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Determination and analysis of total chromium (Cr) in soil and plant tissues help estimate the associated health
risk; however, this might overestimate the risk because not all Cr from the soil is transported to above-ground
plant tissues, mainly the edible part of most plants. Here we present the analysis of Cr partition in soils and
paddy rice plant samples which currently missing in Usangu agro-ecosystem. The bio-concentration (BF) and
translocation factors (TF) estimating the distribution and partitions of Cr in plant tissues (roots, straws, and
grains), and associated environmentally and health risks were determined in Usangu agro-ecosystem. The Cr
concentration in soils ranged from 4.58 to 42.76 mg/kg which was within maximum permissible limits (100 mg/
kg), with the total Cr in plants samples ranging from 12.88 to 57.34 mg/kg. It was found that straws and roots
had higher Cr concentrations than grains indicating a less health risk in edible parts. The BF > 1 was observed in
83.3% of the studied sites indicating higher Cr uptakes by plants. Furthermore, TF < 1 was observed in 67.33% of
the studied sites indicating more Cr accumulated in below-ground biomass (roots) than above-ground biomass
(straws and grains) (33.33%), thus less risk to edible plant parts. This study indicates that high Cr in agricultural

soils may accelerate Cr accumulation in plant tissues or above-ground plant biomass leading to health risks.

1. Introduction

Chromium (Cr) is a toxic metal that at high concentrations have
substantial toxicity to plants, soil invertebrates, animals, and human [1,
2]. After the industrial revolution and agricultural modernization, Cr
concentration in the environment including the agro-ecosystem has
increased dramatically [3], a scenario which increased accumulation of
Cr in agricultural soils, water, and plant tissues growing in contaminated
areas [4,5]. Furthermore, Cr enters agro-ecosystem as impurities from
fertilizer, herbicides, and pesticides but also as aerosols and dust emis-
sions from industries and motor vehicles operating in or near farming
areas (Fig. 1). On the other hand, the use of surface water runoffs from
urbanized areas as irrigation water in farming areas has accelerated Cr
accumulation in agro-ecosystem which consequently increased Cr in
plant tissues, thus leading to human health risks [6-9]. Biologically,
accumulation of Cr in the plant above acceptable limit causes serious
disruption of major biological processes and reactions required for crop
growth and yields, thus higher Cr concentration in agricultural soils
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affect the plant growth and its productivity but also in extreme condition
may result in loss of plant biodiversity due to extension of susceptible
plant species [4,10]. For plants that can tolerate the increased Cr con-
centration in plant tissues can potentially be a source and a bridge to
transfer excess Cr from plant tissues to food chain and ultimately
polluting the entire food system which later causes health risks to ani-
mals and humans since Cr is known to be carcinogenic and excess Cr
concentration likely to increase cancer cases in the community [6-9,11].
Therefore, increased Cr concentration in the environment will accel-
erate its levels in plant tissues affecting plant functioning and further
threatening food system [4,12]. In developing countries’
agro-ecosystems, characterization of Cr accumulation and its partition-
ing in plant tissues and their implications to human health is limited, the
available information is mostly obtained from studies conducted in the
distribution and accumulation of Cr in mining areas where more
attention is given to concentration in soils and water [13-17] and less
attention given to Cr in plant tissues, whenever available just total
concentration of the entire plant tissues is determined including edible
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and non-edible plant tissues. However, the obtained information adds to
the understanding of Cr concentration and distribution in the food sys-
tem, their message is very skeptical and of limited use, as does not
provide the actual risk which can be induced by that concentrations to
the agro-ecosystem actors [18-21]. Therefore, determining Cr accu-
mulation in agricultural soils, their partitions in plant tissues, trans-
location (TF), and bioconcentration factor (BF), will help to understand
the dynamics of Cr concentration in agro-ecosystem, plant tissues and
the implication to human health risks, thus providing more evidence and
room for monitoring and management of Cr in agro-ecosystem to ensure
food quality and safety [22]. The Cr accumulation in agricultural soils,
their partitions in plant tissues, translocation (TF), and bioconcentration
factor (BF) are rarely studied to estimate Cr-associated health risks to
humans in East Africa and other parts of the world especially in devel-
oping countries, thus presenting a knowledge gap. Usangu
agro-ecosystem (UA) in Southern Highlands Tanzania produces more
than 30% of paddy rice (Oryza sativa L) consumed in Tanzania. The UA is
characterized by the high use of agrochemicals such as fertilizers, pes-
ticides, and herbicides required to achieve higher productivity per unit
area. Which consequently can increase the level of toxic metals
including Cr in agricultural soils, water (Fig. 1), and plants [23,24].
High Cr levels in the soil increase its concentration in plant tissues later
to feed, fodder and food system leading to health risks [16]. Therefore, a
better understanding of Cr accumulation, distribution, and partitioning
in paddy rice plant tissues is essential in estimating the human health
risk of Cr accumulation in agricultural soils and plant tissues, the in-
formation which currently missing in most Tanzanian agro-ecosystems.
This study investigates chromium (Cr) accumulation, partitioning,
translocation, and bioconcentration factors in paddy rice plants and soils
of the Usangu agro-ecosystem in Tanzania. This study was conducted to
characterize: (i) Cr accumulation in soils and plants, (ii) Cr partitions in
plant tissues, (iii) their translocation and bioconcentration factors, (iv)
and their implications in human health using Usangu agro-ecosystem
and paddy rice plants as a case study. The study fills a knowledge gap
in East Africa by examining the specific Cr concentrations in plant tis-
sues and their implications for human health, providing valuable in-
sights for monitoring and managing Cr contamination in agricultural
systems to ensure food safety.
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2. Materials and methods
2.1. Study area and sample collection description

This study was conducted in six irrigation schemes in Usangu agro-
ecosystem located in Southern Highland Tanzania in Mbeya region
and Mbarali district. Geographically, the study area was between lati-
tudes 7°41’ and 9°25’ south and longitudes 33°40’ and 35°40’ east,
covering the about 20,800 km? (Fig. 2). The area has annual average
precipitation ranging from 700 mm to 1600 mm. The basin receives rain
from December to March and it does not rain for seven months [23]. Asa
result, the basin is warmer with a temperature range of 19-29 °C with a
mean value of 25 °C. The area is famous for irrigated paddy rice farming
producing more the 30% of rice consumed in Southern Highland
Tanzania. A total of 168 soil samples (0-30 cm) and 68 paddy rice plant
samples were collected from six irrigation schemes in Usangu
agro-ecosystem and processed based on the standard procedures as
described in Mng’ong o et al. (2021).

During soil and plant sampling a Y design strategy (Fig. 3) was used
where a sampling point was selected and from the selected point three-
meter diagonal was made to collect soil and plant samples and
composited to one sample.

2.2. Chromium extraction and determination in soil and plant samples

The concentration of Cr in soil and plant samples was extracted by
acid digestion mixture (aqua regia (AQ)) of concentrated hydrochloric
acid (HCI) and Nitric acid (HNO3) in a 3:1 ratio for 3 hours [25]. “About
0.2 g of soil and plant samples were added into a 25 ml beaker, followed
by 1 ml of HNO3 and allowed digest at room temperature (20 °C) for 1 h,
after 1 hour, 3 ml of HCl and 1 HNO3 were added and heated for 3 hours
in a hot plate (90-180 °C) to ensure complete digestion” [26]. “The
sample was cooled and filtered into 25 ml using 0.42 um filter paper. The
filtrates were diluted to 25 ml by diluting with 2% HNOs3 ready for
analysis. A blank was also prepared for each digestion with an equal
volume of acid without the sample” [26]. The Cr extraction in each
sample (soil and plants) was conducted in triplicates, and the final
concentration was determined by ICP-OES and ICP-Ms based on
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Fig. 1. The diagrammatic portrayal of Cr sources in an agro-ecosystem and how the increased Cr concentration in an agro-ecosystem can lead to elevated Cr levels in

food products leading to health risks to consumers (Source: Authors).
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Fig. 2. Soil and paddy rice plant sampling points in Usangu agro-ecosystem-Mbeya, Tanzania [23].

manufacturers’ instructions.

Bio-concentration factors (BF) and translocation factor (TF)
were estimated based on the Cr concentration determined in soils and
plants by equations (1) and (2), respectively.

— Pl
Bio — concentration factor (BF) :[Cr—ar.lts] (€D)]
[Cr — soil]
— Shoot
Translocation factor (TF) = M (2)
[Cr — roots]

Where [Cr-plants]; [Cr-soil] represent Cr concentration in soil and plant
extracts, whilst the [Cr-roots], and [Cr-shoot] represents Cr concentra-
tion in roots and shoots respectively.

The BF > 1 indicates more Cr uptake by plants than those in soils, BF
< 1 indicates more Cr is available in soils than those in plants, and BF =

1 indicates equal Cr concentration in soils and plant samples. But also,
TF > 1 indicates that there is more Cr translocation from root (below-
ground biomass) to above-ground biomass (straws and grains), TF < 1
indicates that there is less Cr translocation from below-ground biomass
(roots) to above-ground biomass, and TF = 1, indicates equal Cr accu-
mulation in below- and above-ground biomass, proposing a non-
preferred Cr transfer from soil to plants.

2.3. Statistical analysis

All collected Cr data in soil and plant samples were analyzed by
Jamovi 1.2.25, while all plots were generated in Minitab 14. The anal-
ysis of variance and Tukey post hoc analysis was conducted to determine
differences between sampling points, schemes, and plant parts (P <
0.05). The Cr concentrations determined in soil and plant samples were
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Fig. 3. The soil and plant sampling strategy used in the present study.

compared to the maximum permissible limits for contamination anal-
ysis. The maximum Cr permissible concentration for agricultural soils
(100 mg/kg) and plants (1 mg/kg) were obtained from WHO and
Tanzania Environmental Management regulation guidelines [27,28].

3. Results and discussion
3.1. The Cr spatial distribution in agricultural soils

It was observed that the Cr concentration in agricultural soils over
the entire Usangu agro-ecosystem ranged from 2.5 to 15.39 mg/kg,
where all determined values were within the maximum permissible
limits (100 mg/kg) for Cr in agricultural soils and natural habitats [27].
This indicates Cr concentration in the Usangu agro-ecosystem are at a
concentration that can not pose serious environmental and health risk to
food products produced in the area, however, the determined concen-
tration can conciliatory agro-ecosystem quality and food chain if
allowed to continue at a current pace. The determined Cr concentration
is sufficient to trigger minimal harmful effects on invertebrates, animals,
and humans [29].

The Cr distribution among irrigation schemes was observed to be
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Fig. 4. The Cr distribution in agricultural soils among various irrigation
schemes of Usangu agro-ecosystem. Values above the red dotted lines represent
exceedance of FAO maximum permissible limits (1 mg/kg). (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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significantly different (P < 0.001), whereas lowland schemes (elevation
not shown) such as Kapunga, Mubuyuni, and Mabadaga (Fig. 4) were
observed to have high Cr concentrations. The scenario could be influ-
enced by upstream surface runoffs and agricultural intensification.
Highly intensive schemes such as Kapunga, Mubuyuni, and Mabadaga
had higher Cr concentrations in agricultural soils (Fig. 4), which could
be exacerbated by increased use of agrochemicals such as pesticides and
fertilizer as the same scenario reported by Wang et al. [30]. Chimala,
Ilaji, and Mabadaga irrigation were observed to have significantly
higher Cr which might be caused by their location as they were close to
residential areas and along the busy TAZAM highway (Fig. 4); the higher
Cr in these schemes might be associated with urban runoff, sewage
waste, and household waste (Shemdoe, 2010). Based on this study, the
system investigated was uncontaminated with respect to Cr however, it
is necessary to implement a management strategy to maintain low Cr
levels in soils to ensure environmental quality and safety.

3.2. Cr accumulation and distribution in paddy rice parts

The Cr accumulation in plants and their parts can health risks to
consumers. To estimate the risk of Cr that may be directed to humans,
soil invertebrates, and animals in the food chain, the determination of
total Cr concentration and its partitions in paddy rice plant parts is
paramount because it determines the environmental and health risks
associated with soil micro-organisms, animals, and humans [22,31].
Total Cr and its fractions in paddy rice plant parts (roots, straws, and
grains) were determined were measured (Fig. 5 and Table 1). The total
concentration of Cr determined in the whole plant sample was observed
to range from 12.88 to 57.34 mg/kg (Fig. 5). The determined Cr was
higher than that determined in soil samples indicating preferred accu-
mulation in paddy rice plant samples (Fig. 3). Cr among plant samples
varied suggestively between irrigation schemes (P < 0.001) where
Kapunga, Thahi, Igalako, and Mubuyuni were observed to have higher
total Cr concentrations (20.90-37.03 mg/kg) in paddy rice plant sam-
ples (Fig. 5). The total Cr concentration was above 1 mg/kg, an FAO and
WHO guidelines allowable Cr in food products [28,32], thus might be
associated with health risks to soil inhabitants, animals, and humans
[33]. However, Cr concentration in paddy rice grain, which is an edible
part, is lower than that of other parts of the plant, thus more Cr is
accumulated in non-edible parts, henceforth less health risks to con-
sumers. However, the risk can be experienced by animals such as cattle,
goats, and wild animals which are observed to feed on paddy rice straws,
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Fig. 5. The Cr accumulation (mg/kg) in paddy rice plants in six irrigation
schemes in the Usangu agro-ecosystem (this includes Cr in roots, straws,
and grains).
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Table 1
The Cr concentration and partitions in different paddy rice plant tissues in six
irrigation schemes.

Scheme Cr (mg/kg)

Roots Straws Grain Total
Igalako 9.36 5.35 6.19 20.90
Thahi 6.87 15.89 9.58 32.34
Kapunga 6.58 2.05 11.47 20.10
Mahongole 9.75 2.97 11.52 24.24
Mubuyuni 6.20 21.05 9.78 37.03
Uturo 5.09 2.14 10.99 18.22
Mean 7.31 8.24 9.92 25.47
SD 1.85 8.18 2.01 7.54

especially after harvesting [34]. Overall Cr trends distribution in paddy
rice varies significantly among schemes, where higher Cr was observed
in Igalako (20.90 mg/kg), Mahongole (24.24 mg/kg), Thahi (32.34
mg/kg), and Mubuyuni (37.03 mg/kg) (Fig. 4 and Table 1). Anthropo-
genic activities such as the use of pesticides and the outflow from
semi-urbanized settlements available in agricultural areas might be
associated with increased uptake of Cr in soils and plant tissues as is a
potential source of Cr contamination [4,5,11,35].

3.3. The Cr distribution in paddy rice plant tissues or parts

Determination of total Cr in plant samples as a whole including
edible and non-edible parts tends to overestimate associated risk
because not all fractions are available for animals and humans. There-
fore, the determination of Cr partitions among plant parts such as roots,
straws, and grains is very important in estimating the health risk asso-
ciated with an elevated level of Cr. The Cr in contaminated grains and
fodders can be transported to a far distance and cause negative effects on
animals and humans who are not even directly connected to a particular
agro-ecosystem pose a health risk to humans through consumption. Cr
concentration in roots is available to soil decomposers, and Cr in straws
are available to animals through the feed while Cr in grains is available
to animals and human through contaminated grain consumption. This
study found that Cr concentration among paddy rice tissues/parts varied
significantly (Table 1 and Fig. 6). Where Cr ranged from: roots
(5.09-9.75 mg/kg), Straws (2.05-21.05 mg/kg), and grains (6.19-11.52
mg/kg) (Table 1 and Fig. 5). It was found that the Cr concentration
values in roots and straws were higher than that determined in paddy
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Fig. 6. The chromium (Cr) distribution in different paddy rice plant parts
(roots, straws, and grains) in six irrigation schemes in Usangu agro-ecosystem.
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rice grains (Table 1 and Fig. 6). High Cr levels in straws pose a risk to
animals grazing in paddy rice straws after harvesting. On the other hand,
the incorporation of paddy rice straws in agricultural soils could
significantly return Cr in agricultural soil, thus increasing Cr availability
to soil micro-organisms and invertebrates [5,29,35]. The Cr generally
observed was higher for straws and roots, however, at some schem4es
higher Cr concentrations were observed in paddy rice grains such as
Mahongole (11.52 mg/kg), Kapunga (11.47 mg/kg), and Uturo (10.99
mg/kg) (Table 1 and Fig. 6). In general, it was observed that the Cr
concentrations followed the same tendency of higher values in roots and
straws than those in paddy rice grains. The Cr concentration in the rice
grain as the edible portion of paddy rice was lower than that of the rest
of the plant but was observed to be close to the maximum tolerance of
WHO, exceeding the WHO limit in some plant samples. The Cr con-
centration (mg/kg) in paddy rice plant parts can be arranged in the order
of decreasing as follows; Straws > Roots > Grains. Therefore, it is
necessary to manage Cr concentration in agricultural soils to ensure that
lower Cr concentrations accumulate in plant tissues, especially in the
edible parts of plants such as grains.

3.4. Translocation and bio-concentration factor for TMs in plant samples

The bio-concentration factor (BF) describes the Cr accumulation
from soil to plant tissues, while the Translocation factor (TF) describes
Cr movement from soils through roots to above-ground biomass (shoot
and straws); all these describe the availability of Cr for plant uptakes and
associated risk [22]. The BF > 1 signifies greater Cr uptake by crops than
those in soils, while BF < 1 signifies less Cr uptakes by plants, and more
Cr is expected to be accumulated in agricultural soils [22]. The deter-
mined BF among plant samples from Usangu were significantly different
(P < 0.05) among schemes, where it was found that BF ranged from 0.7
to 2.7 (Table 2). The study found that it was found that 83.3% of the
study schemes had BF greater than 1 indicating more Cr was accumu-
lated in paddy rice plant tissues, or the concentration of Cr determined
was higher in plant samples compared to Cr in soil samples. This in-
dicates plants had higher Cr uptake, polluting the grain and fodders,
which could lead to ecological and health risks to humans and animals.
Furthermore, some schemes (16.7%) below 1 (BF < 1) such as Uturo
indicate less Cr accumulation in plant sample tissues compared to soils
(Table 2). This indicates that the plant had a high Cr affinity that’s why
low Cr was observed in soils that might be affected by management
practices [35]. Higher BF (BF > 1) is an indication of Cr enrichment in
food systems which can result in potential health risks to humans and
animals [29].

Based on the TF, a large concentration of Cr was accumulated more
on below-ground biomass (roots) than the above-ground biomass
(straws). This study found that TF values for Cr were 0.27 to —2.33
(Table 2). It was observed that 33.33% of the studied schemes had TF
values above 1 for Cr indicating that more Cr was in above-ground
biomass (Table 2 and Fig. 7). This indicates that the translocation of
Cr was high shoots or straws than roots which shows more trans-
portation of Cr from roots to straws. It was observed that Mubuyuni and

Table 2
The bioconcentration (BF) and translocation (TF) factor for Cr estimated in
paddy rice plant samples from Usangu agro-ecosystem.

S/N Scheme Cr

Bioconcentration factor (BF) Translocation factor (TF)

1 Igalako 1.9 0.68
2 Thahi 2.7 2.33
3 Kapunga 1.5 0.27
4 Mahongole 1.3 0.55
5 Mubuyuni 2.1 3.34
6 Uturo 0.7 0.47
% BF or TF > 1 83.3 33.33
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Fig. 7. The Cr translocation factor shows more Cr accumulation in below-
ground biomass (roots) than above-ground biomass (straws) except for Thahi
and Mubuyuni irrigation schemes which were observed to have higher Cr in
above-ground biomass.

Thahi irrigation schemes had TF values greater than 1 such as Mubuyuni
(3.34) and Thahi (2.33), this might be associated with farming man-
agement practices that involve extensive use of agrochemicals such as
fertilizer and pesticides which are usually associated with Cr impurities
[35,36].

On the other hand, the TF values for Cr in 66.67% of the studied
scheme (Igalako (0.68), Kapunga (0.27), Mahongole (0.55), and Uturo
(0.47)) and plant samples were observed to have TF values of less than 1
(TF < 1) indicating that the Cr concentration was higher in below-
ground biomass (roots) than above-ground biomass (straws and
shoots) (Table 2 and Fig. 7). The general trend for Cr TF in this study
found that TF values in most irrigation studied (66.67%) were below 1
(TF < 1) indicating that there was less Cr translocation from roots to
straws, or in other words, more Cr was found to be accumulated in
below-ground biomass (roots) than above-ground biomass (straws and
grains). Considering the Cr-determined TF, it is clear that paddy farming
areas of the Usangu agro-ecosystem have minimal risks of Cr accumu-
lation in edible plant parts. Thus using total Cr and bio-concentration
alone to estimate the risk of Cr in an agro-ecosystem is not adequate
and may result in an overestimation of associated risks. Combined
determination of BF and TF provides a better understanding of Cr dis-
tribution in plant parts and related risks.

4. Conclusion and recommendations

The assessment of Cr concentration in soil and paddy rice samples
within the Usangu agro-ecosystem revealed potential health risks asso-
ciated with the accumulation of Cr in soil and different parts of plants.
The bioconcentration factor analysis indicated a higher accumulation of
Cr in the plants compared to the soil, considering roots, straws, and
grains. However, the translocation factor estimation revealed that the
majority of Cr within the plants was concentrated in the roots. More-
over, the study found that more Cr accumulated in below-ground
biomass (roots) than in above-ground biomass (straws and grains). As
a result, the associated health risk to animal and human health appears
to be minimal. It is important to note that this conclusion may be subject
to change in the near future due to factors such as increased agricultural
intensification, the rising use of agrochemicals, and urbanization in the
area. These factors could potentially alter the distribution and accu-
mulation of Cr in the soil and plant tissues, thereby impacting the health
risks associated with consumption. Continued monitoring and assess-
ment of Cr levels in the agro-ecosystem are crucial to ensure the long-
term safety of agricultural products and mitigate potential health
hazards.
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