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ARTICLE

Bioaccumulation of chemical elements in vegetables as
influenced by application frequency of municipal solid
waste compost1

Lord Abbey, Mercy Ijenyo, Balfour Spence, Alex Ojo Asunni, Raphael Ofoe, and Vera Amo-Larbi

Abstract: Municipal solid waste (MSW) compost is used to enrich soils by virtue of its bio-physicochemical
properties. However, undesirable accumulation of chemical elements can reduce soil quality and cause food safety
issues. A 5-yr field study was carried out to investigate the impact of Compost Quality Alliance (CQA)-tested MSW
compost application frequency (annual, biennial and no-compost) on soil quality and chemical element accumula-
tion in edible portions of lettuce (Lactuca sativa cv. Grand Rapids), beet (Beta vulgaris cv. Detroit Supreme), carrot
(Daucus carota cv. Nantes), and green bean (Phaseolus vulgaris cv. Golden Wax). Analysis of soil showed that chemical
elements were highest in annual application followed by biennial, but less in control (no-compost) and fallow
soils. Soil background levels of chemical elements influenced the concentrations of iron (Fe) and manganese
(Mn) in green bean, aluminum (Al) in green bean and beet, and barium (Ba) in carrot, beet, and lettuce.
Cadmium (Cd) concentration in beet, lettuce, and green bean grown in the annual plot was increased by 48%,
52% and 62%, respectively while carrot recorded a 56% increase in the biennial plot compared with no-compost.
Bioaccumulation factors were< 1 for all of the essential and non-essential trace elements in all of the plant species,
except boron (B) and molybdenum (Mo). However, lettuce showed a higher tendency to accumulate Cd, rubidium
(Rb), and strontium (Sr). Overall, the health risk for human consumption is low. Although long-term annual
application of compost to vegetables seemed safe for human consumption, it is necessary to continuously monitor
potential chemical element accumulation, particularly non-essential trace elements in soils and plants.

Key words: green bin compost, organic farming, trace element, essential nutrients, bioaccumulation factor.

Résumé : Le compost de déchets solides municipaux (DSM) enrichit le sol grâce à ses propriétés bio-physicochimi-
ques. Toutefois, l’accumulation d’éléments indésirables peut réduire la qualité du sol et susciter des problèmes de
salubrité dans les aliments. Les auteurs ont effectué une étude sur le terrain de cinq ans pour vérifier les
conséquences d’une application régulière (annuelle, bisannuelle ou nulle) de compost DSM contrôlé par la
Compost Quality Alliance (CQA) sur la qualité du sol et l’accumulation d’éléments chimiques dans les parties
comestibles de la laitue (Lactuca sativa cv. Grand Rapids), de la betterave (Beta vulgaris cv. Detroit Supreme), de la
carotte (Daucus carota cv. Nantes) et du haricot vert (Phaseolus vulgaris cv. Golden Wax). L’analyse du sol révèle que
la concentration des éléments atteint son maximum avec une application annuelle, puis bisannuelle, et est plus
faible dans le sol des parcelles témoins (aucune application de compost) et celui des parcelles en jachère. La con-
centration de fond influe sur la teneur en fer (Fe) et en manganese (Mn) chez le haricot, sur celle en aluminium
(Al) chez le haricot et la betterave, ainsi que sur celle du barium (Ba) chez la carotte, la betterave et la laitue. La con-
centration de cadmium (Cd) augmente respectivement de 48 %, de 52 % et de 62 % chez la betterave, la laitue et le
haricot cultivés sur la parcelle amendée annuellement, ainsi que de 56 % chez la carotte cultivée sur la parcelle
bonifiée tous les deux ans, comparativement aux résultats obtenus sur la parcelle témoin, sans compost.
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Tous les éléments à l’état de traces, essentiels ou pas, ont un facteur de bio-accumulation inférieur à un, peu
importe l’espèce, à l’exception du bore (B) et du molybdène (Mo). La laitue a cependant tendance à accumuler plus
de Cd, de rubidium (Rb) et de strontium (Sr). Dans l’ensemble, les risques généraux pour la santé humaine sont
minimes. Bien que l’application annuelle à long terme de compost sur les cultures maraîchères semble inoffensive
pour la consommation humaine, on doit surveiller en permanence l’accumulation possible des oligoéléments,
surtout les éléments non essentiels présents à l’état de traces dans le sol et la plante. [Traduit par la Rédaction]

Mots-clés : compost du bac vert, agriculture biologique, oligoéléments, éléments nutritifs essentiels, facteur de
bio-accumulation.

Introduction
Bioconversion of municipal solid waste (MSW) to

compost for agricultural use is an effective and efficient
waste management strategy, which enhances soil
rejuvenation (Horrocks et al. 2016). However, long-term
continuous application of MSW compost is of profound
concern to environmentalists and farmers due to the
likelihood of chemical element accumulation, particu-
larly toxic elements in soils, foods, and water bodies.
Generally, chemical elements are categorized as
(1) essential macro-elements, which are required in large
amounts by plants for growth and development
[e.g., nitrogen (N), phosphorus (P) and potassium (K)];
(2) essential trace elements, which are required in small
amounts by plants to maintain metabolic processes
[e.g., manganese (Mn), sulfur (S) and iron (Fe); and
(3) non-essential trace elements such as mercury (Hg),
lithium (Li), and arsenic (As), which are toxic to plants
at low concentrations. Usually, accumulation of these
chemical elements in plant tissues is dependent on soil
management practices, inherent soil properties, chemi-
cal composition of the compost feedstock, type, and
nature of the element and the genotypic characteristics
of the plant (Dumontet et al. 2001). Thus, the level of
elemental uptake and their accumulation in plant
tissues can vary with different plant species.

The elemental composition of compost feedstock
determines the chemical properties of the final compost
and its impact on soil properties (Jodar et al. 2017). It was
recently shown that the source of compost (i.e., seafood
waste, kitchen or MSW) determined the chemical
composition of compost (Abbey et al. 2018), while the
frequency of MSW compost application significantly
influenced plant metabolome and lipidome (Abbey et al.
2021). Municipal solid wastes are dominated by food and
non-food materials including paper and paper boards,
metals, and plastics, all of which contain chemical
elements (USEPA 2017). For instance, high amounts of
non-essential trace elements such as silver (Ag), anti-
mony (Sb), chromium (Cr), Fe, zinc (Zn) and copper (Cu)
in MSW were attributed to contamination from indus-
trial and urban wastes, and consumer products with
trace elements such as Ag nanoparticles (Marguí et al.
2016; Gebeyehu and Bayissa 2020). Therefore, compost
regulations and standards have been established to
ensure trace elements do not exceed established limits
for crop production (CCME 2005). The Compost Quality

Alliance (CQA), a voluntary program, was established by
the Compost Council of Canada in association with com-
post producers to employ standardized testing proce-
dures and uniform operating protocols to increase
customer confidence in compost selection and utiliza-
tion. However, the bioaccumulation impacts of CQA-
tested MSW compost is largely understudied and as
such, its potential for enhancing soil and crop quality is
not realized.

Studies on the overall impact of annual and biennial
MSW compost on chemical elements, particularly trace
elements accumulation in field-soils and edible vegeta-
bles are sporadic and ad hoc, although MSW compost is
recognized as a source of essential plant nutrients.
A 5-yr application of MSW compost increased soil
content of Zn, Cu, Pb, Cr, nickel (Ni) and cadmium (Cd),
irrespective of the rate of application but did not influ-
ence trace elements concentrations in squash leaves
(Cucurbita maxima; Warman et al. 2009). Other studies
also explained that plants such as spinach (Spinacea
oleracea), lettuce (Latuca sativa), cabbage (Brassica oleracea
var. capitata), and radish (Raphanus sativus) have the natu-
ral tendency to accumulate high amounts of Cd, Zn and
Cu from soils in their edible portions (Intawongse and
Dean 2006; Zhou et al. 2016; Waheed et al. 2019). The
negative impact of continuous application of compost
on soils, plants and human health were reported by
Gebeyehu and Bayissa (2020) but not long-term variation
in application frequency of MSW compost, which was
the focus of the present study. They reported that
elemental accumulation in cabbage was greater than
tomato (Solanum lycopersicum).

Excessive accumulation chemical elements also
referred to as bioaccumulation poses food safety
concerns because they can be toxic to consumers as
previously reported (Dumontet et al. 2001; Kabata-
Pendias 2010; Guerra et al. 2012). The question therefore
is: what will be the bioaccumulation factor (BAF) of
essential macro-elements, essential trace elements and
non-essential trace elements in edible plant tissues when
the application frequency of MSW compost is varied?
The BAF is a measure of chemical element accumulation
in edible portions of plants relative to the amount
present in the soil. Baker and Walker (1990) categorized
field crops into excluders, accumulators, and hyperaccu-
mulators using the BAF rating. Plants with a BAF rating
of chemical elements below 1 were categorized as
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excluders, plants with a rating between 1 and 10 were
categorized as accumulators, and those with a BAF
rating>10 were categorized as hyperaccumulators.

Based on previous studies by Reddy et al. (2018), it was
expected that the BAF of plants will be higher with con-
tinuous application of MSW compost over the long-term.
This study, therefore, hypothesized that biennial
application of CQA-tested MSW compost will have lower
BAF of plants and less health hazard compared with
annual treatment. As such, the objective of the study
was to determine the extent to which chemical elements
accumulate in field-soil and edible portions of four
different species of vegetable plants after 5 yr of annual,
biennial and no CQA-tested MSW compost applications.
Potential health risk to consumers of the harvested
vegetables was also assessed at the end of the 5th-year
as described by Gebeyehu and Bayissa (2020). The
targeted vegetable plants were lettuce (Lactuca sativa cv.
Grand Rapids), beet (Beta vulgaris cv. Detroit Supreme),
carrot (Daucus carota cv. Nantes), and green bean
(Phaseolus vulgaris cv. Golden Wax). These were the
main vegetable plants grown and marketed through
Community Supported Agriculture model by Agaard
Farms, MB with the potential to accumulate trace
elements in their edible portions.

Materials and Methods
Study location and material input

The 5-yr field research was performed in Agaard Farms,
Brandon, MB, Canada (longitude 99°56′59.9892″W,
latitude 49°50′53.9916″N; altitude: 409 m above sea
level) between the fall of 2015 and 2019. The climate of
Brandon falls under dominant to moderate cool,
Boreal, sub-humid continental (MAFRD 2010). The soil
in Agaard Farms belongs to the Newdale series and
characterized by an Orthic Black Chernozem solum on
moderate to strong calcareous, loamy morainal till of
limestone, granitic and shale origin (MAFRD 2010). The
CQA-tested MSW compost was donated by the City of
Brandon waste management facility. Soils from fallow
plots were also examined. Seeds of lettuce (cv. Grand
Rapids), beet (cv. Detroit Supreme), carrot (cv. Nantes),
and green bean (cv. Golden Wax) were purchased from
a local greenhouse nursery (The Green Spot, Brandon,
MB) for the study.

Climatic conditions
The mean monthly climatic conditions during the

growing season for the 5 yr of the study can be found in
Supplementary Table S12. Mean monthly temperature
increased from May to August, as the season progressed
from spring to summer, throughout the study period
between 2015 and 2019. Planting was usually done after
the frost-free days in mid to late May during which night

temperatures were low ranging from 0.4 °C in 2019 to
4.9 °C in 2016 compared with warmer nights in the
months of June, July, and August irrespective of the year.
The highest amount of precipitation was recorded in the
warmest months of June and July throughout the 5 yr of
the study. The highest precipitation was recorded in June
followed by July and the least was recorded in August.
Precipitation was negligible in August 2016, leading to
extensive use of drip irrigation to reduce water-deficit
stress effect on plant growth and development.

Field preparation and planting
The experimental field was ploughed and tilled to a

depth of approximately 15 cm in the spring of every year
of the research period, before planting. The dimension
of the experimental field was 80 m × 50 m, and was
further divided into three blocks, each of dimension
20 m × 10 m. Each block was subsequently subdivided
into three 6 m × 3 m treatment plots to facilitate control,
annual and biennial compost treatment in each block. In
that regard, each block contained a total of 9 treatment
plots. Separation between blocks was 2 m while that
between treatment plots was 1 m. Annual and biennial
plots were uniformly applied with 0.0137 m3 (approxi-
mately, 5 t·ha−1 at a bulk density of 650 kg·m−3) of
CQA-tested municipal solid waste compost in the fall of
every year for 5 yr prior to planting in the spring of the
following year. The compost was mixed in the soil during
the tilling process. No extra compost nor fertilizer was
added throughout the growing season.

Planting commenced after the last frost-free day
between 20 and 30 May of each year when the soil
temperature is above 10 °C. Seeds were directly sown in
single rows in each treatment plot spaced 75 cm apart.
Carrot seeds were drilled, bean seeds were sown 20 cm
apart, and the beet and lettuce seeds were sown 10 cm
apart within the rows. The plants were irrigated every
day using drip irrigation system when there was no rain
or when soil moisture content was low. Weeding was
done manually using a hand-hoe. No synthetic chemical
fertilizer or pesticide was applied to the soil or plants.
Young green lettuce leaves, carrot roots, beet tubers
and green bean pods were harvested in batches at edible
maturity stage between 45 and 60 d after sowing.

Soil analysis
Soil samples from the individual plots were randomly

collected (n = 10) at the peak harvesting time in August
using a portable soil auger, from 20-cm depth where
most of the root mass were found. Soil samples were also
collected at the start of the growing season. Composite
samples (300 g) of the soils were taken for each treat-
ment plot per replication (i.e., 3 treatments × 3 blocks=
9 treatment plots). The soil samples were sent to the

2Supplementary data are available with the article at https://doi.org/10.1139/cjps-2020-0291.
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A & L Canada Laboratories Inc., London, ON for the
analysis of organic matter, cation exchange capacity,
potential concentration of hydrogen (pH) and mineral
elements, and the Inorganic Analytical Chemistry labo-
ratory at RPC, Fredericton, NB, for complete elemental
analysis. The soil samples were air-dried before passing
through 2-mm sieve. A portion of each soil sample was
digested according to the Environmental Protection
Agency (USEPA) method 3050B (Standard Operation
Procedures #4.M19). The resulting solutions were ana-
lyzed for chemical elements by inductively coupled
plasma-mass spectrometry/inductively coupled plasma
optical emission spectroscopy (ICP–MS/ICP-ES) using
EPA method 200.8/EPA 200.7 (Standard Operation
Procedures #4.M01/4.M29). For the nitrate-nitrite analy-
sis (as nitrogen), portions of the soil samples were
leached in dilute potassium chlorate (KClO3) for 1 h. The
leachate solutions were filtered and analyzed calorimet-
rically (Cataldo et al. 1974).

Plant tissue analysis
Edible portions of the lettuce, carrot, beet, and green

bean were harvested and oven-dried at 65 °C for 48 h or
until a constant weight in a 52100-10 Cole-Parmer
mechanical convection oven dryer (Cole-Parmer
Instrumental Company, Vernon Hills, IL). The dried

plant tissues were ground using a hammer mill and
screened through a 53-μm sieve. The individual samples
were put in a falcon tube to an approximate volume of
60 mL before shipping to RPC Laboratory for further
sample preparation and analysis. Portions of the samples
were prepared by microwave-assisted digestion in nitric
acid (SOP 4.M26). The resulting solutions were analyzed
for chemical elements by ICP–MS (SOP 4.M01). Nitrates
and nitrites (as nitrogen) concentration of the plant tis-
sue samples were analyzed using the method described
for the soil samples above.

Experimental design and data analysis
The soil treatments (annual, biennial and no-compost)

and plants were arranged in a single factor randomized
complete block design with three replications. The four
plant species were treated independently. Due to the
large sample size and limited resources, composite
samples of at least 15 (i.e., 5 samples × 3 replications)
per treatment for soil and plant tissue were collected,
and analyses were done in duplicates and the average
was presented as the result. Graphs were plotted using
Microsoft Excel 2016. The BAF which is the ratio of the
total chemical elements in the edible portions of the
individual vegetable plant species to the total chemical
elements in the soil, was computed as

Bioaccumulation factor =
Total concentration in edible vegetable partsðmg·kg−1Þ

Total concentration in soilðmg·kg−1Þð1Þ

Health risk assessment
The health risk associated with the consumption of

vegetables that have bioaccumulated Cd, Mo, Zn, Cu,
and boron (B) was evaluated using estimated daily intake
(EDI) and hazard quotient (HQ).

Estimated daily intake
The EDI of non-essential trace elements in the lettuce,

beet, carrot, and green bean were determined as
described by Gebeyehu and Bayissa (2020)

EDI =
�
Ef × ED × FIR × CM × Cf × 0.001

BW × TA

�
ð2Þ

where Ef is the exposure frequency (365 d per year), ED is
the exposure duration [life expectancy of 83.8 yr for both
sexes at age 65 per average lifespan in Canada (Statistics
Canada 2020)], FIR is the average food consumption (5
serving of vegetable which is equivalent to 400 g) (WHO
2003; Statistics Canada 2017), Cf is the concentration con-
version factor (0.085) for vegetable fresh to dry weight,
CM is the chemical element concentration (mg·kg−1 dry
weight) (Rattan et al. 2005), BW is the average normal
body weight (72.8 kg) for adults (Health Canada 2018;
Statistics Canada 2020), TA is the average exposure time

(83.8 yr × 365 d), and conversion factor =
0.001 (Rattan et al. 2005).

Hazard quotient
Hazard quotient (HQ) as described by Rattan et al.

(2005), is an estimation of carcinogenic human health
risk associated with ingestion of vegetable that have bio-
accumulated trace elements.

HQ =
EDI
RfDo

ð3Þ

where EDI is the estimated daily trace element intake of
the population in mg·d−1 or per body weight (kg) and
RfDo is the oral reference dose (i.e., Cd, Mo, Cu, Zn, B,
and Sr were 0.005, 0.04, 0.3, 0.001, 0.2 and 0.6 mg·kg−1·d−1,
respectively) (USEPA 1992a, 1992b, 2004, 2005, 2013). A
vegetable is presumed safe for consumption if HQ <1,
while HQ>1 indicate high health risk.

Results and Discussion
MSW compost chemical elements

The ranges of chemical elements concentrations for
the three batches of CQA-tested MSW compost used in
the study is presented in Supplementary Table S22. We
found that the concentrations of the elements did not
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vary much i.e., within ±15% margin. In general, the con-
centrations of the chemical elements in the first batch
of the CQA-tested MSW compost pile increased by the
5th-year of the study. For instance, Fe and Cu, calcium
(Ca), magnesium (Mg), B, total N and K rose by approxi-
mately >1000%, 940%, 740%, 240%, 96% and 40%, respec-
tively in year 5 with reference to the 1st-year (data not
reported). The chemical elements in the MSW compost
noticeably enhanced the essential macro-elements and
both essential and non-essential trace elements concen-
trations in the applied soil. A wide range in chemical
composition of MSW compost have been reported
(Warman et al. 2009; Jodar et al. 2017) like our compost,
and this can be ascribed to the diversity in chemical com-
position of the municipal solid waste compostable mate-
rials. The varied chemical elements altered the chemical
composition of the soils to an extent that was dependent
on the frequency of application i.e., annual versus bien-
nial. The non-essential trace elements in the MSW com-
post were below the maximum limit for category A
compost (CCME 2005), which suggested that the CQA-
tested MSW compost met the Canadian Council of
Ministers of the Environment (CCME) compost quality
guidelines, and it was suitable for agricultural use.

Soil chemical elements
Supplementary Table S32 showed slight change in soil

pH from year 1, which remained consistent throughout
the 5 yr of study. Organic matter content and all the
chemical elements drastically increased in soils that
were applied with MSW compost compared with no-
compost (control), particularly the annually applied
soils. The most outstanding elements were P, K, Na, and
Al. Table 1 showed a varied range of concentrations for
individual soil chemical elements for the different treat-
ments i.e., annual, biennial, fallow and no-compost by
5th-year as demonstrated by the standard deviations.
For instance, the standard deviations and coefficient of
variations for beryllium (Be), Cd, B and Cr for example,
were within narrow ranges but wider ranges for Ca, Mg,
K, Al, and Fe.

By the 5th-year of the study, total N in the annual-soil
was 150% more than what was found in the biennial-
soil, and more than 400% that of the no-compost
while N in the fallow soil was below the reporting limit
of 10 mg·kg−1 (Fig. 1). The K in the annual-soil was
85% more than that of biennial-soil and the biennial-
soil was approximately, 284% more than that of
no-compost soil.

Table 1. Selected descriptive statistics for concentrations of chemical elements across
fallow, annual, biennial, and no-compost plots in the fifthyear of the study.

Trace
element

Maximum
(mg·kg−1)

Minimum
(mg·kg−1)

Mean
(mg·kg−1)

Standard deviation
(mg·kg−1) CV

Nitrogena 50.0 10.0 22.5 18.9 0.78
Calcium 22 000.0 6120.0 1540.0 6688.0 0.43
Magnesium 5920.0 2360.0 3970.0 1541.0 0.39
Potassium 3610.0 940.0 1968.0 1171.0 0.60
Aluminum 4540.0 3650.0 4018.0 443.0 0.11
Arsenic 3.0 2.0 2.8 0.5 0.18
Barium 111.0 89.0 99.5 10.3 0.10
Beryllium 0.2 0.2 0.2 0.0 0.01
Cadmium 0.3 0.2 0.2 0.1 0.20
Boron 13.0 6.0 8.7 3.2 0.37
Chromium 9.0 6.0 7.8 1.3 0.16
Cobalt 3.6 2.9 3.3 0.3 0.09
Copper 130.0 4.0 8.0 3.9 0.49
Iron 9330.0 7670.0 85 640.0 688.0 0.08
Lead 9.1 3.4 6.6 2.6 0.40
Lithium 4.8 3.3 3.9 0.7 0.17
Manganese 605.0 400.0 497.1 85.4 0.17
Molybdenum 0.8 0.2 0.4 0.3 0.68
Nickel 10.0 8.0 9.0 0.9 0.09
Rubidium 10.6 6.7 8.6 1.6 0.19
Strontium 37.0 14.0 26.5 9.5 0.36
Uranium 0.5 0.4 0.5 0.1 0.10
Zinc 59.0 28.0 39.8 13.8 0.35
Vanadium 16.0 14.0 14.8 1.0 0.06

Note: Newdale series; classifies as Orthic Black Chernozem solum. CV, coefficient of
variation.

aNitrate and nitrite as nitrogen.
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Also, K increased by 46% in the fallow soil compared
with the no-compost soil. There was also a slight increase
in Mg and Ca of approximately 35% and 26% in the
annual-soil compared with the biennial-soil, respec-
tively; and 84% and 36% compared with the no-compost
soil, respectively. However, Mg and Ca in the fallow soil
was reduced by more than 26% and 61%, respectively,
compared with the no-compost soil. Therefore, the study
revealed that the essential macro-elements N and K
doubled in addition to the remarkable increases in Mg
and Ca due to annual MSW compost application com-
pared with the biennial application. Other studies
reported the abundance of soil nutrients such as N, K,
Ca, and Mg upon addition of MSW compost to soil
(Warman et al. 2009; Jodar et al. 2017), which aligned
with the present study. Increases in some of the chemi-
cal elements such as K, Fe and Mn in the fallow soil com-
pared with no-compost soil can be attributed to
regenerative capacity of the fallow soil while the low
concentration of soil N, Ca and Mg in the soil pool could
be due to less mineralization in the fallow soil (Nielsen
and Calderon 2011). Also, soil Ca and Mg can be highly
susceptible to loss by erosion or transformation under
fallow conditions as reported by Baumhardt et al. (2015).

Soil essential trace elements such as Fe and Mn ranged
from 7670 to 9330 mg·kg−1 and 400–605 mg·kg−1,
respectively (Table 1). Fe was increased by 6.8%, 9.6% and
21.6% in the annual-soil compared with the biennial,
fallow, and no-compost soils. Similarly, Mn increased
respectively by 50% and 22% in the annual-soil and
biennial-soil compared with the no-compost soil, and by
30% and 8% compared with the fallow soil (Fig. 1).
Positive change was also observed for Al with 24%
increase in the fallow soil and 16% in the annual-soil com-
pared with the no-compost soil. But Al was not altered in
the biennial-soil. These results suggested that the

contribution of the native soil trace elements was based
on the inherent differences in bio-physicochemical
characteristics of the no-compost and the fallow soils.
Thus, the marginal to low accumulation of these trace
elements in the fallow soil suggested that there was
minimal contribution from background soil due to low
soil organic matter content compared with contribution
from the MSW compost application (Haluschak et al.
1998; MAFRD 2010).

Comparatively, B, Cu, Mo, and Zn concentrations in
the annual-soil rose by 116%, 225%, 300% and 110%, but
rose by 50%, 125%, 150% and 43% in the biennial-soil
compared with the no-compost soil, respectively
(Figs. 2A–2D). The essential trace elements concentra-
tions reported in the present study were in accordance
with previous studies by Achiba et al. (2009) and
Warman et al. (2009) in which MSW compost application
led to appreciable increases in soil B, Mo, Zn and Cu con-
centrations. The average soil Mo, Zn, and Cu were below
the CCME acceptable limits (i.e., 5, 200 and 63 mg·kg−1,
respectively), except for B which exceeded 2 mg·kg−1

(CCME 1991a, 1991b, 1997, 2018). The global average for
soil B concentration ranged from 5 to 30 mg·kg−1 and
most leafy and root vegetable plants are moderately
responsive to imbalance in soil B. Typically, B, Mo, Zn
and Cu availability to plants increase as soil organic
matter decomposes and mineralization progresses
(Antoniadis et al. 2019). This makes compost addition to
agricultural soils very important.

Non-essential trace elements such as Ba and Cd were
moderately increased in the annual-soil by 19.4% and
24.7%, and in the biennial-soil by 12.9% and 18%, respec-
tively compared with no-compost and fallow soils
(Figs. 2A–2D). Strontium (Sr) (3.7 kg·kg−1) and Rb
(10.6 mg·kg−1) were highest in the annual-soil while Be,
As and vanadium (Va) were similar for all the other soils.

Fig. 1. Macronutrient and micronutrient accumulations in control and fallow soils, and changes with the annual and biennial
application frequency of Compost Quality Assurance tested municipal solid waste (MSW) compost. The soil belongs to the
Newdale series and classifies as Orthic Black Chernozem solum. Error bars represent standard deviation. Value for potassium
represents multiples of 10 and values for iron and aluminum represent multiples of 100.
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There were moderate (45% and 18%) to high (188% and
76%) concentrations of Li and lead (Pb) in the annual-soil
and the biennial-soil, respectively, compared with the
no-compost soil. The difference between the no-compost
and the fallow soils was mainly due to significant
differences in concentrations of Pb, Sr and Rb. Compost
contains varied and complex chemical compounds and
myriad of microbial populations and biochemical
activities (Jodar et al. 2017). As such, it is expected that
the different frequencies of MSW compost application
will result in varied bio-physicochemical activities in
the soil. These activities were the main influencers of
the composition of chemical elements and their avail-
ability in the different soils. A study linked the amount
and availability of non-essential trace elements in soils
to soil acidity, organic matter content, precipitation,
and leaching (Jeske 2013; Ermokhin et al. 2019). With
regards to essential and non-essential trace elements in
soils, the concentrations reported in this study were
within the acceptable range (CCME 1997, 2005, 2007,
2013, 2015; Haluschak et al. 1998) and thus, there was no
soil trace element phytotoxicity effect at the end of the
5th-year of the study.

The trend for plant growth and yield were annual >
biennial > no-compost applied green beans, lettuce,
beet, and carrot plants (data not presented). Biomass car-
bon accumulation determined by dry mass, leaf dry mat-
ter content and specific stem density were significantly
increased in the control plants compared with MSW
compost treatments. The reason could be the latter
switched to adaptation and survival modes in the
absence of adequate nutrients, especially nitrogen and
imbalance in other nutrients.

Chemical accumulation in vegetables
Macro-elements

The means and standard deviations for essential
macro-elements in the green bean, lettuce, beet, and car-
rot over the 5-yr period are presented in Supplementary
Table S22. There were large variations of the chemical
elements in the vegetables as influenced by variations
in treatments and plant responses. The ranges for
macro-elements N, Ca, Mg and K in the vegetables were
4850, 12 010, 4480 and 75 300 mg·kg−1, respectively as fur-
ther demonstrated by the respective standard deviations
(Table 2).

Fig. 2. (A–D) Trace element accumulation in control and fallow soils, and changes with the annual and biennial application
frequency of Compost Quality Assurance tested municipal solid waste (MSW) compost. The soil belongs to the Newdale series
and classifies as Orthic Black Chernozem solum. Error bars represent standard deviation. Values for barium, zinc, strontium and
vanadium represent multiples of 10 and values for beryllium, cadmium, uranium and molybdenum represent multiples of 0.1.
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Annual-green bean N, K and Ca were respectively
increased by 14.3%, 39.4% and 2.3%, but Mg was reduced
by 10.6% compared with the biennial-green bean
(Table 3). All these macro-elements were reduced in the
no-compost green bean except Ca, which was increased
by 6.6% in the latter compared with the mean for the
annual- and the biennial-green bean. No-compost green
bean had the least N, K and Mg. The annual-carrot accu-
mulated 200 mg·kg−1 tissue N while biennial- and no-
compost green bean accumulated less than 100 mg·kg−1

(Table 3). Annual-carrot had 13.2% more K than biennial-
carrot but Mg and Ca were respectively reduced in the
former by 16.5% and 6% compared with the latter. The
no-compost carrot had the least K, Mg and Ca. For beet,
N was below the reporting limit of 100 mg·kg−1 regard-
less of the treatment (Table 3). Nonetheless, K, Mg and
Ca were increased by 35%, 4.7% and 13.8% in the annual-
beets, respectively compared with the biennial-beets
while the no-compost beets recorded the least values. It
was obvious the concentrations of the macro-elements
in the lettuce were remarkably higher than all the other
three vegetables (Table 3). Annual-lettuce had 308.3% N
and 42.9% K more than the biennial-lettuce; while the
biennial-lettuce had 8.3% Mg and 5.6% Ca more than the
annual-lettuce. However, the highest Mg and Ca in
lettuce was recorded by the no-compost treatment. The
no-compost lettuce had 22.4% Mg and 9.8% Ca more than

the annual-lettuce and 19.1% Mg and 3.8% Ca more than
the biennial-lettuce.

The overall increase in lettuce and green bean N
irrespective of treatment may be an indication of growth
and photosynthetic demand for N in above-ground
part (i.e., leaf and pods, respectively) of the plants.
Comparatively, carrot and beet seemed to require less N
but more Ca and Mg in their roots. The lettuce N
reported in this study was 12% higher than those
obtained following application of 200 kg N·ha−1 inor-
ganic fertilizer to pot-grown lettuce (Liu et al. 2014). The
difference in the N can be ascribed to differences in
treatments and growing conditions and lettuce variety,
which caninfluence nutrients uptake and accumulation.
Based on nitrate accumulation rating for vegetables
(Santamaria 2006), the N in annual-lettuce and annual
green bean were very high followed by biennial-, and
then their no-compost counterparts. Beets and carrots
that received annual, biennial, and no compost applica-
tions were rated very low except for the annual-carrot.
Overall, the results of the present study agreed with
nitrate-N accumulation capacity of carrot, which was
reported as low by Santamaria (2006). The same can be
said of the beets as well. Horrocks et al. (2016) reported
that N-release rate of MSW compost can reach up to
0.5% by the 4th-year after application. This implied
that cumulative annual and biennial MSW compost

Table 2. Selected descriptive statistics for chemical elements across all vegetable
plants [lettuce (Latuca sativa cv. Grand Rapids), beet (Beta vulgaris cv. Detroit Supreme),
carrot (Daucus carota cv. Nantes), and green bean (Phaseolus vulgaris cv. Golden Wax)] in
the fifth year of the study.

Trace element
Maximum
(mg·kg−1)

Minimum
(mg·kg−1)

Mean
(mg·kg−1)

Standard
deviation (mg·kg−1)

Nitrogena 4900.0 50.0 804.0 1388.0
Calcium 13 600.0 1590.0 5563.0 4591.0
Magnesium 5930.0 1450.0 2861.0 1462.0
Potassium 96 600.0 21 300.0 38 479.0 21 917.0
Aluminum 172.0 4.7 39.4 60.1
Boron 24.9 18.0 21.7 2.7
Barium 72.9 6.7 27.1 18.2
Cadmium 0.3 0.01 0.1 0.1
Chromium 3.7 0.2 1.4 1.4
Cobalt 0.2 0.02 0.1 0.1
Strontium 36.4 7.6 16.1 9.7
Vanadium 0.7 0.1 0.2 0.3
Zinc 37.1 15.1 23.3 7.2
Copper 8.5 4.8 6.0 1.1
Iron 364.0 29.0 110.3 114.3
Lead 0.2 0.01 0.1 0.1
Lithium 1.7 0.01 0.5 0.6
Manganese 95.8 13.8 39.0 31.3
Molybdenum 7.6 0.5 2.8 2.6
Nickel 5.1 0.2 1.7 1.2
Rubidium 19.1 4.4 8.6 5.9

aSum of nitrate and nitrite as total nitrogen.
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application over the 5 yr period contributed to increased
soil nutrients, particularly for the annual-soil. This
cumulative effect made nutrients more available for the
vegetable plants. Soil N and K are derivatives of the min-
eralization process, which is a function of soil organic
matter (Morra 2019). As a result, soils that annually
received compost rich in organic matter enriched the
soils and plants with desirable macro-elements.

Essential trace elements
The essential trace elements Fe, Zn, Ba, Al, B, Cd, Co,

Cu, Ni and Mo in the green bean were similarly influ-
enced by the annual and biennial compost applications
but Mn was not altered (Figs. 3A–3D). Fe, Al and B were
predominantly elevated in no-compost green bean by
15.2%, 73.4% and 21.5%, respectively compared with the
respective mean values for the same essential trace ele-
ments in annual- and biennial-green bean.

No-compost green bean had the least Cd and Ni.
Compared with the no-compost green bean, Ni increased
by approximately 21.2% in annual- and biennial-green
bean. Annual-carrot had remarkably the highest essen-
tial trace elements Zn, Al and Cu i.e., 12.5%, 64.8% and
15.2%, respectively, compared with the mean values for
the biennial- and no-compost carrot (Figs. 4A–4D).

Overall, Mn, B and Mo increased slightly in annual-
carrot by 8.2%, 6% and 12.6%, respectively compared with
the biennial-carrot and the least in the no-compost
carrot. However, biennial-carrot recorded the highest Fe
and Ni by about 79% and 150%, respectively compared
with the annual-carrot. The concentration of Co was
similar in both annual- and biennial-carrot.

The increase in concentrations of Fe, Mn, Zn, Cu and
Mo in the edible portion of the annual-beets were 10.3%,
14.5%, 37.6%, 41.7% and 40%, respectively compared with
the biennial-beets (Figs. 5A–5D).

On the other hand, the no-compost beets had 31.4%
more Al than the biennial-beets, and the latter also had
12.9% more Al than the annual-beets. It was found that
neither the annual nor the biennial treatments affected
Co nor Ni concentration in the beets. For lettuce, Fe
and Al were significantly enhanced by annual compost
application (i.e., 40.5% and 35%, respectively) compared
with biennial-lettuce; while the biennial-lettuce
recorded the highest concentration of Ni (i.e., 168.4%)
compared with the annual-lettuce (Figs. 6A–6D).
Additionally, Mn, Mo and Cu were similar in the annual-
and biennial-lettuce but higher than those in the no-
compost lettuce with the exception of Cu, which was
higher in the biennial-lettuce. The only essential trace
element that was not altered by the treatments was B.

Overall, the mean beet and carrot essential trace
elements concentrations across the MSW compost treat-
ments was higher than the means for lettuce and green
bean. The wide range of concentrations for these essen-
tial trace elements can be ascribed to differences in
effect of frequency of MSW compost application.T
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Essential trace elements concentrations in vegetables
can be associated with soil trace elements concentration
and soil organic matter content (McLean and Bledsoe
1992; Kwiatkowski and Harasim 2020). Additionally, it
appeared that the genotypic characteristics of the plant
also determined the type and amount of essential trace
element accumulated through different physiological
pathways that charactrize each plant species.

Non-essential trace elements
Non-essential trace elements i.e., Ba, Cd, Cr, Li, Pb, Rb,

and Sb concentrations in the four vegetables ranged
from 0.19 mg Pb·kg−1 to 66.2 mg Ba·kg−1 as presented in
Supplementary Table S22. Unlike the macro-elements,
the non-essential trace elements had a narrow ranges
and standard deviations. The potentially toxic trace
elements Sb and Pb were respectively increased in
biennial-green bean by 24.2% and 300% compared with
annual-green bean, and 44% and 100% compared with
no-compost green bean (Figs. 3A–3D). On the other hand,
Cr, Ba, Rb and Li were respectively increased in annual-
green bean by 500%, 16.5%, 49.7% and 300% compared
with biennial-green bean. The no-compost green bean
had the least concentration of non-essential trace ele-
ments with the exception of Rb, which was 19.2% higher
than that of the annual-green bean and 20.9% higher

than that of the biennial-green bean. For the carrot, Rb,
Pb, Li and Cr were respectively increased by 21.4%, 60%,
50% and 11.1% in annual-carrot compared with biennial-
carrot while Cd was increased by 17.3% in biennial-carrot
compared with annual-carrot (Figs. 4A–4D). It was not
clear why the Li in the no-compost carrot was not differ-
ent from that of the annual-carrot but 50% higher than
that of the biennial carrot. The no-compost carrot
had the highest Ba at a concentration of 71.9% more than
the average for the annual- and biennial-carrot. Sb was
not altered by frequency of MSW compost application
but slighly higher (i.e., 3.1%) in the no-compost carrot.

Compared with the other three vegetables, it
appeared that beet accumulated less non-essential trace
elements (Figs. 5A–5D). Rubidium (Rb), Cd, Pb and Cr
concentrations were generally low in the beets, irrespec-
tive of treatment differences. There were increases of
about 21.8% in Rb and 19.4% in Cd for annual-beets com-
pared with biennial-beets. Antimony (Sb) increased in
the no-compost beets by about 28.6% and 26% respec-
tively compared with annual-beets and biennial-beets.
Rb, Li, Cd and Pb were respectively increased by 2.7%,
10.8%, 30.9% and 40% in annual-lettuce compared with
biennial-lettuce (Figs. 6A–6D). On the other hand, Ni
and Ba in biennial-lettuce increased by 184.2% and
33.5%, respectively compared with annual-lettuce.

Fig. 3. (A–D) Trace element accumulation in green bean (Phaseolus vulgaris cv. Golden Wax), and changes with the annual
and biennial application frequency of Compost Quality Assurance tested municipal solid waste (MSW) compost. Error bars
represent standard deviation.
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Antimony (Sb) was 24.5% higher in the biennial-lettuce
than the annual-lettuce, but not the no-compost lettuce.
Sb was the only non-essential trace element that was
elevated in no-compost lettuce by 47.4% compared with
annual-lettuce and 11.3% compared with biennial-lettuce.
In general, changes in the concentrations of Pb and Cd
were low (i.e., an average of<0.2 mg·kg−1 dry edible por-
tion of lettuce), with the highest value in annual-lettuce.
Cr was not significantly altered by MSW compost
application.

Overall, the high accumulation of non-essential trace
elements in green beans and lettuce was due to annual
MSW compost application, and may suggest an affinity
for non-selective absorption of the analyzed non-
essential trace elements by the vegetable plants as previ-
ously explained by Achiba et al. (2009) and Robinson
et al. (2018). Typically, indiscriminate absorption of non-
essential trace elements is a characteristic of vegetables
in the Asteraceae family, which includes lettuce
(Manzoor et al. 2018). The results of our studies validated
the assimilation and accumulation of non-essential trace
elements in edible portions of lettuce, beet, green bean,
and carrot. Background soil concentration of non-
essential trace elements influenced some of the elevated
non-essential trace elements in the vegetables grown
without compost application as previously reported by

Haluschak et al. (1998) and Intawongse and Dean (2006).
Generally, the trace elements were within ranges previ-
ously reported in other plants following application of
MSW compost (Haluschak et al. 1998). In this study, the
relationship between vegetable and soil non-essential
trace elements was positive and significant (r ≥ 0.74;
P< 0.05) (data not presented).

Bioaccumulation of trace elements in vegetables
Bioaccumulation of chemical elements determines

the extent to which plants have absorbed and stored
these chemical elements in tissues, and further gives an
indication of the safety of these plants for human
consumption. Our present results indicated BAF < 1 for
most of the trace elements, which means less uptake
and accumulation of these trace elements in edible
portions of the lettuce, beet, carrot, and green bean irre-
spective of the MSW compost application frequency
(Table 4). A BAF < 1 suggested that these vegetables are
excluders and have low capacity to bioaccumulate trace
elements (Reddy et al. 2018). Similar observations were
made previously by Antonious et al. (2017). They reported
BAF values <1 for edible beet and bean following com-
post application. The low BAF was attributed to the influ-
ence of MSW compost, concentration and interaction of
other soil chemical elements, soil characteristics, and

Fig. 4. (A–D) Trace element accumulation in carrot (Daucus carota cv. Nantes), and changes with the annual and biennial
application frequency of Compost Quality Assurance tested municipal solid waste (MSW) compost. Error bars represent
standard deviation.
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the genetic characteristics of the plant (Tasrina et al.
2015). Some of the trace elements, particularly B and
Mo had BAF>1 in all the vegetables irrespective of treat-
ment (Table 4). The interaction and balance between
some of the soil trace elements influence their availabil-
ity and uptake by plants. For instance, the interaction
between Cd and Zn are well documented (Chaney et al.
1994; Adamczyk-Szabela et al. 2020). The high transfer-
ability of Cd from soil to lettuce was similarly reported
by Chang et al. (2014) and Waheed et al. (2019). They
explained that addition of MSW compost to soil pro-
motes Cd adsorption by the formation of soluble com-
plex with inorganic and organic ligands as it associates
with cationic elements and compounds in the compost.
However, the different vegetable plants responded dif-
ferently, and that is why Cd had a relatively high BAF in
lettuce irrespective of the soil treatment, including no-
compost lettuce compared with the low BAF in the other
vegetables. In addition, vanadium (V) was below the
limit of detection in all of the vegetables except lettuce,
although, it was present in appreciable amount in the
soil. Molybdenum (Mo) had the highest BAF value of
16.3 in the no-compost green bean (Table 4). Apart from
B and Mo, which had the highest BAF ranging from 1.5
to 4.1 and 1.1 to 16.3 respectively, the other trace

elements were within acceptable levels with moderate
concern for lettuce bioaccumulation of Cd, Rb and Sr
(Table 4). The no-compost vegetables tended to have
higher BAF for most of the trace elements. Green bean
and lettuce were the highest bioaccumulators of Mo
and B followed by beet, and then carrot. The deficiency
of essential trace elements such as Mo and B in foods
globally is a grave public concern. As such, it is good
news that MSW compost can biofortify vegetable plants
with B and Mo so long as it falls within acceptable health
limit.

According to Fedorkova et al. (2012), soil organic mat-
ter forms complexes with trace elements leading to the
formation of organometallic compounds that tend to
reduce the availability of the bound trace elements.
This could be the mechanism that led to the reduction
in BAF for all the four the vegetables despite annual
MSW compost application.

Health risk assessment of bioaccumulated trace elements
in vegetables

Human health risk from the bioaccumulated trace ele-
ments was assessed usingmodels for EDI (Supplementary
Table S42) and HQ (Supplementary Table S52). Total EDI
for B, Mo, Cu, Zn, Cd and Sr as affected by MSW compost
application frequency and responses of the different

Fig. 5. (A–D) Trace element accumulation in beet (Beta vulgaris cv. Detroit Supreme), and changes with the annual and biennial
application frequency of Compost Quality Assurance tested municipal solid waste (MSW) compost. Error bars represent
standard deviation.
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plant species were determined for an adult who con-
sumes 400 g vegetable per day. Interestingly, the EDI
was calculated to be less than 10−5 mg·d−1 for all the trace
elements analyzed (data not presented). Similarly, the HQ
values for the trace elements assessed were all less than
10−4 for the risk of non-carcinogenic effects (data not pre-
sented). Therefore, both EDI and HQ values suggested
minimal health risk upon consumption of 400 g of the
vegetables i.e., green bean, beet, carrot, and lettuce per
day (WHO 2003; Statistics Canada 2017). HQ data vary
from one country to another and may depend on base-
line information for the crop, and environmental safety.
However, similar results were obtained for vegetables
grown with irrigation wastewater in a long-term study
in Ethiopia (Woldetsadik et al. 2017).

Conclusion
The present study demonstrated the importance and

positive impact of long-term application of MSW com-
post in agriculture. Apparently, the major concern
expressed by the public over long-term use of MSW com-
post and the likelihood of soil contamination and food
safety related diseases were not observed in our study.
Although soil chemical elements were remarkably
increased by the 5th-year of the present study, the

absorption and bioaccumulation of chemical elements,
particularly potentially toxic trace elements in edible
portions of green bean, lettuce, carrot and beet were
not found. Overall, annual MSW compost application
enhanced soil and harvested plants macro-elements,
and essential and non-essential trace elements more
than the biennial application. A comprehensive crop
rotation program could influence chemical element
availability in the soil and plant uptake. The EDI and
HQ models indicated that all the vegetables were safe
for consumption. More importantly, there was no carci-
nogenic risk associated with the selected trace elements
in the vegetables. Soil Pb, Ni, Cr, Li, and Ni were at least
10, 7, 4 and 10 times lesser than the acceptable levels in
soil and CCME guidelines. Therefore, the four vegetables
investigated in the present study were safe to consume
but this may not be the case in a much longer term
i.e., >5 yr. The concern over Cd, Sr and Rb with propen-
sities to accumulate in lettuce must be investigated.
Furthermore, continuous monitoring of trace elements
in fields with long term compost application should be
considered. Additionally, future studies might want to
assess the regenerative potentials of soil impacted by
trace elements from MSW compost.

Fig. 6. (A–D) Trace element accumulation in lettuce (Latuca sativa cv. Grand Rapids), and changes with the annual and biennial
application frequency of Compost Quality Assurance tested municipal solid waste (MSW) compost. Error bars represent
standard deviation.
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Table 4. Bioaccumulation factor of essential and non-essential trace metals in edible portions of lettuce (Latuca sativa cv. Grand Rapids), beet
(Beta vulgaris cv. Detroit Supreme), carrot (Daucus carota cv. Nantes), and green bean (Phaseolus vulgaris cv. Golden Wax) as affected by variations
in frequency of municipal solid waste compost application in the fifth year of the study.

Element

Green bean Carrot Beet Lettuce

CVAN BI NC AN BI NC AN BI NC AN BI NC

Aluminum 0.001 0.001 0.002 0.004 0.003 0.003 0.004 0.005 0.006 0.052 0.045 0.048 1.41
Barium 0.092 0.084 0.072 0.195 0.234 0.428 0.282 0.392 0.784 0.172 0.243 0.253 0.73
Boron 1.481 2.067 3.833 1.915 2.611 3.967 1.492 2.000 3.050 1.785 2.644 4.100 0.37
Cadmium 0.078 0.074 0.067 0.532 0.678 0.556 0.320 0.291 0.300 1.320 1.096 1.200 0.82
Chromium 0.200 0.038 0.100 0.111 0.113 0.083 0.044 0.038 0.033 0.411 0.438 0.600 1.04
Cobalt 0.035 0.042 0.038 0.009 0.010 0.007 0.009 0.010 0.014 0.050 0.042 0.052 0.68
Copper 0.369 0.633 1.250 0.492 0.589 1.450 0.654 0.667 1.225 0.454 0.700 1.825 0.54
Iron 0.007 0.007 0.010 0.004 0.006 0.004 0.005 0.004 0.005 0.039 0.030 0.034 1.02
Lead ND 0.007 0.006 0.008 0.008 0.012 0.003 0.007 0.018 0.021 0.025 0.053 0.94
Lithium 0.017 ND 0.006 0.019 0.015 0.030 0.129 0.154 0.209 0.363 0.403 0.297 1.00
Manganese 0.032 0.037 0.050 0.028 0.031 0.035 0.056 0.058 0.077 0.150 0.187 0.205 0.81
Molybdenum 9.275 15.100 16.300 1.338 1.900 3.450 1.138 1.300 2.600 5.163 8.680 10.600 0.85
Nickel 0.183 0.167 0.163 0.133 0.167 0.075 0.133 0.144 0.025 0.211 0.567 0.325 0.73
Rubidium 0.623 0.551 0.796 0.604 0.659 0.696 0.533 0.580 0.772 1.802 2.325 2.537 0.71
Strontium 0.239 0.393 0.281 0.349 0.457 0.489 0.265 0.357 0.467 0.668 1.168 1.348 0.66
Vanadium ND ND ND ND ND ND ND ND ND 0.047 0.043 0.050 0.08
Zinc 0.366 0.538 0.675 0.297 0.385 0.539 0.508 0.545 0.657 0.629 0.755 1.139 0.38

Note: CV, coefficient of variation; AN, BI and NC are annual, biennial and nomunicipal solid waste (MSW) compost application, respectively.
ND is not determined for tissue chemical element concentration below laboratory reporting limit.
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