
RESEARCH ARTICLE

Nutrients and non-essential metals in

darkibor kale grown at urban and rural farms:

A pilot study

Brent F. KimID
1,2, Sara N. Lupolt1,2,3, Raychel E. Santo1,2, Grace Bachman1, Xudong Zhu4,

Tianbao Yang4, Naomi K. Fukagawa5, Matthew L. Richardson6, Carrie Green7, Katherine

M. PhillipsID
8*, Keeve E. NachmanID

1,2,3,9*

1 Johns Hopkins Center for a Livable Future, Johns Hopkins Bloomberg School of Public Health, Baltimore,

Maryland, United States of America, 2 Department of Environmental Health & Engineering, Johns Hopkins

Bloomberg School of Public Health, Baltimore, Maryland, United States of America, 3 Risk Sciences and

Public Policy Institute, Johns Hopkins Bloomberg School of Public Health, Baltimore, Maryland, United States

of America, 4 US Department of Agriculture, Food Quality Laboratory, Agricultural Research Service,

Beltsville, Maryland, United States of America, 5 US Department of Agriculture, Beltsville Human Nutrition

Research Center, Agricultural Research Service, Beltsville, Maryland, United States of America, 6 Center for

Urban Research, Engagement and Scholarship, University of the District of Columbia, Washington, DC,

United States of America, 7 US Department of Agriculture, Adaptive Cropping Systems Laboratory,

Agricultural Research Service, Beltsville, Maryland, United States of America, 8 Department of Biochemistry,

College of Agriculture and Life Sciences, Virginia Tech, Blacksburg, Virginia, United States of America,

9 Department of Health Policy and Management, Johns Hopkins Bloomberg School of Public Health,

Baltimore, Maryland, United States of America

* knachman@jhu.edu (KEN); kmpvpi@vt.edu (KMP)

Abstract

Kale is a nutrient-dense leafy vegetable associated with wide-ranging health benefits. It is

tolerant of drought and temperature fluctuations, and could thus serve an increasingly

important role in providing a safe and nutritious food supply during the climate crisis, while

kale’s ease of cultivation and ability to be grown in a wide range of soils make it a good fit for

urban agriculture. In this pilot study we explored potential differences between kale grown at

urban versus rural farms. We planted kale seedlings (Darkibor variety) at three urban and

four rural farms in and around Baltimore City, Maryland, instructed farmers to cultivate them

using their usual growing practices, harvested the kale from fields and points of distribution,

and analyzed it for concentrations of carotenoids, vitamins C and K1, ten nutritional ele-

ments, and eight non-essential metals. Although sample sizes for some analyses were in

some cases too small to produce statistically significant results, we identified potentially

meaningful differences in concentrations of several components between urban and rural

kale samples. Compared to urban samples, mean concentrations of carotenoids and vita-

mins were 22–38% higher in rural field samples. By contrast, mean concentrations for eight

nutritional elements were higher in urban field samples by as much as 413% for iron. Com-

pared to rural field samples, mean concentrations of nine non-essential metals were higher

in urban samples, although lead and cadmium concentrations for all samples were below

public health guidelines. Some urban-rural differences were more pronounced than those

identified in prior research. For six elements, variance within urban and rural farms was

greater than variance between urban and rural farms, suggesting urbanicity may not be the
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primary driver of some observed differences. For some nutrients, mean concentrations

were higher than upper ranges reported in prior estimates, suggesting kale may have the

potential to be more nutrient-dense than previously estimated. The nutritive and metals

composition of this important crop, and the factors that influence it, merit continued investi-

gation given its growing popularity.

Introduction

Kale (Brassica oleracea var. acephala), widely considered a “superfood,” is a nutrient-dense

leafy vegetable associated with antioxidant, anticancer, cardiovascular, and gastrointestinal

benefits [1]. According to United States Department of Agriculture (USDA) FoodData Central

Foundation Foods data [2], and relative to US Food and Drug Administration (FDA) recom-

mended daily values (DV) [3], a standard serving of 65 grams of raw kale provides over 200%

of the DV for vitamin K1 and over 20% of the DV for vitamin C and manganese (over 20% is

considered “high in” a nutrient by FDA standards), and 10–20% of the DV for vitamin A, ribo-

flavin, calcium, and folate (10–19% is considered a “good source”). Even among cruciferous

vegetables—known for their nutrient density—kale has been reported to be exceptional in its

content of many vitamins and minerals [1]. Beyond essential nutrients, kale contains health-

promoting phytochemicals in the glucosinolates, polyphenols, and carotenoids groups [1, 4].

The popularity of kale has surged in recent decades. Bon Appétit magazine named 2012 the

year of kale; a year later, “National Kale Day” was established in the US [5]. Between 1997 and

2017, US kale production and supplies nearly tripled, with per capita availability peaking at

467 grams (over one pound) per US citizen annually. Production and availability have since

declined slightly but remain well above historical levels [6]. Countries outside the US, such as

Denmark [7] and Australia [8], have reported a similar rise in demand. Kale’s growing popu-

larity extends beyond fresh and frozen products; the global market for dehydrated kale chips,

for example, is projected to more than double between 2020 and 2027 [9]. At a more local

level, according to a 2016–2017 survey of 104 urban farms and community gardens in Balti-

more City, Maryland, kale was grown at 34 percent of sites and was the 3rd most frequently

grown produce item after tomatoes and peppers [10]. It has been suggested that kale’s popular-

ity may be buoyed in part by the plant’s tolerance of unfavorable agronomic conditions, mak-

ing it more popular among farmers during a rapidly changing climate [1]. Beyond uses in

human food, Brassica plants have a history of use in traditional medicine [1], and older kale

leaves may be used as animal fodder [11].

The nutritive value and widespread popularity of kale are grounds for investigating the

many factors that affect kale’s beneficial properties. For example, studies have demonstrated

that the nutrient and/or phytochemical composition of kale can vary based on cultivar [1, 12–

15], species of cover crop [16], agrochemical use [15], fertilizer composition and application

rate [17, 18], moisture stress [19], short-term exposure to low temperatures [20], growing sea-

son, [15, 21], maturity stage (e.g., microgreens vs. adult leaves) [14, 22, 23], time between

planting and harvest [24], and processing method (e.g., drying) [25]. Leaf biomass has been

shown to be influenced by many of the same factors, including cultivar [24, 26], moisture stress

[19], and time between planting and harvest [24, 26].

Environmental factors can also impact concentrations of non-essential metals and other

harmful contaminants in kale. Urban areas, for example, often have high concentrations of

industrial activity, waste incineration, building demolition, lead-based paint, vehicular
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emissions, tire wear, and other sources of harmful metals [27–31]. Releases from these sources

may contaminate growing soils via various environmental pathways, including runoff and air-

borne deposition [29, 31], and subsequently be taken up by plant tissues. Uptake rates may

vary widely by compound, plant species, and the part of the plant, e.g., roots vs. leaves [32–34].

Generally, the health benefits of consuming vegetables likely outweigh any risks associated

with exposure to non-essential metals and other harmful contaminants; regardless, research

and monitoring are important to ensure the safety of food supplies. An assessment of produce

grown in Baltimore City, Maryland found some significant differences in concentrations of

essential and non-essential (arsenic (As), barium (Ba), cadmium (Cd), chromium (Cr), lead

(Pb)) metals in kale samples from urban-grown sources compared to peri-urban, grocery con-

ventional, and grocery organic sources; however, differences were too small in magnitude to

have any practical significance for health, and Cd and Pb concentrations in all samples were

well below public health guidelines for exposure (no guidelines are available for As, Ba, and

Cr) [35]. A San Francisco, California study found no significant differences in Cd or Pb con-

centrations in kale from urban, suburban, or grocery sources, and all levels were below public

health guidelines [36], and a North Carolina study found only 20 percent of kale samples from

commercial sources had lead concentrations above their detection limits [37].

Despite its popularity, raw kale is not included in the FDA’s Total Diet Study [38], which

monitors levels of nutrients and contaminants in common foods (the 2018–2020 dataset for

the first time added a pan-cooked version of kale).

Building upon the existing body of evidence, we conducted a pilot study to assess levels of

select health-relevant nutrients, nutritional elements, and non-essential metals in kale grown

at two urban and four rural farms; and to gather data about site history, farming practices,

environmental conditions, and other factors that might influence the properties of kale grown

at those sites. The aim of the study was to explore the degree to which concentrations of these

analytes might differ between urban and rural farms, and possible reasons for those differ-

ences. The analytes of interest were carotenoids, vitamin K1, and vitamin C; nutritional ele-

ments calcium (Ca), copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), molybdenum

(Mo), phosphorous (P), potassium (K), sodium (Na), and zinc (Zn); and non-essential metals

As, Ba, Cd, Cr, Pb, nickel (Ni), uranium (U), and vanadium (V).

Materials and methods

Farm selection

We identified and recruited seven farms for participation in this study. Three urban farms

were identified through previous inclusion in the Safe Urban Harvests Study [10, 35]. Four

rural farms, including a farm established to research and test small-scale sustainable agricul-

tural practices, were identified via the study team’s professional networks. We distinguished

urban farms from rural using 2010 Maryland population density as a rough proxy for urbani-

city; urban farms were in census tracts with over 4,000 people per square mile, whereas rural

farms where in tracts with fewer than 1,001 [39]. Urban farms were located within Baltimore

City; rural farms were within one hour of driving distance from Baltimore City. All farms had

previous experience growing at least two varieties of kale, e.g., Red Russian or Winterbor. For

reporting results, farms were anonymized by assigning a unique identifier beginning with “U”

for urban farms and “R” for rural farms.

Kale seedlings and transplanting

For the purposes of this survey study, one variety of kale, Darkibor, was selected. Organic (F1)

Darkibor kale seeds were acquired from a commercial seed vendor (Johnny’s Selected Seeds,
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Maine, US). The seeds were sown in seedling starting trays filled with Fafard growing mix

(Sun Gro Horticulture, MA, US) on 25 July 2019 in a growth chamber (temperature 25˚C, rel-

ative humidity 60%, in darkness) at the US Department of Agriculture (USDA) Agricultural

Research Service’s Beltsville Agricultural Research Center laboratory in Beltsville, MD. Germi-

nation of the seeds was first noted two days after sowing. Plants were then grown under 14h/

10h light/dark with an intensity of 160 μmol per m2 second. After one month, seven trays of 32

seedlings each with similar growth were selected for use in the study.

Between 27–29 August 2019, we transplanted 32 seedlings at each farm using stainless steel

trowels at a spacing of 12 inches (30 cm) in an area determined by the farmer, in configura-

tions most suitable for the location, e.g., 1 row of 32 seedlings, 2x16, or 4x8. All plants were

grown in open air, i.e., not in high tunnels/hoop houses. Farmers were otherwise instructed to

grow and tend to the kale plants per usual practices for their farm (e.g., some farms applied

pesticides, some installed and used row cover). Farmers were compensated $1,000 USD for the

use of space, labor, and time in growing the kale.

Surveys on farm history and growing practices

At the time of transplanting, members of the study team verbally administered a baseline sur-

vey (provided in Supporting Information) to a representative at each farm. The survey

included questions about farm history; prior soil testing for fertility or contaminants; and

growing practices, e.g., irrigation, pest management, use of soil amendments, and USDA

Organic certification.

After harvesting, a follow-up survey was emailed to the representative at each farm. The

survey asked representatives to verify which practices—specifically irrigation, pest manage-

ment, and use of soil amendments—had been used to grow the study kale and whether those

differed from their typical kale growing practices reported in the baseline survey.

Kale harvesting and collection

After at least one farmer notified the study team that their kale was ready to harvest (approxi-

mately six to seven weeks after transplanting), four kale samples were collected directly from

each farm (“field samples”) between 11–18 October 2019. The 12 largest and healthiest plants

at each farm, selected based on a visual assessment of size and the fewest spots and yellow

leaves, were harvested, and sets of three plants were randomly selected and combined into four

composite samples. Two study team members took a photo of the plants prior to harvesting,

removed each plant from the ground (including roots) using a shovel, and recorded the time

of harvest. Each sample was placed in a five-gallon (approximately 19-liter) bucket and

promptly transported via air-conditioned vehicle to a laboratory at the Johns Hopkins Bloom-

berg School of Public Health (BSPH), where it was immediately processed.

During the same week, two samples of kale from each farm were collected from the point of

distribution (“market samples”), i.e., farmers market, mobile market, or donation site. Farmers

obtained six bunches of market-quality kale, which were then randomly assigned to two com-

posite samples of three bunches each. The kale in the market samples was harvested, processed,

and transported to the point of distribution, following the usual practices for that farm (e.g.,

any washing, sanitizing, use of refrigerated storage and/or delivery). The study team picked up

the harvested samples at the point of distribution and transported them to the BSPH labora-

tory, where they were immediately processed. When study team members picked up market

samples, they verbally administered a market survey (provided in Supporting Information) to

a representative of each farm. The survey included questions about the date and time of har-

vest, processing (e.g., washing), and use of refrigeration during transport.
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Kale sample processing and storage

Upon arrival at the BSPH laboratory, each sample was inspected by the study team. Leaves

deemed edible by the study team (e.g., not yellow or covered in pests) were separated from the

central stem and roots. Each sample (i.e., leaves without the central stem and roots) was then

weighed, rinsed in deionized water, patted dry with WypAll lint-free surface wipes, laid out on

a flat white surface, photographed, and weighed again.

The center rib of each leaf was removed with a stainless-steel knife on a plastic, consumer-

grade kitchen cutting board. Following previously described procedures [40] established for

analysis of produce samples for the USDA National Food and Nutrient Analysis Program [41]

and FoodData Central Foundation Foods datatype [42], leaves were then placed in stainless

steel bowls with liquid nitrogen, flash frozen, and broken into smaller pieces. Flash-frozen

samples were weighed again. The flash-frozen samples were immediately processed in a Blixer

V6 industrial food processor (Robot-Coupe USA, Inc., Ridgeland, MS) for 70 seconds or until

reaching the consistency of a fine powder, adding additional liquid nitrogen if necessary to

keep the material frozen. The powdered homogenate from each sample was aliquoted into

multiple labeled 60-mL glass jars (pre-cleaned and certified to meet EPA guidelines for envi-

ronmental sampling [43]) (Environmental Express, Charleston, SC), sealed, wrapped in foil to

prevent light exposure, and stored in a -80˚C freezer until distributed for analysis. Between

each sample, all processing equipment was washed with Alconox detergent and warm water,

air-dried, and rinsed with acetone and allowed to dry.

Nutrient and non-essential metals analyses

Moisture was analyzed in all samples to assess differences on a fresh and dry mass basis. Ten

elements essential for human health were selected for analysis: calcium, copper, iron, magne-

sium, manganese, molybdenum, phosphorous, potassium, sodium, and zinc. Vitamin C, vita-

min K1, and carotenoids contents were additionally analyzed since kale is recognized as a good

dietary source of these nutrients, and were nutrients for which methodology and analytical

precision had been established in previous studies to be sufficient for detecting meaningful

sample-to-sample variability [40, 44, 45]. Eight non-essential metals (contaminants of public

health concern) were also selected for analysis: arsenic, barium, cadmium, chromium, lead,

nickel, uranium, and vanadium. These contaminants may be present in plant tissues and/or

on plant surfaces as a result of airborne deposition, soil uptake, or other pathways [35]. Chro-

mium was not speciated between hexavalent chromium (a carcinogen) and trivalent chro-

mium (an essential nutrient).

Samples were packed in dry ice after removal from the -80˚C freezer at the BSPH labora-

tory, shipped via overnight express to designated laboratories, verified to have arrived frozen

upon receipt at each laboratory, and held at -60˚C storage until analyzed. Vitamin C and mois-

ture were analyzed at Virginia Tech (Phillips laboratory), vitamin K1 at Tufts (USDA Human

Nutrition Research Center on Aging at Tufts University, Boston, MA), carotenoids at Euro-

fins-Craft Technologies (Wilson, NC), and nutritional elements and non-essential metals at

Eurofins Scientific (Madison, WI).

Analytical methods. Moisture was measured by vacuum drying 2 g subsamples to a con-

stant weight at 635 mm Hg and 65–70˚C, as adapted from Association of Official Analytical

Chemists International [46]. Vitamin C was analyzed as total ascorbic acid after reduction of

dehydroascorbic acid with tris (2-carboxyethyl) phosphine hydrochloride, by reversed-phase

high-performance liquid chromatography, as previously described [47], using 2.0±0.1 g analyt-

ical subsamples that were weighed while still frozen. Stability of vitamin C in homogenized

raw vegetables analyzed under the conditions of this study has been validated [44, 45]. For
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carotenoids (alpha-carotene, beta-carotene, gamma-carotene, alpha-cryptoxanthin, beta-cryp-

toxanthin, lutein, lycopene, and zeaxanthin), samples were extracted and analyzed as previ-

ously described using high-performance liquid chromatography (HPLC) for quantitation [48].

For vitamin K1, extracts were prepared using hexane and purification by silica solid phase

extraction, and analyzed for phylloquinone (vitamin K1), menoquinone-4, and dihydrophyllo-

quinone using reversed-phase HPLC with fluorescence detection and with vitamin K1(25) as an

internal standard [49]. Nine elements (Ca, Cu, Fe, K, Na, Mn, Mg, P, and Zn) were analyzed

by inductively coupled plasma emission spectroscopy (ICP) after digestion with concentrated

hydrochloric acid [50]. The remaining elements (As, Ba, Cd, Cr, Pb, Mo, Ni, U, V) were ana-

lyzed by ICP with mass spectrometry detection (ICP-MS) after digestion with concentrated

nitric acid and water using a closed-vessel microwave digestion system [51, 52].

Analytical quality control. For each nutrient, 10–15% of the samples were assayed in

duplicate with the laboratory blinded to the sample duplicates. Additionally, well-character-

ized in-house control materials, developed for the USDA National Nutrient Database/Food

Data Central [42] (“CC”) and/or commercially available certified reference materials

(“RM”) were included in each assay batch, as follows. For vitamin K1, a mixed vegetable

composite (“Vegetable III CC”), and SRM1 3232 Kelp Powder and SRM1 1869 Adult/

Infant Nutritional Formula II from National Institute of Standards and Technology (NIST)

(Gaithersburg, MD; [53]); for carotenoids, Vegetable III CC and NIST SRM1 1869; for vita-

min C a mixed vegetable/fruit composite (“Mixed Vegetable II CC”) and BCR CRM 421

Milk Powder [54] purchased from Sigma-Aldrich (St. Louis, MO); for moisture, Mixed Veg-

etable II CC; for nutritional elements, Vegetable III CC and NIST SRM1 2383a Baby Food;

for metals and Mo NIST SRM1 1515 Apple Leaves (Ba, Cd, Cr, Mo, Ni, Pb, U, V), NIST

SRM1 1570a Spinach Leaves (As, Cd, Ni), NIST SRM1 2383a Baby Food (Ba, Cr, Ni), and

Vegetable III CC. The CC had established tolerance limits for quality control purposes, as

described previously [55].

Environmental data collection

At the time of seedling transplanting and weekly thereafter until harvesting, two members of

the study team visited each farm to collect data on environmental conditions, totaling six vis-

its over five weeks. During each visit, a DustTrak portable aerosol and dust monitor (TSI,

Shoreview, MN) was used to measure mean concentrations of particulate matter (PM1,

PM2.5, respirable PM, PM10, and total PM) over a five-minute period. Weekly rainfall

amounts, collected by consumer-grade rain gauges, were also recorded (in cm). Photographs

of kale plants were taken by the study team each week and any substantial changes or obser-

vations were noted.

On the first visit after transplanting, three Bluetooth-enabled HOBO data loggers (ONSET,

Bourne, MA) were installed within each kale plot. Two were installed above ground to track

light intensity and ambient air temperature. One was buried at root depth to track soil temper-

ature. Loggers recorded light and temperature data at five- to 15-minute intervals from instal-

lation until they were stopped and retrieved at the time of harvesting.

Data reporting and analyses

Data management, analysis, and visualization were performed using Python version 3.6. For

some visualizations Microsoft Excel was additionally used.

For some non-essential metals (As, Ni, Pb, U, V), results for some samples were below

the detection limit (5, 10, and 50 ppb for lead and uranium, vanadium and arsenic, and

nickel, respectively; see S2 Table in S1 Data for results). Prior to the following analytical
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steps, including calculating means of duplicates, any values below the detection limit were

assumed to be at the detection limit. This assumption slightly overestimates concentrations

of these metals; e.g., if a value for arsenic was below the detection limit, it was assumed to be

10 ppb.

For samples analyzed in duplicate for a given component, the mean was used as the sample

result.

Analyte concentrations were reported by laboratories on a per fresh weight basis, e.g., mg

vitamin C per 100 g fresh kale. Results herein are also reported on a per fresh weight basis,

since this is the form in which kale is typically consumed, i.e., not dehydrated. In the Support-

ing Information and Supporting Data Tables we additionally present results after converting

to dry weight, to control for moisture content. Fresh weight concentrations were converted to

dry weight using the following formula adapted from the US Environmental Protection

Agency (EPA) [56]:

Ca;i;dry ¼
Ca;i; fresh

1 � Wi

Where C is the concentration of analyte a in sample i and W is the wet fraction for sample i.
For statistical analyses, sample descriptive variables included an identifier for each farm,

farm type (urban, rural), and harvest location (field, market). Two-sided Mann-Whitney U

tests were used to compare analyte concentrations between groups, e.g., samples from urban

vs. rural farms, samples collected from farms vs. at market, or samples from farms using a par-

ticular growing practice vs. those that did not. One-way analysis of variance (ANOVA) was

also used to compare differences between urban and rural samples; although this test is more

appropriate for larger sample sizes and normally distributed data, it is useful for comparing

variation between urban and rural samples to variation within urban and rural samples. Poten-

tial correlations between continuous variables, such as between different analyte concentra-

tions, were assessed using Pearson’s correlation tests.

Data from individual kale samples were clustered, i.e., we would expect analyte concentra-

tions among kale samples from the same farm to be correlated, thus kale samples were not

independent. To account for clustering, for the purpose of statistical testing with kale data we

used the mean value for each cluster (i.e., farm), as previously recommended [57].

Analyses of light and temperature were based on hourly means and included only those

data that were common to every group (e.g., when checking for differences across farms, if a

HOBO data logger at one farm was started 30 hours before those at the other farms, those first

30 hours were excluded from analyses). Estimates of peak hourly light and temperature for

each day excluded days that did not have a full 24 hours of data, i.e., days when data loggers

were either installed or removed. Wilcoxon signed-rank tests were used to compare two

groups with repeated measures over time, i.e., PM concentrations, weekly collected rainfall,

and mean hourly light and temperature between urban and rural farms.

With the exception of ANOVA, the aforementioned tests are all non-parametric and were

used on the rationale that sample sizes were small. Light and temperature data had larger sam-

ple sizes, e.g., there were 907 mean hourly light intensity observations per farm; however, the

results of Shapiro-Wilks tests indicated that the distributions of light and temperature data

were non-normal and thus better suited for non-parametric testing.

Ethical considerations

The Johns Hopkins Bloomberg School of Public Health Institutional Review Board (IRB)

reviewed and determined that this study did not require oversight as human subjects research.
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Results

Kale yields

Thirty-two kale samples were represented in the results (Table 1). These comprised 23 field

samples and nine market samples, including four field samples and two market samples from

each rural farm. After harvesting four field samples from urban farm U1, there was only

enough kale remaining for one market sample. Urban farm U2 had a harlequin bug (Murgan-
tia histrionica) infestation and only had enough kale for three field samples and no market

samples. A third urban farm encountered significant pest issues that inhibited kale production;

no kale was harvested from this farm and their survey results were excluded from the study.

Sample weight, measured after removing the central stem and roots, washing, and drying, ran-

ged from 319–1840 grams (mean: 923 g). S1 Fig in S1 File shows photos of cultivated kale at

each farm.

Farm history and growing practices

Four of the six eligible farms were established between 2009–2018, while two rural farms (R3,

R4) were established in the 1980s. The urban farms were previously vacant lots with some his-

tory of residential use. The rural farms all had some history of use as a farm or garden prior to

current management and their participation in this study.

Both urban farms had previously tested their soil for metals as part of their participation in

the Safe Urban Harvests Study [35]. One urban farm (U2) reported testing their soil for metals

annually. Of the rural farms, only the research farm (R4) had tested their soil for metals and

repeated testing every three to four years. One urban (U2) and three rural farms (R2, R3, R4)

had tested the fertility of their soil (e.g., nutrients, pH).

All farms had at least two years of experience growing kale, and all reported growing at least

two different varieties of kale since the establishment of their respective farms. Only one rural

farm (R3) had prior experience growing the Darkibor variety of kale. All rural farms reported

using cover crops; the urban farms did not. Other crops previously grown on study plots

included turnips, beets, carrots, pattypan squash, tomatoes, garlic, strawberries, eggplant, and

other brassicas. All farms reported rotating crop locations each year. Only one farm (R3) was

USDA-certified Organic.

Participating farms did not consistently reply to survey questions about the scale of their

operations, but one rural farm (R2) reported growing 600 square feet (0.01 acres) of kale.

Another rural farm (R1) reported harvesting 150 kale plants in the previous year, less than the

600 plants harvested by one of the urban farms (U2).

Prior to planting, all farms reported applying soil amendments at least once per season,

including compost, feather meal, worm castings, kelp, fish emulsion, and/or minerals. During

Table 1. Number of kale samples by farm. A third urban farm encountered significant pest issues that inhibited kale

production; no kale was harvested from this farm and their survey results were excluded from the study. Farms were

anonymized by assigning a unique identifier beginning with “U” for urban farms and “R” for rural farms.

Farm ID Number of field samples Number of market samples

U1 4 1

U2 3 0

R1 4 2

R2 4 2

R3 4 2

R4 4 2

https://doi.org/10.1371/journal.pone.0296840.t001
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kale cultivation, both urban farms (U1, U2) and one rural farm (R3) applied compost, two

rural farms applied feather meal (R2, R3), and the research farm (R4) did not apply soil

amendments.

During kale growth, one urban (U2) and three rural farms (R2, R3, R4) reported using pes-

ticides. The other urban farm (U1) relied exclusively on guardian plants (e.g., marigolds), row

cover, and other non-chemical deterrents. The other rural farm (R1) used pesticides but only

prior to planting. The five farms using pesticides either before or after planting used kaolin

clay, neem oil, pyrethrin, spinosad, and/or Bacillus thuringiensis, all of which are generally

allowed for use under Organic Materials Review Institute standards [58] and consequently,

USDA Organic standards.

During kale cultivation, all urban farms used municipal water to irrigate. Three rural farms

(R1, R2, R3) used well water and the research farm (R4) used filtered pond water. None of the

urban farms and all of the rural farms used drip irrigation. Three rural farms irrigated once

per week; the other farms irrigated as frequently as once per day, with variations based on

weather patterns or stage of plant growth.

All farms except for the research farm (R4) identified as commercial, i.e., they grew and

sold produce for profit, at least in part.

Time from kale harvest to processing, use of refrigeration

The duration of time between harvesting kale and the point at which flash-frozen homoge-

nized samples were put into the freezer ranged from 1.8 to 6.8 hours for field samples and 2.9

to 26.4 hours for market samples. Three of the five farms with market samples (U1, R1, R3)

brought kale to the respective distribution points the day after it was harvested. Of these, two

rural farms noted that they kept the kale in refrigerated storage. The urban farm did not pro-

vide any information about their storage method (the survey requested information about

refrigerated transport but not storage; when designing the survey we had assumed kale would

be transported directly to market following harvest), but the kale was noticeably wilted upon

collection by the research team. Only one farm reported using refrigerated transport.

Analytical quality control

Results for the quality control materials are summarized in S1 Table in S1 Data. All values

were within the expected range for in-house control materials and the certified range for refer-

ence materials, with acceptable HorRat (�3.0) [59], with most <1.0.

Among the carotenoids analyzed, lutein, zeaxanthin, and total beta-carotene are reported

in this study. Beta-cryptoxanthin, lycopene, and alpha-carotene were detected at trace levels

(less than ~0.1 mg/100g fresh weight), but the data had insufficient precision for quantitative

results. Alpha-cryptoxanthin and gamma-carotene were also monitored but not detected

(<0.01 mg/100g fresh weight) in any samples (lycopene was also <0.01 mg/100g in most sam-

ples). For vitamin K1, menoquinone-4 and dihydrophylloquinone were not detected (<0.1 μg/

100 g) in any samples and thus are not reported in this study.

Differences between urban and rural field samples

Unless specified otherwise, all analyte concentrations and statistical tests reported in the man-

uscript and tables refer to fresh weight concentrations. Dry weight concentrations are provided

in Supplementary Figures and Tables. Mean analyte concentrations for field samples, by farm

urbanicity, are reported in Table 2. Results for individual farms are reported in Figs 1–3. Addi-

tional descriptive statistics and analyte concentrations for individual samples are provided in

S2-S4 Tables in S1 Data.
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Since there was only one market sample from urban farms (Table 1), market samples were

excluded from statistical comparisons between urban and rural kale, i.e., comparisons were

only made using field samples. Since we had to use mean values for Mann-Whitney U tests,

sample sizes (N = 6 mean values for each analyte, one per farm) were too small to produce sta-

tistically significant results from urban-rural comparisons, P values are provided in Figs 1–3

Table 2. Mean fresh weight analyte concentrations in field samples by urban/urban farms, with comparisons to prior estimates. Mean fresh weight analyte concen-

trations by urban/rural farm, with standard error (SE). Since there was only one market sample from urban farms, market samples are not included in means. Estimates

from the current study are compared against prior estimates from the Safe Urban Harvests (SUH) study (27) and the USDA FoodData Central database entry for raw kale

(NDB number 11233) (2). The SUH study included kale samples from urban farms and community gardens in Baltimore City (N = 25) and “non-urban” results that

included conventional and organic kale samples from grocery stores, and samples from farmers market vendors from outside the city (N = 32). Lutein and zeaxanthin con-

centrations were combined for this table so they could be compared to USDA values. Chromium was not speciated between hexavalent chromium (a carcinogen) and triva-

lent chromium (an essential nutrient).

Group Analyte Unit Current study urban,

mean ± SE

Current study rural,

mean ± SE

SUH urban,

mean

SUH non-urban,

mean

USDA, mean

(range)

Moisture g/100g fresh

wt

88.2 ± 0.7 85.2 ± 0.4

Carotenoids &

vitamins

Beta-carotene mg/100g

fresh wt

3.20 ± 0.26 5.28 ± 0.21 2.87 (2.16–3.83)

Lutein + zea. mg/100g

fresh wt

8.09 ± 0.18 10.65 ± 0.32 6.26 (4.46–8.56)

Phylloquinone mcg/100g

fresh wt

228 ± 5 350 ± 7 390 (369–422)

Vitamin C mg/100g

fresh wt

113 ± 3 147 ± 4 93 (84–104)

Nutritional

elements

Calcium mg/100g

fresh wt

397 ± 54 374 ± 11 254 (203–281)

Copper mg/100g

fresh wt

0.07 ± 0.00 0.05 ± 0.00 0.06 0.27 0.05 (0.03–0.08)

Iron mg/100g

fresh wt

7.58 ± 2.02 1.61 ± 0.06 1.60 (0.77–3.61)

Magnesium mg/100g

fresh wt

50.3 ± 6.0 45.3 ± 1.2 32.7 (28.4–45.8)

Manganese mg/100g

fresh wt

0.57 ± 0.07 0.88 ± 0.06 0.38 0.62 0.92 (0.51–1.46)

Molybdenum mg/100g

fresh wt

0.03 ± 0.00 0.02 ± 0.00

Phosphorous mg/100g

fresh wt

53.1 ± 2.1 52.8 ± 3.0 55 (47–62)

Potassium mg/100g

fresh wt

312 ± 15 441 ± 8 348 (301–389)

Sodium mg/100g

fresh wt

18.1 ± 3.3 8.6 ± 0.7 53 (16–107)

Zinc mg/100g

fresh wt

0.61 ± 0.02 0.39 ± 0.01 0.43 0.39 0.39 (0.20–0.57)

Non-essential

metals

Arsenic ppm fresh wt 0.02 ± 0.00 0.01 ± 0.00 0.02 0.01

Barium ppm fresh wt 3.82 ± 0.67 4.49 ± 0.33 3.37 2.08

Cadmium ppm fresh wt 0.03 ± 0.01 0.02 ± 0.00 0.05 0.06

Chromium

(total)

ppm fresh wt 0.17 ± 0.04 0.04 ± 0.00 0.05 0.05

Lead ppm fresh wt 0.13 ± 0.02 0.01 ± 0.00 0.04 0.02

Nickel ppm fresh wt 0.09 ± 0.02 0.08 ± 0.01 0.09 0.15

Uranium ppb fresh wt 7.61 ± 1.52 5.00 ± 0.00

Vanadium ppm fresh wt 0.12 ± 0.04 0.02 ± 0.00

https://doi.org/10.1371/journal.pone.0296840.t002
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and S2, S3 Figs in S1 File and may be indicative of potentially meaningful differences that

could be explored in larger studies.

Stem and leaf weights. Sample weights (measured after removing the central stem and

roots, washing, and drying) were generally lower in urban field samples, while the mass ratios

of leaves to stems were generally higher in urban samples. Mean weights of rural field samples

were nearly twice those of urban field samples; by contrast, the mean ratio of leaf mass to stem

mass was 76% higher in urban samples.

Moisture. Moisture content was similar between urban and rural samples (means: 88 and

85%, respectively). Controlling for moisture content (i.e., comparing dry weight concentra-

tions) did not meaningfully affect the overall conclusions from any statistical analyses, includ-

ing differences in analyte concentrations between urban and rural samples, differences by

growing practices, and correlation tests. Time between harvesting and storing processed sam-

ples in the freezer was not correlated with moisture content (P>0.05).

Nutrients and non-essential metals. Sample sizes (N = 6 mean values for each analyte,

one per farm) precluded the possibility of statistically significant differences in analyte concen-

trations between urban and rural field samples. However, P values were as low as 0.06 for arse-

nic and 0.11 for all carotenoids and vitamins, copper, iron, potassium, zinc, lead, and

vanadium (Figs 2 and 3). Mean concentrations of carotenoids and vitamins were generally

higher in rural samples. Compared to urban field samples, mean fresh weight concentrations

of carotenoids and vitamins were 22–38% higher in rural field samples. By contrast, with the

exception of manganese and potassium, mean concentrations of nutritional elements were

higher in urban field samples by as much as 413% for iron.

Compared to rural field samples, with the exception of barium, mean concentrations of

non-essential metals were higher in urban field samples by as much as 13 times for lead and

six times for vanadium (Table 2, Fig 3). That said, lead and cadmium concentrations for all

samples, including urban (mean Pb: 0.13 ppm, mead Cd: 0.03 ppm) and rural (mean Pb:

0.01 ppm, mean Cd: 0.02 ppm) field samples, were below the maximum levels (Pb: 0.3 ppm,

Cd: 0.2 ppm; Fig 3) specified by the Food and Agriculture Organization of the United Nations

(FAO) and the World Health Organization (WHO) [60].

Between urban-rural variance compared to within urban-rural variance. One-way

ANOVA was used to compare variance between urban and rural farms to variance within

urban and rural farms (S5 Table in S1 Data). For six elements (Ba, Ca, Cd, Mg, Ni, P), variance

Fig 1. Sample mass and moisture content by farm, farm type (urban vs. rural), and sampling location (field vs. market). Each dot represents one

kale sample. Site identifiers (x-axis) with “U” represent urban farms, identifiers with “R” represent rural farms. P values are from Mann-Whitney U tests

comparing field samples from urban and rural farms, using the mean value from each farm (N = 6).

https://doi.org/10.1371/journal.pone.0296840.g001
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Fig 2. Fresh weight concentrations of carotenoids, vitamins, and nutritional elements by farm, farm type (urban vs. rural), and sampling location

(field vs. market). Each dot represents one kale sample. Site identifiers (x-axis) with “U” represent urban farms, identifiers with “R” represent rural

farms. P values are from Mann-Whitney U tests comparing field samples from urban and rural farms, using the mean value from each farm (N = 6). See

S2 Fig in S1 File for dry weight concentrations.

https://doi.org/10.1371/journal.pone.0296840.g002
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was greater within urban and rural farms; this can also be observed in Figs 2 and 3. These

results suggest that differences in production conditions among farms may in some cases have

a greater influence on analyte concentrations than farm location being rural or urban. For all

17 other analytes, however, variance was greater between urban and rural farms.

Differences between field and market samples

The only market sample provided by urban farms was collected at the market 19 hours after

harvest, and had much higher concentrations of six elements (Ca, Cu, Mg, K, Na, Ba), and

lower moisture content, compared to field samples from the same farm (Figs 1–3). Given this

sample was an outlier in many regards, and because there was only one market sample from

urban farms (Table 1), urban farms were excluded from statistical comparisons between field

and market samples.

There were no significant differences (P>0.05) in sample weight, leaf:stem ratio, or mois-

ture content between the four mean field and four mean market samples (N = 8), by farm,

among rural farms. There were also no significant differences in analyte concentrations

between mean field and mean market samples (N = 8) among rural farms, with the excep-

tion of dry weight (and not fresh weight) concentrations of calcium (P<0.05). Compared to

field samples, mean fresh weight concentrations of nutritional elements and non-essential

metals by farm were higher in market samples by as much as 80% for lead and chromium.

Fig 3. Fresh weight concentrations of non-essential metals by farm, farm type (urban vs. rural), and sampling location (field vs. market). Each dot

represents one kale sample. Site identifiers (x-axis) with “U” represent urban farms, identifiers with “R” represent rural farms. P values are from Mann-

Whitney U tests comparing field samples from urban and rural farms, using the mean value from each farm (N = 6). See S3 Fig in S1 File for dry weight

concentrations. Chromium was not speciated between hexavalent chromium (a carcinogen) and trivalent chromium (an essential nutrient).

https://doi.org/10.1371/journal.pone.0296840.g003
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Mean carotenoid and vitamins concentrations were similar between field and market sam-

ples (6% lower to 2% higher in market samples). Differences in moisture content were less

than 1%.

Correlations between mass, moisture, harvest to storage time, and analyte

concentrations among field samples

The leaf:stem mass ratio was significantly positively correlated with fresh weight concentra-

tions of some carotenoids and vitamin K1, and negatively correlated with some elements and

metals (Fig 4). Moisture content was significantly inversely correlated with fresh weight vita-

min C and Manganese concentrations. Sample weight was not correlated with any analyte con-

centrations. Time between harvest and freezing samples was not correlated with

concentrations of any analytes susceptible to oxidation or degradation, i.e., vitamins and

carotenoids.

There appeared to be some patterns in how certain groups of analytes correlated with others

(Fig 5). Fresh weight concentrations of one carotenoid or vitamin, for example, consistently

tracked with the others (P<0.05, top left corner of Fig 5); for example, samples high in vitamin

K1 were also high in carotenoids. Similarly, concentrations of nutritional elements and non-

essential metals in some cases positively correlated with one another, e.g., iron with copper,

magnesium, arsenic, chromium, uranium, and vanadium (P<0.05). Potassium was positively

correlated with carotenoids and vitamins, while lead and zinc were inversely correlated with

most carotenoids and vitamins (P<0.05).

Differences in field samples by growing practice

Analyte concentrations in some cases differed significantly based on growing practices used

(Fig 6). Carotenoid and vitamin concentrations, for example, were significantly different

between field samples from farms that used drip irrigation vs. samples from farms that did not

(P<0.05), with mean concentrations higher among the former. Only rural farms reported

using drip irrigation, however, thus any associations between growing practices and analyte

concentrations may be confounded by urbanicity. Farms that tested their soil for metals prior

to planting generally had lower concentrations of carotenoids and vitamin K1, although with-

out an obvious explanation for why this would be the case, this too is likely the result of con-

founding factors. No other patterns were evident.

Fig 4. Correlations between sample properties and fresh weight analyte concentrations among mean field samples by farm. Levels of statistical

significance for Pearson’s correlations between sample properties (mass, moisture, and time to freezing; table rows) and fresh weight concentrations of

nutrients and metals (table columns) in field samples, using the mean values from each farm (N = 6). See S4 Fig in S1 File for dry weight correlations.

https://doi.org/10.1371/journal.pone.0296840.g004
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Environmental conditions

Five-minute mean particulate matter concentrations (PM1, PM2.5, respirable PM, PM10, and

total PM) are shown in in S7 Fig in S1 File. PM2.5 concentrations ranged from 0.006–

0.065 ppm (mean: 0.016 ppm); concentrations during 14 different farm visits (out of 36) were

at or above EPA National Ambient Air Quality Standards (NAAQS) secondary standard of

0.015 ppm [61]. Only one farm (U2) remained below the PM2.5 standard for all six visits. PM10

concentrations ranged from 0.008–0.132 ppm (mean: 0.026 ppm) and were below the NAAQS

secondary standard of 0.15 ppm [61]. Secondary standards are designed to protect public wel-

fare, including protection against damage to crops. There are currently no NAAQS standards

for other PM sizes. There were no significant differences in concentrations between urban and

rural farms for any of the particle sizes.

Collected rainfall ranged from 0–2.2 cm per week (mean: 0.5 cm; median: 0 cm; S8 Fig in

S1 File). There were no significant differences among farms or between urban and rural farms.

Peak hourly light intensity for each day ranged from 35–7739 lumens/ft2 (S8 Fig in S1 File).

Compared to urban farms, rural farms generally had higher light intensity readings before the

Fig 5. Correlations between fresh weight analyte concentrations among mean field samples by farm. Levels of statistical significance for Pearson’s

correlations between mean fresh weight concentrations of nutrients and metals in field samples, using the mean values from each farm (N = 6). See S5

Fig in S1 File for dry weight correlations.

https://doi.org/10.1371/journal.pone.0296840.g005
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third week after planting, and lower light intensity readings after the third week, continuing to

decline thereafter. Overall, light intensity was significantly higher at urban farms compared to

rural farms (difference in overall means: 138 lumens/ft2, P<0.001), although this was likely a

result of light sensors at two rural farms being in the shadow of kale leaves.

Peak hourly ambient and in-ground temperatures for each day ranged from 60–142 degrees

F (16–61 degrees C) and 59–114 degrees F (15–46 degrees C), respectively, and generally

declined with the change in season (S8 Fig in S1 File). Differences between urban and rural

farms were highly significant (P<0.001) but negligible in magnitude (difference in overall

means: <1 degree F).

Discussion

Comparisons to prior estimates

Since there was only one market sample from urban farms, all comparisons to prior estimates

(Table 2) are based on field samples only. The Safe Urban Harvests (SUH) study analyzed con-

centrations of nine metals in kale (among other produce items) from urban farms and com-

munity gardens in Baltimore City (N = 25) [35]. The two urban farms in this study were also

part of SUH. Although mean urban cadmium concentrations were 40 percent lower in the cur-

rent study, barium, lead, and chromium were 13%, 225%, and 240% higher, respectively,

Fig 6. Differences in mass, moisture, and fresh weight analyte concentrations by growing practice among mean field samples by farm. Levels of

statistical significance for Mann-Whitney U tests (N = 6) comparing mean mass, moisture, and fresh weight concentrations of nutrients and metals in

field samples (table columns) from farms that used a growing practice vs. those that did not (table rows). Parenthesized values indicate the number of

farms, out of six, following each growing practice. See S6 Fig in S1 File for dry weight differences.

https://doi.org/10.1371/journal.pone.0296840.g006
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compared to SUH. This is not necessarily cause for concern given: 1) concentrations of lead in

this study were below FAO/WHO standards [60] (Fig 3; cadmium levels were well below the

standard, and there are no FAO/WHO standards for other metals at the time of writing); 2)

levels of chromium were not speciated between hexavalent chromium (a carcinogen) and tri-

valent chromium (an essential nutrient), thus if the levels in kale were predominantly com-

prised of the latter there would be little cause for concern; and 3) this study only assessed kale

from two urban farms, a small sample size that should not be used to make generalized conclu-

sions, whereas SUH assessed kale from 25 urban farms and community gardens. Mean con-

centrations of the three nutritional elements assessed in SUH (copper, zinc, and manganese)

were also higher (17%, 42%, and 50%, respectively) among urban farms in the current study

compared to SUH.

A more direct comparison between kale from the two urban farms in this study and kale

from the same two urban farms in SUH indicates metals concentrations were, with some

exceptions, higher in the current study by as much as 96% for lead (farm U1); chromium was

also 82% higher in this study for one of the farms (U2). These differences may be due to a wide

range of factors, including changes in soil metals concentrations (and accordingly, plant

uptake) between the two study periods, either due to environmental factors and/or changes in

soil management practices; spatial differences in soil metals concentrations; and/or differences

in plant uptake between different kale cultivars.

The SUH study also analyzed metals concentrations in conventional and organic kale sam-

ples from grocery stores, and samples from farmers market vendors from outside Baltimore

City (N = 32). For five of the nine metals included in SUH, mean metals concentrations from

rural farms in this study were between 20% and 81% lower compared to non-urban samples

from SUH. Some differences are to be expected, in part because grocery store samples included

in SUH likely represent industrial-scale farms that operate under qualitatively different condi-

tions than those in the current study. Participating farms did not consistently reply to survey

questions about the scale of their operations, but one rural farm (R1) reported harvesting 150

kale plants in a prior year compared to 600 plants from an urban farm (U2), while another

rural farm (R2) reported growing 600 square feet (0.01 acres) of kale. For context, the average

2021 farm size in Maryland was 161 acres [62]. These data, taken together with visual observa-

tions by the study team, suggest the rural farms in this study were orders of magnitude smaller

than the highly mechanized, industrial-scale farms that produce the bulk of the country’s vege-

table output, whether organic or conventional.

Field samples from the current study were also compared to estimates of 11 nutritional

components for raw kale provided in the USDA FoodData Central Foundation Foods database

[2] (Table 2). Mean concentrations of beta-carotene, combined lutein and zeaxanthin, vitamin

C, calcium, iron, and magnesium from both urban and rural samples in this study were higher

than means reported by the USDA, and were in some cases even higher than the maximum

values reported by the USDA. Iron concentrations were 374% higher in urban samples from

this study compared to mean USDA values. Similar to the SUH non-urban samples, USDA

estimates were based on samples from five different supermarkets across the U.S., and thus

likely represent farms operating under vastly different conditions than those in the current

study. Furthermore, time in transit and on supermarket shelves may have reduced the nutrient

density of USDA samples. As with metals, nutrients in kale likely also vary based on variety

and cultivar; this study assessed the Darkibor variety, whereas neither SUH participants nor

the USDA database specify which variety was grown. Taken together with the SUH compari-

sons of nutritional elements above, USDA comparisons suggest kale in some cases has the

potential to be even more nutrient-dense than previously estimated, particularly if consumed

shortly after harvest, regardless of urban or rural origins.
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Differences between urban and urban samples

Although small sample size (N = 6 mean values for each analyte, one per farm) precluded the

possibility of statistically significant differences between urban and rural field samples, concen-

trations of carotenoids and vitamins were generally higher in rural samples, while concentra-

tions of nutritional elements and non-essential metals were generally higher in urban samples,

particularly for lead and vanadium. Given element concentrations in kale from urban farms in

this study were generally higher than those from prior studies, and concentrations in kale

from rural farms in this study were generally lower than those from prior studies, the urban-

rural differences observed in this study are to be expected. For some elements, however,

ANOVA results suggest differences in production conditions within a farm or among farms

may have a greater influence on some analytes than farm location being rural or urban.

Neither environmental conditions nor surveys of growing practices revealed any obvious

explanation as to why these differences occurred. Urban farms’ use of municipal water is

unlikely to explain differences in kale metal concentrations, since the overwhelming majority

of irrigation water samples from the SUH study were well below public health guidelines for

nine metals [35]. Since the rural farms in this study reported using drip irrigation and urban

farms did not, moisture stress could partly explain the lower carotenoid, vitamin, and potas-

sium concentrations in urban kale (Fig 6), which for potassium would be consistent with a

prior study suggesting concentrations of some minerals in kale decrease as a result of moisture

stress [19]. Contrary to the prior study, however, in this study concentrations of copper and

iron were higher among kale samples experiencing greater water stress (i.e., urban kale, on the

hypothesis that use of drip irrigation alleviates water stress). Further research on kale could

explore the effects of these and other factors or urban-rural differences, including by analyzing

irrigation water samples as in Lupolt et al. [35].

Soil conditions could also explain urban-rural differences in kale. Urban soils may be sub-

ject to numerous factors that can decrease fertility, including compaction by buildings and

heavy machinery which, in turn, can decrease porosity, suppress the activity of beneficial

microbes, and inhibit the accumulation of soil organic carbon [63], all of which may affect the

nutrient density of urban crops. Urban areas are also often associated with sources of soil con-

tamination [27–31] which may be taken up by plant tissues or deposited on surfaces (see Intro-

duction). We would not expect soil on the surfaces of kale plants to be a major factor in this

study given samples were thoroughly washed, although soil resides may have remained in crev-

ices of the leaves. Follow-up studies should account for these contamination pathways by ana-

lyzing soil samples, as in Lupolt et al. [35].

To mitigate soil quality and contamination concerns, farmers may grow crops in raised

beds filled with imported growing media. Both urban farms in the current study reported

using some compost, but it was unclear whether they used imported growing media exclu-

sively, or if it was added to native soil. The overwhelming majority (95%, among the 100 farms

that responded to questions about soil) of Baltimore’s farms and gardens participating in SUH

reported growing crops in at least some soil, compost, or mulch brought in from off-site, and

two-thirds (69%) used raised beds [10]. Media used to fill raised beds should be of good quality

and not contaminated, although even the use of clean soils does not address the potential for

soil recontamination via airborne deposition [31]. The current study did not analyze soil sam-

ples, but the SUH study in most cases did not find a significant relationship between metals

concentrations in soils and those in produce; significant linear relationships were only found

between soil and plant concentrations for two metals (Cu and Mn). Furthermore, all calculated

bioconcentration factors (metal concentrations in produce divided by the concentration in a

soil sample collected immediately adjacent to the plant [64]) from the SUH study were less
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than 0.3 [35], suggesting soil element concentrations alone may be a poor predictor of concen-

trations in plants.

The health implications of urban-rural differences in non-essential metals are difficult to

gauge without a risk assessment that would additionally consider how much kale people typ-

ically consume, among other factors. The SUH assessment of nine metals in soil, produce,

and irrigation water in 104 urban farms and gardens in Baltimore City did not identify

cause for concern [35], although metals concentrations in kale in this study were higher

than those reported in SUH in many cases (Table 2). Any potential health implications asso-

ciated with exposure to non-essential metals should not be considered in isolation, but

rather balanced against the health benefits associated with diets higher in kale [1] and other

vegetables.

Differences between field and market samples

Since there was only one market sample from urban farms, statistical comparisons between

field and market samples were performed on rural samples only to mitigate confounding.

Since field samples were transported directly to the lab for processing and freezing, kale sam-

ples harvested from the market might be expected to have lower vitamin and carotenoid con-

centrations due to the oxidation and/or degradation of those nutrients. There were not,

however, any significant differences in levels of potentially labile nutrients (i.e., vitamins and

carotenoids) between field and market samples, nor was time from harvesting to freezing cor-

related with concentrations of any vitamins or carotenoids.

It is also notable that the one urban market sample had much higher concentrations of six

elements and lower moisture content compared to field samples from the same farm, which

would be consistent with the samples losing moisture over the 19-hour period between harvest

and collection at the market, concentrating the elements.

Correlations among analytes

We also observed some statistically significant relationships among analyte concentrations

and other properties of the kale samples. The ratio of leaf mass to stem mass, for example, was

negatively correlated with some carotenoids and vitamin K1, and positively correlated with

some nutritional elements and non-essential metals. Further research could shed light on the

reasons for these relationships; studies have shown that some metals, for example, tend to

accumulate at higher levels in different parts of a plant, e.g., roots vs. leaves [32–34]. This

could in turn inform potential recommendations for consumers, e.g., whether there may be

benefits of consuming kale stems along with the leaves.

There also appeared to be patterns in how certain groups of analytes correlated with others

in field samples. Fresh weight concentrations of one carotenoid or vitamin, for example, con-

sistently tracked with the others; e.g., samples high in vitamin K1 were also high in carotenoids.

Similarly, concentrations of nutritional elements and non-essential metals were in some cases

correlated with one another. By contrast, concentrations of lead and zinc were negatively cor-

related with concentrations of carotenoids and vitamins. For lead, this is consistent with prior

evidence of an inverse association between heavy metal and vitamin concentrations in plants,

in part due to oxidative stress [65]. Furthermore, since urban farms were generally significantly

lower in carotenoids and vitamins and higher in elements compared to rural farms, urbanicity

—and the associated properties of urban and rural soils explained above—could be confound-

ers that partly explain these correlations. Revisiting these patterns with a larger sample size

could shed more light on any potential underlying phenomena that could explain them.
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Study limitations and lessons learned

The sample size for this study was small (Table 1). Larger sample sizes would be needed to con-

trol for multiple potential confounding factors at once, including urbanicity, time between

harvesting and freezing samples, and growing practices. We also had only one market sample

from one urban farm (which was an outlier in moisture/element concentrations) versus two

market samples from each rural farm, which could skew results, thus market samples were

excluded from comparisons to prior studies and from most statistical analyses. Given the pop-

ularity of farmers markets, future research could explore the potential for nutrient loss

between harvest and point of sale, with an eye toward helping producers make decisions about

how best to preserve nutrient density.

Some open-ended questions for growers elicited responses that were not comparable across

farms because of differences in how they may have been interpreted. In response to a question

about pest management, for example, some growers mentioned row covers—which are used

for pest management, but also to protect against the elements and retain moisture. Differences

in how growers classify the primary use of row covers could have influenced their responses,

thus we did not have reliable data on the use of these and certain other practices. Wherever

possible, in lieu of open-ended questions, an expanded checklist of growing and supply chain

practices (e.g., use of row covers, mulching film, and refrigerated storage for market samples)

for use during both questionnaires and farm visits could aid in gathering more viable data,

although this would have to be balanced against potentially longer times for survey

administration.

Challenges for urban farms observed during this study, including the loss of kale plants and

the exclusion of one urban farm due to pest infestations, reflect the realities of growing opera-

tions that are often under resourced, understaffed, and/or run by volunteers. More extreme

temperatures due to the climate crisis, combined with heat island effects in urban areas, are

likely to make urban agriculture an even more challenging endeavor. Future studies on urban

agriculture should plan and account for these realities, while exploring policy interventions to

help address them.

Conclusion

Kale is a hardy, resilient, and nutrient-dense crop that could serve an increasingly important

role in providing an affordable, safe, and nutritious food supply, particularly within the grow-

ing urban and community farming movement, as well as in light of the climate crisis and asso-

ciated effects on extreme weather patterns and food insecurity. With both urban and rural

farms filling different roles and priorities in a changing food system, including climate adapta-

tion and resilience, the safety and nutrient density of produce grown in these different envi-

ronments is of critical importance. Although small sample sizes precluded statistical

significance for some analyses, we observed non-significant but potentially meaningful differ-

ences between kale grown in urban and rural settings. Absent any compelling evidence to the

contrary, however, the health benefits of a varied diet high in fruits and vegetables—regardless

of urban or rural origins—likely outweigh any potential risks associated with exposure to non-

essential metals, provided growing sites follow recommended practices for soil safety. Our

findings also suggest kale in some cases may have the potential to be even more nutrient-dense

than previously estimated, although those comparisons are based on a small number of fresh

field samples (in this study) with retail samples (USDA) using potentially different varieties of

kale. Further research with larger sample sizes could shed more light on the nutritive and met-

als composition of this important crop and the factors that influence it, particularly given its

growing popularity.
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1. Šamec D, Urlić B, Salopek-Sondi B. Kale (Brassica oleracea var. acephala) as a superfood: Review of

the scientific evidence behind the statement. Critical Reviews in Food Science and Nutrition. Taylor and

Francis Inc.; 2019. pp. 2411–2422. https://doi.org/10.1080/10408398.2018.1454400 PMID: 29557674

PLOS ONE Nutrients and metals in urban and rural kale

PLOS ONE | https://doi.org/10.1371/journal.pone.0296840 April 16, 2024 21 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0296840.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0296840.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0296840.s003
https://doi.org/10.1080/10408398.2018.1454400
http://www.ncbi.nlm.nih.gov/pubmed/29557674
https://doi.org/10.1371/journal.pone.0296840


2. U.S. Department of Agriculture Agricultural Research Service. Kale, raw. In: Fooddata Central [Inter-

net]. 2019 [cited 21 Jul 2023]. https://fdc.nal.usda.gov/fdc-app.html#/food-details/323505/nutrients

3. United States Food and Drug Administration. Daily Value and Percent Daily Value: Changes on the

New Nutrition and Supplement Facts Labels. 2020 Mar. Available: Food and Drug Administration of the

United States of America

4. Björkman M, Klingen I, Birch ANE, Bones AM, Bruce TJA, Johansen TJ, et al. Phytochemicals of Bras-

sicaceae in plant protection and human health—Influences of climate, environment and agronomic

practice. Phytochemistry. 2011. pp. 538–556. https://doi.org/10.1016/j.phytochem.2011.01.014 PMID:

21315385

5. Harvard T. H. Chan School of Public Health. Kale. In: The Nutrition Source [Internet]. 2022 [cited 19 Jan

2022]. https://www.hsph.harvard.edu/nutritionsource/food-features/kale/

6. U.S. Department of Agriculture Economic Research Service. Vegetables and Pulses Yearbook Tables.

30 Jul 2021 [cited 19 Jan 2022]. https://www.ers.usda.gov/data-products/vegetables-and-pulses-data/

vegetables-and-pulses-yearbook-tables/

7. Kāle M, Agbozo E. Healthy Food Depiction on Social Media: The Case of Kale on Twitter. CEUR Work-

shop Proceedings. Vol. 2865. CEUR-WS.; 2020.

8. Kerry Staight. Kale suppliers say rapid rise of vegetable’s popularity is leading to worldwide shortage.

ABC News. 18 Jul 2014. https://www.abc.net.au/news/2014-07-19/rapid-rise-of-kale-catches-seed-

suppliers-out/5608948. Accessed 19 Jan 2022.

9. Industry Reseach. Global and United States Kale Chips Market Insights, Forecast to 2027. 22 Jul 2021

[cited 19 Jan 2022]. https://www.industryresearch.biz/global-and-united-states-kale-chips-market-

18787672

10. Santo RE, Lupolt SN, Kim BF, Burrows RA, Evans E, Evenson B, et al. Characteristics and growing

practices of Baltimore City farms and gardens. Urban For Urban Green. 2021. https://doi.org/10.1016/j.

ufug.2021.127357

11. Cartea ME, Picoaga A, Soengas P, Ordás A. Morphological characterization of kale populations from

northwestern Spain. Euphytica. 2003; 129: 25–32. https://doi.org/10.1023/A:1021576005211

12. Becerra-Moreno A, Alanı́s-Garza PA, Mora-Nieves JL, Mora-Mora JP, Jacobo-Velázquez DA. Kale: An

excellent source of vitamin C, pro-vitamin A, lutein and glucosinolates. CYTA—Journal of Food. 2014;

12: 298–303. https://doi.org/10.1080/19476337.2013.850743

13. Thavarajah D, Thavarajah P, Abare A, Basnagala S, Lacher C, Smith P, et al. Mineral micronutrient and

prebiotic carbohydrate profiles of USA-grown kale (Brassica oleracea L. var. acephala). Journal of Food

Composition and Analysis. 2016; 52: 9–15. https://doi.org/10.1016/j.jfca.2016.07.003

14. Waterland NL, Moon Y, Tou JC, Kim MJ, Pena-Yewtukhiw EM, Park S. Mineral content differs among

microgreen, baby leaf, and adult stages in three cultivars of Kale. HortScience. 2017; 52: 566–571.

https://doi.org/10.21273/HORTSCI11499-16

15. Mercadante AZ, Rodriguez-Amaya DB. Carotenoid Composition of a Leafy Vegetable in Relation to

Some Agricultural Variables. J Agric Food Chem. 1991; 39: 1094–1097. https://doi.org/10.1021/

jf00006a018

16. Thavarajah D, Siva N, Johnson N, McGee R, Thavarajah P. Effect of cover crops on the yield and nutri-

ent concentration of organic kale (Brassica oleracea L. var. acephala). Sci Rep. 2019; 9. https://doi.org/

10.1038/s41598-019-46847-9 PMID: 31316128

17. Zafar S, Farooq S, Qazi HA, Jaweed TH, Kadam AK, Lone FA. Evaluation of nutrient status of kale and

spinach as affected by sewage sludge and mineral fertilizers. J Plant Nutr. 2020; 43: 2633–2644.

https://doi.org/10.1080/01904167.2020.1783306

18. Kopsell DA, Kopsell DE, Curran-Celentano J. Carotenoid pigments in kale are influenced by nitrogen

concentration and form. J Sci Food Agric. 2007; 87: 900–907. https://doi.org/10.1002/jsfa.2807

19. Pathirana I, Thavarajah P, Siva N, Wickramasinghe ANK, Smith P, Thavarajah D. Moisture deficit

effects on kale (Brassica oleracea L. var. acephala) biomass, mineral, and low molecular weight carbo-

hydrate concentrations. Sci Hortic. 2017; 226: 216–222. https://doi.org/10.1016/j.scienta.2017.08.050
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