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• Lettuces were harvested from substrates
containing dredged sediments.

• Nutrient deficiency and availability from
substrates hindered the growth of plants.

• Cd on lettuces from substrates with sedi-
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had a HRI for Cd slightly higher than 1.
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Dredging of sediments is conducted worldwide to maintain harbours and water bodies. As a result, large amounts of
materials generated require proper management and could have useful applications in a circular economy context.
The current use of peat as organic material in cultivating plants requires urgent replacement by more sustainable
alternatives. In this context, using nutrient-rich sediments generated by dredging could be an attractive option.
However, due to contaminants in dredged sediments, more investigations are required. The present study investigated
the potential to employ dredged material as a plant-growing substrate to cultivate lettuce (Lactuca sativa). The study
employed compost and dredged sediments from Malmfjärden Bay, Sweden, with low and high nutritional content
(LN and HN, respectively), with and without polymer (PO) used for dewatering. The tests were carried out under con-
trolled conditions in a greenhouse, and the studied substrates were (% vol): (1) 100 % sediment (100SHN); (2) 50 %
sediment +50 % compost (50SLN-50C); (3) 70 % sediment +30 % compost (70SLN-30C); (4) 50 % polymer sediment
+50% compost (50SPO-50C); and (5) 100% compost (100C). Fertilisers were added to 50SLN-50C and 70SLN-30C dur-
ing the experiment. Lettuces with the highest weight were harvested from substrates 100C, 50SPO-50C and 50SLN-50C.
However, the lettuces only reached a weight of 18.57 ± 4.67 g. The results showed that a main limitation of the
growth was probably a lack of aeration of the sediments during sampling and development of the experiment. The
low aeration possibly caused a lack of available forms of N in the substrates, hindering the growth. Lettuces harvested
from substrates containing sediments presented Cd concentrations slightly overpassing the Swedish thresholds, and
the health risk index was marginally exceeding 1. Hence, sediments need to be pre-treated before using them to culti-
vate edible crops, or they could be employed to cultivate ornamental or bioenergy plants.
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1. Introduction
Dredging of sediments is carried out to maintain harbours and achieve
proper water levels in bays or lakes worldwide. Additionally, dredging is
employed to restore polluted water bodies where sediments are contami-
nated (Mattei et al., 2018). In Europe, around 200 million m3 of dredged
material is produced every year (SedNet, 2004), and large volumes of sed-
iments accumulate on land and require appropriate management options
(Mattei et al., 2017b). Open ocean discharge and landfilling are conven-
tional disposal methods for dredged sediments. However, both options
are controlled by legal restrictions, based on environmental concerns
(Kim et al., 2021). Sediments commonly contain nutrients and trace ele-
ments, and the traditional approaches lead to the loss of these resources
(Kim et al., 2020). Moreover, open ocean disposal is banned in several
countries, since it can potentially harm marine environments (Akcil et al.,
2015). Landfilling is recognised for its climate change emissions, highly
polluted leachate production and high land requirement (Pellenz et al.,
2020).

As a substitute strategy, dredged sediments can be useful and em-
ployed in activities such as habitat restoration, land reclamation, con-
struction or soil amendment (Renella, 2021; Ugolini et al., 2018). The
selection of the beneficial uses depends on the characterisation of the
material, available treatment technologies and local conditions, such
as the demand (Renella, 2021). When sediments are highly organic,
their use in construction is limited, since the organic material could
negatively impact the quality of final products (Siham et al., 2008).
Alternatively, sediments with low concentrations of pollutants could
be employed as solid conditioners or plant-growing substrates, taking
advantage of the properties of the material like enrichment of organic
matter, micro and macronutrients and improvement of the water hold-
ing capacity (Kiani et al., 2021). The use of sediments in agriculture
could reduce the dependence on fertilisers and contribute to finding
new sources of phosphorous (Da et al., 2021). The phosphorus is limited
on Earth, and more sustainable management promoting new recycling
paths is required (Kiani et al., 2021). Several opportunities are offered
to use dredged material in the plant industry, including the adoption
in nurseries and soil conditioning of forest and agricultural lands or
eroded fields (Renella, 2021).

Agricultural nurseries are commonly used to propagate plantlets for
horticulture, ornament and forest. Nurseries receive particular attention
due to their current extensively usage of high organic substrates, such as
peat (Ugolini et al., 2018). The extraction of this material is associated
with ecosystem losses (Hernandez-Apaolaza et al., 2005) and climate
change emissions (Warren et al., 2017). Moreover, peat is available in
restricted areas. Therefore, its distribution to the final use leads to
other environmental impacts and a potential lack of availability in the
future (Mattei et al., 2017b). Peat substitution is required, and potential
replacements are coconut fibber, sewage sludge, compost, and dredged
sediments. Bio-solids are related to high pathogen-infection risks, and
coconut is not always locally available (Mattei et al., 2018). Organic
dredged sediments are a possible replacement. However, challenges to
the implementation are society acceptance, legislation compliance
(Tozzi et al., 2020), influence of salinity (for marine sediments) (Kim
et al., 2020), particle size distribution (a major part of sediments are
silty-clayish materials) (Kiani et al., 2021) and pollution risk (Doni
et al., 2013). The difficulty of implementing projects using sediments
as a source of nutrients is reflected in the document provided by the
Central Dredging Association (CEDA), which reports the implementa-
tion of beneficial use of dredged sediments. The report includes 38 pro-
jects about the recycling of sediments, and only three were related to
using the material in soil conditioning (CEDA, 2019). Further studies
are therefore needed to bridge the gap in the applications.

Metals are common components of dredged sediments, and differently
from organic pollutants, metals persist in the environment (Kim et al.,
2020). Trace elements have natural and anthropogenic origins, being the
main anthropogenic sources of metals discharged in water bodies, the
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emissions coming from shipping, harbours, agriculture, mining, chemical
and metallurgical industries (Polettini et al., 2006). Certain elements,
such as Fe, Mn, K and Ca, are essential elements for life (He et al., 2005).
However, metals like Cd, Pb and As are toxic. Hence, the potential absorp-
tion of critical metals into edible crops represents a critical health risk that
requires to be prioritised and further investigated (Ben Chabchoubi et al.,
2020). Lactuca sativa (commonly known as lettuce) is a vegetable cultivated
and consumed worldwide. It is fast-growing and easily responds to the pol-
lutant concentration of the substrate (Tozzi et al., 2019). An additional
challenge for the employment of sediments in agricultural land is that
nutrients are not all bio-available (Kiani et al., 2021), which requires
deeper investigations into nutrient-plant interactions. To the knowledge
of the authors, there are few studies on the subject, and the available
ones focus mainly on Mediterranean regions (Tozzi et al., 2020; Tozzi
et al., 2019; Mattei et al., 2017a; Mattei et al., 2018; Ugolini et al., 2017).
Nordic countries continue to lack studies promoting the use of dredged sed-
iments in agriculture. Therefore, this study aims to investigate the potential
use of dredged sediment samples in agriculture under local conditions
to promote the implementation of more projects about the beneficial use
of sediments.

After dredged sediments are removed from water bodies, they are
mainly constituted by water and require dewatering to continue their
handling (Ali et al., 2014). Several dewatering techniques are available,
and the most prominent methods employ centrifuges, hydro-cyclones and
geotubes (Bortone et al., 2004). Polymers are commonly used when sedi-
ments are mainly formed by silt and clay, since fine particles repeal each
other, hindering dewatering (Khachan et al., 2011). Polymers neutralise
the charge of particles or act as an absorption agent for them, creating
larger flocs (Gregory and Barany, 2011). Hence, polymers are beneficial
for the dewatering of sediments but can impact the characteristics of the
material by interacting with its compounds and changing the availability
of elements. Most important: no previous studies report using sediments
with polymers in agriculture, showing the need to conduct more research
on the influence of polymers in sediments while using them as plant-
growing substrates.

The aim of this study is to investigate the potential to employ marine
dredged sediments as a plant growing substrate, using Lactuca sativa as a bi-
ological indicator, and assess the health risks associated with the consump-
tion of vegetables harvested from substrates containing dredged sediments.
Potential impacts of employing sediments with and without polymer to
grow plants were also addressed to promote future investigations with
polymerised sediments as a plant growing substrate.
2. Materials and methods

2.1. Study site

Malmfjärden bay is a semi-enclosed water body located in the munici-
pality of Kalmar (560 66′ N, 160 36′ E), Sweden (south-eastern region),
belonging to the Western Gotland Basin of the Baltic Sea (Fig. 1). The bay
preservation is critical for the community, since it is a recurrent place
for leisure activities, such as walking and landscaping. Moreover, wild
fauna and flora exist around the bay, increasing its ecological value. The
main inlet of the water body is runoff charged with components coming
from roads and neighbouring areas (mainly residential and commercial
zones and an old waste dumpsite). Currently, Malmfjärden presents
an eutrophicated status due to its high nitrogen concentration and slight
pollution with metals (Nilsson, 2013). Moreover, the bay is very shallow
(in some points, water depth of 0.60 m). Therefore, dredging of sediments
is required to provide higher water levels that allow activities like canoeing
and boating. The area around Malmfjärden is mainly dedicated to housing
and commercial activities (such as retail), and an old dumpsite is found in
the adjacent area. However, Kalmar County also counts with important ag-
ricultural areas, and neighbouring municipalities (with a radius < 20 km)
are potential sites where sediments from Malmfjärden could be employed



Fig. 1. Location of Malmfjärden Bay, dredging area, dewatering system and sampling stations.
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as plant-growing substrates. The region is known for cultivating maise,
wheat, rapeseed, beans, and other horticulture products.

Kalmar municipality started a European Union dredging project (Sedi-
ment Uptake and Remediation on Ecological basis-LIFE SURE) in 2019
that focused on the extraction of sediments from Malmfjärden to improve
the conditions on the bay. The planned dredging area is shown in Fig. 1.
The project aims at implementing the circular economy concept, where
the dredged material is not landfilled but employed for beneficial uses.

The project employs a dewatering system to handle the sediments after
landing. The dewatering technique consists of an equalisation tank to ho-
mogenise the flow and the sediment quality and geobags for dewatering.
A cationic polymer (FLOPAM™ EM 440 HIB from SNF, UK) is added to
the sediments before entering the geobags to enhance the formation of
flocs and effectively separate water and solid phases (Fig. 1). The rejected
water is infiltrated into the soil near the bay as the last treatment step.
The dewatered sediments present a solid content of about 25–30 % and
are ready for transportation to beneficial use sites.

2.2. Sample collection and processing of separate components

Three different samples of sediments from Malmfjärden bay were em-
ployed to prepare the substrates. First, in 2020 the dewatering system
was not operating. Therefore, sediments without polymer were sampled di-
rectly from the bay (sampling point coordinates: 560 669′ N, 160 363′ E,
3

Fig. 1), employing a manual sampler introduced into the sediment column
to retrieve the samples. The sampler was similar to a shovel, but it had bot-
tom wholes, allowing the excess water drainage. The sediments presented
high content of nutrients. Therefore, the sediments are denoted as high-
nutrient sediment (HN sediment) in the study.

For the second round of experiments, sediments with and without poly-
mer were taken from the dewatering system from the LIFE SURE project
(sampling point coordinates 560 673′ N, 160 362′ E, Fig. 1), since it was
already in operation. In 2021, sediments with polymer (PO sediment)
were collected directly from the geobags employing pre-cleaned shovels.
The polymer was diluted with brackish water (coming from Malmfjärden
bay) in a proportion of 0.5 % (vol) and dosed in the dewatering system at
a rate of 3 % (vol). On the same occasion, sediments without polymer
were sampled from the equalisation tank (see Fig. 1). The material settled
down in the bottom, since no mixing in the tank was activated. The water
on the tank was flushed out, and the remaining sediments were collected
with a pre-cleaned shovel. The sediment contained low contents of nutri-
ents and is referred to as low-nutrient sediment (LN sediment). The deficit
of nutrients in the sample is probably related to the dredging location,
which is probably an area of the bay lacking nutrients.

Moreover, the compost that forms the growing substratewas taken from
two sources. The first was collected in Timmernabben (a town located
40 km away from Kalmar), where gardening waste (grass, wood shells
and leaves) was kept in a composting box for 1 year. The sample was
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taken directly from the bottom of the composting bin using a pre-cleaned
shovel. The material was sieved on-site (sieve of 1 cm) to remove big
lumps. The second compost was a commercial blend bought at the store
Granngården (Sweden). Both samples were manually mixed in a plastic
container to homogenise the material. The sediments and compost samples
were stored right after sampling in closed plastic blags stored in plastic
boxes previously washed with acid (10 % HCl) and kept at 4 °C, before fur-
ther preparation and analysis.

2.3. Proportions of components in selected substrates

Different substrates were selected for the experiment aiming to mix dif-
ferent components and vary the type of sediment (with orwithout polymer)
and its proportions. The substrates (Table 1) were manually mixed until
achieving a homogenous distribution, adding the required volume of the
initial materials into a pre-acid washed (10 % HCl) plastic container. The
testing of the substrates was divided into two different batches due to a lim-
itation with the greenhouse size. The first batch aimed to investigate if sed-
iments (with no polymer) could provide nutrients for the lettuce growth
without adding any additional source of fertiliser. The test was carried
out in June–July 2020 and employed substrate 100 % HN (substrate 1 in
Table 1).

The second batch test aimed to improve the yield of lettuce. Therefore,
compost was employed to improve the content of nutrients and distribution
and enhance the physical parameters of the growing substrate. Since
dewatering polymers could change the availability of elements and physi-
cal conditions, sediments with and without polymer were employed. The
test was carried out in March and April 2021, with four different substrates
(Substrates 2–5, in Table 1).

2.4. Selection of plant, seed germination and seedling

Lactuca sativa (lettuce) was selected for the experiment, since it
grows fast, is cultivated in the study area, and is consumed worldwide.
The seeds were purchased at the store Plantagen (Sweden) and were
pre-washed with 10 % H2O2 for disinfection purposes. After disinfec-
tion, they were rinsed with deionised water. The washed seeds were
pre-germinated in parafilm-covered Petri dishes containing Whatman
No.1 filter paper. The dishes were moisturised with distilled water
to prevent desiccation, and the process was continued for 4 days at a
temperature of 25 °C. The germination procedure followed Marchand
et al. (2016).

Each substrate mix was tested in triplicates. Plastic pots of 25 cm di-
ameter and 25 cm deep were employed. Each pot was first filled with 1 L
of washed gravel, and 3 L of the designated substrate were added to the
top. When the pots were filled, 5 germinated seeds were planted (at a
depth of 5 mm) to ensure the growth of at least a couple of seedlings.
After 2 weeks, only 2 of the successful plants were left in each pot. Ad-
ditionally, 1 pot per substrate mix was used as a blank, where no seeds
were planted. The concentration of nutrients and metals was measured
before the start and after the end of the experiment to verify no degrada-
tion of organic content and nutrients.
Table 1
Substrate components and proportions in terms of volume (v).

Substrate Label HN sediment
(%v)

LN sediment
(%v)

PO sediment
(%v)

Compost
(%v)

1 100SHN 100 0 0 0
2 50SLN-50C 0 50 0 50
3 70SLN-30C 0 70 0 30
4 50SPO-50C 0 0 50 50
5 100C 0 0 0 100

S: Sediment, C: Compost, HN: High-nutrient content, LH: Low-nutrient content,
PO: Polymer.
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2.5. Greenhouse conditions

The first batch of experiments was carried out on May–June-July
2020 and lasted 10 weeks (when the lettuce stopped growing). The sec-
ond batch was performed on March–April-May 2021 and lasted 6 weeks
for 50SPO-50C and 100C (when the lettuce stopped growing). The test
for 50SLN-50C and 70SLN-30C was carried out for 13 weeks since the
plants grew poorly during the first 6 weeks. A solid fertiliser for green
plants (bought at Plantagen, Sweden) was added to enhance the growth
in the 7th week. One stick of 0.8 g was added per pot, and each stick
contained 15 % N, 4 % P and 6 % K.

Both tests were conducted in a controlled greenhouse located at
Linnaeus University (Sweden). The conditions at the place were kept stable
in both tests to allow a better comparison of the results. The temperature
was set at 20±3 °C and the humidity to 50±5%. A light: darkness period
of 16:8 h was fixed in the greenhouse. Additionally, the watering was per-
formedmanually three times per week, aiming to provide enoughwater for
the plants and keep the moisture content at about 50 %.

2.6. Substrate analyses

Each individual component of the growing substrates was characterised
separately to determine physical properties and measure their content of
nutrients and trace elements. After mixing the components, the growing
substrates were also characterised at the beginning and end of the experi-
ment (Fig. 2). However, the physical characteristics were only measured
at the beginning of the test since no significant change was expected during
the experiment. All analyses were performed in triplicates for the initial
substrates and in duplicates from the final substrates (duplicates per pot).
No analysis of organic contaminants was carried out, since a previous
study (Ferrans et al., 2019) indicated that Malmfjärden sediments pre-
sented few organic contaminants.

2.6.1. Physical parameters
The bulk density was calculated by measuring 50 mL of the wet sam-

ples. Later, the samples were dried at 105 °C, and after 24 h (no difference
in the sample weight), the weight was recorded. The bulk density was cal-
culated using Eq. (1).

Bulk density ¼ weight dry sample gð Þ
vol wet sample cm3ð Þ (1)

The water holding capacity was estimated using dried samples (after air
drying for 1 week). A funnel was covered with Whatman No.1 filter paper
and positioned on the top of a glass flask; 100 mL of dried sample was
added to the funnel, and water was added until the sample was fully
covered. The volume of added water was recorded, and later the sub-
strate sample was gently stirred and let sited until fully saturated. The
volume of excess water passing the funnel (Vol drained water) was
also registered, and the water holding capacity was calculated with
Eq. (2). The method was adapted from Yu et al. (2013).

Water holding capacity
mL
L

� �

¼ Vol added water mLð Þ � Vol drained water mLð Þ
Volsample Lð Þ (2)

Finally, the electrical conductivity of the substrates was measured
according to the procedure adapted from Di Palma and Mecozzi
(2007). A saturated extract was obtained from ten grams of sample
stirred with 25 mL of deionised water for 60 min. The mix was allowed
to settle for 30 min, and the electrical conductivity of the supernatant was
measured using a conductivity meter (HQD field case, Hach Lange –
Germany).



Physical parameters

•Bulk density
•Water holding capacity
•Electrical conduc�vity

Chemical parameters

•pH
•Organic content (loss on igni�on), organic carbon (TOC)
•Total nitrogen, ammonium, nitrate, total phosphorus
•Elements (S, As, Pb, Cd, Cr, Ni, Cu, Z, K, Mg, Ca, Na, Fe, Zn, Co, Mn)

Fig. 2. Parameters included in the characterisation of substrates and their components.
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2.6.2. Chemical parameters
The organic and carbonate contents were measured using the stan-

dard SS-EN 15169:2007 (loss on ignition test). After the water content
test, the remaining sample was heated at 550 °C for 2 h. The organic con-
tent was calculated by finding the weight difference before and after
drying at 550 °C. The pHwas measured using the same extract employed
to measure the electrical conductivity and a pH meter (HQD field case,
Hach Lange – Germany).

The remaining parameters were analysed in the accredited laboratory
SGS Analytics, Sweden, accredited by the SWEDAD (Board of Accreditation
and Technical Control)- according to SS-EN ISO/IEC 17025. Total nitrogen,
ammonium and nitrate were measured following the standards Kjeldahl
procedure (SS-EN 16169:2012), Standard Methods 1998–4500 and SO
15923-1:2013 Annex C, respectively. Moreover, the total organic carbon
(TOC) was analysed following the standard SS-EN 15936:2012. The total
concentration of elements was calculated after digestion with an induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES) following
the procedure SS- EN-ISO-11885. The limit of detection (LOD) and limit
of quantification (LOQ) for each analysed parameter is found in Table S1
on the supplementary material.

2.7. Plant growing and characterisation

The lettuce growth was calculated by measuring the number of leaves
and the maximum length of the leaves. The size was measured every
week during the first 6 weeks and then every 3 weeks. At the end of the
test, the survival rate was calculated by counting the plants alive (over
the 2 planted seedlings). The lettuces (including roots) were harvested,
and the wet weight was recorded. The leaves were separated from the
roots, and the length was measured for both. Then, the leaves were oven-
dried at 40 °C, until achieving a constant weight. The obtained samples
were ground, and elements were analysed after digestion using an induc-
tively coupled plasma mass spectroscopy (ICP-MS) (following the standard
NMKL#161-1998). The sampleswere analysed in the accredited laboratory
Eurofins, Sweden, accredited by the SWEDAD (Board of Accreditation and
Technical Control)- according to SS-EN ISO/IEC 17025.

2.8. Health risk assessment

The estimated daily intake (EDI) means the estimated mass intake of
an element per day after consuming a product. The EDI was calculated
for all elements using Eq. (4), where C is the concentration of elements
in the lettuce. DI means the individual average daily lettuce consump-
tion in European populations taken as 22.5 g for this study (WHO
(World Health Organization), 2003). Moreover, bw is the average
Table 2
Physical characteristics for separate components and initial growing substrates (mean ±

Parameter SLN SPO 100SHN

Water holding capacity (mL/L) 850 ± 0 900 ± 50 820 ± 0
Bulk density (g/cm3) 0.29 ± 0.0 0.20 ± 0.0 0.20 ± 0.0
Electrical conductivity (μS/cm) 5.6 ± 0.1 11.9 ± 0.1 10.3 ± 0.2

S: Sediment, C: Compost, LN: Low-nutrient, HN: High-nutrient, PO: Polymer.
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body weight of an adult human (assumed to be 70 kg). The health risk
assessment due to intake of metal/ metalloids was carried out by calcu-
lating the health risk index (HRI) using Eq. (3). TDI (Tolerable Daily
Intake) is the approximated maximum oral exposure, likely to result in
no adverse effects on humans. The Swedish guidelines (SEPA, 2009)
and the US EPA guidelines (EPA, 1993) were consulted to obtain the
TDI values for each metal. HRI values <1 express that the exposed pop-
ulation has no risk of intake of metals. HRI > 1 indicates that the popu-
lation is at risk of intake of metals due to consumption of the studied
product (EPA, 1993).

Health risk index ¼ EDI
TDI

(3)

EDI ¼ Clettuce ∗DI
bw

(4)

2.9. Statistics

Analysis of variance (ANOVA) was performed to determine the statisti-
cal significance (p < 0.05) between the mean values of elements content
and growing characteristics of harvested lettuces on the different sub-
strates. The homogeneity of variance and normal distributionwere checked
before performing the analysis.Wilcoxon andKruskal tests (non-parametric
tests) were carried out to verify the veracity of the parametric tests when
requirements were violated. The mean difference between groups was
analysed using the Tukey test if ANOVA showed a significant effect. The
statistical analyses were calculated using the software R version 3.6.1.

3. Results and discussion

3.1. Physico-chemical properties of separate components and growing substrates

vSediments from Malmfjärden are mainly constituted of silt (60–70 %)
and clay (10–20%), having a low content of sand (10–20%) (Ferrans et al.,
2019). The high content of fine particles could hinder plant growth when
using the material as a plant-growing substrate (Huang et al., 2013).
Table 2 shows the bulk density and water holding capacity of all growing
substrates. The bulk density varied between 0.22 and 0.3 g cm−3 in the
initial materials and the substrates. Differently from high bulk density, sub-
strates with low bulk density allow the free development of roots (Stirzaker
et al., 1996). Regarding the water holding capacity, due to the textural
composition of the substrates, 50SPO-50C and 70SLN-30C presented the
highest and best water holding capacities, followed by 50SLN-50C,
100SHN and 100C, being all of them acceptable values. Moreover, it
SD, n = 3).

100C 50SLN-50C 70SLN-30C 50SPO-50C

570 ± 52 816 ± 37 900 ± 50 925 ± 12
0.19 ± 0.02 0.29 ± 0.01 0.29 ± 0.02 0.23 ± 0.02
4.5 ± 0.1 3.5 ± 0.2 3.5 ± 0.1 3.3 ± 0.1
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was observed that higher sediments content (comparing 70SLN-30C and
50SLN-50C) resulted in higher water holding capacity, possibly due to
the increase of fine particles in the final substrate. Similarly, the sub-
strate with polymer (50SPO-50C) presented higher water holding capac-
ity than 50SHN-50C (sediment without polymer), probably due to the
change in the structure after adding polymers.

The electrical conductivity of the extracts from the initial substrates
(Table 2) presented low values suggesting low salinity. These results
were expected since the Baltic Sea is a brackish water body, and the
water in Malmfjärden Bay showed low electrical conductivity values
(8.7 ± 0.4 μS/cm) during the monitoring campaign of the LIFE SURE
project. The low salinity is an advantage enabling the use of the sedi-
ments as a plant-growing substrate (Khan et al., 2019).

Table 3 shows the chemical characterisation of the initial materials and
the growing substrates at the beginning and end of the experiments. It was
evident that the element contents were derived according to the initial ma-
terials mixed to create the substrates. Regarding pH, all separate materials
and growing substrates had a neutral or sub-acid pH (between 5.5 and
6.7) except for PO sediment, which presented an acid value. The substrate
50SPO50C probably neutralised the pH due to the addition of compost.
Sulphur is an important element for plants. However, when it is present
in excess in previous anoxic sediments, the pH of the material could drasti-
cally drop due to the oxidation of sulphur minerals, producing sulphuric
acid. The separate materials with the highest content of S were PO and
HN sediment and, subsequently, the growing substrate 50SPO-50C. Never-
theless, the pH and the S content did not drastically change in any substrate
over the experiment.

According to the loss on ignition, the compost was highly organic, and
the sediments and growing substrates presented medium-high organic con-
tents (according to SS-EN ISO 14688e2:2018). Since an organic polymer
was used, the PO sediment had higher organic content than sediments
with no polymer. The presence of organic polymer also increases the loss
on ignition of the material. Additionally, the total organic carbon (TOC) is
an important parameter, since it quantifies organic matter. The highest
TOCwas found for the initial compost and the substrates using the material
(50SPO-50C, 70SLN-30C and 50SLN-50C). The TOC and organic content of
the growing substrates were similar throughout the experiment.

Moreover, the material with higher content of nutrients was the com-
post, followed by HN sediment and PO sediment. The LN sediment pre-
sented lower P and other elements contents than HN sediment. Possibly,
the material was extracted from an area of the bay with low content of
nutrients and metals. Due to the different characterisation of the separate
materials, the growing substrates presented different contents of nutrients
at the beginning of the experiments. The substrates 50SLN-50C and 70SLN-
30C employed the LN sediment. Therefore, they notably lacked P and K,
and other elements (such as Ca, Mn and Mg) also presented lower contents
compared to the other substrates. Regarding the other growing substrates,
100C, 50SPO-50C and 100SHN had high contents of N, P and K. Results
are compared to typical values of other organic substrates like compost,
which has typical contents (in mg kg−1 dry matter (DM)) of 3000-
15,000, 1000–10,000 and 3000–10,000 for N, P and K, respectively
(Djerf and Ferrans, 2022).

Regarding other nitrogen compounds, all separate materials and
growing substrates had a similar content of ammonium that ranged
from 800 to 1400 mg kg−1 DM. Nitrate was only initially quantified in
50SPO-50C and 100C. Even though the initial characterisation does
not show it, 50SLN-50C and 70SLN-30C obtained available forms of
nitrogen after fertilisation. Additionally, micro-nutrients were initially
quantified in different quantities in all substrates. However, in general
terms, the substrates with higher contents of Ca, Mn, Mg, Na and Fe
were 100C, 50SPO-50C and 100SHN.

The content of nutrients over the experiment did not drastically de-
creased, since the time was too short to see large drops in their contents.
However, nitrate presented a particular case since it is an inorganic form
of nitrogen (hence easily available to plants). At the end of the test, the
substrates that contained nitrate totally exhausted the compound.
6

Additionally, the substrates that initially presented nutritional deficits
(50SLN-50C, 70SLN-30C) had higher contents of nutrients in the final
characterisation, since fertilisation was added in week 6. As an impor-
tant remark, on some pots, nutrients presented higher concentrations
in the final stage of the test. The difference in the measurement could
be due to the high heterogeneity of solid substrates that prevails even
after good mixing.

Finally, the national Swedish Environmental Protection Agency (SEPA)
(SEPA, 2009) establishes the maximum permissible concentrations of
metals/metalloids for soils. The limits are determined according to the
land-use type where the material will be employed. The regulation intro-
duces threshold values for two types of land use: more sensitive (KM) and
less sensitive (MKM) land uses. When the separate materials and growing
substrates were analysed, cadmium and lead overpassed the KM limits in
SPO, 50SPO-50C and 100SHN, and zinc was above the KM threshold values
in SPO and 100SHN.

3.2. Plant growth

The plant growth during the experiments is shown in Fig. 3, represent-
ing the longest length of leaves in different stages of the tests. In the first
experiment, lettuces from 100SHN did not develop properly, presenting
maximum lengths <4 cm. In the second test, lettuces from 100C and
50SPO-50C reached a length of about 10 cm after week 6. No more growth
was detected later. The distributor of the seeds suggests growing times of
about 8 to 9weeks, showing that the lettuces stopped growing prematurely.
Since plants from 50SLN-50C and 70SLN-30C did not grow, the substrates
were fertilised in week 6. On week 13, lettuces from 50SLN-50C and
70SLN-30C reached the longest length of 10 cm and 6 cm, respectively. Let-
tuces from 50SLN-50C, 100C and 50SPO-50C presented a significantly
higher mean maximum length of leaves than 100 SHN (ANOVA, F4,10 =
10.32, p = 0.0014).

Table 4 presents biometry data for lettuces harvested from different
substrates. Most plantlets had a survival rate higher than 80 %. The
worst survival rates (50 %) occurred in 70SLN-30C. Lettuces from
100SHN only reached about 2 g after harvesting. The substrates 50SPO-
50C, 100C and 50SLN-50C produced significantly heavier lettuces and
with a higher number of leaves than 100SHN (lettuce weight: ANOVA,
F4,10 = 9.24, P = 0.0022; number leaves: ANOVA, F4,10 = 7.99, P =
0.0037). Their mean weight and number of leaves were 18.57 ± 4.67
and 18.44 ± 1.02 g, respectively.

Tozzi et al. (2019) tested remediated-dredged sediments along with
peat as substrates to grow lettuce in Italy. Heavier plants than those har-
vested in the present study were obtained. Results suggested that, in the
Italian study, substrates with 100 % peat and 50 % sediments- 50 % peat
provided lettuces of about 120 g and 100 % sediments of about 60 g.
Higher amounts of fertiliser were added (12 g CaNO3, 2 g KH2PO4 and
5 g K2SO4) to the substrates, which could explain the differences in
the weight of lettuces produced in both studies.

Regarding the root length, no significant differencewas detected among
lettuces harvested from all substrates (ANOVA, F4,10 = 2.35, P = 0.125).
However, the roots were very thin, complicating their complete extraction.
Moreover, the root weight from lettuces growing at 100C, 50SPO-50C and
50SLN-50C had considerably heavier roots than those growing in 100SHN

(ANOVA, F4,10 = 8.37, P = 0.0031).
The substrate 100SHN initially presented good characteristics for the

growth of plants. However, the harvested lettuces were not the biggest. A
potential reason for the poor plant growth is the high content of fine parti-
cles. Additionally, the substrate lacked nitrate and possibly other nutrients
in available forms. The substrate could potentially provide lettuces with
better sizes if the substrate is fertilised.

Comparing all the growing variables, the best lettuces were obtained
with 100C, 50SPO-50C and 50SLN-50C (after fertilisation). These results
were expected, since the mentioned substrates offered the highest nutri-
tional contents, organic matter and water holding capacity. It was shown
that there was no difference in cultivating lettuce in substrates with
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Fig. 3.Themaximum length of leaves from the lettuces in different experiment stages. Note: Inweek 6, the substrates 70SLN-30C and 50SLN-50Cwere fertilised. Bars: mean±
SD, n = 6, error bars: ± 1SD. Abbreviations: S: Sediment, C: Compost, HN: High-nutrient, LN: Low-nutrient, P: Polymer.
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sediments with or without polymer, since the substrate with PO sediment
(50SPO-50C) presented similar lettuces to 50SLN-50C.

However, in all cases, the lettuces did not reach aweight of about 300 g,
which is the standard for an average head of lettuce. The wicked growth
results could have been influenced by the lack of proper oxygenation of
the substrates. The aeration of growing substrates is necessary for the min-
eralization of nitrogen, development of plant roots and survival of aerobic
microorganisms, all enhancing plant growth (Grable, 1966). Particularly,
the mineralization of nitrogen is essential, since it provides the substrates
with available forms of the element, which plants can easily uptake (Ma
et al., 1999). In this experiment, the poor oxygenation conditions possibly
reduced the content of available forms of nitrogen, stopping the growth
of plants when mineral forms of the element were exhausted. Results
were supported by the initial and final characterisation of the substrates,
which showed the presence of nitrate only in the initial stage.

The substrates lacked oxygenation, possibly for conditions during
the sampling procedure and the greenhouse experiment. Firstly, the PO
sediment was sampled from the geobags of the dewatering system, and
the material was stored for approximately only 1 week. Inside the geobags,
the aerations rate is low, and anoxic conditions prevail inside the bags
(Sharrer et al., 2009). Moreover, the HN sediment was sampled from the
bay and LN sediment from an accumulated layer of sediments on the
bottom of the equalisation tank, which constantly contained water over
the settled material (decreasing the possible aeration). In all cases, the ex-
posure of oxygen after dredging possibly had a low rate and short exposure
time. Secondly, during the experiment, the watering periods were probably
extensively extended, and the lack of dry cycles could have hindered the
oxygenation of the substrates. Additionally, the experiment was short to
ensure the total ripening (desiccation of dredgings) of the substrates.
According to Vermeulen et al. (2003), the complete physical ripening of
clay dredged sediments is decreased by the water content and could de-
velop in years depending on local conditions. The sediment samples were
Table 4
Survival and biometry of lettuces growing in the different substrates. Leave and root
(mean ± SD, n = 6) and survival percentage (mean ± SD, n = 3).

Substrate Survival (%) Leave weight (g/plant) Root weight (g/plan

100C 100 ± 0 17.22 ± 3.91 3.23 ± 0.29
50SLN-50C 83 ± 29 14.72 ± 9.12 2.18 ± 1.26
70SLN-30C 50 ± 0 9.96 ± 4.14 1.90 ± 0.30
50SPO-50C 100 ± 0 23.77 ± 1.10 2.89 ± 0.75
100SHN 95 ± 10 2.02 ± 1.03 0.45 ± 0.31

S: Sediment, C: Compost, HN: High-nutrient, LN: Low-nutrient, P: Polymer.
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only exposed to oxygen for around 1 week during the dewatering system
and 1.5 months during the experiment. It is recommended to optimise the
aeration of dredged sediments in future studies where the material wants
to be employed as a plant-growing substrate.

An extra explanation for the wicked growth of plants could be their
interactions with toxic elements, like metals and metalloids or previously
unmeasured organic compounds. For example, cadmium in soils could
cause plant impacts such as necrosis, inhabitation of nutrient fixation
and decreases in chlorophyll content and photosynthetic activity, among
others (Haider et al., 2021). Further eco-toxicological studies on the grow-
ing substrates with sediments could contribute to research on their toxic
conditions.

Moreover, physical properties of the substrates, such as the high content
of fine particles, could have negatively influenced the development of the
lettuces in the substrates. Evidence is also shown by the lower weight and
number of leaves of lettuces harvested from 70SLN-30C compared to
50SLN-50C. Since the total concentrations of nutrients andmetals were sim-
ilar in both substrates, it is possible to interfere that an affecting factor could
be physical conditions, such as finer particles associated with 70SLN-30C.
Substrates with a high percentage of silt and clay can impair the develop-
ment of roots and reduce the aeration of the substrates, hindering the
growth of plants (Huang et al., 2013). Moreover, results suggest that a
limit for using Malmfjärden sediments with compost to cultivate lettuce is
around 50 % (vol), since more quantity decreases the growth of plants.

3.3. Characterisation of lettuce and health risk assessment

The uptake of elements by plants from growing substrates depends on
several factors, such as their pH, texture, organic matter, total content
and availability and interactions among elements and type and age of plants
(Jung, 2008). When dredgedmaterial is exposed to oxygen, the availability
of metals can be modified, since organic matter can be oxidised, realising
weight, maximum leave and root length and number of leaves presented by plant

t) Max. root length (cm) Max. leave length (cm) # Leaves

10.83 ± 1.04 10.03 ± 0.85 17.33 ± 1.15
9.00 ± 1.73 9.50 ± 2.29 18.67 ± 2.31
6.67 ± 0.58 6.67 ± 0.58 12.33 ± 4.93
9.00 ± 1.80 8.50 ± 1.30 19.33 ± 2.89
7.50 ± 2.52 4.00 ± 0.71 9.50 ± 1.73



Table 5
Concentration (mg kg−1 DM) of elements in harvested lettuce leaves on the substrates. (Mean ± SD, n = 6).

Parameter 100SHN 50SLN-50C 70SLN-30C 50SPO-50C 100C

Total P 1255 ± 403 5900 ± 1400 5566 ± 115 4200 ± 1915 5567 ± 777
S 3925 ± 562 5633 ± 3837 3667 ± 462 3533 ± 321 1300 ± 200
Ca 6650 ± 1063 12,700 ± 7333 15,333 ± 1155 5166 ± 17 8033 ± 1234
Mn 49 ± 41 547 ± 371 340 ± 69 1213 ± 758 106 ± 12
Mg 5350 ± 387 4767 ± 2601 7633 ± 635 3233 ± 321 2067 ± 252
Na 34,500 ± 4509 14,000 ± 570 17,000 ± 1732 12,166 ± 3329 2733 ± 252
K 18,750 ± 3862 77,666 53,333 ± 2887 50,333 ± 21,962 51,000 ± 6928
Fe 190 ± 18 <150 367 ± 29 207 ± 68 65 ± 16
Co <0.36 <0.8 <0.8 0.65 ± 0.18 <0.45
As <0.9 <8.6 <3.8 <4.5 <4.5
Pb <0.36 <1.8 <1.6 <0.9 <0.9
Cd <0.18 6.73 ± 2.85 6.80 ± 1.21 9.37 ± 6.37 0.44 ± 0.40
Cu <14 <6.9 <6.4 9.6 ± 4.2 4.67 ± 0.81
Cr <0.90 <1.8 <1.6 <0.9 <0.9
Ni <4.5 <3.5 <3.2 <1.8 <1.8
Zn 36 ± 29 320 ± 140 257 ± 40 247 ± 149 48 ± 7

DM: Dry matter, S: Sediment, C: Compost, HN: High-nutrient, LN: Low-nutrient, P: Polymer.

Table 7
Health risk index for to the consumption of harvested lettuces from the different
substrates.

Element 100SHN 50SLN-50C 70SLN-30C 50SPO-50C 100C
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linked elements. Additionally, the pH can be decreased due to the oxidation
of sulphide into sulphuric acid, enhancing the solubilisation of metals like
Cd, Zn, Cr, Ni, Pb, and As (Vermeulen et al., 2003). In this study, the pH
of the substrates was stable during the experiment. However, according
to Ferrans et al. (2021) and other studies carried out on the LIFE SURE
project, elements from Malmfjärden were linked to organic matter and
sulphides. The results implied the possibility that using the material as
a plant-growing substrate could increase its solubilised metals/metal-
loids, increasing the uptake by plants.

The concentration of elements in leaves is shown in Table 5. The plants
presented P, Ca, Mn, Mg, Na, K, Fe, S and Zn in different concentrations. No
clear pattern was detected in the concentration of the elements associated
with different substrates. However, comparing all the substrates, some
lettuces presented considerably higher contents of some elements. For ex-
ample, the mean concentration of Ca in lettuces growing in 70SLN-30C
was significantly higher than 100SHN and 50SPO-50C (ANOVA, F4,10 =
4.74, P = 0.021). The average Mn concentration of lettuce growing in
50SPO-50C was considerably higher than 100C, 100SHN (ANOVA, F4,10 =
4.71, P = 0.021). For P, K and Na, lettuces harvested from 100C, 50SLN-
50C, 70SLN-30C and 50SPO-50C had significantly higher concentrations
than 100SHN (P: ANOVA, F4,10 = 8.20, P = 0.0034, K: ANOVA, F4,10 =
7.44, P=0.0046 andNa: ANOVA, F4,10=52.44, P=0.00001). This result
is probably also related to the size of lettuces growing in 100SHN since they
were too small, which limited the uptake of elements. Moreover, the
concentrations of Fe and S were significantly similar in lettuces harvested
in all substrates (Fe: ANOVA, F4,10 = 5.47, P = 0.051 and S: ANOVA,
F4,10 = 2.30, P = 0.131). The differences in the uptake of elements could
be explained since the process depends on several variables, such as their
availability and content (Etesami and Adl, 2020).

Regarding other metals/metalloids, lettuces harvested from 100SHN

presented low As, Pb, Cd, Cr, Cu, Co, and Ni contents. Probably, the plants
reached small sizes in this substrate, limiting the uptake elements. In the
other substrates, As was not detected in the leaves. However, the reporting
limits of the external laboratory were sometimes high for the metalloid,
suggesting the need for working with more sensitive analytical methods
Table 6
Pb and Cd concentrations (mg kg−1 wet weight) in lettuces harvested in the differ-
ent substrates.

Metal 100SHN 50SLN-50C 70SLN-30C 50SPO-50C 100C Swedish
max. limits

Pb <0.05 <0.14 <0.22 <0.08 <0.09 0.3
Cd <0.02 0.54 ± 0.23a 0.95±0.17a 0.83±0.57a 0.04±0.04 0.1

a Values above limits from EC (2021a) + EC (2021b). S: Sediment, C: Compost,
HN: High-nutrient, LN: Low-nutrient, PO: Polymer.
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in future studies. Nickel, copper, cobalt and chromium were presented
in low concentrations or below detection limits. Results could be explained
since at least 50 % of their content was linked to the residual part on
sediments from Malmfjärden (Ferrans et al., 2021). The strong binds with
the mineral structure of the sediment decreased the bio-availability of the
elements.

Moreover, all lettuces contained zinc and cadmium, but the concentra-
tion in the leaves from 70SLN-30C, 50SLN-50C and 50SPO-50Cwas consider-
ably higher than in other substrates (Zn: ANOVA, F4,10 = 6.24, P= 0.008
and Cd: ANOVA, F4,10=5.15, P=0.016). The uptake of the element could
be explained, since, according to Ferrans et al. (2021) and other studies car-
ried out on the LIFE SURE project, both metals presented the highest bio-
availability in sediments from Malmfjärden (residual fraction: <10 % of
Cd and< 30% of Zn). The results show that cultivating lettuce in substrates
including sediments with or without polymer did not affect the content of
Cd and Zn in the harvested lettuces. Similarly, the higher amount of sedi-
ments in 70SLN-30C did not affect the lettuces significantly compared to
those obtained with 50SLN-50C and 50SPO-50C. The most decisive factor
was the inclusion of sediments in the substrate since, compared to the sub-
strate formed by 100 % compost, the presence of sediments increased the
content of Cd and Zn in the substrates and lettuces.

Regarding health assessment, the European Union (EU) limits the con-
tent of certain elements in food. Lettuce must have contents lower than
0.3 and 0.1 mg kg−1 wet weight for Pb and Cd, respectively (EC, 2021a,
2021b). The concentrations (in wet weight) of lead and cadmium in let-
tuces from different substrates are shown in Table 6. Lead concentrations
were found below the limits, but cadmium overpassed the threshold values
for lettuces coming from 70SLN-30C, 50SLN-50C and 50SPO-50C. Moreover,
the health risk indexes are illustrated in Table 7. The only element
Mn 0.02± 0.01 0.19 ± 0.13 0.12± 0.02 0.42± 0.26 0.04± 0.00
As <0.12 <1.00 <0.61 <0.72 <0.72
Pb <0.005 <0.02 <0.02 <0.01 <0.01
Cd <0.04 1.62 ± 0.69a 1.64± 0.29a 2.26± 1.54a 0.11± 0.10
Cu <0.001 <0.001 <0.001 0.001± 0.000 0.001± 0.000
Cr <0.00003 <0.00006 <0.00005 <0.00003 <0.00003
Ni <0.02 <0.01 <0.01 <0.01 <0.01
Zn 0.006±0.005 0.051±0.023 0.041±0.006 0.040± 0.024 0.008± 0.001
Fe 0.013±0.001 0.017±0.011 0.025±0.002 0.014± 0.005 0.004± 0.001
Co <0.010 <0.03 <0.03 0.022± 0.006 <0.015

a Values higher than 1 represent a risk for health. S: Sediment, C: Compost, HN:
High-nutrient, LN: Low-nutrient, PO: Polymer.
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representing a risk for human health is cadmium, since it presented values
higher than 1 in lettuces from the same substrates that overpassed the EU
maximum concentrations. It is recommended to focus future studies on a
complete risk assessment to identify complete health problems caused by
the pollutant and dose-response and exposure impacts.

A potential solution to decrease cadmium uptake is the pre-treatment of
sediments to reduce the metal content. For example, phytoremediation is a
method already employed to remediate dredged material (Mattei et al.,
2017a). Moreover, other components such as biochar could be added to
the substrates to reduce metal availability (Yang et al., 2021). The sedi-
ments could also be employed to cultivate instead food crops, ornamental
and bioenergy crops.

Darmody et al. (2004) harvested lettuces using dredged sediments as a
growing substrate. The obtained vegetables presentedmetal concentrations
(in mg kg−1 DW) of about 1.4–2.4 for Cd, 0.67–0.59 for Pb, 0.3–0.4 for As,
0.11 for Cu, 1.1 for Cr, 1.0 for Ni and 40–45 for Zn. In this case, lettuces
represented no concern for human health due to the low contents of metals.
The results in terms of risks were in similar ranges to those reported in the
current study. In both cases, sediments had similar initial metal concentra-
tions, but Cd was higher in Darmody et al. (2004), showing values of
around 3 mg kg−1 DW. Lettuces from this study presented higher concen-
trations of Cd, probably related that the element in the sediments was pre-
sented in more available forms. Additionally, Tozzi et al. (2019) reported
harvested lettuces using sediments with a lower range of contents of metals
than the ones reported in this study. Cu, Cr, Ni and Zn varied in a range of
0.3–0.5, 0.03–0.1, 0.08–0.09 and 2.6–3.0 mg kg−1 DW, respectively, pre-
senting no risk for human health (HRI were also below 1). Cd, Pb and As
were not analysed in the vegetables. The lower contents could be related
to the lower initial contents of metals in the growing substrates.

4. Conclusions

This study aimed to assess the potential of employing dredged sedi-
ments as a plant-growing substrate, using dredged sediments from
Malmfjärden Bay, Sweden, mixed with compost to grow lettuce. The
main conclusion of the study is that dredged material could be employed as
a plant-growing substrate to contribute to adding more sustainable sources
of nutrients to society. However, several aspects must be considered to pro-
mote its safe and proper usage.

Firstly, the aeration of dredged sediments is essential, since it promotes
the ripening of the material. The presence of oxygen contributes to creating
available forms of nitrogen on the dredgedmaterial, decreasing the need to
add mineral fertilisers. In this study, the sediments were poorly exposed to
oxygen during the dewatering and sampling process. Furthermore, the
watering conditions during the experiment were possibly excessively ex-
tended, hindering the aeration of the substrates. It is recommended to
allow proper aeration of dredged sediments that will be employed as a
source of nutrients in plant-growing substrates to allow the mineralization
of nitrogen. Additionally, further studies could focus on investigating
proper wet/dry periods, which could contribute to enhancing the aeration
of the material. Another recommendation is to carry out eco-toxicological
studies on the substrates, since toxic compounds could be hindering the
growth of plants.

This study found no difference between sediments with or without poly-
mer, since the harvested lettuces from 50SPO-50C and 50SLN-50C presented
similar biometric characteristics. This is a relevant conclusion, considering
that polymers are currently and often used for sediment dewatering. The in-
clusion of 50% (vol) of sediments into the growing substrates determined no
difference in the growth of lettuce, since harvested plants from 50SPO-50C,
100C and 50SLN-50C presented similar characteristics. However, using
70 % (vol) of sediments was not beneficial for plant growth, since the ob-
tained lettuces presented lower weights and a smaller number of leaves. In
conclusion, the amount of added sediments into plant-growing substrates
shall also be considered and optimised to avoid hindering plant growth.

Moreover, dredged material containing metals/metalloids could repre-
sent a risk for human health due to the uptake of toxic elements. Their
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solubilisation could be influenced by aeration of the material, since the
presence of oxygen could release elements that were stable under reduced
conditions. Moreover, the pH could decrease due to the oxidation of sul-
phide into sulphuric acid, increasing the solubility of elements like Cd,
Zn, Cr, Ni, Pb, and As. Therefore, if edible crops will be cultivated using
dredged sediments with the presence of metals, it is recommended to
study their speciation.

In this study, cadmium and zinc presented the highest concentrations in
the harvested lettuces. The uptake of the metals was possibly related to the
speciation of the elements in sediments from Malmfjärden, since they pre-
sented the lowest presence on the residual fraction, increasing their bio-
availability. Regarding the risks to human health, Cd was the only element
overpassing the maximum permissible concentrations (EC, 2021a, 2021b)
in lettuces obtained from substrates 70SLN-30C, 50SLN-50C and 50SPO-
50C. The health risk index for this element in the lettuces from the same
substrates was slightly higher than 1. Results showed that dredged sedi-
ments from Malmfjärden bay, Sweden, could potentially impact human
health if used as a substrate to produce edible vegetable crops. Hence,
sediments need to be pre-treated, or the material could potentially be
employed to cultivate ornamental and bioenergy plants.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.157463.
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