. A., & Smart, M. K. (1994). Increased soil salinity causes elevated cadmium con-
centrations in field‐grown potato tubers. Journal of Environmental Quality, 23(5), 1013–1018. https://doi.org/10.2134/jeq1994.
00472425002300050023x

GeoHealth 10.1029/2024GH001081

SEYFFERTH ET AL. 18 of 21

https://doi.org/10.1021/jf60206a051
https://doi.org/10.1080/02652039309374135
https://doi.org/10.1080/01140671.2020.1745247
https://doi.org/10.1080/19393210.2022.2146209
https://search.proquest.com/openview/8a44b843a2316226ac9371ebf98fb975/1?pq-origsite=gscholar%26cbl=18750
https://search.proquest.com/openview/8a44b843a2316226ac9371ebf98fb975/1?pq-origsite=gscholar%26cbl=18750
https://www.proquest.com/dissertations-theses/new-old-issues-baby-leaf-spinach-breeding-cadmium/docview/2503452674/se-2
https://www.proquest.com/dissertations-theses/new-old-issues-baby-leaf-spinach-breeding-cadmium/docview/2503452674/se-2
https://doi.org/10.2134/jeq1993.00472425002200020015x
https://doi.org/10.1007/s11368-020-02726-9
https://doi.org/10.1111/j.1469-8137.1996.tb01147.x
https://doi.org/10.1073/pnas.1211132109
https://doi.org/10.1007/BF00016965
https://doi.org/10.2134/jeq1997.00472425002600040002x
https://doi.org/10.2134/jeq1997.00472425002600040002x
https://doi.org/10.1007/BF00159600
https://doi.org/10.3390/ijms22105294
https://doi.org/10.1016/S0304-4238(02)00154-1
https://doi.org/10.2136/sssaj2004.1885
https://doi.org/10.2136/sssaj2004.1885
https://www.ncbi.nlm.nih.gov/pubmed/5147637
https://cir.nii.ac.jp/crid/1570009751288533504
https://doi.org/10.1081/PLN-120006058
https://doi.org/10.2134/jeq2007.0671
https://doi.org/10.1080/00103624.2016.1261886
https://doi.org/10.1080/00103624.2016.1261886
https://doi.org/10.1007/BF00431584
https://doi.org/10.1007/bf00007954
https://doi.org/10.1016/j.ecoenv.2013.04.003
https://doi.org/10.1289/ehp.751263
https://doi.org/10.1016/j.envpol.2014.07.036
https://doi.org/10.1016/j.envpol.2014.07.036
https://doi.org/10.1016/0038-0717(88)90052-1
https://doi.org/10.2134/jeq2000.00472425002900030025x
https://doi.org/10.2134/jeq2000.00472425002900030025x
https://doi.org/10.1016/s0013-9351(05)80020-9
https://doi.org/10.1016/s0013-9351(05)80020-9
https://doi.org/10.1016/0269-7491(93)90060-2
https://doi.org/10.2134/jeq1994.00472425002300050023x
https://doi.org/10.2134/jeq1994.00472425002300050023x


McLaughlin, M. J., Parker, D. R., & Clarke, J. M. (1999). Metals and micronutrients—Food safety issues. Field Crops Research, 60(1–2),
143–163. https://doi.org/10.1016/s0378‐4290(98)00137‐3

McLaughlin, M. J., Smolders, E., Zhao, F. J., Grant, C., & Montalvo, D. (2021). Managing cadmium in agricultural systems. Advances in
Agronomy, 166, 1–129. https://doi.org/10.1016/bs.agron.2020.10.004

Mench, M., Vangronsveld, J., Clijsters, H., Lepp, N. W., & Edwards, R. (2020). In situ metal immobilization and phytostabilization of
contaminated soils. In Phytoremediation of contaminated soil and water (pp. 323–358). CRC Press. Retrieved from https://www.taylorfrancis.
com/chapters/edit /10.1201/9780367803148‐18/situ‐metal‐immobilization‐phytostabilization‐contaminated‐soils‐mench‐vangronsveld‐
clijsters‐lepp‐edwards

Michalska, M., & Asp, H. (2001). Influence of lead and cadmium on growth, heavy metal uptake, and nutrient concentration of three lettuce
cultivars grown in hydroponic culture. Communications in Soil Science and Plant Analysis, 32(3–4), 571–583. https://doi.org/10.1081/CSS‐
100103029

Mielke, H.W., Laidlaw,M. A. S., & Gonzales, C. R. (2011). Estimation of leaded (Pb) gasoline’s continuing material and health impacts on 90 US
urbanized areas. Environment International, 37(1), 248–257. https://doi.org/10.1016/j.envint.2010.08.006

Morelock, T. E., & Correll, J. C. (2008). Spinach. In J. Prohens, & F. Nuez (Eds.), Vegetables I: Asteraceae, brassicaceae, chenopodicaceae, and
cucurbitaceae (pp. 189–218). Springer New York. https://doi.org/10.1007/978‐0‐387‐30443‐4_6

Mortvedt, J. J., & Giordano, P. M. (1977). Crop uptake of heavy‐metal contaminants in fertilizers. In Proceedings of the fifteenth annual Hanford
life sciences symposium: Biological implications of heavy metals in the environment (pp. 402–416).

Mulla, D. J., Page, A. L., & Ganje, T. J. (1980). Cadmium accumulations and bioavailability in soils from long‐term phosphorus fertilization.
Journal of Environmental Quality, 9(3), 408–412. https://doi.org/10.2134/jeq1980.00472425000900030016x

Naidu, R., Bolan, N. S., Kookana, R. S., & Tiller, K. G. (1994). Ionic‐strength and pH effects on the sorption of cadmium and the surface charge of
soils. European Journal of Soil Science, 45(4), 419–429. https://doi.org/10.1111/j.1365‐2389.1994.tb00527.x

National Agricultural Statistics Service. (2021). Vegetables—2020 summary (No. ISSN 0884‐6413) (p. 73). USDANational Agricultural Statistics
Service.

Norvell, W. A., Wu, J., Hopkins, D. G., & Welch, R. M. (2000). Association of cadmium in durum wheat grain with soil chloride and chelate‐
extractable soil cadmium. Soil Science Society of America Journal, 64(6), 2162–2168. https://doi.org/10.2136/sssaj2000.6462162x

Osorio, J., Greenhut, R., Charles Brummer, E., Van Deynze, A., Smith, R., & Hartz, T. K. (2018). Developing baby leaf spinach with lower
cadmium uptake. In Plant and animal genome XXVI conference (January 13–17, 2018). PAG. Retrieved from https://pag.confex.com/pag/
xxvi/meetingapp.cgi/Paper/28711

Page, A. L., El‐Amamy, M. M., & Chang, A. C. (1986). Cadmium in the environment and its entry into terrestrial food chain crops. In E. C.
Foulkes (Ed.), Cadmium (pp. 33–74). Springer Berlin Heidelberg. https://doi.org/10.1007/978‐3‐642‐70856‐5_2

Pandit, T. K., Naik, S. K., Patra, P. K., & Das, D. K. (2012). Influence of lime and organic matter on the mobility of cadmium in cadmium‐
contaminated soil in relation to nutrition of spinach. Soil and Sediment Contamination: An International Journal, 21(4), 419–433. https://
doi.org/10.1080/15320383.2012.672487

Paul, A. L. D., & Chaney, R. L. (2017). Effect of soil amendments on Cd accumulation by spinach from a Cd‐mineralized soil. Journal of
Environmental Quality, 46(4), 707–713. https://doi.org/10.2134/jeq2016.07.0251

Peterson, P. J. (1978). Lead and vegetation. The Biogeochemistry of Lead in the Environment. Retrieved from https://ci.nii.ac.jp/naid/
10015011818/

Platts, B., Grismer, M., & Others (2014). Chloride levels increase after 13 years of recycled water use in the Salinas Valley. California Agri-
culture, 68(3), 68–74. https://doi.org/10.3733/ca.v068n03p68

Pokharel, A., & Wu, F. (2023). Dietary exposure to cadmium from six common foods in the United States. Food and Chemical Toxicology, 178,
113873. https://doi.org/10.1016/j.fct.2023.113873

Pongrac, P., Serra, T. S., Castillo‐Michel, H., Vogel‐Mikuš, K., Arčon, I., Kelemen, M., et al. (2018). Cadmium associates with oxalate in calcium
oxalate crystals and competes with calcium for translocation to stems in the cadmium bioindicator Gomphrena claussenii. Metallomics: In-
tegrated Biometal Science, 10(11), 1576–1584. https://doi.org/10.1039/c8mt00149a

Pourrut, B., Shahid, M., Dumat, C., Winterton, P., & Pinelli, E. (2011). Lead uptake, toxicity, and detoxification in plants. Reviews of Envi-
ronmental Contamination & Toxicology, 213, 113–136. https://doi.org/10.1007/978‐1‐4419‐9860‐6_4

Prokop, Z., Cupr, P., Zlevorova‐Zlamalikova, V., Komarek, J., Dusek, L., & Holoubek, I. (2003). Mobility, bioavailability, and toxic effects of
cadmium in soil samples. Environmental Research, 91(2), 119–126. https://doi.org/10.1016/s0013‐9351(02)00012‐9

Rambeau, C. M. C., Baize, D., Saby, N., Matera, V., Adatte, T., & Föllmi, K. B. (2010). High cadmium concentrations in Jurassic limestone as the
cause for elevated cadmium levels in deriving soils: A case study in Lower Burgundy, France. Environmental Earth Sciences, 61(8),
1573–1585. https://doi.org/10.1007/s12665‐010‐0471‐0

Reddy, C. N., & Patrick, W. H., Jr. (1977). Effect of redox potential and pH on the uptake of cadmium and lead by rice plants. Journal of
Environmental Quality, 6(3), 259–262. https://doi.org/10.2134/jeq1977.00472425000600030005x

Reeves, P. G., & Chaney, R. L. (2002). Nutritional status affects the absorption and whole‐body and organ retention of cadmium in rats fed rice‐
based diets. Environmental Science and Technology, 36(12), 2684–2692. https://doi.org/10.1021/es0158307

Reeves, P. G., & Chaney, R. L. (2008). Bioavailability as an issue in risk assessment and management of food cadmium: A review. Science of the
Total Environment, 398(1–3), 13–19. https://doi.org/10.1016/j.scitotenv.2008.03.009

Reeves, P. G., Chaney, R. L., Simmons, R.W., &M. George, C. (2005). Metallothionein induction is not involved in cadmium accumulation in the
duodenum of mice and rats fed diets containing high‐cadmium rice or sunflower kernels and a marginal supply of zinc, iron, and calcium. The
Journal of Nutrition, 135(1), 99–108. https://doi.org/10.1093/jn/135.1.99

Salaskar, D., Shrivastava, M., &Kale, S. P. (2011). Bioremediation potential of spinach (Spinacia oleracea L.) for decontamination of cadmium in
soil. Current Science, 101(10), 1359–1363. Retrieved from http://www.jstor.org/stable/24079645

Salim, R., Isa, M., Al‐Subu, M. M., Sayrafi, S. A., & Sayrafi, O. (1995). Effect of irrigation with lead and cadmium on the growth and on the metal
uptake of cauliflower, spinach and parsley. Journal of Environmental Science and Health Part A: Environmental Science and Engineering and
Toxicology, 30(4), 831–849. https://doi.org/10.1080/10934529509376235

Sappin‐Didier, V. L., Mench, M. J., Gomez, A. N., & Lambrot, C. (1997). Use of inorganic amendments for reducing metal bioavailability to
ryegrass and tobacco in contaminated soils. In I. K. Iskander, & D. C. Adriano (Eds.), Proceedings of a conference on the biogeochemistry of
trace elements (pp. 85–98). Retrieved from https://www.cabdirect.org/cabdirect/abstract/19981911958

Sasaki, A., Yamaji, N., Yokosho, K., & Ma, J. F. (2012). Nramp5 is a major transporter responsible for manganese and cadmium uptake in rice.
The Plant Cell, 24(5), 2155–2167. https://doi.org/10.1105/tpc.112.096925

Sato, A., Takeda, H., Oyanagi, W., Nishihara, E., &Murakami, M. (2010). Reduction of cadmium uptake in spinach (Spinacia oleracea L.) by soil
amendment with animal waste compost. Journal of Hazardous Materials, 181(1–3), 298–304. https://doi.org/10.1016/j.jhazmat.2010.05.011

GeoHealth 10.1029/2024GH001081

SEYFFERTH ET AL. 19 of 21

https://doi.org/10.1016/s0378-4290(98)00137-3
https://doi.org/10.1016/bs.agron.2020.10.004
https://www.taylorfrancis.com/chapters/edit/10.1201/9780367803148-18/situ-metal-immobilization-phytostabilization-contaminated-soils-mench-vangronsveld-clijsters-lepp-edwards
https://www.taylorfrancis.com/chapters/edit/10.1201/9780367803148-18/situ-metal-immobilization-phytostabilization-contaminated-soils-mench-vangronsveld-clijsters-lepp-edwards
https://www.taylorfrancis.com/chapters/edit/10.1201/9780367803148-18/situ-metal-immobilization-phytostabilization-contaminated-soils-mench-vangronsveld-clijsters-lepp-edwards
https://doi.org/10.1081/CSS-100103029
https://doi.org/10.1081/CSS-100103029
https://doi.org/10.1016/j.envint.2010.08.006
https://doi.org/10.1007/978-0-387-30443-4_6
https://doi.org/10.2134/jeq1980.00472425000900030016x
https://doi.org/10.1111/j.1365-2389.1994.tb00527.x
https://doi.org/10.2136/sssaj2000.6462162x
https://pag.confex.com/pag/xxvi/meetingapp.cgi/Paper/28711
https://pag.confex.com/pag/xxvi/meetingapp.cgi/Paper/28711
https://doi.org/10.1007/978-3-642-70856-5_2
https://doi.org/10.1080/15320383.2012.672487
https://doi.org/10.1080/15320383.2012.672487
https://doi.org/10.2134/jeq2016.07.0251
https://ci.nii.ac.jp/naid/10015011818/
https://ci.nii.ac.jp/naid/10015011818/
https://doi.org/10.3733/ca.v068n03p68
https://doi.org/10.1016/j.fct.2023.113873
https://doi.org/10.1039/c8mt00149a
https://doi.org/10.1007/978-1-4419-9860-6_4
https://doi.org/10.1016/s0013-9351(02)00012-9
https://doi.org/10.1007/s12665-010-0471-0
https://doi.org/10.2134/jeq1977.00472425000600030005x
https://doi.org/10.1021/es0158307
https://doi.org/10.1016/j.scitotenv.2008.03.009
https://doi.org/10.1093/jn/135.1.99
http://www.jstor.org/stable/24079645
https://doi.org/10.1080/10934529509376235
https://www.cabdirect.org/cabdirect/abstract/19981911958
https://doi.org/10.1105/tpc.112.096925
https://doi.org/10.1016/j.jhazmat.2010.05.011


Schaefer, H. R., Dennis, S., & Fitzpatrick, S. (2020). Cadmium: Mitigation strategies to reduce dietary exposure. Journal of Food Science, 85(2),
260–267. https://doi.org/10.1111/1750‐3841.14997

Schreck, E., Foucault, Y., Sarret, G., Sobanska, S., Cécillon, L., Castrec‐Rouelle, M., et al. (2012). Metal and metalloid foliar uptake by various
plant species exposed to atmospheric industrial fallout: Mechanisms involved for lead. Science of the Total Environment, 427–428, 253–262.
https://doi.org/10.1016/j.scitotenv.2012.03.051

Schwarz, K., Weathers, K. C., Pickett, S. T. A., Lathrop, R. G., Pouyat, R. V., & Cadenasso, M. L. (2013). A comparison of three empirically
based, spatially explicit predictive models of residential soil Pb concentrations in Baltimore, Maryland, USA: Understanding the variability
within cities. Environmental Geochemistry and Health, 35(4), 495–510. https://doi.org/10.1007/s10653‐013‐9510‐6

Sembratowicz, I., & Rusinek‐Prystupa, E. (2012). Content of cadmium, lead, and oxalic acid in wild edible mushrooms harvested in places with
different pollution levels. Polish Journal of Environmental Studies, 21(6), 1825–1830. https://www.pjoes.com/pdf‐88933‐22792

Senden, M. H. M. N., van der Meer, A. J. G. M., Verburg, T. G., & Wolterbeek, H. T. (1995). Citric acid in tomato plant roots and its effect on
cadmium uptake and distribution. Plant and Soil, 171(2), 333–339. https://doi.org/10.1007/BF00010289

Seyfferth, A. L., Sturchio, N. C., & Parker, D. R. (2008). Is perchlorate metabolized or re‐translocated within lettuce leaves? A stable‐isotope
approach. Environmental Science & Technology, 42(24), 9437–9442. https://doi.org/10.1021/es802006e

Shaheen, S. M., El‐Naggar, A., Wang, J., Hassan, N. E. E., Niazi, N. K., Wang, H., et al. (2019). Chapter 14—Biochar as an (Im)mobilizing agent
for the potentially toxic elements in contaminated soils. In Y. S. Ok, D. C. W. Tsang, N. Bolan, & J. M. Novak (Eds.), Biochar from biomass
and waste (pp. 255–274). Elsevier. https://doi.org/10.1016/B978‐0‐12‐811729‐3.00014‐5

Shahid, M., Dumat, C., Khalid, S., Schreck, E., Xiong, T., & Niazi, N. K. (2017). Foliar heavy metal uptake, toxicity and detoxification in plants:
A comparison of foliar and root metal uptake. Journal of Hazardous Materials, 325, 36–58. https://doi.org/10.1016/j.jhazmat.2016.11.063

Shuman, L. M. (1986). Effect of ionic strength and anions on zinc adsorption by two soils. Soil Science Society of America Journal, 50(6),
1438–1442. https://doi.org/10.2136/sssaj1986.03615995005000060012x

Siener, R., Hönow, R., Seidler, A., Voss, S., & Hesse, A. (2006). Oxalate contents of species of the Polygonaceae, Amaranthaceae and Che-
nopodiaceae families. Food Chemistry, 98(2), 220–224. https://doi.org/10.1016/j.foodchem.2005.05.059

Simmons, R. W., Noble, A. D., Pongsakul, P., Sukreeyapongse, O., & Chinabut, N. (2008). Analysis of field‐moist Cd contaminated paddy soils
during rice grain fill allows reliable prediction of grain Cd levels. Plant and Soil, 302(1–2), 125–137. https://doi.org/10.1007/s11104‐007‐
9460‐9

Smith, R. (2018). Appendix X: Guidance for soil collection for cadmium analysis. University of California Cooperative Extension Monterey
County. Retrieved from https://lgma‐assets.sfo2.digitaloceanspaces.com/downloads/Appendix‐X‐Final_A11Y.pdf

Smith, R., & Hartz, T. (2016). Appendix Y: Guidance for developing best management practices to reduce cadmium uptake by spinach. University
of California Cooperative Extension Monterey County. %20Management%20Practices%20to%20Reduce%20Cadmium%20Uptake%20by%
20Spinach.pdf Retrieved from https://www.wga.com/wp‐content/uploads/d7files/resource/files/Appendix%20Y%20‐%20Guidance%20for%
20Developing%20Best

Smith, R., & Hartz, T. (2017). Evaluation of practices to reduce cadmium uptake by leafy greens. University of California Cooperative Extension
Monterey County. Retrieved from https://calgreens.org/wp‐content/uploads/2022/03/evaluation‐of‐practices‐to‐reduce‐cadmium‐uptake‐by‐
leafy‐greens_2017.pdf

Smolders, E., Lambregts, R.M., McLaughlin, M. J., & Tiller, K. G. (1998). Effect of soil solution chloride on cadmium availability to Swiss chard.
Journal of Environmental Quality, 27(2), 426–431. https://doi.org/10.2134/jeq1998.00472425002700020025x

Smolders, E., & McLaughlin, M. J. (1996). Effect of Cl on Cd uptake by Swiss chard in nutrient solutions. Plant and Soil, 179(1), 57–64. https://
doi.org/10.1007/bf00011642

Stehouwer, R. C., Wolf, A. M., & Doty, W. T. (2000). Chemical monitoring of sewage sludge in Pennsylvania: Variability and application
uncertainty. Journal of Environmental Quality, 29(5), 1686–1695. https://doi.org/10.2134/jeq2000.00472425002900050041x

Sterckeman, T., & Thomine, S. (2020). Mechanisms of cadmium accumulation in plants. Critical Reviews in Plant Sciences, 39(4), 322–359.
https://doi.org/10.1080/07352689.2020.1792179

Sterritt, R. M., & Lester, J. N. (1980). The value of sewage sludge to agriculture and effects of the agricultural use of sludges contaminated with
toxic elements: A review. Science of the Total Environment, 16(1), 55–90. https://doi.org/10.1016/0048‐9697(80)90102‐3

Truschi, S., Baldi, A., Bruschi, P., Cacciari, I., Marvasi, M., & Lenzi, A. (2023). Foliar roughness and water content impact on Escherichia coli
attachment in baby leafy greens. Biology, 12(1), 102. https://doi.org/10.3390/biology12010102

Ueno, D., Ma, J. F., Iwashita, T., Zhao, F.‐J., &McGrath, S. P. (2005). Identification of the form of Cd in the leaves of a superior Cd‐accumulating
ecotype of Thlaspi caerulescens using 113Cd‐NMR. Planta, 221(6), 928–936. https://doi.org/10.1007/s00425‐005‐1491‐y

United States Environmental Protection Agency. (1989). Risk assessment guidance for superfund: pt. A. Human health evaluation manual. Office
of Emergency and Remedial Response, U.S. Environmental Protection Agency. Retrieved from https://play.google.com/store/books/details?
id=nQxSAAAAMAAJ

Valderrama, A., Tapia, J., Peñailillo, P., & Carvajal, D. E. (2013). Water phytoremediation of cadmium and copper using A zolla filiculoides L am.
in a hydroponic system. Water and Environment Journal, 27(3), 293–300. https://doi.org/10.1111/wej.12015

van Balen, E., van de Geijn, S. C., & Desmet, G. M. (1980). Autoradiographic evidence for the incorporation of cadmium into calcium oxalate
crystals. Zeitschrift für Pflanzenphysiologie, 97(2), 123–133. https://doi.org/10.1016/S0044‐328X(80)80026‐2

Verma, P., George, K. V., Singh, H. V., & Singh, R. N. (2007). Modeling cadmium accumulation in radish, carrot, spinach and cabbage. Applied
Mathematical Modelling, 31(8), 1652–1661. https://doi.org/10.1016/j.apm.2006.05.008

Villafort Carvalho, M. T., Pongrac, P., Mumm, R., van Arkel, J., van Aelst, A., Jeromel, L., et al. (2015). Gomphrena claussenii, a novel metal‐
hypertolerant bioindicator species, sequesters cadmium, but not zinc, in vacuolar oxalate crystals. New Phytologist, 208(3), 763–775. https://
doi.org/10.1111/nph.13500

Wang, K.‐S., Huang, L.‐C., Lee, H.‐S., Chen, P.‐Y., & Chang, S.‐H. (2008). Phytoextraction of cadmium by Ipomoea aquatica (water spinach) in
hydroponic solution: Effects of cadmium speciation. Chemosphere, 72(4), 666–672. https://doi.org/10.1016/j.chemosphere.2008.03.034

Wang, M., Ma, W., Chaney, R. L., Green, C. E., & Chen, W. (2022). Effects of Mn2+ on Cd accumulation and ionome in rice and spinach. Journal
of Environmental Quality, 51(5), 890–898. https://doi.org/10.1002/jeq2.20358

Wang, M., Ma, W., Chaney, R. L., Green, C. E., & Chen, W. (2023). Comparative study on changes in Cd accumulation and ionome between rice
and spinach: Impact of zinc ion activity. Journal of Environmental Quality, 52(1), 26–34. https://doi.org/10.1002/jeq2.20418

Welch, R. M., & Norvell, W. A. (1999). Mechanisms of cadmium uptake, translocation and deposition in plants. In M. J. McLaughlin, & B. R.
Singh (Eds.), Cadmium in soils and plants (pp. 125–150). Springer Netherlands. https://doi.org/10.1007/978‐94‐011‐4473‐5_6

Wiersma, D., Van Goor, B. J., & Van der Veen, N. G. (1986). Cadmium, lead, mercury and arsenic concentrations in crops and corresponding soils
in The Netherlands. Journal of Agricultural and Food Chemistry, 34(6), 1067–1074. https://doi.org/10.1021/jf00072a033

GeoHealth 10.1029/2024GH001081

SEYFFERTH ET AL. 20 of 21

https://doi.org/10.1111/1750-3841.14997
https://doi.org/10.1016/j.scitotenv.2012.03.051
https://doi.org/10.1007/s10653-013-9510-6
https://www.pjoes.com/pdf-88933-22792
https://doi.org/10.1007/BF00010289
https://doi.org/10.1021/es802006e
https://doi.org/10.1016/B978-0-12-811729-3.00014-5
https://doi.org/10.1016/j.jhazmat.2016.11.063
https://doi.org/10.2136/sssaj1986.03615995005000060012x
https://doi.org/10.1016/j.foodchem.2005.05.059
https://doi.org/10.1007/s11104-007-9460-9
https://doi.org/10.1007/s11104-007-9460-9
https://lgma-assets.sfo2.digitaloceanspaces.com/downloads/Appendix-X-Final_A11Y.pdf
https://www.wga.com/wp-content/uploads/d7files/resource/files/Appendix%20Y%20-%20Guidance%20for%20Developing%20Best
https://www.wga.com/wp-content/uploads/d7files/resource/files/Appendix%20Y%20-%20Guidance%20for%20Developing%20Best
https://calgreens.org/wp-content/uploads/2022/03/evaluation-of-practices-to-reduce-cadmium-uptake-by-leafy-greens_2017.pdf
https://calgreens.org/wp-content/uploads/2022/03/evaluation-of-practices-to-reduce-cadmium-uptake-by-leafy-greens_2017.pdf
https://doi.org/10.2134/jeq1998.00472425002700020025x
https://doi.org/10.1007/bf00011642
https://doi.org/10.1007/bf00011642
https://doi.org/10.2134/jeq2000.00472425002900050041x
https://doi.org/10.1080/07352689.2020.1792179
https://doi.org/10.1016/0048-9697(80)90102-3
https://doi.org/10.3390/biology12010102
https://doi.org/10.1007/s00425-005-1491-y
https://play.google.com/store/books/details?id=nQxSAAAAMAAJ
https://play.google.com/store/books/details?id=nQxSAAAAMAAJ
https://doi.org/10.1111/wej.12015
https://doi.org/10.1016/S0044-328X(80)80026-2
https://doi.org/10.1016/j.apm.2006.05.008
https://doi.org/10.1111/nph.13500
https://doi.org/10.1111/nph.13500
https://doi.org/10.1016/j.chemosphere.2008.03.034
https://doi.org/10.1002/jeq2.20358
https://doi.org/10.1002/jeq2.20418
https://doi.org/10.1007/978-94-011-4473-5_6
https://doi.org/10.1021/jf00072a033


Wolnik, K. A., Fricke, F. L., Capar, S. G., Braude, G. L., Meyer, M. W., Satzger, R. D., & Bonnin, E. (1983). Elements in major raw agricultural
crops in the United States. 1. Cadmium and lead in lettuce, peanuts, potatoes, soybeans, sweet corn, and wheat. Journal of Agricultural and
Food Chemistry, 31(6), 1240–1244. https://doi.org/10.1021/jf00120a024

Wolnik, K. A., Fricke, F. L., Capar, S. G., Meyer, M. W., Satzger, R. D., Bonnin, E., & Gaston, C. M. (1985). Elements in major raw agricultural
crops in the United States. 3. Cadmium, lead, and eleven other elements in carrots, field corn, onions, rice, spinach, and tomatoes. Journal of
Agricultural and Food Chemistry, 33(5), 807–811. https://doi.org/10.1021/jf00065a010

World Health Organization (WHO). (1989). Evaluation of certain food additives and contaminants. World Health Organization. Retrieved from
https://apps.who.int/iris/handle/10665/39252

Xiao, W., Ye, X., Zhang, Q., Chen, D., Hu, J., & Gao, N. (2018). Evaluation of cadmium transfer from soil to leafy vegetables: Influencing factors,
transfer models, and indication of soil threshold contents. Ecotoxicology and Environmental Safety, 164, 355–362. https://doi.org/10.1016/j.
ecoenv.2018.08.041

Ye, J., Li, J., Wang, P., Ning, Y., Liu, J., Yu, Q., & Bi, X. (2022). Inputs and sources of Pb and other metals in urban area in the post leaded gasoline
era. Environmental Pollution, 306, 119389. https://doi.org/10.1016/j.envpol.2022.119389

Yi, Z., Lehto, N. J., Robinson, B. H., & Cavanagh, J.‐A. E. (2020). Environmental and edaphic factors affecting soil cadmium uptake by spinach,
potatoes, onion and wheat. Science of the Total Environment, 713, 136694. https://doi.org/10.1016/j.scitotenv.2020.136694

Younis, U., Malik, S. A., Rizwan, M., Qayyum, M. F., Ok, Y. S., Shah, M. H. R., et al. (2016). Biochar enhances the cadmium tolerance in spinach
(Spinacia oleracea) through modification of Cd uptake and physiological and biochemical attributes. Environmental Science and Pollution
Research International, 23(21), 21385–21394. https://doi.org/10.1007/s11356‐016‐7344‐3

GeoHealth 10.1029/2024GH001081

SEYFFERTH ET AL. 21 of 21

https://doi.org/10.1021/jf00120a024
https://doi.org/10.1021/jf00065a010
https://apps.who.int/iris/handle/10665/39252
https://doi.org/10.1016/j.ecoenv.2018.08.041
https://doi.org/10.1016/j.ecoenv.2018.08.041
https://doi.org/10.1016/j.envpol.2022.119389
https://doi.org/10.1016/j.scitotenv.2020.136694
https://doi.org/10.1007/s11356-016-7344-3

	description
	Mitigating Toxic Metal Exposure Through Leafy Greens: A Comprehensive Review Contrasting Cadmium and Lead in Spinach
	1. Introduction
	1.1. Human Health Impacts of Cd and Pb
	1.2. Cd and Pb in Agricultural Soils

	2. U.S. Spinach Production and Magnitude of Cd and Pb Concentrations
	2.1. Cd in U.S. Spinach
	2.2. Pb in U.S. Spinach

	3. Root Cause of Cd and Pb Accumulation in Spinach
	3.1. Soil Factors Affecting Cd in Spinach
	3.2. Plant Factors Affecting Cd in Spinach
	3.3. Soil Factors Affecting Pb in Spinach
	3.4. Plant Factors Affecting Pb in Spinach

	4. Mitigation Strategies for Cd
	4.1. Pre‐Harvest Techniques for Cd Mitigation
	4.1.1. Soil Amendments
	4.1.2. Minimize Cl− and Cd Inputs
	4.1.3. Cultivar Selection

	4.2. Post‐Harvest Techniques for Cd Mitigation
	4.2.1. Leaf Washing
	4.2.2. Dietary and Consumption Changes


	5. Mitigation Strategies for Pb
	5.1. Pre‐Harvest Techniques for Pb Mitigation
	5.1.1. Soil Amendments

	5.2. Post‐Harvest Techniques for Pb Mitigation
	5.2.1. Leaf Washing


	6. Feasibility Considerations and Future Directions
	7. Conclusions and Future Directions
	Conflict of Interest
	Data Availability Statement



